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Preface

With the high-profile research into recombinant plant-made therapeutics for Ebola
and Zika virus, the commercialization and widespread use of such products are
likely to occur in the future. Plant-made therapeutics have a variety of advantages
over those made in traditional systems; yet their most fruitful application may be in
veterinary medicine, due to less stringent regulations and a higher need for low-cost
products. This book provides an in-depth explanation of the advantages and current
limitations of recombinant plant-made vaccines for use in veterinary medicine. It
discusses the background and up-to-date scientific achievements on plant-made
vaccines for the most commonly targeted veterinary infections, written by top
scientists in the field.

London, Canada Jacqueline MacDonald
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History and Promise of Plant-Made M)

Check for

Vaccines for Animals

Ed Rybicki

Abstract Plant-made vaccines are now a well-established and well-tested concept
in veterinary medicine—yet the only product so far licenced was never produced
commercially. This is puzzling, given the breadth of exploration of plant-made
animal vaccines, and their immunogenicity and efficacy, over more than twenty
years of research. The range of candidate vaccines that have been tested in labo-
ratory animal models includes vaccines for E. coli, Salmonella, Yersinia pestis, foot
and mouth disease virus, rabbit haemorrhagic disease virus, rabbit and canine and
bovine papillomaviruses, mink enteritis and porcine circovirus, and lately also
bluetongue virus, among many others. There are many proofs of efficacy of such
vaccines, and regulatory pathways appear to have been explored for their licencing.
This review will briefly explore the history of plant-made vaccines for use in
animals, and will discuss the unique advantages of plant-made vaccines for use in a
veterinary medicine setting in detail, with a proposal of their relevance within the
“One Health” paradigm.

Keywords Plant-made vaccines - Therapeutic vaccine « One health
Transient expression - Agrobacterium tumefaciens + Nicotiana benthamiana
Regulatory - cGMP - FDA - EMEA

1 Introduction

Plant-produced vaccines for veterinary medicine are an exciting prospect, largely
because of the possibilities of producing protein-based vaccines’ including edible
vaccines’ at low cost, at almost any scale, and potentially locally and on demand.
They have also been controversial because of the very real possibilities of con-
tamination of the human food supply with vaccine-producing transgenic plants, and
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because of concerns around the possibility of immunological tolerance developing
to oral or edible vaccines. However, one set of problems that many foresaw—
regulatory and production problems—has not eventuated, and in fact the environ-
ment now seems primed very favourably for their introduction.

The main justifications for plant-made vaccines are that vaccine antigen pro-
duction in plants is safe; that it is both cheap and highly scalable; that plants
produce and process eukaryote-derived proteins much better than can bacteria or
even yeasts; that use of plants would allow for production of vaccines in the
developing world where they are needed most; and of vaccines or therapeutics that
will never be produced economically by other technologies.

However, despite more than twenty years of development, there are still no
plant-produced vaccines or biologics available for animals—although there are in
fact products licenced for and in use in humans.

This review will explore the early history of plant-produced vaccines with an
emphasis on proofs of principle and of efficacy, what the recent development of
robust, stable transient plant production systems for vaccine antigens could mean
for veterinary medicine, and the potential of plant-produced vaccines to advance
both animal and potentially human health’ under the banner of the One Health
Movement.

2 Early History of Plant-Made Animal Vaccines

While viral proteins have probably been the most common vaccine candidates made
in plants (reviewed in Rybicki 2014), it was expression of a bacterial protein—
Escherichia coli heat labile enterotoxin (LT-B)—that first proved that
veterinary-relevant antigens could be produced in plants, and provided the first
proof of principle for edible vaccines. LT-B produced in transgenic tobacco or
potatoes (Haq et al. 1995) was functionally equivalent to E coli-produced protein in
specific assays, and immunisation of mice by oral gavage with plant material eli-
cited systemic and mucosal toxin neutralising antibodies. Moreover, fresh potato
containing LT-B was immunogenic in mice when eaten.

An early virus vaccine candidate was one against mink enteritis virus (MEV)
disease: this was novel in that it comprised chimaeric Cowpea mosaic virus (CPMV)
virions incorporating a short linear epitope from MEV VP2 capsid protein and dis-
playing it on the surface of virions, produced by inoculation of bean plants with an
infectious cDNA clone of tCPMV (Dalsgaard et al. 1997). This conferred protection
against clinical disease and virtually abolished virus shedding—and given that the
epitope sequence used is found in MEV, canine parvovirus, and feline panleukopenia
virus, the same vaccine could potentially also protect against these viruses.

Another early virus vaccine candidate was against rabbit haemorrhagic disease
virus (RHDV): this was made by expressing the whole RHDV VP60 capsid protein
in transgenic potatoes; parenteral immunisation with plant extracts was protective in
rabbits (Castanon et al. 1999). Subsequently, another study demonstrated that an
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edible vaccine consisting of leaves of transgenic plants containing presumably
partially-assembled VP60 subunits, was an effective priming vaccine for later
baculovirus-derived parenterally-delivered vaccine (Gil et al. 2006).

The first report of a Foot and mouth disease virus (FMDV) plant-made antigen
was of expression in plant protoplasts of a VP1-derived peptide of FMDYV as an
insertion into the minor coat protein of a replicating CPMV as a demonstration of
antigen presentation (Usha et al. 1993). However, the first proof of efficacy was done
using transgenic Arabidopsis thaliana expressing whole VP1: parenteral immuni-
sation of mice with leaf extracts elicited antibodies that bound to VP1 and to intact
FMDV particles, and all immunised mice were protected against virulent FMDV
challenge (Carrillo et al. 1998). The Wigdorovitz group went on to demonstrate that
mice could be protected against FMDYV challenge after oral or parenteral vaccination
with extracts of transgenic alfalfa expressing VP1 (Wigdorovitz et al. 1999), or
immunisation with leaf extracts of tobacco plants expressing VP1 via a recombinant
Tobacco mosaic virus vector (Wigdorovitz et al. 1999). A refinement of these
achievements included transgenic expression in alfalfa of amino acid residues
135-160 of VP1 (VP135-160) fused to glucuronidase (GUS), which both allowed
selection of strongest expressers by assay of enzyme activity, and was protective in
mice (Dus Santos et al. 2002). Another novel application of carrier technology was
the insertion of VP1 amino acids 140-160 (G-H loop) in an interior region of the
hepatitis B virus core antigen gene (HBcAg), and expression of the chimaera in
transgenic Nicotiana tabacum. The chimaeric protein formed virus-like particles
(VLPs) in the tobacco leaves, and mice immunised intraperitoneally with a soluble
extract were protected against viral challenge (Huang et al. 2005).

An early attempt at showing the feasibility of making an anthrax vaccine was the
expression in transgenic N. tabacum of the protective antigen (PA) protein of
Bacillus anthracis, possibly the best target for a subunit vaccine because it alone is
protective (Aziz et al. 2002), although it went no further than showing cytolytic
activity of the protein. Soon after, the same group went on to express PA in
transplastomic N. tabacum, with significant yield increases but still no efficacy trial
(Aziz et al. 2005). Another investigation of transplastomic tobacco by Henry
Daniell’s group was more thorough: yields were high (2.5 g/kg in fresh leaf tissue),
the protein was protected in chloroplasts from protease cleavage and was stable
when stored in leaves or as crude extracts, and was biologically active (Watson
et al. 2004). While they did not show immunogenicity or protection, the authors
speculated that “With an average yield of 172 mg of PA per plant using an
experimental transgenic cultivar grown in a greenhouse, 400 million doses of
vaccine (free of contaminants) could be produced per acre”. The Daniell group
subsequently showed that chloroplast-derived PA was equal in potency to the
natural product from B anthracis, and that mice immunised subcutaneously with
partially purified chloroplast-derived PA with adjuvant produced high IgG titres
and survived challenge with lethal doses of toxin (Koya et al. 2005).

A different sort of approach to anthrax, and one of the first attempts at making a
therapeutic antibody in plants, was taken by Vidadi Yusibov’s group, who used
the technique of transient Agrobacterium infiltration-mediated expression in
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N. benthamiana to produce a human-derived PA-specific monoclonal antibody
(Hull et al. 2005). The antibody neutralised toxin activity both in vitro and in vivo
at a comparable level to hybridoma-produced antibodies. The Yusibov group at
what became Fraunhofer USA Center for Molecular Biotechnology later used the
same transient expression technology to separately express artificial antigens
comprising domain 4 of PA or domain 1 of B anthracis lethal factor (LF), fused
in-frame with lichenase (LicKM), a thermostable enzyme from Clostridium ther-
mocellum (Chichester et al. 2007). Mice immunised with a combination of the two
antigens produced high titres of mainly IgG1, and sera could neutralise the effects
of anthrax lethal toxin (LeTx) in vitro.

Rabies vaccines made in plants included an early yet highly sophisticated can-
didate that was composed of the Alfalfa mosaic virus (AMV) CP fused to an artificial
polypeptide containing rabies virus G protein amino acids 253-275, and N protein
amino acids 404-418, and expressed either in N. tabacum plants transgenic for
AMV replicase, or via rTMV in either N. benthamiana or spinach (Yusibov et al.
2002). The plants made particles containing AMV-derived RNA, encapsidated with
chimaeric CP: raw spinach leaves were orally immunogenic in mice and in human
volunteers. A simpler candidate was the G protein alone, with plant signal peptide
and ER retention signal, made in transgenic N. tabacum (Ashraf et al. 2005). While
yields were relatively low (0.38% of total soluble leaf protein), purified protein
injected peritoneally in mice elicited protective immunity against lethal intracerebral
challenge with live rabies virus—an excellent proof of both principle and efficacy.

Plant-made animal rotavirus vaccines were an early target, with a stand-out study
by Yu and Langridge (2001) providing evidence that transgenic potato could produce
fusion proteins consisting of cholera toxin (CT) B and A2 subunits fused with murine
rotavirus enterotoxin and enterotoxigenic E coli fimbrial antigen, respectively. Fusion
antigens assembled in potato tubers into cholera holotoxin-like structures that bound
enterocytes, and elicited serum and intestinal antibodies after oral immunisation in
mice. Moreover, passively immunised mouse neonates were partially protected
against diarrhoea after rotavirus challenge, demonstrating that combination vaccines
for viral and bacterial pathogens may be made in plants. A simpler approach to
rotavirus prevention was expression of a His-tagged VP8" fragment of bovine rota-
virus (BRV) VP4 in N. benthamiana via recombinant TMV, purification of the
antigen by Ni** chromatography, and intraperitoneal immunisation of adult female
mice (Perez Filgueira et al. 2004). Eighty-five percent of suckling mice born from
these mothers were protected from BRV challenge, compared to 35% immunised with
an irrelevant control antigen. The same group also showed that a fusion protein made
in transgenic alfalfa consisting of a short peptide derived from BRV VP4 fused to GUS
was immunogenic both when given intraperitoneally and orally to adult female mice,
and their sucklings were protected against challenge (Wigdorovitz et al. 2004).
Another group used transgenic alfalfa to produce human rotavirus VP6, and showed
that female mice gavaged with alfalfa extract containing oligoCpG as an adjuvant
developed high titres of antibodies both systemically and mucosally, and their pups
were partially protected against simian rotavirus challenge.
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The same animal model first used to show the efficacy of insect cell-made
papillomavirus virus-like particle (VLP)-based vaccines (Breitburd et al. 1995) was
also used to demonstrate the efficacy of two very different plant-made papillo-
mavirus vaccines, a few years after the demonstration that Human papillomavirus
L1 major capsid protein virus-like particles could be produced in transgenic tobacco
or potato (Biemelt et al. 2003; Varsani et al. 2003; Warzecha et al. 2003). Cottontail
rabbit papillomavirus (CRPV), the cause of the famous “jackalope” sightings in the
USA, provides an excellent model system in domestic rabbits for investigation of
prophylactic and therapeutic papillomavirus vaccines (Breitburd et al. 1997).
Accordingly, in the first study CRPV L1 major capsid protein-containing extracts
were prepared either from transgenic N. tabacum or N. benthamiana infected with
recombinant TMV, and used with Freund’s incomplete adjuvant to immunise
rabbits that were subsequently challenged with live virus (Kohl et al. 2006).
Although the vaccines appeared to contain small aggregates of CRPV L1 rather
than intact VLPs, and immune rabbit sera failed to neutralise CRPV infectivity in an
in vitro assay, the rabbits were protected from wart development (Kohl et al. 2006).
In the second study, infectious recombinant TMV was used to surface display, via
fusion to the capsid protein, a peptide consisting of amino acids 94—122 of the L2
minor capsid protein from either CRPV or the Rabbit oral papillomavirus (ROPV)
(Palmer et al. 2006). Groups of rabbits received either or both vaccines, and were
challenged with live CRPV or ROPV. Immune rabbit sera reacted with whole L2
protein, and CRPV-specific sera neutralised CRPV pseudovirion infectivity.
Rabbits receiving the CRPV or CRPV + ROPV vaccines were completely pro-
tected against CRPV infection, and those receiving ROPV alone were weakly
protected against CRPV. These studies demonstrated for the first time that
plant-made papillomavirus vaccines based on L1 protein or L2-derived peptide had
real potential as prophylactic vaccines, for use in animals as well as in humans.
Strangely, given that Bovine papillomaviruses (BPV) had been used for many years
as model systems for anti-wart vaccination, it was not until 2012, with transient
agroinfiltration-mediated expression of BPV-1 VLPs in N. benthamiana, that a
candidate plant-made BPV L1 VLP-based vaccine was successfully made, although
no efficacy trials were done (Love et al. 2012).

Expression of animal vaccine components in seeds of transgenic plants was
attempted quite early on, with Lamphear et al. (2002) in 2002 reviewing their own
earlier work on maize seed expression of the B subunit of E coli heat-labile
enterotoxin and the TGEV S protein, with data on the potency, efficacy, and stability
of these vaccines. Another report followed in 2002 on the expression in maize seed
of the S envelope protein of transmissible gastroenteritis coronavirus (TGEV) of
swine, and its protective efficacy in piglets fed with the seed (Jilka 2002). This
followed an earlier demonstration of oral immunogenicity of the S protein
N-terminal domain in transgenic potato tubers (Gomez et al. 2000). Rabies too was
a target for maize seed expression, with a report of G protein expression in trans-
genic maize seed to 1% of total soluble protein, and complete protection in a
heterologous rabies strain challenge of mice orally immunized with one dose of
~50 pg of G protein in seed extract (Loza-Rubio et al. 2008). The same group later
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showed that sheep orally given a single dose of the transgenic maize seed containing
~2 mg of the G protein were protected to the same extent as those immunized with
a commercial inactivated vaccine (Loza-Rubio et al. 2012). The authors claimed
that “this is the first study in which an orally administered edible vaccine showed
efficacy in a polygastric model”, which was an important development.

Maize was a popular target for both production and storage of recombinant
proteins in early molecular farming times (see Streatfield et al. 2003); however,
other hosts were used too. For instance, the haemagglutinin (H) protein of
Rinderpest virus was expressed in transgenic pigeon pea to 0.49% of total soluble
protein (Satyavathi et al. 2003), and also in peanuts for a product that was both
orally and parenterally immunogenic in mice (Khandelwal et al. 2004); so too was
glycoprotein B (gB) of human cytomegalovirus in seeds of transgenic tobacco
(Tackaberry et al. 2003), the fusion (F) glycoprotein of Newcastle disease virus in
transgenic rice seed (Yang et al. 2007), and the serotype-specific VP2 protein of
Bluetongue virus in transgenic peanuts (Athmaram et al. 2006).

Most of these efforts were negated, however, by the one big scandal to have hit
molecular farming as far as the use of food plants for vaccine production is con-
cerned. In 2002, APHIS inspectors found volunteer TGEV CP-expressing maize
growing in soybean fields in two locations that were used to grow ProdiGene Inc’s
TGEV transgenic maize in the previous season (APHIS 2008)—and in one, the
soybeans were harvested with the maize plants still standing and sent to a storage
facility, where they were mixed with a large volume of other seeds. The company
was fined and paid substantial cleanup costs, had to develop a new compliance
implementation programme, and the US Dept of Agriculture issued new guidelines
for trials of such products. This had an unfortunate knock-on effect for molecular
farming, in that it resulted in an effectively voluntary moratorium on the use of food
crops for recombinant protein production worldwide.

The one major success story of early work on veterinary vaccines was the
approval by the US Department of Agriculture’s Center for Veterinary Biologics of
Dow AgroSciences’ injectable Newcastle disease virus (NDV) haemagglutin-based
vaccine for poultry, that had been made in a suspension cultured N. tabacum cell
line. Sadly, the product was never sold: the company only wanted ‘... to demon-
strate that our Concert™ Plant-Cell-Produced system is capable of producing a
vaccine that is safe and effective and to demonstrate that it meets the requirements
for approval under the rigorous USDA regulatory system. NDV is well known and
understood by the regulatory agency, so it served as an excellent model to prove
this new technology’ (Rybicki 2009).

3 New Developments in Plant Expression Technology

The early historical account of molecular farming for veterinary vaccines given
above gives an idea of the array of technologies available and used up to the
mid-2000s: transgenic and transplastomic expression of subunit proteins; recom-
binant plant viruses either used to express whole vaccine candidate genes, or to
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display chosen peptides fused to their capsid proteins; fusion of vaccine protein
genes to carrier proteins to improve immunogenicity, including by inherent adju-
vant properties; candidate parenteral and oral vaccines to both viruses and bacteria;
therapeutics for animals made in plants; use of plant cell cultures to make antigens.
Many proofs of principle were obtained, for candidate vaccines against a wide
range of viral and bacterial disease agents; and proofs of efficacy for vaccines
delivered orally or parenterally, in whole plant material or as extracts.

While all of these aspects are still currently used in molecular farming, devel-
opments that have revolutionised the field were first, the widespread adoption of
Agrobacterium-mediated transient expression (agroinfiltration) of recombinant
proteins; and second, the use of “deconstructed” plant virus-derived vectors
delivered via Agrobacterium to amplify expression (reviewed in Rybicki 2010).
These innovations enabled the advent of high-throughput testing of expression
constructs, coupled with very rapid and generally higher yield production of vac-
cine antigens once optimal construct design had been determined. For example, our
group investigated, via agroinfiltration techniques, three different codon usage
schemes and three different intracellular localization strategies for optimization of
Human papillomavirus type 16 L1 protein expression in N. benthamiana, in one
large experiment over only 7 days (Maclean et al. 2007).

Use of deconstructed TMV-based vectors delivered by Agrobacterium routinely
has allowed significant increases of antigen yield, up to grams per kilogram fresh
tissue weight (Gleba et al. 2014; Klimyuk et al. 2014). The so-called TMV-based
“launch vectors” of Fraunhofer USA have also allowed significant yield increases
and rapid production of antigens (Chichester et al. 2013; Shamloul et al. 2014).
Improved non-replicating hyper-translational (HT) expression vectors derived from
Cowpea mosaic virus RNA2 have also allowed significantly higher yields via
agroinfiltration (Sainsbury et al. 2008, 2009) and the possibility of multiple genes
from the same vector (Saxena et al. 2016); so too has the use of a ssDNA
geminivirus-derived set of vectors by different groups (Huang et al. 2009; Regnard
et al. 2010), and other ssDNA plant (or other host) virus-derived vectors (Rybicki
and Martin 2014).

The number of peptide display vectors/chimaeric protein fusion partners has
multiplied: while self-replicating rTMV was once state of the art, now one may
choose between TMV- and Potato virus X (PVX)-based vectors (Lico et al. 2015),
Cucumber mosaic virus (CMV) CP (Nemchinov and Natilla 2007; Zhao and
Hammond 2005), Bamboo mosaic virus (Yang et al. 2007), PVX-vectored
Alternanthera mosaic virus (AItMV) CP gene (Tyulkina et al. 2011), lichenase
(LickM), cholera toxin B subunit (CTB), AMV CP, and GUS, as mentioned earlier.
Plant virus virions in particular are now seen as easily-made nanoparticles suitable for
a number of vaccine-relevant purposes (Steele et al. 2017), including as self-
adjuvanting peptide-based vaccine display vehicles (Lebel et al. 2015; Leclerc 2014),
and excellent inducers of cross-presentation by MHC receptors (Hanafi et al. 2010).

The use of tags or small peptide fusion partners is now also considerably more
sophisticated, with a variety of specialized tags to choose from. These include the
now-ubiquitous 6xHis tag, used for Ni** or other immobilised metal affinity



8 E. Rybicki

chromatography (IMAC) protein purification technique; a new “Cysta-tag” for the
same purpose (Sainsbury et al. 2016); the N-terminal proline-rich domain of maize
seed gamma zein (Zera) that induces the formation of ER-located protein bodies
(Torrent et al. 2009); elastin-like polypeptides (ELPs) with repeating pentapeptide
‘VPGXG’ sequences, or hydrophobins—small fungal proteins which alter the
hydrophobicity of the fusion partner—both of which also form protein bodies
(Conley et al. 2011). As examples, our group has recently successfully used ELP
fusion to the CP of Beak and feather disease virus (BFDV) of parrots to aid in both
accumulation and purification of the protein as a candidate vaccine (Duvenage et al.
2013). We have also used the Zera tag as a protein body display vehicle for an
ectopic M2e moiety common to all influenzavirus A types, which could serve as a
universal vaccine for these viruses (Mbewana et al. 2015). Another potentially
veterinary use of Zera was in the enhancement of Yersinia pestis F1-V antigen
fusion protein accumulation: this was ~3x higher than F1-V alone in three dif-
ferent host plant systems—namely, N. benthamiana, alfalfa and N. tabacum NT1
suspension-cultured cells (Alvarez et al. 2010).

The expression vehicles themselves have also been subject to engineering: it is
now possible to precisely control glycosylation of plant-made proteins. This can be
done by knock-out modification via RNA interference (RNAi) technology of the
plant glycosyltransferases betal,2-xylosyltransferase (XylT) and core alphal,3-fu-
cosyltransferase (FucT). These enzymes are responsible for the transfer of
betal,2-linked xylose and core alphal,3-linked fucose residues to glycoprotein
N-glycans, which are plant-specific modifications not found in mammalian glyco-
proteins (Strasser et al. 2008). It is also possible to use transient co-expression
technologies to modify glycosylation (Castilho and Steinkellner 2016), as well as to
achieve almost completely native sialylated recombinant proteins by expression of
whole mammalian glycosylation pathways in plants (Castilho et al. 2010;
Steinkellner and Castilho 2015). It is possible to abolish N-glycosylation entirely,
by co-expression of bacterial PNGase F (Mamedov and Yusibov 2013). One can
also control endogenous plant proteases that may limit recombinant protein accu-
mulation: for example, transient co-expression of secreted A1/S1 protease inhibitor
tomato cathepsin D inhibitor (SICDI) significantly lowered Al and S1 protease
activities in the N. benthamiana apoplast, while increasing recombinant protein
content by ~45% (Goulet et al. 2012). It was found that co-expression of tomato
cystatin SICYSS8, which inhibits C1A proteases, increased the transient expression
yield of a monoclonal antibody in N. benthamiana by nearly 40% (Robert et al.
2013). It is also possible to reduce protease activity in cell suspension cultures by
expression of specific antisense RNAs, resulting in significantly increased accu-
mulation of recombinant antibodies (Mandal et al. 2014).

While suspension-cultured plant cells have been used for many years for
molecular farming—and in fact were used for the only USDA-licenced
plant-produced animal vaccine, against NDV—new developments have made
them an even more attractive prospect for low-cost vaccine production. Use of flow
cytometry with cell sorting, formerly the province of mammalian cell culture work
only, has allowed high-expressing MAb-producing tobacco BY-2 cell lines from a
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heterogeneous population of cells by selecting the co-expressed fluorescent marker
protein DsRed (Kirchhoff et al. 2012). However, one of the most exciting recent
developments with this technology is the advent of the “cell pack™: this is a
technique for getting highly efficient (up to 100%) Agrobacterium-mediated tran-
sient transformation of suspension-cultured cells that have been captured by suction
onto a filter (Rademacher 2014). Cell packs can be tiny (Eppendorf tube tips) or
large (e.g.: centimetres deep in a 20 cm Buchner funnel); protein expression occurs
in immobilised cells in the presence of minimal liquid media, and can continue for
days (https://tinyurl.com/k22da6q). The technology is ideal for rapid and
high-throughput screening of expression—and the possibility exists for taking cells
back into culture and selecting for permanent transfection. These are important
developments, because of the acceptability of the products of plant cell cultures for
production of biologics to regulatory bodies (see below). Another production host
highly suited to industrial-scale production is microalgae: they are easier to
establish and use than plant cell cultures, and share all the same advantages of
scalability, contained growth, and consistent transgene expression levels (Specht
and Mayfield 2014).

A very important development for molecular farming has been the development of
protocols for increasing yields and implementing industrial-scale production and
downstream processing of vaccines and biologics, without which no large-scale trials
could take place, or routine manufacturing occur. A useful development was use of a
transgenic N. tabacum/N. glauca hybrid that does not synthesize alkaloids, is highly
vigorous, can easily be propagated by vegetative cuttings and does not produce viable
pollen, which greatly aids biocontainment (Ling et al. 2012). The application of
techniques more familiar to chemical engineers is also advantageous: for example, it
proved possible, by sequential use of fractional factorial designs and response surface
methodology, to optimize culture media for MAb production in transgenic tobacco
BY-2 cells, and to increase MAb yields up to 31-fold after 10 days of culture
compared to use of standard media (Vasilev et al. 2013). The Fraunhofer IME group
have described generic chromatography-based strategies focusing on the binding
behaviours of host cell proteins to chromatography resins under varying conditions of
pH and conductivity (Buyel and Fischer 2014). Another useful technique from that
group is a comprehensive description of the use of heat treatment of either intact
leaves or of plant extracts to facilitate the industrial-scale removal of host cell pro-
teins, optimised by a design-of-experiments approach that will also be familiar to
engineers (Buyel et al. 2016). Many of these and other strategies used to optimise
yields in molecular farming are reviewed here (Twyman et al. 2013).

The establishment by various companies and institutes of facilities suitable for
manufacture of animal and clinical trial material is also a very welcome develop-
ment. As examples, the long-established Kentucky BioProcessing Inc (KBP) is a
contract manufacturer capable of production from transgenic plants or transiently
transfected plants, using the U.S. Food and Drug Administration’s current Good
Manufacturing Practices (cGMP) for pharmaceuticals, at scales up to thousands of
kilograms of plants per week (https://www.kentuckybioprocessing.com/). They
have recently produced and stockpiled Mabs against Ebolaviruses.
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Another contract manufacturing firm with large production capacity is iBio Inc:
like KBP, they have a wide range of patents on their proprietary gene expression
technology (Holtz et al. 2015). They are also partnering with a range of agencies
and companies, including with the Brazilian Oswaldo Cruz Foundation for
plant-made yellow fever vaccine, and the US Dept of Defense and the Bill &
Melinda Gates Foundation for influenza vaccines (http://www.ibioinc.com/).

The Fraunhofer USA Center for Molecular Biotechnology (http://www.thcmb.
org/) is a not-for-profit research and development organisation, that offers “
plant-based protein production, purification, scale-up and GMP manufacturing to
support the development of vaccines, therapeutics and diagnostics”, also with
proprietary expression platforms, and can take products right through to fill and
finish. The Fraunhofer IME in Aachen also has a state-of-the-art mechanised plant
production facility still under construction as of 2017.

4 Regulatory Approvals

The regulatory environment has changed for the better, even though it was not in
truth as inimical as first supposed: this was borne out by the fact that as early as
2006, the Cuban regulatory agencies and the USDA had approved plant-made
MADbs for the purification of an already-licenced yeast-made hepatitis B vaccine,
and the tobacco cell-made NDV vaccines, respectively (Rybicki 2009).

As another early example, the Fraunhofer IME molecular farming group pub-
lished in 2004 that use of whole plants for biologics production lacks intrinsic
benefits of cell culture techniques, such as precise control over growth conditions,
batch-to-batch product consistency, sterile containment, and it being much harder to
be in compliance with good manufacturing practice (GMP) (Hellwig et al. 2004).
They pointed out that plant cell suspension cultures have all the merits of microbial
and animal cell cultures, have an established track record for secondary metabolite
production, and are far cheaper to use.

These justifications notwithstanding, the same group later noted, in a review on
GMP issues for plant-made proteins in whole plants, that: “When [plant-derived]
recombinant proteins are intended for medical use... they fall under the same reg-
ulatory guidelines for manufacturing that cover drugs from all other sources, and
when such proteins enter clinical development this includes the requirement for
production according to [GMP]. In principle, the well-characterized GMP regula-
tions that apply to pharmaceutical proteins produced in bacteria and mammalian cells
are directly transferrable to plants” (Fischer et al. 2012). They subsequently were
able to get GMP manufacturing authorisation from German authorities for making
MADbs from transgenic N. tabacum for a phase I clinical trial (Ma et al. 2015).

Other entities have also scaled and regularised production to allow production of
materials for animal and clinical trial—and one of the most successful has been
Medicago Inc., who presently has routine large-scale production of influenzavirus
A haemagglutinin (HA)-based VLPs for use in advanced human clinical trial
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(D’Aoust et al. 2010). In 2012, Medicago Inc. succeeded in manufacturing 10
million doses of an HIN1 VLP-based influenza vaccine candidate in one month, by
Phase 1-appropriate cGMP, as part of the US Defense Advanced Research Projects
Agency (DARPA)-funded challenge (DARPA 2012).

A group in Japan has also recently developed a GMP-compliant production
process for a transgenic rice seed-based cholera vaccine—MucoRice-CTB—which
is simply polished, powdered seed, now in clinical trial (Kashima et al. 2016).

As evidence of the increasing maturity of veterinary molecular farming, one of
the editors of this book has co-authored a recent article on regulatory and com-
mercial hurdles hampering the advance to market of plant-produced veterinary
vaccines, covering developing business plans, assessing market opportunities,
manufacturing scale-up, financing, protecting and using intellectual property, and
regulatory approval (MacDonald et al. 2015).

5 Future of Plant Expression to Make Biologics
for Veterinary Use

At first sight, molecular farming appears the ideal way to make recombinant
protein-based veterinary vaccines: production of active ingredients is markedly
cheaper per unit mass than by use of any animal tissue-culture system, and gen-
erally cheaper than yeast or bacterial culture (Rybicki 2010); partially-purified or
unprocessed extracts are highly unlikely to contain any animal pathogens; edible
and oral vaccines appear highly feasible; the financial barrier to entry for manu-
facture appears far lower than for conventionally-made vaccines. It is possible to
efficiently make bacterial proteins using bacterial-derived translational machinery in
chloroplasts in transplastomic plants, as well as to make other proteins at very high
yield; conventional transgenics have been used to make many vaccine candidates,
with many proofs of efficacy; transient expression technologies have revolutionised
the field in terms of providing high yields and very rapid development times from
concept to product. And yet, only one product—Dow’s NDV vaccine—is regis-
tered for use, and that is not sold.

It is possible that heavy investment by big industry players in conventional
manufacturing technologies has stalled their uptake of molecular farming technol-
ogy for veterinary vaccines and biologics: this has certainly been true for human
biologics. However, perhaps developments from the human field could be used as a
spur for uptake of veterinary vaccines and biologics: an example here is the
licencing of Protalix Biotherapeutics’ Elelyso® or glucocerebrosidase, a therapeutic
for a genetic mitochondrial enzyme deficit called Gaucher disease, made using
transgenic carrot cell lines in 800 litre plastic bag fermenters (http://protalix.com/
about/elelyso/). A contamination of Genzyme’s mammalian cell production facilities
in 2009 with a mammalian calicivirus led to the FDA allowing Protalix to supply
the drug to patients who needed it, and to accelerated licensure (Bethencourt 2009).


http://protalix.com/about/elelyso/
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The company has also successfully tested oral administration of drugs in plant cells,
which would be a highly welcome development: they claim that “Oral delivery of
protein therapies [is] possible due to the unique cellulose wall of plant cells that
makes them resistant to degradation when passing through the digestive tract”
(Protalix 2017). Another apposite example was the fortuitous availability of a
plant-made anti-Zaire ebolavirus MAb cocktail known as ZMapp™, at the height of
the recent West African Ebola disease outbreak (reviewed in Rybicki 2014). This
was made by transient expression in N. benthamiana, and only a few clinical trial
doses were available: these were used under the humanitarian principle, and later
the MAbs were cleared for use by the FDA in an efficacy trial just before the end of
the epidemic (LeafBio 2016).

Both these examples are of niche products that were not being made at large
scale or for a large market by conventional techniques, and for which there was a
sudden, pressing need that could not be supplied by other means. This could
provide motivation for small companies to either develop inexpensive vaccines for
emerging diseases, or to target niche vaccines or niche therapeutics, in the
knowledge that large established entities are unwilling to take the risk.

One example for the former possibility comes from the recent emergence of
bluetongue virus (BTV) disease in sheep and small ruminants in Europe, due to
northward spread of the insect vector with climate change (Purse et al. 2008): while
attenuated live vaccines are available—South Africa presently uses a cocktail of 24
such viruses—concerns in Europe about reassortment of virus dsRNA genome
components between vaccinated and naturally diseased animals, as well as of the
safety of the vaccines in terms of possible under-attenuation which may result in
disease development in certain sheep breeds (Niedbalski 2011), mean these are not
being used. The irregular occurrence of outbreaks, and the limited number of strains
involved, mean that stockpiling vaccines is desirable. However, killed vaccines still
require growing potentially dangerous viruses, and while it is possible to make
VLPs in cell cultures and these are effective (Pearson and Roy 1993; Roy et al.
1994), the technology is too expensive for farm animal use. It is fortunate, there-
fore, that it is also possible to make BTV-8 VLPs via transient expression in
N. benthamiana, and these are as effective in a single injected dose as the com-
mercial vaccine (Thuenemann et al. 2013). There are currently no plans to manu-
facture this or other plant-produced BTV vaccines for the European or other
markets; however, this may soon change.

An example for a niche vaccine product comes from ours and others’ work on
beak and feather disease virus (BFDV) vaccines: psittacines are highly valued
companion animals; however, there are very few vaccines for their diseases, and
none yet available for BFDV. While some recent work in this area has shown that
recombinant CP can be made in E coli and in insect cells (Heath et al. 2006;
Patterson et al. 2013; Stewart et al. 2007), that it appears to be protective (Bonne
et al. 2009) and that this can apparently form VLPs (Sarker et al. 2015), it still
appears that the protein is too expensive to produce for use as a vaccine. While
initial work with plant production of BFDV CP was disappointing due to low
yields, recent work from our group (Duvenage et al. 2013) showed a significant
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increase in BFDV yield due to fusion with elastin-like polypeptide (ELP), and good
immunogenicity in mice. This, coupled with a very simple purification protocol
enabled by ELPylation (Conley et al. 2009), could allow scalable, cheap production
of BFDV vaccines.

While therapeutics such as MAbs or other biologics for veterinary use are
generally limited to high-value companion animals, plant production could open up
a hitherto neglected market niche. One excellent example is the manufacture in
Japan of canine interferon-o (Tabayashi and Matsumura 2014): this is done via
transgenic strawberries in a completely enclosed GMP-compliant facility, and the
product is powdered strawberry extract given orally, to combat canine periodontal
disease. Another very recent example in dogs, albeit with them being used as a
model for human disease, was the proof that lyophilised transplastomic lettuce
leaves expressing CTB fusions of coagulation factor IX (FIX) could be used orally
in feed for >300 days in haemophilia B dogs with no ill effects—and that this
treatment resulted in robust suppression of IgG/inhibitor and IgE formation against
intravenously-provided FIX, and a marked shortening of blood coagulation times
(Herzog et al. 2017).

An example for agricultural use is the oral dosing of pigs with transgenic
Arabidopsis thaliana seeds containing designer IgAs against enterotoxigenic E coli
(ETEC) (Virdi et al. 2013): this product consisted of dimeric llama-derived heavy
chain variable region fused to the Fc portion of a porcine IgA and the porcine IgA J
chain and secretory component, which allowed production of dimeric secretory
IgA-like antibodies (VHH-IgA). In a piglet feed-challenge experiment with ETEC,
dosing piglets with 20 mg/d per pig VHH-IgA produced a progressive decline in
bacterial shedding and a significantly higher weight gain than seen in control or
other experimental pigs.

A highly novel plant-made therapeutic product was the receptor binding domain
of the tailspike protein Gp9 from the P22 bacteriophage: this is known to reduce
Salmonella colonisation in the chicken gut (Miletic et al. 2015). Purified ELP-fused
Gp9 bound to Salmonella enterica serovar Typhimurium in vitro, and feeding
lyophilized leaves containing Gp9-ELP to newly hatched chickens showed that it
has the potential to control Salmonella contamination in commercially-raised fowl.
These and other experiments are reviewed here (Juarez et al. 2016; Topp et al.
2016), in articles that make an excellent case for plant-made immunotherapeutics
for veterinary use.

6 The One Health Approach and Its Relevance
for Modern Veterinary Vaccines

The One Health concept has as one of its central themes the integration of
opportunities for vaccine-based approaches for the prevention of zoonotic and
emerging diseases across veterinary and human medicine (Monath 2013), and three
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different frameworks for the use of vaccines in these contexts have been formulated.
Framework I vaccines are used to protect humans and economically valuable
animals, where neither are central to the transmission cycle: a good example here
would be West Nile virus, which is a mosquito-borne flavivirus spread around the
world by birds, and which incidentally infects animals like horses as well as
humans. Framework II vaccines, on the other hand, are intended for use in
domesticated animals as a means of preventing disease in both animals and humans:
examples of disease agents here would be Brucella abortis, E coli O157, and rabies,
influenza, Rift Valley fever, and Hendra viruses. Framework III vaccines are for
immunising non-domesticated animals in order to prevent transmission of disease
agents to humans and domesticated animals: examples here are the use of oral bait
rabies, and Mycobacterium bovis and Lyme disease vaccines.

A set of disease agents which exemplify the potential strength of the One Health
approach are influenza viruses, and they have in fact been the focus of a number of
international meetings and planning sessions (Chien 2013; Dwyer and Kirkland
2011; Kahn et al. 2014; Ludwig et al. 2014; Powdrill et al. 2010; Short et al. 2015).
The unique mix of hosts that occurs in intensive agricultural environments that
could give rise to pandemics—swine, birds and humans—is a major cause of
international concern; so too is the development of suitable vaccines for the pre-
vention of infection in domesticated birds, farmed swine, and humans. Plants have
been shown to be highly useful for the production of influenza vaccines, and indeed
possibly the fastest ever production at scale of an influenzavirus A strain vaccine—
1 month for 10 million doses—was done by Medicago Inc. for HIN1pdm 2009 HA
VLPs in 2012 (Rybicki 2014). Medicago also managed in 2013, as an exercise to
demonstrate preparedness, to produce grams of cGMP-grade plant-made H7
HA-only VLPs only 19 days after accessing the H7 HA gene cDNA sequence, in
response to an outbreak in China in the same year. The fact that plant-made
influenza vaccines have worked very well in animal models means that they should
be trialled extensively in domestic fowl and swine, to see if the maintenance of the
viruses in these hosts can be curbed. As for companion animals, there is even a
canine influenza vaccine candidate: following a 2004 H3N8 outbreak in the US, a
group in Canada used the plant-derived filamentous Malva mosaic virus (MaMV)
nanoparticles as a vaccine platform to display the highly conserved ectopic M2e
peptide and to increase its immunogenicity. Together with the adjuvant OmpC
derived from Salmonella typhi, the vaccine was protective against both the
homologous virus and a heterosubtypic strain of influenza in mice, as well as
eliciting antibodies reactive with M2e peptides derived from H9N2, HSN1 and
HINI strains and being immunogenic in dogs (Leclerc et al. 2013).

Given that brucellosis is listed as a One Health priority, it is worth noting that a
transgenic plant-produced B abortus outer membrane protein (U-Ompl9) was an
effective oral vaccine in mice against a systemic challenge, eliciting an adaptive
IL-17 immune response (Pasquevich et al. 2011)—and that the protein has sig-
nificant adjuvant activity, and oral vaccination of mice with U-Ompl9 plus
Salmonella antigens was protective against virulent challenge with S typhimurium
(Risso et al. 2017).
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It is important to realise that, while vaccines are the target of this review, One
Health products can also be reagents to be used in more effective or cheaper
diagnostic kits, and in particular for point-of-care devices, or for research laboratory
use—and especially proteins that could be both a reagent and used as a candidate
vaccine in animals and possibly humans. A few of the best potential One Health
targets for plant-made dual-function proteins would be proteins from Middle
Eastern respiratory syndrome (MERS) coronavirus (Wirblich et al. 2017), Nipah
and Hendra viruses (Landford and Nunn 2012; Mackenzie et al. 2003), diagnostic/
vaccine candidate proteins from Rift Valley Fever and Crimean-Congo haemor-
rhagic fever viruses (Kortekaas 2014; Monath 2013). Inexpensive and abundant
proteins made from these agents could first serve as reagents in the development of
cheap point-of-care diagnostics, and then as vaccine candidates in animals, if
appropriate, and then possibly in humans.

A useful example here is of the expression both by agroinfiltration in N. ben-
thamiana as a reagent, and in transgenic N. tabacum roots and leaves as a vaccine,
of a fused GcGn envelope glycoprotein-encoding gene from Crimean-Congo
haemorrhagic fever virus (Ghiasi et al. 2011). The protein yield was 1-2 mg/kg
fresh plant weight. Transgenic material was orally immunogenic, and elicited
humoral and mucosal antibody responses, and antibodies bound inactivated virus
used as a vaccine booster in some experiments. Agroinfiltration-produced GnGc
was used as a reagent in ELISA to detect immune responses. Another study from
our group was of the production of CCHFV N protein in N. benthamiana by
agroinfiltration specifically as a reagent for use in diagnostic tests (Atkinson et al.
2016): a plant codon-optimised and 6xHis tagged N protein gene was found to
accumulate best as a soluble protein in the cytoplasm, from which it could be easily
purified by ammonium sulphate fractionation and immobilised Ni** column chro-
matography. Purified NP was used in a validated indirect ELISA to detect
anti-CCHFV IgG in sera from convalescent human patients: this was successful for
13/13 samples, with no readings for samples from patients with no history of
CCHFYV infection. The results were 100% concordant with those from a com-
mercially available immunofluorescent assay. Given that soluble N protein is hard
to produce and difficult to purify from insect cell cultures, the plant-made product
would seem to be a desirable replacement.

7 Conclusions

While the same has been said in many venues over more than twenty years now, the
field of molecular farming really does seem to be near to meeting its initial promise
for veterinary use. All of the technology that is required for efficient, high-yield
production of biologics is in place; downstream processing modalities have been
well worked out by a number of near- and cGMP-compliant facilities; many can-
didate vaccines for a wide variety of pathogens have been tested; therapeutic bio-
logics too for veterinary use are now feasible; regulatory agencies seem agreeable to
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considering plant-made products. The generally shorter regulatory path, the pos-
sibility of using less stringently purified products, and the very real possibility of
using oral vaccines and therapeutics, should also be highly attractive for product
developers. I sincerely hope, then, that realisation of the promise comes very soon.

References

Alvarez ML, Topal E, Martin F, Cardineau GA (2010) Higher accumulation of F1-V fusion
recombinant protein in plants after induction of protein body formation. Plant Mol Biol
72:75-89

APHIS (2008) Noncompliance history

Ashraf S, Singh PK, Yadav DK, Shahnawaz M, Mishra S, Sawant SV, Tuli R (2005) High level
expression of surface glycoprotein of rabies virus in tobacco leaves and its immunoprotective
activity in mice. J Biotechnol 119:1-14

Athmaram TN, Bali G, Devaiah KM (2006) Integration and expression of Bluetongue VP2 gene in
somatic embryos of peanut through particle bombardment method. Vaccine 24:2994-3000

Atkinson R, Burt F, Rybicki EP, Meyers AE (2016) Plant-produced Crimean-Congo haemorrhagic
fever virus nucleoprotein for use in indirect ELISA. J Virol Methods 236:170-177

Aziz MA, Singh S, Anand Kumar P, Bhatnagar R (2002) Expression of protective antigen in
transgenic plants: a step towards edible vaccine against anthrax. Biochem Biophys Res
Commun 299:345-351

Aziz MA, Sikriwal D, Singh S, Jarugula S, Kumar PA, Bhatnagar R (2005) Transformation of an
edible crop with the pagA gene of Bacillus anthracis. FASEB J 19:1501-1503

Bethencourt V (2009) Virus stalls Genzyme plant. Nat Biotechnol 27:681

Biemelt S, Sonnewald U, Galmbacher P, Willmitzer L, Muller M (2003) Production of human
papillomavirus type 16 virus-like particles in transgenic plants. J Virol 77:9211-9220

Bonne N, Shearer P, Sharp M, Clark P, Raidal S (2009) Assessment of recombinant beak and
feather disease virus capsid protein as a vaccine for psittacine beak and feather disease. J Gen
Virol 90:640-647

Breitburd F, Kirnbauer R, Hubbert NL, Nonnenmacher B, Trin-Dinh-Desmarquet C, Orth G,
Schiller JT, Lowy DR (1995) Immunization with viruslike particles from cottontail rabbit
papillomavirus (CRPV) can protect against experimental CRPV infection. J Virol 69:3959—
3963

Breitburd F, Salmon J, Orth G (1997) The rabbit viral skin papillomas and carcinomas: a model for
the immunogenetics of HPV-associated carcinogenesis. Clin Dermatol 15:237-247

Buyel JF, Fischer R (2014) Generic chromatography-based purification strategies accelerate the
development of downstream processes for biopharmaceutical proteins produced in plants.
Biotechnol J 9:566-577

Buyel JF, Hubbuch J, Fischer R (2016) Comparison of tobacco host cell protein removal methods
by blanching intact plants or by heat treatment of extracts. J Visualized Exp: JoVE

Carrillo C, Wigdorovitz A, Oliveros JC, Zamorano PI, Sadir AM, Gomez N, Salinas J,
Escribano JM, Borca MV (1998) Protective immune response to foot-and-mouth disease virus
with VP1 expressed in transgenic plants. J Virol 72:1688-1690

Castanon S, Marin MS, Martin-Alonso JM, Boga JA, Casais R, Humara JM, Ordas RJ, Parra F
(1999) Immunization with potato plants expressing VP60 protein protects against rabbit
hemorrhagic disease virus. J Virol 73:4452-4455

Castilho A, Strasser R, Stadlmann J, Grass J, Jez J, Gattinger P, Kunert R, Quendler H, Pabst M,
Leonard R, Altmann F, Steinkellner H (2010) In planta protein sialylation through
overexpression of the respective mammalian pathway. J Biol Chem 285:15923-15930



History and Promise of Plant-Made Vaccines for Animals 17

Castilho A, Steinkellner H (2016) Transient Expression of Mammalian Genes in N. benthamiana
to Modulate N-Glycosylation. Methods Mol Biol 1385:99-113

Chichester JA, Musiychuk K, de la Rosa P, Horsey A, Stevenson N, Ugulava N, Rabindran S,
Palmer GA, Mett V, Yusibov V (2007) Immunogenicity of a subunit vaccine against Bacillus
anthracis. Vaccine 25:3111-3114

Chichester JA, Manceva SD, Rhee A, Coftin MV, Musiychuk K, Mett V, Shamloul M, Norikane J,
Streatfield SJ, Yusibov V (2013) A plant-produced protective antigen vaccine confers
protection in rabbits against a lethal aerosolized challenge with Bacillus anthracis Ames spores.
Human Vaccines Immunotherapeutics 9:544-552

Chien YJ (2013) How did international agencies perceive the avian influenza problem? The
adoption and manufacture of the ‘One World, One Health’ framework. Sociol Health Ilin
35:213-226

Conley AJ, Joensuu JJ, Jevnikar AM, Menassa R, Brandle JE (2009) Optimization of elastin-like
polypeptide fusions for expression and purification of recombinant proteins in plants.
Biotechnol Bioeng 103:562-573

Conley AJ, Joensuu JJ, Richman A, Menassa R (2011) Protein body-inducing fusions for
high-level production and purification of recombinant proteins in plants. Plant Biotechnol J
9:419-433

D’Aoust MA, Couture MM, Charland N, Trepanier S, Landry N, Ors F, Vezina LP (2010) The
production of hemagglutinin-based virus-like particles in plants: a rapid, efficient and safe
response to pandemic influenza. Plant Biotechnol J 8:607-619

Dalsgaard K, Uttenthal A, Jones TD, Xu F, Merryweather A, Hamilton WD, Langeveld JP,
Boshuizen RS, Kamstrup S, Lomonossoff GP, Porta C, Vela C, Casal JI, Meloen RH,
Rodgers PB (1997) Plant-derived vaccine protects target animals against a viral disease. Nat
Biotechnol 15:248-252

DARPA (2012) DARPA makes 10 million strides in the race to contain a hypothetical pandemic.
US Defense Advanced Research Projects Agency

Dus Santos MJ, Wigdorovitz A, Trono K, Rios RD, Franzone PM, Gil F, Moreno J, Carrillo C,
Escribano JM, Borca MV (2002) A novel methodology to develop a foot and mouth disease
virus (FMDV) peptide-based vaccine in transgenic plants. Vaccine 20:1141-1147

Duvenage L, Hitzeroth II, Meyers AE, Rybicki EP (2013) Expression in tobacco and purification
of beak and feather disease virus capsid protein fused to elastin-like polypeptides. J Virol
Methods 191:55-62

Dwyer DE, Kirkland PD (2011) Influenza: one health in action. N S W Public Health Bull
22:123-126

Fischer R, Schillberg S, Hellwig S, Twyman RM, Drossard J (2012) GMP issues for recombinant
plant-derived pharmaceutical proteins. Biotechnol Adv 30:434-439

Ghiasi SM, Salmanian AH, Chinikar S, Zakeri S (2011) Mice orally immunized with a transgenic
plant expressing the glycoprotein of Crimean-Congo hemorrhagic fever virus. Clin Vaccine
Immunol: CVI 18:2031-2037

Gil F, Titarenko E, Terrada E, Arcalis E, Escribano JM (2006) Successful oral
prime-immunization with VP60 from rabbit haemorrhagic disease virus produced in transgenic
plants using different fusion strategies. Plant Biotechnol J 4:135-143

Gleba YY, Tuse D, Giritch A (2014) Plant viral vectors for delivery by Agrobacterium. Curr Top
Microbiol Immunol 375:155-192

Gomez N, Wigdorovitz A, Castanon S, Gil F, Ordas R, Borca MV, Escribano JM (2000) Oral
immunogenicity of the plant derived spike protein from swine-transmissible gastroenteritis
coronavirus. Arch Virol 145:1725-1732

Goulet C, Khalf M, Sainsbury F, D’Aoust MA, Michaud D (2012) A protease activity-depleted
environment for heterologous proteins migrating towards the leaf cell apoplast. Plant
Biotechnol J 10:83-94

Hanafi LA, Bolduc M, Gagne ME, Dufour F, Langelier Y, Boulassel MR, Routy JP, Leclerc D,
Lapointe R (2010) Two distinct chimeric potexviruses share antigenic cross-presentation
properties of MHC class I epitopes. Vaccine 28:5617-5626



18 E. Rybicki

Haq TA, Mason HS, Clements JD, Arntzen CJ (1995) Oral immunization with a recombinant
bacterial antigen produced in transgenic plants. Science 268:714-716

Heath L, Williamson AL, Rybicki EP (2006) The capsid protein of beak and feather disease virus
binds to the viral DNA and is responsible for transporting the replication-associated protein
into the nucleus. J Virol 80:7219-7225

Hellwig S, Drossard J, Twyman RM, Fischer R (2004) Plant cell cultures for the production of
recombinant proteins. Nat Biotechnol 22:1415-1422

Herzog RW, Nichols TC, Su J, Zhang B, Sherman A, Merricks EP, Raymer R, Perrin GQ, Hager
M, Winberg B, Daniell H (2017) Oral tolerance induction in hemophilia B dogs fed with
transplastomic lettuce. Mol Ther 25:512-522

Holtz BR, Berquist BR, Bennett LD, Kommineni VJ, Munigunti RK, White EL, Wilkerson DC,
Wong KY, Ly LH, Marcel S (2015) Commercial-scale biotherapeutics manufacturing facility
for plant-made pharmaceuticals. Plant Biotechnol J 13:1180-1190

Huang Y, Liang W, Wang Y, Zhou Z, Pan A, Yang X, Huang C, Chen J, Zhang D (2005)
Immunogenicity of the epitope of the foot-and-mouth disease virus fused with a hepatitis B
core protein as expressed in transgenic tobacco. Viral Immunol 18:668-677

Huang Z, Chen Q, Hjelm B, Arntzen C, Mason H (2009) A DNA replicon system for rapid
high-level production of virus-like particles in plants. Biotechnol Bioeng 103:706-714

Hull AK, Criscuolo CJ, Mett V, Groen H, Steeman W, Westra H, Chapman G, Legutki B,
Baillie L, Yusibov V (2005) Human-derived, plant-produced monoclonal antibody for the
treatment of anthrax. Vaccine 23:2082-2086

Jilka J (2002) An oral vaccine in maize protects against transmissible gastroenteritis virus in swine.
In: Erickson L, Yu W-J, Brandle J, Rymerson R (eds) Molecular farming of plants and animals
for human and veterinary medicine. Springer, Netherlands, pp 223-236

Juarez P, Virdi V, Depicker A, Orzaez D (2016) Biomanufacturing of protective antibodies and
other therapeutics in edible plant tissues for oral applications. Plant Biotechnol J 14:1791-1799

Kahn RE, Ma W, Richt JA (2014) Swine and influenza: a challenge to one health research. Curr
Top Microbiol Immunol 385:205-218

Kashima K, Yuki Y, Mejima M, Kurokawa S, Suzuki Y, Minakawa S, Takeyama N, Fukuyama Y,
Azegami T, Tanimoto T, Kuroda M, Tamura M, Gomi Y, Kiyono H (2016) Good
manufacturing practices production of a purification-free oral cholera vaccine expressed in
transgenic rice plants. Plant Cell Rep 35:667-679

Khandelwal A, Renukaradhya GJ, Rajasekhar M, Sita GL, Shaila MS (2004) Systemic and oral
immunogenicity of hemagglutinin protein of rinderpest virus expressed by transgenic peanut
plants in a mouse model. Virology 323:284-291

Kirchhoff J, Raven N, Boes A, Roberts JL, Russell S, Treffenfeldt W, Fischer R, Schinkel H,
Schiermeyer A, Schillberg S (2012) Monoclonal tobacco cell lines with enhanced recombinant
protein yields can be generated from heterogeneous cell suspension cultures by flow sorting.
Plant Biotechnol J 10:936-944

Klimyuk V, Pogue G, Herz S, Butler J, Haydon H (2014) Production of recombinant antigens and
antibodies in Nicotiana benthamiana using ‘magnifection’ technology: GMP-compliant
facilities for small- and large-scale manufacturing. Curr Top Microbiol Immunol 375:127-154

Kohl T, Hitzeroth II, Stewart D, Varsani A, Govan VA, Christensen ND, Williamson AL,
Rybicki EP (2006) Plant-produced cottontail rabbit papillomavirus L1 protein protects against
tumor challenge: a proof-of-concept study. Clin Vaccine Immunol 13:845-853

Kortekaas J (2014) One Health approach to Rift Valley fever vaccine development. Antiviral Res
106:24-32

Koya V, Moayeri M, Leppla SH, Daniell H (2005) Plant-based vaccine: mice immunized with
chloroplast-derived anthrax protective antigen survive anthrax lethal toxin challenge. Infect
Immun 73:8266-8274

Lamphear BJ, Streatfield SJ, Jilka JM, Brooks CA, Barker DK, Turner DD, Delaney DE,
Garcia M, Wiggins B, Woodard SL, Hood EE, Tizard IR, Lawhorn B, Howard JA (2002)
Delivery of subunit vaccines in maize seed. J Control Release 85:169-180



History and Promise of Plant-Made Vaccines for Animals 19

Landford J, Nunn M (2012) Good governance in ‘one health’ approaches. Rev Sci Tech
31:561-575

LeafBio (2016) LeafBio announces conclusion of ZMapp™ clinical trial

Lebel ME, Chartrand K, Leclerc D, Lamarre A (2015) Plant viruses as nanoparticle-based vaccines
and adjuvants. Vaccines (Basel) 3:620-637

Leclerc D, Rivest M, Babin C, Lopez-Macias C, Savard P (2013) A novel M2e based flu vaccine
formulation for dogs. PLoS ONE 8:¢77084

Leclerc D (2014) Plant viral epitope display systems for vaccine development. Curr Top Microbiol
Immunol 375:47-59

Lico C, Benvenuto E, Baschieri S (2015) The two-faced potato virus X: from plant pathogen to
smart nanoparticle. Front Plant Sci 6:1009

Ling HY, Edwards AM, Gantier MP, Deboer KD, Neale AD, Hamill JD, Walmsley AM (2012)
An interspecific Nicotiana hybrid as a useful and cost-effective platform for production of
animal vaccines. PLoS ONE 7:e35688

Love AJ, Chapman SN, Matic S, Noris E, Lomonossoff GP, Taliansky M (2012) In planta
production of a candidate vaccine against bovine papillomavirus type 1. Planta

Loza-Rubio E, Rojas E, Gomez L, Olivera MT, Gomez-Lim MA (2008) Development of an edible
rabies vaccine in maize using the Vnukovo strain. Dev Biol 131:477—482

Loza-Rubio E, Rojas-Anaya E, Lopez J, Olivera-Flores MT, Gomez-Lim M, Tapia-Perez G (2012)
Induction of a protective immune response to rabies virus in sheep after oral immunization with
transgenic maize, expressing the rabies virus glycoprotein. Vaccine 30:5551-5556

Ludwig S, Zell R, Schwemmle M, Herold S (2014) Influenza, a One Health paradigm-novel
therapeutic strategies to fight a zoonotic pathogen with pandemic potential. Int J Med
Microbiol 304:894-901

Ma JK, Drossard J, Lewis D, Altmann F, Boyle J, Christou P, Cole T, Dale P, van Dolleweerd CJ,
Isitt V, Katinger D, Lobedan M, Mertens H, Paul MJ, Rademacher T, Sack M, Hundleby PA,
Stiegler G, Stoger E, Twyman RM, Vcelar B, Fischer R (2015) Regulatory approval and a
first-in-human phase I clinical trial of a monoclonal antibody produced in transgenic tobacco
plants. Plant Biotechnol J 13:1106-1120

MacDonald J, Doshi K, Dussault M, Hall JC, Holbrook L, Jones G, Kaldis A, Klima CL,
Macdonald P, McAllister T, McLean MD, Potter A, Richman A, Shearer H, Yarosh O,
Yoo HS, Topp E, Menassa R (2015) Bringing plant-based veterinary vaccines to market:
managing regulatory and commercial hurdles. Biotechnol Adv 33:1572-1581

Mackenzie JS, Field HE, Guyatt KJ (2003) Managing emerging diseases borne by fruit bats (flying
foxes), with particular reference to henipaviruses and Australian bat lyssavirus. J Appl
Microbiol 94(Suppl):59S-69S

Maclean J, Koekemoer M, Olivier AJ, Stewart D, Hitzeroth II, Rademacher T, Fischer R,
Williamson AL, Rybicki EP (2007) Optimization of human papillomavirus type 16 (HPV-16)
L1 expression in plants: comparison of the suitability of different HPV-16 L1 gene variants and
different cell-compartment localization. J Gen Virol 88:1460-1469

Mamedov T, Yusibov V (2013) In vivo deglycosylation of recombinant proteins in plants by
co-expression with bacterial PNGase F. Bioengineered 4:338-342

Mandal MK, Fischer R, Schillberg S, Schiermeyer A (2014) Inhibition of protease activity by
antisense RNA improves recombinant protein production in Nicotiana tabacum cv. Bright
Yellow 2 (BY-2) suspension cells. Biotechnol J 9:1065-1073

Mbewana S, Mortimer E, Pera FF, Hitzeroth II, Rybicki EP (2015) Production of H5N1 influenza
virus matrix protein 2 ectodomain protein bodies in tobacco plants and in insect cells as a
candidate universal influenza vaccine. Front Bioeng Biotechnol 3:197

Miletic S, Simpson DJ, Szymanski CM, Deyholos MK, Menassa R (2015) A plant-produced
bacteriophage tailspike protein for the control of salmonella. Front Plant Sci 6:1221

Monath TP (2013) Vaccines against diseases transmitted from animals to humans: a one health
paradigm. Vaccine 31:5321-5338

Nemchinov LG, Natilla A (2007) Transient expression of the ectodomain of matrix protein 2
(M2e) of avian influenza A virus in plants. Protein Expr Purif 56:153-159



20 E. Rybicki

Niedbalski W (2011) Bluetongue vaccines in Europe. Pol J Vet Sci 14:299-304

Palmer KE, Benko A, Doucette SA, Cameron TI, Foster T, Hanley KM, McCormick AA,
McCulloch M, Pogue GP, Smith ML, Christensen ND (2006) Protection of rabbits against
cutaneous papillomavirus infection using recombinant tobacco mosaic virus containing L2
capsid epitopes. Vaccine 24:5516-5525

Pasquevich KA, Ibanez AE, Coria LM, Garcia Samartino C, Estein SM, Zwerdling A,
Barrionuevo P, Oliveira FS, Seither C, Warzecha H, Oliveira SC, Giambartolomei GH,
Cassataro J (2011) An oral vaccine based on U-Omp19 induces protection against B. abortus
mucosal challenge by inducing an adaptive IL-17 immune response in mice. PLoS ONE 6:
e16203

Patterson EI, Swarbrick CM, Roman N, Forwood JK, Raidal SR (2013) Differential expression of
two isolates of beak and feather disease virus capsid protein in Escherichia coli. J Virol
Methods 189:118-124

Pearson LD, Roy P (1993) Genetically engineered multi-component virus-like particles as
veterinary vaccines. Immunol Cell Biol 71(Pt 5):381-389

Perez Filgueira DM, Mozgovoj M, Wigdorovitz A, Dus Santos MJ, Parreno V, Trono K,
Fernandez FM, Carrillo C, Babiuk LA, Morris TJ, Borca MV (2004) Passive protection to
bovine rotavirus (BRV) infection induced by a BRV VP8* produced in plants using a
TMV-based vector. Arch Virol 149:2337-2348

Powdrill TF, Nipp TL, Rinderknecht JL (2010) One health approach to influenza: assessment of
critical issues and options. Emerg Infect Dis 16:el

Protalix (2017) Orally delivered proteins

Purse BV, Brown HE, Harrup L, Mertens PP, Rogers DJ (2008) Invasion of bluetongue and other
orbivirus infections into Europe: the role of biological and climatic processes. Rev Sci Tech
27:427-442

Rademacher T (2014) Method for the generation and cultivation of a plant cell pack. Google
Patents

Regnard GL, Halley-Stott RP, Tanzer FL, Hitzeroth II, Rybicki EP (2010) High level protein
expression in plants through the use of a novel autonomously replicating geminivirus shuttle
vector. Plant Biotechnol J 8:38-46

Risso GS, Carabajal MV, Bruno LA, Ibanez AE, Coria LM, Pasquevich KA, Lee SJ, McSorley SJ,
Briones G, Cassataro J (2017) U-Omp19 from brucella abortus is a useful adjuvant for vaccine
formulations against salmonella infection in mice. Front Immunol 8:171

Robert S, Khalf M, Goulet MC, D’Aoust MA, Sainsbury F, Michaud D (2013) Protection of
recombinant mammalian antibodies from development-dependent proteolysis in leaves of
Nicotiana benthamiana. PLoS ONE 8:¢70203

Roy P, Bishop DH, LeBlois H, Erasmus BJ (1994) Long-lasting protection of sheep against
bluetongue challenge after vaccination with virus-like particles: evidence for homologous and
partial heterologous protection. Vaccine 12:805-811

Rybicki EP (2009) Plant-produced vaccines: promise and reality. Drug Discov Today 14:16-24

Rybicki EP (2010) Plant-made vaccines for humans and animals. Plant Biotechnol J 8:620-637

Rybicki EP (2014) Plant-based vaccines against viruses. Virol J 11:205

Rybicki EP, Martin DP (2014) Virus-derived ssDNA vectors for the expression of foreign proteins
in plants. Curr Top Microbiol Immunol 375:19-45

Sainsbury F, Lavoie PO, D’Aoust MA, Vezina LP, Lomonossoff GP (2008) Expression of
multiple proteins using full-length and deleted versions of cowpea mosaic virus RNA-2. Plant
Biotechnol J 6:82-92

Sainsbury F, Thuenemann EC, Lomonossoff GP (2009) pEAQ: versatile expression vectors for
easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol J
7:682-693

Sainsbury F, Jutras PV, Vorster J, Goulet MC, Michaud D (2016) A chimeric affinity tag for
efficient expression and chromatographic purification of heterologous proteins from plants.
Front Plant Sci 7:141



History and Promise of Plant-Made Vaccines for Animals 21

Sarker S, Ghorashi SA, Swarbrick CM, Khandokar YB, Himiari Z, Forwood JK, Raidal SR (2015)
An efficient approach for recombinant expression and purification of the viral capsid protein
from beak and feather disease virus (BFDV) in Escherichia coli. J Virol Methods 215-216:1-8

Satyavathi VV, Prasad V, Khandelwal A, Shaila MS, Sita GL (2003) Expression of hemagglutinin
protein of Rinderpest virus in transgenic pigeon pea [Cajanus cajan (L.) Millsp.] plants. Plant
Cell Rep 21:651-658

Saxena P, Thuenemann EC, Sainsbury F, Lomonossoff GP (2016) Virus-derived vectors for the
expression of multiple proteins in plants. Methods Mol Biol 1385:39-54

Shamloul M, Trusa J, Mett V, Yusibov V (2014) Optimization and utilization of agrobacterium-
mediated transient protein production in nicotiana. J Vis Exp: JoVE

Short KR, Richard M, Verhagen JH, van Riel D, Schrauwen EJ, van den Brand JM, Manz B,
Bodewes R, Herfst S (2015) One health, multiple challenges: the inter-species transmission of
influenza A virus. One Health 1:1-13

Specht EA, Mayfield SP (2014) Algae-based oral recombinant vaccines. Front Microbiol 5:60

Steele JF, Peyret H, Saunders K, Castells-Graells R, Marsian J, Meshcheriakova Y,
Lomonossoff GP (2017) Synthetic plant virology for nanobiotechnology and nanomedicine.
Wiley Interdiscip Rev Nanomed Nanobiotechnol

Steinkellner H, Castilho A (2015) N-Glyco-engineering in plants: update on strategies and major
achievements. Methods Mol Biol 1321:195-212

Stewart ME, Bonne N, Shearer P, Khalesi B, Sharp M, Raidal S (2007) Baculovirus expression of
beak and feather disease virus (BFDV) capsid protein capable of self-assembly and
haemagglutination. J Virol Methods 141:181-187

Strasser R, Stadlmann J, Schahs M, Stiegler G, Quendler H, Mach L, Glossl J, Weterings K,
Pabst M, Steinkellner H (2008) Generation of glyco-engineered Nicotiana benthamiana for the
production of monoclonal antibodies with a homogeneous human-like N-glycan structure.
Plant Biotechnol J 6:392-402

Streatfield SJ, Lane JR, Brooks CA, Barker DK, Poage ML, Mayor JM, Lamphear BJ, Drees CF,
Jilka JM, Hood EE, Howard JA (2003) Corn as a production system for human and animal
vaccines. Vaccine 21:812-815

Tabayashi N, Matsumura T (2014) Forefront study of plant biotechnology for practical use:
development of oral drug for animal derived from transgenic strawberry. Soc Biotechnol J Japn
92:537-539

Tackaberry ES, Prior F, Bell M, Tocchi M, Porter S, Mehic J, Ganz PR, Sardana R, Altosaar I,
Dudani A (2003) Increased yield of heterologous viral glycoprotein in the seeds of
homozygous transgenic tobacco plants cultivated underground. Genome 46:521-526

Thuenemann EC, Meyers AE, Verwey J, Rybicki EP, Lomonossoff GP (2013) A method for rapid
production of heteromultimeric protein complexes in plants: assembly of protective bluetongue
virus-like particles. Plant Biotechnol J 11:839-846

Topp E, Irwin R, McAllister T, Lessard M, Joensuu JJ, Kolotilin I, Conrad U, Stoger E, Mor T,
Warzecha H, Hall JC, McLean MD, Cox E, Devriendt B, Potter A, Depicker A, Virdi V,
Holbrook L, Doshi K, Dussault M, Friendship R, Yarosh O, Yoo HS, MacDonald J,
Menassa R (2016) The case for plant-made veterinary immunotherapeutics. Biotechnol Adv
34:597-604

Torrent M, Llop-Tous I, Ludevid MD (2009) Protein body induction: a new tool to produce and
recover recombinant proteins in plants. Methods Mol Biol 483:193-208

Twyman RM, Schillberg S, Fischer R (2013) Optimizing the yield of recombinant pharmaceutical
proteins in plants. Curr Pharm Des 19:5486-5494

Tyulkina LG, Skurat EV, Frolova OY, Komarova TV, Karger EM, Atabekov IG (2011) New viral
vector for superproduction of epitopes of vaccine proteins in plants. Acta Naturae 3:73—-82

Usha R, Rohll JB, Spall VE, Shanks M, Maule AJ, Johnson JE, Lomonossoff GP (1993)
Expression of an animal virus antigenic site on the surface of a plant virus particle. Virology
197:366-374



22 E. Rybicki

Varsani A, Williamson AL, Rose RC, Jaffer M, Rybicki EP (2003) Expression of Human
papillomavirus type 16 major capsid protein in transgenic Nicotiana tabacum cv. Xanthi. Arch
Virol 148:1771-1786

Vasilev N, Gromping U, Lipperts A, Raven N, Fischer R, Schillberg S (2013) Optimization of
BY-2 cell suspension culture medium for the production of a human antibody using a
combination of fractional factorial designs and the response surface method. Plant Biotechnol J
11:867-874

Virdi V, Coddens A, De Buck S, Millet S, Goddeeris BM, Cox E, De Greve H, Depicker A (2013)
Orally fed seeds producing designer IgAs protect weaned piglets against enterotoxigenic
Escherichia coli infection. Proc Natl Acad Sci U S A 110:11809-11814

Warzecha H, Mason HS, Lane C, Tryggvesson A, Rybicki E, Williamson AL, Clements JD,
Rose RC (2003) Oral immunogenicity of human papillomavirus-like particles expressed in
potato. J Virol 77:8702-8711

Watson J, Koya V, Leppla SH, Daniell H (2004) Expression of Bacillus anthracis protective
antigen in transgenic chloroplasts of tobacco, a non-food/feed crop. Vaccine 22:4374-4384

Wigdorovitz A, Carrillo C, Dus Santos MJ, Trono K, Peralta A, Gomez MC, Rios RD,
Franzone PM, Sadir AM, Escribano JM, Borca MV (1999a) Induction of a protective antibody
response to foot and mouth disease virus in mice following oral or parenteral immunization with
alfalfa transgenic plants expressing the viral structural protein VP1. Virology 255:347-353

Wigdorovitz A, Perez Filgueira DM, Robertson N, Carrillo C, Sadir AM, Morris TJ, Borca MV
(1999b) Protection of mice against challenge with foot and mouth disease virus (FMDV) by
immunization with foliar extracts from plants infected with recombinant tobacco mosaic virus
expressing the FMDV structural protein VP1. Virology 264:85-91

Wigdorovitz A, Mozgovoj M, Santos MJ, Parreno V, Gomez C, Perez-Filgueira DM, Trono KG,
Rios RD, Franzone PM, Fernandez F, Carrillo C, Babiuk LA, Escribano JM, Borca MV (2004)
Protective lactogenic immunity conferred by an edible peptide vaccine to bovine rotavirus
produced in transgenic plants. J Gen Virol 85:1825-1832

Wirblich C, Coleman CM, Kurup D, Abraham TS, Bernbaum JG, Jahrling PB, Hensley LE,
Johnson RF, Frieman MB, Schnell MJ (2017) One-Health: a safe, efficient, dual-use vaccine
for humans and animals against middle east respiratory syndrome coronavirus and rabies virus.
J Virol 91

Yang C-D, Liao J-T, Lai C-Y, Jong M-H, Liang C-M, Lin Y-L, Lin N-S, Hsu Y-H, Liang S-M
(2007a) Induction of protective immunity in swine by recombinant bamboo mosaic virus
expressing foot-and-mouth disease virus epitopes. BMC Biotechnol 7:62

Yang ZQ, Liu QQ, Pan ZM, Yu HX, Jiao XA (2007b) Expression of the fusion glycoprotein
of Newcastle disease virus in transgenic rice and its immunogenicity in mice. Vaccine 25:
591-598

Yu J, Langridge WH (2001) A plant-based multicomponent vaccine protects mice from enteric
diseases. Nat Biotechnol 19:548-552

Yusibov V, Hooper DC, Spitsin SV, Fleysh N, Kean RB, Mikheeva T, Deka D, Karasev A, Cox S,
Randall J, Koprowski H (2002) Expression in plants and immunogenicity of plant virus-based
experimental rabies vaccine. Vaccine 20:3155-3164

Zhao Y, Hammond RW (2005) Development of a candidate vaccine for Newcastle disease virus
by epitope display in the Cucumber mosaic virus capsid protein. Biotechnol Lett 27:375-382



Plant Transformation Strategies M)

Check for
updates
Veronica Araceli Marquez-Escobar, Omar Gonzalez-Ortega
and Sergio Rosales-Mendoza

Abstract In this chapter, a general outlook on the plant transformation approaches
is provided with emphasis in applications related to molecular farming. The
rationale of nuclear, chloroplast, and transient expressions mediated by viral vectors
are reviewed. Implications of such technologies in terms of protein yields, post-
translational modifications, scalability, and production time scale are critically
analyzed. New trends in plant genetic engineering are also identified and per-
spectives on how these technologies might influence the molecular farming field are
provided.
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1 Introduction

Over 100 years ago a bacterium causing tumors in plants was described (Smith and
Townsend 1907). The tumor formation (crown gall disease) resulted from the
ability of an alphaproteobacteria, named Agrobacterium tumefaciens, to transfer
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DNA to the host cell; leading to the stable insertion of bacterial DNA called T-DNA
(Tzfira and Citovsky 2006). Following this line, the discovery of the Ti plasmid (Ti,
tumor induction) and the elucidation of the mechanisms mediating the gene transfer
from Agrobacterium into the plant cell were described mainly by the Belgium
group headed by Marc Van Montagu and Jeff Schell. This knowledge opened the
possibility of using this bacterium as a delivery system for genetic engineering
purposes in plants, thus beginning the transgenic plants era (Herrera-Estrella et al.
1983; De Block et al. 1984).

The ability to create transgenic plants has allowed plants to be used as biore-
actors to produce biopharmaceuticals (BP) (Paul and Ma 2011). The plant-made BP
technology is based on the introduction of the gene of interest into a wildtype plant
generating a transgenic plant, in which the particular gene of interest codes for the
therapeutic agent. The approaches to transform plants for this purpose can be
classified in two categories: stable and transient (Tzfira et al. 2004; Krenek et al.
2015; Fig. 1). According to the stable transformation approach, either the nucleus
or the chloroplast can be targeted to insert the heterologous DNA into the corre-
sponding genome; generating a heritable trait. Stable transformation methodologies
comprise three main steps: (1) delivery of the foreign DNA to the plant tissue,
(2) selection of transformed plant tissues according to the marker gene used, and
(3) establishment of in vitro lines (undifferentiated cells or tissues) or whole plants
(Fig. 2). On the other hand, transient transformation is based on the introduction of
the foreign DNA into the nuclear plant genome regardless integration events
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Yield
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Fig. 1 Schematic summary of the plant transformation approaches and their features
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(Fig. 3). Under this approach the target BP is expressed, in the short term, in plant
tissues of adult plants; with the subsequent harvest of the plant material that is
typically used to purify the target BP.

2 Stable Transformation Strategies

2.1 Agrobacterium-Mediated Transformation

The most simple and common method to achieve nuclear transformation relies on
the use of A. tumefaciens, which is capable of introducing large segments of DNA
with minimal rearrangement, high efficiency, and low number of insertions (Gelvin
2003; Pacurar et al. 2011). Briefly, the process involves the action of vir proteins,
most of them encoded by the 200 kb tumor-inducing plasmid (Ti plasmid, pTi) in
the bacterium. Vir A and Vir G are constitutively expressed, whereas expression of
Vir B, C, D, and E are dependent on the activation of VirG. Upon interaction with
the plant cell, Agrobacterium senses the chemical exudates from the plant,
including acetosyringone that is commonly secreted by wounded cells. At this
stage, VirA acts as a chemoreceptor of phenolic compounds. In parallel, sugars
from the plant are detected by the chvE protein, which increases VirA protein
sensitivity to phenolic compounds. Afterwards VirA protein phosphorylates the
VirG protein, leading to the activation of VirG that acts as a transcription factor
with the subsequent activation of vir operons (Vir B, C, D, and E).

Plant cell

l

Explant

Whole

- E trasgenic plant
Plantlets
‘ ‘ Selection ‘

medium @ »

Plant suspension Bioreactor

t

Fig. 2 Schematic methodology for stable transformation approaches. (1) The foreign DNA is
delivered into the plant cell, (2) plant explants are placed onto selection medium to recover cells
that stably integrated the foreign DNA, (3) transformed lines are propagated to establish
undifferentiated cell lines or perform a regeneration step to yield whole plants
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VECTORS FOR TRANSIENT TRANSFORMATION
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Fig. 3 Schematic methodology for transient transformation approaches. (1) The foreign DNA is
delivered to the plant cell as a deconstructed viral vector or recombinant virus. (2) Plant tissues
from whole plants or biomass produced in bioreactors are subjected to transformation by either
mechanical inoculation or Agrobacterium-mediated DNA delivery (Agroinfiltration). (3) Plants/
tissues are incubated for a short period (up to one week) for accumulation of the recombinant
protein, in this step inductors are applied when expression relies on an inducible promoter.
(4) Plant biomass is harvested to proceed to the extraction and purification of the plant-made
recombinant protein/viruses. MP, movement protein; RS, recombination site; CP, capsid protein;
Ter, terminator

The pTi plasmid also harbors the transfer DNA (T-DNA), which is the region
transferred from the bacterium to the plant cell, and which carries the genes
responsible for generation of crown gall tumors. Genes present in the T-DNA
comprise oncogenes responsible for phytohormone production, such as auxins and
cytokinins; as well as genes responsible for the biosynthesis of opines, a group of
amino acid derivatives acting as carbon source for the bacterium. The T-DNA is
flanked by 25-28 base-pair repeats called borders. VirC, D and E proteins coor-
dinate the process of T-DNA excision and form a Vir proteins/T-DNA complex that
is translocated into the plant cell. During this process VirD1/D2 complex nicks the
T-DNA at both border sequences. VirD2 attaches to the 5’ end of the single
stranded cut T-DNA, and VirE2 coats the T-DNA strand forming the T-DNA
transport complex that is exported into the host cell cytoplasm through a channel
formed by VirD4 and VirB proteins.

Vir D4 and Vir B constitute a type IV secretory system required for the trans-
ference of the Vir-T-DNA complex. Vir proteins not only form the channel but also
works as ATPases providing energy to assemble the channel or for the exporting
processes. Although it is known that during host cell attachment the bacterium
synthesizes cellulose fibrils and rhicadhesin, a protein that helps sticking to the cell
wall, the complex set of plant cell-bacteria interactions is not yet fully understood.
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Fig. 4 Mechanisms for Agrobacterium-mediated DNA transfer into the plant cell genome.
Wound-released phenolic plant compounds are recognized by VirA leading to the activation of
VirG; with a subsequent expression of a set of vir genes located in the Ti plasmid. The T-DNA
region is splitted from the Ti plasmid by the VirD1/D2 complex to yield a single-stranded DNA
molecule. The attachment of Agrobacterium to the plant cell is mediated by the cellulosic fibrils
and a VirB/VirD4 channel is formed. The immature T-DNA and some other Vir proteins, such as
VirE2 and VirF, are transported through the VirB/VirD4 channel. Once in the cytosol of the plant
cell, VirE2 and VirF adhere to the T-DNA inducing its maturation; with a subsequent nuclear
translocation mediated by VIP1 and the importin o. Finally, the T-DNA reaches the chromatin and
proteosomal degradation uncoats the T-DNA followed by DNA integration into the nuclear
genome

Once the T-DNA is inside of the plant cell, the VirE2 and VirD2 proteins are
recognized by the host’s importin alpha thanks to the nuclear localization signals
that exist in these vir proteins. In this process the plant protein VIP1 helps VirE2 to
reach the importin. Importin alpha subsequently interacts with importin beta and the
nuclear pore complex allowing the transfer of the T-DNA into the nucleus. Finally
in the nucleus, the T-DNA integration to the host genome takes place when the
plant protein VIP2 targets the T-DNA into areas of chromatin that are being actively
transcribed (Tzfira and Citovsky 2002; Gelvin 2010; Dafny-Yelin et al. 2008). In
order to insert the foreign DNA into the host plant cell, VirC selects and cuts into a
strand of host DNA.

Since the T-DNA region is the mobile element upon infection by
Agrobacterium, genetic engineers take advantage of this fine mechanism to achieve
nuclear transformation of plant cells by replacing the T-DNA genes with appro-
priate expression cassettes for the gene of interest and a marker gene, which are
flanked by the direct repeat borders (Fig. 4). Sequences from the Ti plasmid have
been divided between two vectors in a binary system for nuclear genetic engi-
neering: the shuttle vector contains an artificial T-DNA carrying the heterologous
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DNA flanked by the left and right borders, while the helper plasmid encodes the vir
genes required for plant transformation (Hellens et al. 2000; Karimi et al. 2002;
Earley et al. 2006; Hoekema et al. 1983).

Agrobacterium-mediated transformation leads to a variable number of insertions
that occur in random loci of the plant genome, which can lead to modest expression
of the transgene (the achieved protein yield is generally below 1% of total soluble
protein, TSP) (Francis and Spiker 2005), phenotypic alterations (Schnell et al.
2015), and gene silencing. Another limitation of Agrobacterium-mediated trans-
formation consists in the fact that some plant species are not efficiently infected by
this transformation vector. For instance some monocots such as wheat, rice and
maize; which are highly relevant crops, are naturally recalcitrant to A. tumefaciens
infection and thus the transformation protocols should be optimized to overcome
this limitation (van Wordragen and Dons 1992; Gelvin 2003). These important
issues led to the development of alternative transformation protocols.

3 Biolistics

The biolistics method is based on the delivery of “microcarriers”, which are micro
sized tungsten or gold particles coated with the DNA of interest, into the target cells
by using high velocity acceleration (Daniell 1993, 1997). This technology allows
inserting the target DNA in either the nuclear or chloroplast genomes.

Although biolistics represents an alternative to transform Agrobacterium-
recalcitrant species at the nuclear level, some disadvantages of the technique
include the following: multiple insertions of the transgene frequently occur, which
could lead to silencing events; and lack of fine definition of the DNA segment that
is inserted in the host, which obliges for detailed screening of the transformants to
rescue those having the full length DNA of interest (Kikkert et al. 2005). Biolistics
is generally applied to species that are recalcitrant to Agrobacterium-mediated
transformation. In the case of chloroplast transformation, biolistics constitutes an
attractive method since DNA vectors are efficiently delivered into the chloroplasts,
whereas no reproducible success on the use of A. fumefaciens has been achieved for
chloroplast transformation. Thanks to the efficient recombination machinery that
singularly exists in the chloroplast, the desired insertion can be mediated by double
homologous recombination mediated by left and right flanking sequences of about
1-2 kb each, which belong to the host plastid genome and define the insertion site
(Svab et al. 1990; Staub and Maliga 1992; Svab and Maliga 1993; Maliga 1993). In
this manner, site-specific insertion in the chloroplast genome is achieved, increasing
transformation efficiency, avoiding position effects and minimizing the insertion of
undefined DNA fragments. However, it should be considered that nuclear insertions
might occur and transformants should be screened to discard such events in the
selected lines.

The correct coating of the microcarriers with the DNA of interest is critical for
biolistics; this step involves mixing the DNA with calcium chloride, which provides
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a positive charged surface for the adherence of the DNA to the microcarrier; and
spermidine, a cationic polyamine that protects DNA from degradation by cellular
nucleases and allows DNA adsorption onto the particles (Brune et al. 1991; Thomas
et al. 1996).

4 Transient Transformation Approaches

Stable nuclear transformation strategies have some limitations for the production of
heterologous proteins since the achieved yields are usually low, long periods are
required to generate transformed lines, and the transformation protocols are often
inefficient for many species of interest. Transient transformation is an alternative
approach to overcome these limitations. While the stable transformation process
takes months, transient transformation can take 4—15 days with expression levels up
to 80% TSP (5 g of recombinant protein per kilogram of fresh weight) (Gleba et al.
2005). The current technologies based in transient transformation rely in the use of
Agrobacterium to deliver the expression vector into the target cells. An important
number of achievements in this area have been obtained by using expression
vectors (replicative or non-replicative) based on viral elements delivered by
Agrobacterium. Such viral vectors have led to the highest yields observed in
transient expression approaches in plants.

Vector design is essential to succeed in transient transformation methods, which
comprise the transfer of the heterologous DNA by Agrobacterium or viruses.
Several factors should be considered to obtain efficient expression vectors, such as
the length of the gene of interest, host tissue, specific organelle targeting, etc.
(Gleba et al. 2004). Among the efficient expression systems, some of them take
advantage of the plant RNA virus machinery; which allows for higher viral repli-
cation rates and efficient protein expression in the host cell (Gleba et al. 2007).
Some of the RNA plant viruses that have been used for the production of plant viral
vectors are the Tobacco mosaic virus (TMV), Cowpea mosaic virus (CPMV),
Potato virus X (PVX), Alfalfa mosaic virus (AMV), Plum pox virus (PPV), and
Geminivirus (Hefferon 2012).

First generation vectors are based on a “full-virus” vector strategy in which the
original viral promoter is conserved to drive foreign gene replication and expres-
sion. Recombinant proteins are produced individually or as fusions with the viral
coat protein (CP), and the machinery of normal viral replication cycle is preserved;
including viral replication, host infection, translation, assembly of mature virions,
cell-to-cell movement, movement through the whole plant, reprogramming of the
host biosynthetic machinery, and suppression of gene silencing. Expression levels
attained with these first generation vectors are higher than those for stable trans-
formation, reaching up to 10% of total soluble protein (TSP). However, a drawback
of these first generation vectors is the size limitation of the protein of interest;
proteins larger than 30 kDa are poorly expressed or fail to express because large CP
fusions compromise viral movement or because the larger genome is too big for the
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capsid. Other limitations of first generation vectors is the deleterious effects that
viral infection typically induce in the plant as well as the high biosafety required in
the process to prevent the transmission of virus to non-target crops. When the
chimeric CP approach is followed, the target antigen should not exceed 25 amino
acids in length to avoid interferences with proper CP folding and function.

Second generation vectors differ from the full virus vectors in the fact that only
some of the viral mechanisms are preserved (e.g. genome replication and in some
cases cell to cell movement), whereas other functions such as DNA delivery are
provided by non-viral elements (e.g. A. tfumefaciens). With these deconstructed
virus vectors, the transformed plants do not develop severe infection symptoms that
impact biomass production and heterologous protein yields. An example of a
technology based on second generation vectors is the MagnICON system that relies
on a Tobacco mosaic virus-based deconstructed vector, which is delivered into the
plant cell by agroinfiltration. In this way, the system takes advantage of the velocity
and expression level of the virus, the potent transfection mediated by
Agrobacterium, the post-translational capabilities, and low production costs of
plants (Gleba et al. 2004, 2005). An important feature of this system is the obtained
yield (up to 80% TSP or 5 g/kg fresh weight biomass), which is higher than that
attained using first generation vectors. Other advantages comprise short production
time (4-15 days) and the fact that, in contrast to first generation vectors, the gene of
interest can be in the 2—-80 kb range as the viral genome lacks several native genes
and most of the vectors do not rely on CP functions. Among the factors that should
be optimized in this method are the host plant, the agrobacterium strain, and the
initial agrobacteria density. Interestingly, this expression system was developed by
the industry (Icon Genetics, Germany) and its use has been expanded to a number
of human vaccine candidates, some of them under clinical trials. A limitation of the
current methodologies based on transient expression is the fact that purification to
obtain parenteral formulations is the path to be followed since bacterial residues are
present in plant tissues.

In the case of veterinary vaccines, some candidates expressed by transient
transformation have been reported. For instance, the Infectious Bursal Disease
Virus (IBDV) is a highly contagious disease that affects young birds to which a
plant-based vaccine was developed by expressing the VP2 protein transiently
produced in N. benthamiana (Gémez et al. 2013). Other examples include the
Bluetongue virus (BTV), which causes high mortality in ruminants (Thuenemann
et al. 2013); the VP6 protein of rotavirus expressed in Chenopodium leaves (Zhou
et al. 2010), and the SAG1 antigen from Toxoplasma gondii (Laguia-Becher et al.
2010).

Non-replicative vectors based on viral elements have also led to highly pro-
ductive systems. For instance, a system based on a disabled version of the cowpea
mosaic virus RNA-2 has been reported in which the gene of interest is flanked by
the 5’ leader sequence and 3’ untranslated region (UTR) of RNA-2. At 6 days
post-infiltration, the protein of interest was expressed at yields up to 20% of TSP. In
addition to the reported production levels, the system provides beneficial traits for
the production of antigens in plants such as the following: RNA-dependent RNA
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polymerases are not required, reducing the vector size; since no viral replication
occurs, no restriction on the size of the insert exists; and biocontainment is facili-
tated since there is no risk of releasing replicative agents (Sainsbury and
Lomonossoff 2008). In the case of multiple gene expression, non-replicative vectors
have demonstrated their potential for heteromultimeric expression. Bluetongue
virus-like particles (VLPs) have been efficiently produced in N. benthamiana using
the Cowpea mosaic virus—based HyperTrans (CPMV-HT) vector, which requires 4
proteins to assemble the VLPs (Thuenemann et al. 2013).

5 Targeting Proteins to Organelles

Nuclear expression, whether stable or transient, allows targeting the recombinant
protein towards several organelles, which can be favorable since the protein may
reach the complex plant cell machinery that performs posttranslational modifica-
tions and could be protected from degradation. As an example on how organelle
targeting influences accumulation levels, studies on the expression of the major
subunit and immunogenic polypeptide of K99 fimbriae (FanC) from enterotoxi-
genic Escherichia coli (ETEC) revealed that chloroplast targeting in transgenic
soybean (Garg et al. 2007) led to 5-fold less accumulation when compared to
cytosol-targeted FanC. The same issue was observed by He et al. when targeting the
domain III (DIII) of the envelope (E) protein from the West Nile Virus to the
chloroplast of N. benthamiana plants. In fact, the obtained yield decreased 63 times
when compared to endoplasmic reticulum (ER) targeting (He et al. 2014). However,
in a recent study the use of a new chloroplast transit peptide (CTP) from E. coli was
assessed in rice, leading to improved chloroplast targeting efficiency. Thus, this
peptide might lead to improvements in the efficiency of chloroplast targeting (Shen
et al. 2017).

Targeting to the ER is a well-known approach to avoid cytosolic toxicity of the
produced protein; it also diminishes protein degradation due to low proteolytic
activity and the presence of chaperones and stabilizing agents, thus enhancing the
accumulation of the recombinant protein. Several proteins have been targeted into
the ER by using specific signal peptides at the N-terminus and the SEKDEL signal
sequence at the C-terminus. Examples of this focus include: the vaccine candidate
against the Dengue virus (DENV) in which a fusion protein comprising the con-
sensus envelope protein domain III (cEDIII) from DENV and the cholera toxin B
subunit (CTB) was expressed in transgenic rice calli using the signal peptide from
the luminal binding protein BiP at the N-terminus plus the SEKDEL signal
sequence at the C-terminus (Kim et al. 2016), the hepatitis B surface antigen
(rtHBsAg) containing the soybean vegetative storage protein vspA signal peptide
and the KDEL signal; which enhanced the accumulation of the protein in NT1
tobacco cells (Sojikul et al. 2003), and the SAG1 antigen from Toxoplasma gondii
produced in tobacco leaves using the AP24 osmotin signal peptide sequence and
KDEL signal (Laguia-Becher et al. 2010); among others. In the case of ER-targeted
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veterinary vaccines, examples include production of HA protein from avian influ-
enza in Arabidopsis thaliana (Lee et al. 2015a, b) and Nicotiana benthamiana
(Kanagarajan et al. 2012), GP antigens from porcine reproductive and respiratory
syndrome (PRRS) virus in A. thaliana seed (Piron et al. 2014), E2 protein from
bovine viral diarrhea virus in tobacco (Nelson et al. 2012), a shiga toxin subunit
from pig edema disease in lettuce (Matsui et al. 2009), and FaeG from enterotox-
igenic Escherichia coli (ETEC) in barley (Joensuu et al. 2006).

Compartmentalization to the apoplast has also been explored as a possibility to
increase the protein yield since it is secreted and not accumulated in the cell
endomembrane system or the cytosol. Another possible advantage is the ease for
purification of proteins in this compartment with a low content of endogenous
protein. For instance, it has been reported that the expression of the human epi-
dermal growth factor (hEGF) showed a 4-fold increase when targeted to the apo-
plast in tobacco when compared to the accumulation under cytosolic expression
(Wirth et al. 2004). Other proteins targeted to the apoplast are the following: the
recombinant silk-like protein produced in Arabidopsis cells (Yang et al. 2005), the
tobacco-made Plasmodium antigen (Ma et al. 2012), and the recombinant human
papillomavirus 8 E7 protein expressed in tobacco plants (Noris et al. 2011);
among others.

Targeting the protein of interest to oil bodies is another possibility associated
with yield improvement since recombinant proteins are stabilized as a discrete
organelle (oil-body) and are easily separated and recovered in an aqueous solution
by centrifugation and density. For this purpose the target protein is fused to oleo-
sins; which are composed of an N-terminal hydrophilic region of variable length
(from 30 to 60 residues), a central hydrophobic domain of about 70 residues, and a
C-terminal amphipathic region of variable length (from 60 to 100 residues).
Hirudin, a potent and specific thrombin inhibitor fused to the oleosin gene from
Arabidopsis, has been successfully expressed in Brassica napus and B. carinata
(Parmenter et al. 1995; Chaudhary et al. 1998). The recombinant human precursor
insulin (Des-B30) and the human epidermal growth factor (hEGF) have also been
expressed as oleosin fusions in Arabidopsis (Nykiforuk et al. 2005; Moloney et al.
2006).

The vacuole is another organelle to consider for protein targeting since it is
recognized as an organelle with low protease levels (Neuhaus and Rogers 1988)
and that is able to trim glycans, obtaining recombinant proteins with depletion of
terminal GIcNAc residues and exposing the terminal Man on complex glycans
(Gomord and Faye 2004; Lerouge et al. 1998), which is critical for the uptake by
mammalian cells of some therapeutic proteins such as glucocerebrosidase. Taking
these advantages into consideration, the glucocerebrosidase (GCD) produced in
carrot cell suspension was targeted to vacuole storage via the ER (Neuhaus et al.
1991; Shaaltiel et al. 2007); obtaining a highly convenient product since in contrast
to the mammalian expressed enzyme the plant-made GCD does not require in vitro
enzymatic treatments to display mannose residues.
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6 Possible Innovations for Nuclear-Based Expression

Considering biosafety issues, the use of contained production facilities such as
those based on greenhouses and bioreactors are considered the best option to
alleviate concerns of transgene release. The transfer of antigen-encoding transgenes
to non-target crops represents a risk that may result in serious consequences derived
from the uncontrolled exposure to antigens in the diet, although such risk is con-
sidered of very low probability. Transgene containment becomes more crucial
considering that plant-made vaccines are proposed to benefit developing countries
in which corn or rice can be cultivated in open fields or in low technology
greenhouses. In such cases, enhanced biosafety features should be built into the
transformation approach. For instance, the use of inducible promoters may not only
optimize protein yield while avoiding deleterious effects in the plant phenotype but
also provide the possibility of avoiding antigen expression in non-target crops.
Surprisingly, this expression modality has been narrowly explored in the molecular
farming field and is limited to the studies by Werner et al. (2011); in which the
Aspergillus nidulans alcohol dehydrogenase (alcA) promoter is used (Werner et al.
2011).

In terms of optimizing expression levels using nuclear transformation, it should
be considered that random integration of the transgene is the main factor that leads
to low levels, due to insertion in regions with low transcriptional activity or due to
silencing derived from multigene insertion. These limitations can be overcome
through the development of technologies to target the transgene to specific loci. On
this subject, the CRISPR/Cas9 system has emerged as a new tool in genetic
engineering that allows for the site-specific insertion of heterologous DNA. Thus,
this technology promises to avoid gene silencing due to disruption of host genes,
minimize the variability in expression level among different transgenic lines, and
enhance the low integration efficiency in recalcitrant plants. There are reports
describing the use of the CRISPR/Cas9 system, for example a 3.7-kb gene
expression cassette was site-specific inserted in Chinese hamster ovary (CHO) cells
and as consequence improvements in protein yields and consistent production were
achieved (Lee et al. 2015a, b). The application of such technology remains a
pending objective in the field of plant-made vaccines.

7 Chloroplast Transformation

Chloroplast transformation is a stable approach with unique characteristics. The
chloroplast is a photosynthetic organelle belonging to the plastid family found in
plant cells and eukaryotic algae in which important biosynthetic pathways take
place; including those related to fatty acids, amino acids, isoprenoids, etc. (Leister
2003; Bobik and Burch-Smith 2015). The chloroplast genome is about 120-150 kb
in length and a single cell contains multiple plastids. In fact, a typical
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photosynthetic plant cell contains approximately 100 chloroplasts and each
chloroplast has about 100 genome copies, rendering up to 10,000 copies per cell
(Bendich 1987; Golczyk et al. 2014; Daniell et al. 2016), in contrast to one copy of
the nuclear genome per cell. This number of genomes allows a greater number of
transgenes per cell, resulting in more transcription and translation of transgenes
versus nuclear transformation. In combination with absent or rare silencing phe-
nomena (Wani et al. 2010; Sidorov et al. 1999), this property generally leads to
higher protein levels (Maliga 1993; Wakasugi et al. 2001; Staub et al. 2000; Guda
et al. 2000). Other advantages of chloroplast transformation include the feasibility
of expressing multiple proteins through polycistronic mRNAs (Daniell and Dhingra
2002), and gene containment due to the maternal inheritance of chloroplast (Daniell
2002, 2007; Daniell and Parkinson 2003; Ruf et al. 2001).

Methods to generate transplastomic plants involve the introduction of the
transgene by biolistics (Sanford et al. 1993; Bock 2015) or treating the protoplasts
with PEG (Maliga et al. 1993; Maliga 2004; Koop et al. 1996). Electroporation has
been applied to transiently express, in the spinach chloroplast, the GUS and CAT
reporter genes (To et al. 1996). Although these methodologies allow either nuclear
and chloroplast transformation, they have been mainly applied to transform
chloroplasts.

On the other hand for the PEG-mediated method; enzymatic removal of the cell
wall is required to obtain protoplasts that are subsequently treated with PEG in the
presence of the transformation vector. In contrast to the biolistics method, the
PEG-mediated transformation is cheaper since no special equipment as the gen gun
is required (Rivera et al. 2012). Several plant species with agronomical and not
agronomical importance have been transformed using the PEG-mediated method,
for instance: Nicotiana tabacum (Golds et al. 1993), Nicotiana plumbaginifolia
(O’Neill et al. 1993), Brassica oleracea var. botrytis (cauliflower) (Nugent et al.
2005a), Solanum lycopersicum (tomato) (Nugent et al. 2005b), and Lactuca sativa
(lettuce) (Lelivelt et al. 2005).

Irrespective of the employed transformation protocol, the regeneration of whole
transplastomic plants from the transformed cells is a laborious goal. In the case of
tobacco, a crop model easily regenerated, it takes about 5 months to obtain the
primary generation (TO) while nuclear transformation requires approximately
6 weeks. This long period arises from the several rounds of selection and regen-
eration cycles required to achieve a homoplastomic state, meaning that all
chloroplast genomes with the plant carry the transgene, a concept similar to
homozygosity of nuclear genes, and which ensures the stability of transplastomic
lines. Some bacterial antigens that have been expressed in tobacco chloroplasts are
the following: heat-labile enterotoxin subunit B of E. coli responsible for diarrhea
(Kang et al. 2003), tetanus toxin fragment C (Tregoning et al. 2005), and anthrax
protective antigen (Watson et al. 2004; Ruhlman et al. 2007). However, the
expression in tobacco has the limitation given by the content of toxic alkaloids;
which makes this species questionable in terms of toxicity if used as delivery
vehicle of oral vaccines, although it should be considered that cultivars having low
concentration of alkaloids have been applied in the field (Li et al. 2006). Therefore



Plant Transformation Strategies 35

edible plant species have also been explored for chloroplast expression. Some
antigens that have been produced in lettuce for human use are the following:
dengue-3-premembrane and envelop polyprotein, CTB-malaria antigen and
CTB-proinsulin antigen, and some tuberculosis antigens such as ESAT-6, Mtb72F,
and LipY (Kanagaraj et al. 2011; Davoodi-Semiromi et al. 2010; Ruhlman et al.
2007; Lakshmi et al. 2013). Plastid transformation methodologies have also been
implemented for tomato (Lu et al. 2013), potato (Valkov et al. 2014), rice (Lee et al.
2006), and lettuce (Ruhlman 2014; Lelivelt et al. 2014).

As mentioned above the integration of the gene of interest is site-directed.
A typical approach consists in the insertion of the transgene at the inverted repeated
region (IR), which is achieved by the use of specific recombination flanks located in
the transformation vector. Once inserted in one of the IR regions, a phenomenon of
copy correction takes place, in which the heterologous DNA is duplicated, ren-
dering two copies of the foreign DNA per genome; thus enhancing recombinant
protein yields. The homoplastic state in the transformed lines is achieved thanks to
multiple rounds of selection on antibiotic-containing media that mediate the elim-
ination of chloroplasts carrying wild type genomes (Verma and Daniell 2007; Guda
et al. 2000). Consequently, transformation plasmids targeting the IR are typically
used. The commonly used insertion sites in tobacco include those between the
tRNA-Ile (Trnl) and tRNA-Ala (TrnA) genes (Verma and Daniell 2007) and
between the tRNA-Val (TrnV) and rps12 or rbcL and accD genes (Zoubenko et al.
1994; Jin and Daniell 2015). On the other hand, plasmids targeting genome loca-
tions outside the IR result in a single transgene copy with relatively lower protein
yields; thus these are mainly used to study plastid translational and transcriptional
mechanisms (Bally et al. 2009).

Innovative and adaptive vectors for plastid expression such as the
“Operon-extension” vectors have been developed and rely on the extension of
endogenous operons by using a DNA vector carrying untranslated regions (UTRs)
from particular operons that serve as flanking regions for recombination. In this
manner endogenous promoters drive the transgene expression. Since no promoter
and regulatory elements are inserted along with the gene of interest, undesirable
rearrangements in the plastome are diminished (Herz et al. 2005). As a result, the
foreign gene inserted under the control of a highly transcribed operon is efficiently
expressed leading to higher amounts of recombinant protein. Well characterized
operons include those from the ATP synthase (atpB/atpE) and the D1 polypeptide
of the photosystem II (psbA); these have been targeted in operon-extension
approaches (Deng and Gruissem 1987).

Split transformation vectors rely in the use of at least two deconstructed DNA
vectors, each of them containing one flanking region required for homologous
recombination into the plastome, and a second sequence for recombination that is
shared by another vector. Under this approach plants can be co-transformed and
following the insertion of the individual vectors co-integrates are formed which are
inherently unstable. However, an in situ rearrangement can then occur via recom-
bination of the shared vector sequence, leading to stable integration that corre-
sponds to a functional expression cassette, which is typically an operon like
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arrangement (Staub and Maliga 1994; Klaus et al. 2004). Split transformation
vectors can be applied for promoter-containing or operon-extension configurations
and are advantageous for the insertion of multiple genes (Arai et al. 2004; Nakashita
et al. 2001).

Regarding the post-transcriptional modifications, it should be considered that
glycosylation does not occur in the chloroplast; however, disulfide bonds can be
generated in this organelle (Daniell et al. 2005; Bally et al. 2008). The fact that
chloroplasts do not glycosylate recombinant proteins becomes an attractive trait for
the expression of bacterial antigens or of therapeutic proteins in which concerns
related to allergenicity, derived from the presence of plant glycans that differ from
those of mammalian hosts, exist (e.g. the presence of Pl,2-linked xylose, core
al,3-linked fucose, and Lewis A-type structures). However, it should be considered
that glycosylation is also implicated in the stability and functionality of some target
proteins, and several authors argue that plant glycans confer null or rare risks
(Shaaltiel and Y12016). In terms of biosafety, chloroplast transformation eliminates
the risk related to gene transfer through pollen since the genome of chloroplast
shows maternal inheritance in most plant species (Daniell 2007; Ruf et al. 2007).

8 Approaches for Multicomponent Vaccines Production

Multicomponent vaccines can be produced in plants, and each component can
accumulate in a different subcellular location in order to increase yields. For
instance, co-transformation of the nucleus and plastid genome by the biolistic
method has already been successfully achieved (Elghabi et al. 2011), and such an
approach could be used to co-express cytokines or other proteins that serve as
vaccine adjuvants along with the target vaccine antigen in a single cell. The
expression organelle could be selected based on the post-translational modifications
demanded by each vaccine component.

Another possibility is multigene transformation at the nuclear level while tar-
geting individual proteins to distinct organelles according to their individual
requirements in terms of post-translational modifications or their toxicity in certain
subcellular localization. This can be done using multiple gene insertion, or by using
viral elements to produce several proteins with different target signals from a single
transcriptional unit. The 2A picornavirus sequence has been successfully applied
for the first time for the expression of multiple antigens in plant cells through a
single transformation event. This sequence induces a ‘ribosomal skip’ mechanism
that results in self-cleavage events at a translational level, which allows for the
production of antigens from Taenia solium in tobacco plants (Monreal-Escalante
et al. 2015).

In the case of polycistronic expression in plastids, only few studies have focused
on exploring their configuration for multicomponent vaccine production. We
consider that further use of such approaches will lead to innovative plant-based
vaccines, considering that the most challenging pathogens require multiepitopic
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vaccines able to induce broad protective immune responses targeting several
components of the pathogen. The effects of expressing multiple antigens at high
levels could lead to deleterious effects in plant development, thus the phenotype of
the transformed plants should be evaluated case by case.

9 Conclusions

Significant advances in the field of plant transformation technologies have been
achieved over the last decades to benefit the biopharmaceutical production field.
Such advances can offer significant improvements in yields, biosafety, and multi-
gene expression. Although such innovative systems have substantially improved
the expression of antigenic proteins in the plant cell, the advances of the last ten
years constitute a promise to further improve and diversify plant-made vaccine
production. Thanks to new expression technologies, the next generation plant-made
vaccines have emerged and are in the pipeline; they will lead with no doubt to new
products that will positively impact the animal health field.
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Abstract Rabies is a significant neglected vaccine-preventable disease that is global
in distribution. Multiple biologics are utilized in routine prevention and control of
this zoonosis. Currently, rabies vaccines are used to interrupt a productive viral
encephalitis before or after pathogen exposure in humans and animals. In addition,
rabies immune globulins are used as part of prophylaxis after human exposure to a
known or suspect animal. Such rabid animals are diagnosed based upon antigenic
detection in the brain by selective antibody conjugates. Although experimental proof
of concept has been demonstrated in a variety of systems, to date no plant-produced
biologics have been licensed for such applications in rabies surveillance, prevention
or control. In addition, given the breadth of the host spectrum, there are multiple
domestic and wild mammalian species that lack specific vaccines and the cross
reactivity of existing products is limited by considerable viral diversity. Hence, if
safe, effective and inexpensive biologics may be produced in plants, especially for
oral delivery, there is a considerable global niche to fill within the realms of public
health, veterinary medicine and conservation biology.

Keywords Diagnosis + Dogs - Encephalitis - Lyssavirus - Neglected tropical
disease - Prophylaxis - Surveillance - Rabies - Wildlife - Zoonosis

1 Introduction

Rabies is a major viral zoonosis, with a substantial veterinary and public health
burden (Hampson et al. 2015). Given its significant threat, vaccines are used in
humans and animals for prevention of a productive infection, both before and after
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exposure. Despite being one of the oldest known infectious diseases, with sensitive
diagnostic tests and highly effective biologics, rabies is neglected. This disease is
enzootic in Africa, the Americas, Australia and Eurasia. Rabies has the highest case
fatality of any infectious disease, but lacks true global commitment for prioritiza-
tion, due to a number of inter-related biological, cultural, economic and social
characteristics (Meltzer and Rupprecht 1998; Rupprecht and Burgess 2015;
Rupprecht et al. 2017). The objective of this chapter is to provide an overview on
rabies, regarding its etiological agents, pathobiology, diagnosis, prevention and
control, with an aim to introducing opportunities where plant-based applications
may be relevant. Given modern biologics, current and future uses for products
generated in plants will be dependent upon developmental opportunities for
improvements in viral cross reactivity, species breadth, duration of immunity, ease
of application, flexibility in routes of delivery, thermostability, cost, speed of reg-
ulatory approval and overall public acceptance.

2 Taxonomy

The viral agents of rabies belong to the Genus Lyssavirus within the Family
Rhabdoviridae. All lyssaviruses are highly neurotropic and cause the same disease.
The most important and broadly distributed member of the genus is the type species,
Rabies virus (RABV), which is the only lyssavirus found in the Americas (Rupprecht
et al. 2011). New lyssavirus species have been described increasingly since the
1950s, due in part to renewed interests in pathogen detection and improvements in
diagnostic techniques and characterization (Fooks et al. 2003; Kuzmin et al. 2005,
2008, 2011; Singh and Sandhu 2008; van Thiel et al. 2009; Hayman et al. 2012;
Aréchiga Ceballos et al. 2013; Kgaldi et al. 2013; Liu et al. 2013; Annand and Reid
2014; Banyard et al. 2014; Horton et al. 2014; Nolden et al. 2014; Shinwari et al.
2014; Gunawardena et al. 2016; Hu et al. 2018; Nokireki et al. 2018).

No commercial veterinary or human biologics have an adequate breadth to
protect against all lyssaviruses, due to considerable antigenic variation.
Experimental recombinant vaccines may partially expand cross reactivity across
several, but not all, lyssavirus species (Weyer et al. 2008). Lyssaviruses may be
considered aligned in different phylogenetic groups (Table 1). Modern RABV
vaccines protect against all Phylogroup I lyssaviruses, including multiple variants
of wildlife RABV variants (Brookes et al. 2005; Malerczyk et al. 2009). Novel
biologics produced from plants could fill some of these vacant niches to increase
breadth of protection, particularly against Phylogroup II and other lyssaviruses.
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Table 1 Known and putative members of the Lyssavirus genus

Virus Occurrence Phylogroup | Comments

Australian bat | Australia, and likely 1 Reservoir in bats with spillover to humans and

lyssavirus insular locations in the domestic animals; no reports as of yet from

region marsupials

Aravan virus | Eurasia 1 Bat reservoirs

Bokeloh bat Europe I Bat reservoirs

lyssavirus

Duvenhage Africa 1 Reservoir in bats with spillover to humans

virus

European bat | Europe I Reservoir in bats with spillover to humans

lyssavirus,

type 1

European bat | Europe I Reservoir in bats with spillover to humans

lyssavirus,

type 2

Gannoruwa Asia 1 Bat reservoirs

bat lyssavirus

Tkoma Africa 11? Expected bat reservoirs with spillover to other

lyssavirus wildlife, e.g., civet

Irkut virus Eurasia 1 Bat reservoirs with spillover to humans and dogs

Khujand virus | Eurasia 1 Bat reservoirs

Kotalahti bat | Finland I Bat reservoirs

lyssavirus

Lagos bat Africa 1T Bat reservoirs with spillover to other mammalian

virus species

Lleida bat Europe 12 Bat reservoirs

lyssavirus

Mokola virus | Africa I Unknown wildlife reservoir with spillover to
humans and other mammalian species

Rabies virus Global 1 Primary reservoirs among bats and carnivores,
but all mammals susceptible

Shimoni bat Africa I Bat reservoirs

virus

Taiwan bat Asia 1 Bat reservoirs

virus

West Eurasia 12 Bat reservoirs

Caucasian bat
virus

3 Hosts

Rabies is a vaccine-preventable disease, but not a candidate for eradication, unlike
rinderpest and smallpox, due in part to its broad host spectrum (Rupprecht and
Kuzmin 2015). Rhabdoviruses are diverse and are found among invertebrates,
plants and vertebrates, but lyssaviruses are restricted to vertebrates. All
warm-blooded vertebrates are susceptible. Birds can be infected, but only mammals
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are important for viral perpetuation (Baby et al. 2015). Major mammalian reservoirs
include carnivores (e.g., dogs, ferret badgers, foxes, mongoose, raccoons, skunks,
etc.) and bats, which are responsible for disease maintenance, by bite transmission.
All reservoirs, in which the virus can multiply, are vectors that can transmit the
virus to others (e.g., canids), but not all vectors are reservoirs (e.g., felids). Humans,
and most domestic species, are essentially victims of spill-over from infected car-
nivores and bats, and are dead-end infections. Rodents are often involved in human
exposures and mistakenly cited as a need for rabies-specific biomedical interven-
tion, but are unimportant epidemiologically (Fitzpatrick et al. 2014).

In general, the idea of using plants to produce rabies biologics for mammals is
not so far-fetched, considering that other rhabdovirus species are adapted to
replication in plant tissues. Operationally, plant-based products could broaden the
taxonomic gamut from Homo sapiens, domestic pets and livestock, as well as
exotic and wild mammalian taxa, particularly for important species used for food,
fiber, transport, etc. in which other RABV vaccines may not be widely available
(e.g., camelids, small ruminants, swine, wildlife, etc.).

4 Viral Transmission

Rabid animals excrete large amounts of virions in their saliva (Pépin et al. 1984;
Fekadu et al. 1982; Rupprecht 2016). Viral exposure includes direct transdermal or
mucosal contact with infectious material, such as saliva, salivary glands, brain or
related neural tissue (ACIP 2008; WHO 2013), and almost all rabies cases are
caused by a bite. Non-bite exposures include scratches, aerosols, open lesion
contamination or mucosal contact with infectious materials, such as a lick on a fresh
wound or contact with the nose, mouth, eyes, etc. (ACIP 2008; WHO 2013).

After infection, virions travel from the periphery to the central nervous system
(CNS). The incubation period is predicated in part by viral dose, route, severity,
variant and host attributes. Short incubation periods of less than 2 weeks may occur
after severe exposures to the head. Unusual incubation periods in excess of a year
have also been documented (Boland et al. 2014). Most periods are 4-6 weeks in
length. After replication in the CNS, virions transit to other organs, including the
exit portals in the salivary glands. Virus may be excreted for several days before the
appearance of clinical signs (Begeman et al. 2017).

The majority of animal cases are caused by RABV. For most applications, rabies
vaccines are highly efficacious before viral exposure, but are ineffective in the
clinically rabid animal. A myriad of clinical signs has been described, none of
which are pathognomonic and a prodromal phase of 3-4 days presents with
non-specific signs of illness. Thereafter, an acute neurological phase may be
manifested by predominantly paralytic or furious signs (Fig. 1). Coma and death
occur in a few days. Due to the many causes of encephalitis, and because virus is
excreted before obvious manifestation of abnormalities, rabies may not be sus-
pected. In some situations, death may occur without any signs observed, whereas in
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Fig. 1 The dog is the major
global reservoir of rabies,
which may present after a
variable incubation period in
the prodromal phase as fever
and non-specific clinical signs
such as general restlessness,
progressing to an acute
encephalitic phase, with
cranial nerve deficits and
overt aggressiveness.
Vaccination is highly
efficacious before clinical
signs, but ineffective after the
onset of illness, an unfilled
niche for consideration of
future plant-based
therapeutics (figure adapted
from the open access U.S.
Public Health Image Library)

other cases signs may be dramatic (Barnard 1979; Pépin et al. 1984; Hudson et al.
19964, b; Thiptara et al. 2011; Den et al. 2012). Clinical definition alone is inad-
equate, because the differential diagnosis for suspect encephalitis is broad,
including other relevant infectious etiologies, toxicity and trauma.

Human exposures result directly from a rabid animal initiating contact or indi-
rectly by persons coming to the aid of an ill animal (Gréni et al. 1978; Martin et al.
1982; CDC 1983). Affected animals may appear to be choking, prompting exam-
ination of the mouth for a suspected foreign object. Human fatality may occur after
such exposures in non- or poorly vaccinated persons (Tariq et al. 1991; Brito et al.
2011; Simani et al. 2012). Besides carnivores, rabid hoofed stock, such as equids,
swine, camelids, etc. may also produce severe bites (Fekadu 1982; Jiang et al. 2008;
de Macedo Pessoa et al. 2011; Liu et al. 2016). With furious rabies, overt
aggression itself can result in death from bites, goring, mutilation, or crushing
injuries from horses, bulls and other horned, tusked or antlered stock.

Rabid animals are a frequent source of mass human exposures (Rotz et al. 1998).
Often, this has involved children at petting zoos or fear of perceived exposures after
consumption of unpasteurized milk or improperly cooked meat products at public
gatherings, with a need for multiple vaccine doses in a short period (CDC 1999).
While proper cooking or pasteurization will eliminate rabies hazards, consumption
of raw animal products may be common, particularly in pastoral societies, and
exposures may also occur during butchering of rabid animals. Therefore exposed,
rabid or suspect animals should not enter the food chain (Gadaga et al. 2016).

Besides human deaths, expenses due to case investigations and prophylaxis, and
other public health and agricultural impacts, lead to direct economic loss. Real or
perceived repercussions may be smaller than with other veterinary diseases which
negatively impact global trade, such as avian influenza, bovine spongiform
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encephalopathy (BSE) or foot and mouth disease (FMDV), but the death of even a
single cow, small ruminant or horse has major uncompensated impact to the
individual farmer or small community in a developing country. As such, any new
plant biologics should be able to immunize an individual rapidly before exposure
and protect quickly after lyssavirus infection.

5 Laboratory-Based Surveillance

Rabies should be a notifiable event. A history of suspect animal bite and compatible
signs may be suitable for a presumptive clinical diagnosis. However, laboratory
confirmation is essential for reporting purposes, public health applications, proper
animal management and control program evaluation, using appropriate techniques,
as outlined by the WHO (WHO 1996) and the OIE (http://www.oie.int/fileadmin/
Home/eng/Health_standards/tahm/2.01.17_RABIES.pdf).

The brain is the primary tissue for post-mortem diagnosis. Older methods
required the microscopic detection of intra-cytoplasmic inclusions in neurons based
upon chemical staining. Today, the direct fluorescent antibody test (FAT) is the gold
standard. While initial protocols focused upon the necessity of the hippocampus as a
key region of the CNS, newer diagnostic techniques have shown the importance of
the brainstem, as regards antigen detection and histopathological lesions (Bingham
and van der Merwe 2002; Stein et al. 2010; Bassuino et al. 2016). Rapid
point-of-care diagnostic tests, such as lateral flow assays, are desirable, but may lack
adequate sensitivity, specificity and lot-to-lot consistency (Ahmad and Singh 2016;
Eggerbauer et al. 2016). Where an anatomic-pathologic basis for diagnosis is
desirable, but limited resources prevent use of the FAT or the application of highly
sensitive molecular methods, such as real-time PCR (Gigante et al. 2018), consid-
eration could be given to the direct rapid immunohistochemical test, in support of an
enhanced or active, decentralized, laboratory-based surveillance system to confirm
suspect cases and as a means to measure the success of vaccination or other man-
agement programs (Madhusudana et al. 2012; Monroe et al. 2016). Given the overt
utility of antigen detection in rabies diagnosis, opportunities may be present for
antibodies produced in plants for rapid and broad lyssavirus detection.

Regardless of occurrence, estimates of rabies cases are considered gross
underestimates of incidence in humans and domestic animals (Memish et al. 2015).
The burden in wildlife is largely unknown due to a dearth of adequate studies in
free-ranging wild populations. In a developed country, the total occurrence may be
comparatively small, at 1-2 human cases per year (Monroe et al. 2016). Typically,
where the enzootic cycle involves rabid dogs, human cases range into the thousands
per year. Outbreaks from canine rabies may involve multiple species of domestic
animals in rural areas, as reported recently from China (Feng et al. 2016). Similarly,
in regions where both canine and wildlife rabies perpetuate in concert with
semi-nomadic cultures (e.g., Mongolia), cases reported among livestock are
widespread, involving multiple species over vast areas. By contrast, in areas where
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canine rabies has been eliminated and rabies among wild carnivores controlled via
oral vaccination, reports of rabies overall may be quite rare, except for insectivorous
bats (e.g., Western Europe). As an exception, within the Americas, from Mexico to
Argentina, outbreaks of bovine paralytic rabies cases may number into the tens of
thousands annually, secondary to infection by hematophagous vampire bats (Pawan
1959; Lord et al. 1975; Mayen 2003; Lee et al. 2012; Johnson et al. 2014). One
recent study on vampire rabies from Brazil estimated in excess of 30,000 cases of
infected cattle per year (Rodrigues da Silva et al. 2000).

In addition to the basic laboratory diagnosis of rabies, molecular methods should
be used to characterize the background of various lyssaviruses present and differ-
entiate indigenous from introduced cases. In some regions, only a single lyssavirus
species will predominate (e.g., RABV, Australian Bat Lyssavirus, etc.). Viral
characterization may indicate the emergence or translocation of a new pathogen that
could impact vaccine efficacy. Similarly, if modified-live vaccines (e.g., LEP, SAD,
etc.) are used in animals, genetic sequencing would readily differentiate seed
viruses used for production (and the possibility of vaccine-associated rabies) from
native street viruses (Hoper et al. 2015).

Serological monitoring for VNA is possible, but should not be necessary as a
routine measure of primary vaccine immunogenicity. However, such serology
might provide insight in the management of exposed animals. For example, after
viral exposure, all vaccinated animals should be boosted immediately with a dose of
vaccine, and unvaccinated animals should be euthanized or quarantined. Although
records of vaccination should be readily available, if such documentation is not
located, prospective serological monitoring could be considered, as suggested for
dogs and cats (Moore et al. 2015; NASPHV 2016). Depending upon the product
and its potency, rabies VNA may be detected or an anamnestic response could be
measured within ~5-7 days of a booster vaccination, indicating the vaccination
status of the animal in question. If multiple vaccines from different producers are
used concomitantly, post-marketing surveillance may be useful. These can differ-
entiate the utility of multiple products, not only on the basis of cost, but other
factors, such as basic VNA response and duration of immunity under field condi-
tions (Gilbert et al. 2015). In addition to serology, analysis of the occurrence of
cases in space and time, viral characterization and subsequent ecological modeling
may provide longer term information on any species-specific patterns in response to
vaccination or generation of at-risk seasons and localities for different populations
and at risk communities (Streicker and Allgeier 2016). By comparison, a consid-
eration of plant-based vaccines would need to generate a minimum duration of
immunity of at least 1 year in nearly all subjects.

6 Viral Antigens

Lyssaviruses consist of a single strand of non-segmented, negative-sense RNA.
Virions contain 5 multi-functional, structural proteins and have a bullet
shaped-morphology (Fig. 2). Internally, a helical nucleocapsid includes several
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Fig. 2 Electron micrograph of lyssavirus virions. Other rhabdoviruses are adapted to plant hosts,
a facet that should support future development of plant-associated biologics for rabies
(figure adapted from the open access U.S. Public Health Image Library)

structural proteins and the viral RNA. The inner nucleoprotein (N) is bound tightly
to the RNA, to form a stable ribonucleoprotein (RNP) complex, minimizing
destruction by cellular nucleases. The RNP is the group-specific determinant and
highly conserved, and has been documented to confer protective immunity
(Dietzschold et al. 1987).

Associated with the RNP are the phospoprotein (P) and the RNA-dependent
RNA polymerase (L), which transcribes and replicates the genome (Ogino et al.
2016). The N, P and L proteins are all involved in pathogenicity, based upon
suppression of the interferon response (Tian et al. 2015). The N protein is also
responsible for the formation of intracytoplasmic inclusions in neurons, which
when stained appropriately can be identified by light microscopy as Negri bodies, a
diagnostic hallmark of rabies (Fig. 3). Today, such inclusions are readily identified
by fluorescent microscopy or immuno-histochemistry. The outer glycoprotein
(G) is embedded in the viral envelope, involved in host cell reception (Fernando
et al. 2016). The viral G protein is the external antigen responsible for the induction
of virus-neutralizing antibodies (VNA), and is the most critical component of rabies
vaccines (Piza et al. 2002; Dietzschold et al. 2008). It is the major antigen deter-
mining serotype, with considerable antigenic diversity. Finally, the matrix protein
(M) forms a scaffold between the G protein and the nucleocapsid and may act as a
viral immune-modulatory factor (Ben Khalifa et al. 2016).

Given the above properties and utility for prevention and control, opportunities
for plant production of lyssavirus antigens would reside in expression of the G
protein for vaccines or the N protein for diagnostics.

Downloaded fcom Vat-a Books.com.
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Fig. 3 Photomicrograph of
intra-cytoplasmic, lyssavirus
inclusions (arrows) in a
neuron, stained with
hematoxylin and eosin. While
older, modified-live or
nerve-tissue based vaccines
may have led to severe
adverse events (including
vaccine-induced rabies),
modern biologics are highly
safe with much fewer
untoward effects, a
characteristic that any
plant-produced products will
need to emulate

(figure adapted from the open
access U.S. Public Health
Image Library)

7 Immune Responses to Lyssaviruses

Natural or acquired immunity to rabies in most naive hosts is uncommon. Evidence
of prior exposure to RABV may be suggested under certain circumstances in
unvaccinated animals, but such findings based upon serology are essentially irrel-
evant to the development of effective herd immunity and should not be used as
evidence to avoid primary immunization of animals at risk of infection (Gilbert et al.
2015).

Non-specific anatomical barriers to pathogen invasion, such as thickened skin or
dense fur, in part may provide a shield, as lyssaviruses cannot penetrate undamaged
epidermis. However, once a transdermal or mucosal exposure has occurred, lyssa-
viruses avoid local removal efforts by a dual combination of stealth and suppression,
as quintessential neurotropic agents (Dietzschold et al. 2008). The predominance of
viral replication occurs in the CNS, as an immunologically privileged site, largely
free from immune surveillance. During replication, viral products induce upregu-
lation of host cellular processes to evade primary innate immune responses, which
increases success for productive generation of viral progeny. Concomitantly, viral
proteins inhibit specific immune responses, resulting in the dampening of down-
stream opportunities for the host to clear an active viral infection.

Limited immunity against a productive lyssavirus infection in the naive animal is
provided by a combination of both innate and adaptive responses. Innate responses
are triggered by the interaction between pathogen-associated molecular patterns and
host reciprocal pattern-recognition receptors, leading to secretion of
pro-inflammatory cytokines (Li et al. 2011). However, this innate response alone
does not promote total viral clearance, which requires adaptive responses. Adaptive
immune responses develop more slowly in the unvaccinated animal. Typically,
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antibodies in naive animals infected with RABV only become detectable, if at all,
several days after onset of illness. In general, such antibodies, once induced, are
only found in serum, but not, or only at lower titers, within the cerebrospinal fluid
(CSF) of animals who succumb, as opposed to the rarity of survivors with sequellae
(Bell and Moore 1979; Gnanadurai et al. 2013). This late and commonly weaker
antibody response may suggest that the dose of the infecting viral inoculum is
inadequate to trigger effective T and B cell activation at the site of infection. An
intact blood-brain barrier minimizes the effectiveness of penetration of any anti-
bodies that may develop in the periphery. Humoral responses are also limited by the
inhibition of interferon signaling, which may prevent B cell maturation.

Long-lasting protective immunity after rabies vaccination is complex, but pro-
vided primarily via VNA. The development of rabies VNA requires assistance from
CD4" cells, which are induced by inactivated rabies vaccines. Initial responses
occur via T helper cell-independent, shorter-lived plasma cells, which develop
outside germinal centers and produce IgM. Longer-lived plasma cells develop
within germinal centers and produce switched, affinity-matured IgG antibodies.

The basic definition of a successful rabies vaccination outcome is the mea-
surement of an international standard of VNA at a level of 0.5 IU/ml, which is not
considered as ‘sero-protective’ per se, but rather a surrogate of an appropriate
response in the individual immune-competent animal. Rather, the true measure of
the ultimate benefits of rabies vaccination is efficacy against a virulent viral chal-
lenge in the surviving animal.

In general, nearly all healthy animals which receive a dose of rabies vaccine will
respond with detectable VNA within 7-14 days, peak at ~day 30, begin a gradual
decline by ~day 90 and start to drop below 0.5 IU/ml by ~ 12—-15 months (Filho
et al. 2012). However, rabies vaccines also induce memory B cells that may persist
for life, considering they can be recalled years later, as observed in vaccinated
humans (Malerczyk et al. 2007; Mansfield et al. 2016). Upon booster immunization
at 12-36 months, rather than a more typical schedule of shorter intervals between
doses, VNA appear more sustained. In properly vaccinated animals, the anamnestic
response may result in a protective outcome, regardless of the absolute VNA level
at a time of viral exposure (Rupprecht and Dietzschold 1987).

Not all animals develop VNA to the same level or duration. In any population,
both low and high responders to rabies vaccination are detected (Thompson et al.
2016). Response may be associated with genetics, nutrition and overall health.
Somewhat surprisingly, parasite load did not appear to significantly affect vaccine
efficacy (Charlier et al. 2013). Regardless, with respect to overall response, a
normal distribution of overall immunological response is expected in a population
over time. In contrast to CD4"cells, CD8" cells do not appear to contribute sub-
stantially to protective immunity and are not induced by conventional inactivated
animal rabies vaccines. At a minimum, plant-produced immunogens could not be
inferior to traditional products for maximum competiveness.
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8 Brief History of Rabies Biologics

Over the past century, developments in animal vaccines have largely mirrored
progress in human rabies biologics (Rupprecht et al. 2016). The gradual evolution of
rabies vaccines and the history of production methods have covered the same gamut
of diversity as most other veterinary biologics, from successive animal passages, to
primary organ propagation, through the use of tissue culture and recombinant
technology (Wu et al. 2011). For example, at the end of the 19th century, the first
generation vaccines were produced locally in adult animal brains (e.g., rabbits,
sheep, etc.), using methods very much akin to those originally employed by Pasteur
(Rappuoli 2014). As such, Pasteur coined the term ‘street’ viruses, defined as
wild-type RABV perpetuated in nature, in contrast to ‘fixed” RABV, whose char-
acteristics, such as relative virulence or incubation period, were altered in the lab-
oratory by continuous passages, originally in adult animal brain. Such nerve
tissue-based products contained residual, infectious RABV. The later addition of
chemicals, such as ether, phenol, chloroform or formalin, were attempts to stabilize
the substrate and reduce any virulence of fixed RABV, to maintain potency and
minimize the risk of possible vaccine-associated rabies cases. As an example, one
RABYV vaccine used in Latin America during the early 20th century involved pas-
sage in the brain of calves or horses, in which a phenolized emulsion of 20%
brain-tissue in glycerol and water was used (Carneiro 1954). Unfortunately, such
original vaccines were labor intensive and expensive to produce, and also of fairly
low potency, requiring large volumes and multiple doses. Decades later, to avoid
concerns related to myelin sensitization and adverse events from vaccine produced
within adult animal nervous tissue, RABV was propagated successfully in suckling
mouse brains with decreased myelin content, which, when supplemented with an
adjuvant, appeared to provide immunity for at least one year (Fuenzalida et al. 1978).

By the mid-20th century, production using primary cells from fetal or newborn
animals, avian embryos and mammalian tissue cultures (e.g., hamster, canine or
porcine kidney cells) sparked a second generation of animal RABV vaccines
(Abelseth 1964; Reculard 1996; Rupprecht et al. 2016). Terminology such as
challenge virus standard (CVS), low egg passage (LEP), high egg passage (HEP),
duck embryo vaccine (DEV), Street Alabama Dufferin and its derivatives (SAD/
ERA), Pasteur virus (PV), Kelev and many others intermingled methodology with
viral strain and animal source material. These agents were isolated as street viruses,
which formed the origin of common seed viruses used in attenuated virus vaccines,
some still in use today. While control was often focused upon vaccination of the
primary vector, such as dogs, one of the first widespread use of modified-live ERA
and HEP vaccines began throughout Latin America for livestock, due to the burden
there associated with vampire bat rabies. Thereafter, ERA or HEP modified-live
vaccines were recommended in place of LEP, due to the possibility of LEP
vaccine-induced rabies (Sikes 1970).

After the 1970s, animal rabies vaccines progressed gradually from modified-live
viruses to products produced in high concentrations and inactivated with irradiation
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(such as ultra-violet light) or chemicals (such as beta-propiolactone). Most veteri-
nary vaccines available today are both inactivated and adjuvanted, although several
attenuated viral vaccines persist on the market. Over time, developed countries have
shared seed viruses, cell cultures, protocols and production methods to assist rabies
vaccine production in developing countries, such as in the case of Europe and North
America to Latin America or Japan to Nepal (Devleesschauwer et al. 2016).

The transition to a third generation of animal rabies vaccines began near the end
of the 20th century, with the development of recombinant technology. Several
recombinant vaccines have been constructed, based upon adeno-, pox-, or RABV
(Pastoret and Vanderplasschen 2003; Liu et al. 2008; Gomme et al. 2011; Fry et al.
2013). These recombinant vaccines have been tested in a variety of livestock ani-
mals for safety and several were licensed eventually for other species, such as
companion animals or wildlife. Similarly, the use of nucleic acid-based vaccines
have been suggested in veterinary medicine for decades, but without licensure
(Biswas et al. 2001; Yang et al. 2013). Newer technology, based upon mRNA, may
provide alternatives in veterinary vaccination, as shown experimentally in swine
(Schnee et al. 2016). Production of RABV-like particles may also have application
as future vaccines (Fontana et al. 2016). Such rabies biologics for humans, domestic
animals and wildlife have evolved gradually for the better over the past century.
Hopefully, the novelty and innovation of plant products will help provide a new
generation of rabies vaccines, particularly for the in situ delivery of multiple
antigens (Petricciani et al. 1989; Aspden et al. 2002).

Plants may enable further development of rabies vaccines by providing novel
adjuvants, such as green-synthesized silver nanoparticles (Asgary et al. 2016) or
saponins (Yendo et al. 2016). Currently, most inactivated animal vaccines contain
adjuvants in the form of aluminum hydroxide and its derivatives. Besides the
parenteral route, other applications may also be relevant. For example, oral vaccines
have been successful for the control of rabies among wild carnivores (Slate et al.
2009; Miiller et al. 2015), and this concept may be extended to domestic pets and
livestock, including swine (Liu et al. 2008) or free-ranging hoofed stock, such as
kudu (Scott et al. 2012; Yang et al. 2016). In this case, plant products may offer
utility to herbivores via consumption. Other needs include development of a single
dose vaccine with a longer duration of immunity, with or lacking adjuvant, mini-
mizing the need for frequent boosters.

9 Specifications and Regulatory Concerns of Rabies
Biologics

Rabies vaccines for veterinary applications are unique in a One Health context,
considering that their use in domestic animals and wildlife provides an important
public health benefit by creating a barrier between animal reservoirs and humans.
In addition, they provide direct utility in agriculture and conservation biology.
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As a result, regulatory authorities have a keen interest in ensuring that rabies
vaccines meet stringent requirements for safety, purity, potency, and efficacy.
Safety considerations involve not only the intended animal species, but also
non-target species, such as humans. Potency is measured by evaluating relative
estimates of the test vaccine compared to a reference standard, using the National
Institutes of Health (NIH) test. The NIH test has been used for decades and involves
large numbers of laboratory animals, although alternatives are being sought to
minimize the use of animals for potency determination (Lewis et al. 2012). All
reference vaccines are based on the International Standard for Rabies Vaccine
provided by the WHO and should be carefully calibrated to ensure that a potency of
at least 1 IU/ml is met (Hermann et al. 2012).

The true measure of rabies vaccines is the protection of the vaccinated subject
from a productive lyssavirus infection. In humans, this is based upon primary safety
and immunogenicity in phase I/II clinical trials and follow-up of survival of exposed
individuals during phase III and post-marketing surveillance of newly licensed
products. For animal vaccines, efficacy involves testing the effectiveness of the
vaccine in members of the target species of the comparative age and gender repre-
sentation, with a duration of immunity defined by statistically significant protection
against a severe viral challenge in comparison to control animals. Viral challenge is
performed in captivity, comparing vaccinates and controls after a minimum duration
of immunity, usually of 1-4 years. After licensing, post-vaccination monitoring and
a routine vaccine adverse event reporting system (VAERS) are parts of effective
prevention and control programs and further indicators of success. All suspect rabies
cases should be reported, confirmed and investigated thoroughly, including
spatio-temporal data, species demographics, clinical signs, history of human and
animal exposures, vaccination status, etc. (NASPHV 2016).

Besides classical inactivated products, there are several approved modified-live
biotechnology-derived vaccines, which utilize a vector virus expressing the
RABYV G protein (Hicks et al. 2012). These are typically evaluated for potency by
conducting a simple titration of the vector virus coupled with an expression assay to
confirm expression of the G protein. Batch release requirements for these products
are based on performance of the efficacy batch when tested in the approved test
system. Besides potency and efficacy concerns, technical improvements and next
generation sequencing methods will provide greater ease in the identification of viral
seed strains used for production as well as genetic stability, particularly in the use of
biologics intended for the vaccination of free-ranging wildlife (Hoper et al. 2015).

Many authorities require that rabies vaccines be administered by or under the
supervision of a veterinarian, so they are often not available for sale directly to
animal owners or the general public. Especially because of the important public
health implications, rabies vaccine should only be obtained from manufacturers
operating under the oversight of a robust and competent regulatory authority.
Desired specifications when ordering rabies vaccines are necessarily closely linked
to their intended use. Most manufacturers offer single-dose and multiple-dose vials
for use in domestic animals, including dogs, cats, cattle, horses, sheep and ferrets.
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By contrast, products for use in wildlife are prepared as single doses in individual
baits. Vaccination of wildlife is generally conducted only under the auspices of a
governmental agency, and the products are not usually available to
non-governmental entities or individuals.

When ordering vaccine for livestock operations or for use in kennels, catteries,
animal shelters, or mass vaccination clinics, multiple-dose vials are likely to pro-
vide the most economical option. When using multiple-dose vials, once opened,
any unused portion of the vial should be discarded, and not stored for future use.
For vaccination of individual companion animals or “pet” livestock, such as horses,
single-dose vials may be the best option to ensure that product sterility or potency
are not compromised.

Revaccination interval is an important consideration. Most rabies vaccines have
one or three year revaccination recommendations. Some veterinarians object to the
use of three-year vaccines, for several reasons. Some believe client compliance is
better when annual revaccination is the standard practice, because it’s easier for
clients to remember to schedule an annual visit. Others assume that the three-year
vaccines have substantially more antigen and are therefore potentially more reac-
tive. There are no data to support either of these beliefs, so the revaccination
interval specification should be based on local conditions and intended use. When
conducting mass vaccination campaigns in rabies endemic areas, a three-year
product is generally the preferred option, as it offers the longest demonstrated
protection.

Rabies vaccines for use in wildlife are available with efficacy claims for several
wildlife species, such as foxes, raccoon dogs, coyotes and raccoons (Slate et al.
2009; Miiller et al. 2015). When considering vaccine for use in a wildlife vacci-
nation campaign, several factors must be considered. Ideally, the vaccine selected
should have proven laboratory and field efficacy for the species being targeted.
However, there are situations where it is reasonable to begin a campaign on an
experimental basis, if there are data to suggest that the product will be effective in
the target species.

Product shelf life and stability are other important specifications to consider
when selecting rabies vaccines. Pricing is often based on quantity purchased, so
buying large quantities may be an economical choice, but care should be taken to
ensure that the amount purchased will be used prior to the product expiration date
for the particular batch or lot. Most rabies vaccines have a shelf life of two to three
years, so if large quantities are ordered, it is advisable to request a batch or lot that
was recently produced, to maximize the length of time for use.

With regard to wildlife vaccines, stability of the product in the field after dis-
tribution is a critical consideration (Hermann et al. 2011). Manufacturers should
have data to demonstrate field stability of products. This information should be
evaluated in the context of the planned bait distribution density, target species
population density, foraging behavior of the target species and ambient weather
conditions.

All veterinarians and others at occupational-risk of exposure to suspect animals
should be vaccinated against rabies. For the naive person exposed to a rabid animal,
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life saving measures should consist of local wound care, infiltration of rabies
immune globulin (RIG) and the administration of multiple doses of vaccine
(Rupprecht et al. 2016). Modern human rabies vaccines are inactivated
tissue-culture derived products. Detailed specifications and recommendations for
pre- and post-exposure use are available at several national or international sources
(ACIP 2008; WHO 2013).

Historically, the trend in developed countries has been from modified-live to
inactivated rabies vaccines for use in veterinary medicine. At a minimum, such
inactivated rabies vaccines have been tested for potency using the NIH test. As
mentioned, this assay is problematic for a number of reasons, and several groups are
investing substantially in efforts toward the development of an in vitro assay or a
battery of assays to replace the NIH test (Schiffelers et al. 2014; Morgeaux et al.
2017). In the near future, ELISA-based techniques may be preferred to in vivo
testing (Sigoillot-Claude et al. 2015). However, until a replacement assay is vali-
dated and adopted by the requisite regulatory authorities, potency should be con-
ducted using the NIH test or an equivalent assay, with which plant-based products
may be measured for the short term.

10 Applications of Rabies Biologics

Applications of rabies vaccination will vary, dependent in part upon species, life
history stages, immunological status and exposure circumstances. Modern veteri-
nary vaccines are highly efficacious, when used in a pre-exposure strategy and
rabies is quite rare in properly vaccinated animals. Most reported cases of rabies
occur in naive animals. Vaccination of clinically suspect animals has no proven
utility and is not recommended based upon a basic lack of evidence, wasted eco-
nomic outlay and the public health risk of viral exposure.

Unlike canine and feline rabies vaccination, which should be mandatory, global
practices for livestock vaccination vary greatly from country to country and region
to region, based in part on risk perceptions and disease occurrence. Regardless of
species and epidemiological conditions, the majority of domestic species are not
vaccinated anywhere in the world. Historically, vaccination was considered pro-
hibitive in cost, recognizing the primary source in dogs or wildlife, while man-
agement preferences centered upon insurance and indemnification (Korns and
Zeissig 1948). Education of owners, producers and veterinarians is needed to
change this perception (Miguens 2007; Swai et al. 2010; Gadaga et al. 2016;
Hundal et al. 2016). At a minimum, because of the zoonotic aspect of the disease,
rabies vaccination should occur for all animals in close contact with the public, such
as at livestock fairs, petting zoos, etc., or those used in international competition
(NASPHYV 2016). Vaccination would not be needed in ‘rabies-free’ areas, provided
that such countries truly meet the criteria for such self-declarations. Even a conti-
nent considered historically free of rabies, such as Australia, has enzootic lyssa-
viruses, with reservoirs in bats. Similarly, Taiwan was considered free of rabies,
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until surveillance was expanded to wildlife and the recognition of reservoirs among
ferret badgers and bats (Chang et al. 2016; Hu et al. 2018).

Rabies vaccines are usually formulated as monovalent products. On occasion,
this has most often been used in combination with FMDV vaccines in ruminants
(Favre et al. 1976; Fontaine et al. 1976; Soulebot et al. 1978; Palanisamy et al.
1992). In general, immunogenicity of the monovalent or combined vaccines
appeared equivalent. Another example, in horses, includes the combination of
rabies vaccine and Potomac fever (NASPHV 2016).

Besides consideration for even a primary vaccination, the frequency of boosters
is an economical and practical issue, especially for animals on range, not readily
available for multiple parenteral immunization. Most vaccine labels call for annual
boosters, but such activities may not be necessary for all products and species. For
example, based upon VNA serological comparisons, a booster interval greater than
1 year may be appropriate for previously vaccinated horses, but not for naive
animals, after receiving their first dose (Harvey et al. 2016). Similarly, in cattle,
priming at ~ 6 months gave an acceptable anamnestic response when boosted up to
3 years later (Yakobson et al. 2015). Other investigators also reported the utility of
booster vaccinations in previously vaccinated animals as regards the longer term
maintenance of rabies VNA in excess of 0.5 IU/ml (Monaco et al. 2006)

If vaccines are considered in the face of an outbreak, efficacy will vary if animals are
already exposed and incubating. Post-exposure schedules, using vaccine only, have
been used in naive animals (Blancou etal. 1991; Basheeretal. 1997; Wilson and Clark,
2001). One schedule for buffalos suggests using vaccine within 24 h after the expo-
sure, followed by boosters on days 3, 7, 14, 28 and 90 (http://www.buffalopedia.cirb.
res.in/index.php?option=com_content&view=article&id=209&Itemid=117&lang=
en). In Nepal, the annual reports of ~ 100 fatal cases of rabies in livestock and more
than 1000 cases of rabies prophylaxis administered to livestock after exposure were
felt to be gross underestimates (Devleesschauwer et al. 2016). Moreover, the efficacy
of postexposure prophylaxis (PEP) in unvaccinated livestock is questionable, espe-
cially for severe exposures. Ideally, to better strive towards complete protection in such
postexposure settings, a source of immune globulin should be considered in addition to
vaccine, as recommended by WHO for exposed persons (Mitmoonpitak et al. 2002).

Recalling that many domestic animals, such as livestock are basically victims,
vaccination is one important method of prevention but should not operate in a
vacuum, irrespective of ecological and epizootiological concerns. Simply put, cases
of rabies in livestock originate from either other domestic animal or wildlife
sources. In developing countries, most cases of rabies in livestock are due to
transmission from dogs. Clearly, the single most important element for the pre-
vention of livestock cases in canine rabies enzootic areas is the mass vaccination of
dogs (Gibson et al. 2016; Lavan et al. 2017). Where canine rabies has been con-
trolled and other carnivores such as foxes or raccoons are the major source of
infection, oral wildlife vaccination and related management strategies should be
considered (Slate et al. 2009; Miiller et al. 2015).
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Regardless of other benefits, neither canine rabies elimination nor oral vacci-
nation of wild carnivores will provide benefit to livestock under all scenarios.
Throughout Latin America, rabies transmitted by vampire bats has a major impact
upon the livestock industry, with multiple attempts aimed at control (Greenhall and
Schmidt 1988). Historically, before the development of effective vaccines, rabies
control was non-specific, such as by destroying suspected vampire bat roosts (and
many beneficial species). In the mid-late 20th century, anticoagulants were used as
a more specific method of control. Vampire bats were captured, spread with anti-
coagulant pastes and allowed to return to their roosts, where grooming by con-
specific roost mates resulted in multiple deaths. Such methods allowed targeting to
the species of interest and multiplication of effect from treating individuals, but also
required staying late throughout the evening to capture vampires at affected ran-
ches. Alternatively, livestock were injected with anti-coagulants directly, which
vampire bats would ingest during a blood meal. This technique allowed veteri-
narians to treat multiple farms during the day, but was more expensive and required
a bat bite upon a treated animal for effectiveness. Both techniques suffered the
limitation of toxic environmental contamination with potential impacts to other
fauna, as well as the opportunity of vampire bat population disruption, roost
switching and colony dispersal, exacerbating the infectious disease issue. Neither
were effective without concomitant vaccination of the herd at risk. Inconsistent use
of anti-coagulants throughout the region as a whole, combined with decreasing
availability of products and increasing costs has lessened the utility of population
reduction as a singular long term or widespread solution to control this highly
adaptive and unique vertebrate reservoir, requiring novel, more integrated solutions
(Mayen 2003; Stoner-Duncan et al. 2014).

As an example of one small country in Central America that has successfully
controlled the disease in dogs but has vampire bat rabies, Costa Rica reported more
than 75 outbreaks in livestock over a 30 year period, with more than 780 fatal cases
diagnosed in cattle (Hutter et al. 2016). Recent reports suggest that bovine paralytic
rabies is spreading into areas that were previously unaffected (Barcenas-Reyes et al.
2015). If climate change trends continue, vampire-transmitted rabies is expected to
increase over widespread cattle-rearing regions, such as Mexico, Central America,
Brazil and Paraguay (Lee et al. 2012). Although livestock vaccination appears
highly beneficial, vampire control alone may not necessarily be efficient econom-
ically (Anderson et al. 2014). With projected growth in the livestock industry,
plant-based rabies vaccines may have an especially important role, if they can
compete based on safety, efficacy and cost.

11 Adverse Events Associated with Rabies Biologics

In general, modern human rabies vaccines are safe, compared to older, nerve-tissue
derived products. The same is true for veterinary biologics. Local reactions may
include pain, swelling, redness, alopecia, pruritus or other signs of inflammation.
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Granulomas may occur, particularly with vaccines containing adjuvants. Systemic
signs include fever, multi-focal vasculitis, transient lameness or rarely, anaphylaxis
(Quirozr et al. 1964). In cats, vaccine injection-site sarcomas have been reported
(Hartmann et al. 2015). Such non-viral components of vaccines can sensitize ani-
mals for future adverse responses.

The most serious adverse events are vaccine-associated rabies and vaccine
failure. Vaccine-associated rabies cases were uncommon, even after first generation
vaccines were used more widely, especially when compared to the millions of doses
of modified-live vaccines used globally. The advent of viral typing by monoclonal
antibodies (mAbs), and later genetic sequencing, allowed proper differentiation of
laboratory strains used as seed stock from street viruses in nature (Whetstone et al.
1984; Okolo 1989; Hostnik et al. 2014; Robardet et al. 2016).

Very rare cases have been reported in association with RABV vaccines used for
oral vaccination of wildlife (Fehlner-Gardiner et al. 2008; Vuta et al. 2016). Reports
of cases in subjects with a history of vaccination must differentiate variables related
to vaccine, the patient and the vaccinator. True failures are quite rare. Vaccinated
subjects may have acquired immune compromise and fail to respond appropriately.
Interference from maternal immunity may be at play. Breaks in the cold chain can
lead to vaccine instability. Choice of an improper product, diluent, route, age,
boosters, etc., are also variables that may be associated with rabies in an animal
with a documentation of prior vaccination. Creation of national, regional or global
VAERS programs related to vaccines and a searchable database for such licensed
biologics would complement existing surveillance systems for the detection of
acute or chronic reactions by product, species and circumstances. Any future
introduction of plant products would need to compete with the strong safety record
of available 21st century rabies biologics (Table 2).

12 Availability of Biologics

A global listing of all current manufacturers of rabies biologics is not feasible.
However, annual reviews are useful on a national or regional basis to remain current
(e.g., ACIP 2008; NASPHV 2016). Older, less potent nerve-tissue and
modified-live biologics are being replaced by cell culture vaccines. Products
requiring routine annual boosters are being supplemented gradually by others
having a minimum duration of immunity of several years.

Rabies vaccines were produced primarily in the Americas and Eurasia, but are
becoming more available on a global basis. No major shortages are forecast in the
Americas or Europe. Emerging Asian markets, such as in India, may contribute to
the overall diversity and number of doses needed. Elsewhere, concern has been
expressed about overall quality issues (McLaughlin 2016). For example, within
China, canine rabies is widespread and reports of outbreaks involving other
domestic species are increasing.
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Generally, rabies vaccines are available for most major domestic species, but
specific rabies vaccines for some animals are not readily available, particularly in
rural provinces. Under vaccine limitations and emergency settings, one ‘off-label’
study suggested a single injection of a ‘double dose’ canine vaccine was adequate
for at least 1 year for application in cattle and camels, underscoring challenges
throughout rural Asia (Liu et al. 2016). Parenteral off-label use of inactivated
vaccines may also be used, for example, to protect valuable zoo and exotic animals
in rabies enzootic regions (Miller and Fowler 2012). While such use does not
prevent relevant public health measures if human exposure occurs (such as
euthanasia of the biting animal), vaccination lessens the relative probability of a
case in a properly immunized animal (NASPHYV 2016). With the potency and safety
of modern rabies vaccines, a broad margin of cross reactivity for other species is
expected, based upon inference and comparative serological testing (Wallace et al.
2016). Still, use of plant-produced biologics may have utility for some specialized
uses to occupy an unfilled need, where licensed products are lacking currently.

13 Plants as Sources of Rabies Biologics

Plant-based production systems are emerging as a relevant technology for pro-
duction of many vaccines, antibodies and other biologics (Kristina and Luthar
2016; Topp et al. 2016). Such technology entails the integration of the desired
genes encoding the antigen or antibody for the specific pathogen into the protein
expression machinery of the plant. The target sequence is incorporated into an
expression vector, before being transferred to a host plant expression system. These
genes can be expressed transiently through the use of viral vectors, or stably, when
the genes are permanently integrated into the plant genome.

Several advantages have been cited for plant-based expression systems over
traditional mammalian cell-based production methods. These are especially relevant
for rabies and include: rapid production via transient systems; freedom from
mammalian pathogens; and, in some cases, reduced cost of goods related to the
requirement for expensive fermentation infrastructure, as well as reduced handling
costs for plant-based protein therapeutics. Proteins can be produced readily in large
quantities, as the production systems are highly scalable (Shahaid and Daniell
2016). Plant-based rabies vaccines, antibodies and therapeutics are normally free
from toxins and pathogens that are commonly produced in bacteria and yeast
(Kwon et al. 2013). However, the downstream processing necessary to obtain pure
therapeutic molecules is as expensive as for traditional mammalian cell culture
platforms (Juarez et al. 2016).

Because this technology is still emerging, very few products have been brought
to the market at large, to date. For comparison, in the veterinary field, a front runner
is Newcastle Disease Virus (NDV) vaccine for poultry, approved by the United
States Department of Agriculture (USDA). Another is Interberry-alpha, a biologic
for the veterinary market produced in strawberries (Drake et al. 2017). A scFV mAb
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used in the purification process of a recombinant HBV vaccine is approved for use
in Cuba. The first plant-made recombinant product approved for use in humans is
Elelyso, an enzyme replacement therapy for Gaucher’s disease, produced by
Protalix. Thus far, this remains the only plant product licensed for use in humans
(Drake et al. 2017). With the above theoretical advantages, many opportunities exist
for plant-produced products in the rabies field.

14 Plant-Made Anti-RABV Antibodies

Although immune-protection is complex, VNA play a critical role in antiviral
responses and in modulating lyssavirus infections (Both et al. 2012). Current PEP
for bites by rabid animals involves the use of blood-derived rabies immune globulin
from humans (HRIG) or horses (ERIG), accompanied by active vaccination.
A weakness of current polyclonal serum-based prophylaxis is that many of the
constituent virus-specific antibodies are non-neutralising (Marasco and Sui, 2007).
These products also suffer a range of additional limitations, particularly in the
developing world, including: limited availability; significant batch to batch varia-
tion; and challenges in obtaining immune donors in the case of HRIG (Both et al.
2012). In general, RIGs are expensive and solutions are needed to allow broader
access by all segments of the population. In resource-poor settings, products also
may have a higher risk of contamination with blood-borne adventitious agents, and
of causing adverse reactions when administered, requiring additional screening and
treatment to minimize risks associated with the use of such blood products. On the
basis of these challenges, the WHO has encouraged the development and evaluation
of biologics to replace RIG (WHO 2013).

While current rabies PEP is based mostly on polyclonal sera, emerging alter-
natives are focused increasingly on potent mAb cocktails (Tsekoa et al. 2016).
Advances in antibody engineering and in the refinement of plant expression tech-
nology platforms are leading to a variety of options for new antibodies against
rabies and other viral diseases. Cocktails of mAbs and bispecific constructs can be
used simultaneously to target multiple viral epitopes to enhance potency and to
overcome theoretical perceptions of viral variants escaping neutralization from the
use of a single antibody (Both et al. 2013). Cocktails of mAbs are required to target
epitopes that are not conserved in all viral species and variants, especially in
infections like rabies that emerge from heterogeneous pools, circulating in various
animal reservoirs. Such cocktails allow for broader coverage, and prevent viral
escape mutants, issues which are important considerations in the development of
passive immunotherapies.

Key to the potency of antiviral mAbs is not only that these biologics should
cover a broad range of viral variants, but that they should target distinct
non-overlapping epitopes and preferably should not compete for antigen binding.
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In addition, the in vitro generated mAb escape mutants selected using one antibody
should be neutralised by the other non-selecting mAb in the cocktail and vice versa
(Marissen et al. 2005; de Kruif et al. 2007). The WHO Rabies Collaborating
Centers (WHO RCC) identified 5 murine mAbs, with 4 (E559.9.14, M727-5-1,
M777-16-3 and 1112-1) recognising antigenic site II of the glycoprotein, and the
fifth, 62-71-3, recognising site I (Prosniak et al. 2003, Goudsmit et al. 2006; Miiller
et al. 2009; Both et al. 2013). For the antibodies recognising antigenic site II, E5S59
exhibited the broadest virus neutralisation spectrum and the greatest potency, and
appears to be an ideal candidate for expression in a RIG-replacement cocktail. The
Mab 62-71-3 was included for site I coverage.

As part of a strategy to develop alternative biologics to replace RIG, mAb E559
was cloned, engineered and produced in transgenic Nicotiana tabacum plants (van
Dolleweerd et al. 2014). In this work, the murine constant domains of E559 were
replaced with human IgGlx constant domains and the resulting chimeric mouse—
human genes cloned into plant expression vectors used for transformation of N.
tabacum. The chimeric mouse-human heavy and light chain genes were introduced
into separate transgenic lines. The lines were sexually crossed, resulting in progeny
expressing fully assembled E559. Codon optimisation of chimeric genes enhanced
expression of the chimeric antibody in transgenic plants. Sequence analysis of the
heavy and light chains of the plant-made chimeric mAb E559 predicted the pres-
ence of 2 potential N-linked glycosylation sites, a conserved site in the antibody Fc
region and one in the Vi domain. The in vitro effectiveness of the plant-made
chimeric antibody against representative viruses from phylo groups I and II (van
Dolleweerd et al. 2014) was assessed in a modified fluorescent antibody virus
neutralisation (mFAVN) assay, and the plant-derived antibodies (murine and chi-
meric) mirrored the hybridoma-derived antibody in terms of depth of neutralisation.
The efficacy of the murine-human E559 in experimental PEP was examined in
hamsters administered a lethal dose of a laboratory strain of RABV (CVS-11), in
the absence of vaccine. Control groups that received phosphate buffered saline
(PBS only) succumbed after 14 days, while a survival rate of 11% was observed for
HRIG and mouse-human groups, showing that the plant-derived chimeric E559 was
at least as effective as HRIG.

In a similar but separate study, Both et al. 2013, demonstrated that a functional
mouse-human chimeric mAb 62-71-3 expressed in N. benthamiana could be a
viable candidate antibody for rabies PEP in humans. The study demonstrated potent
virus neutralisation at 500 IU/mg. In addition, a critical role for antigenic site I of
the G protein, as well as for two specific amino acid residues (K226 and G229)
within site I, was identified with regard to mAb 62-71-3 neutralisation, thus pro-
viding a clear molecular rationale for the use of mAb 62-71-3 in a RIG-replacement
cocktail (Both et al. 2013).

Thereafter, in another study, Tsekoa et al. (2016) produced a highly potent
cocktail of humanized mAbs E559 and 62-71-3 in N. benthamiana. Recognized
previously, these mAbs E559 and 62-71-3 recognise complementary sites on the
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RABYV G protein (Miiller et al. 2009; Kuzmina et al. 2013). As in earlier studies
with ES59, variable domains from heavy and light chains (Vi and Vi, from murine
mAbs E559 and 62-71-3 were fused to the constant domain (Cy and Cp) from
human IgG;. The codon optimised chimeric L and Hc for each mAb were then
co-expressed to yield full, correctly folded, individual antibodies. This study
employed a viral-based transient expression system to achieve high levels of
expression of both ES59 and 62-71-3 (~490 mg/kg of fresh leaf tissue).

Generally, plant-produced proteins are functionally similar to mammalian
cell-produced versions, because plants as eukaryotic systems can add glycans as
part of the protein maturation process. Protein glycosylation is an essential co- and
post-translational modification of secretory and membrane proteins, critical to
protein function in all eukaryotes. However, there are differences in glycosylation
patterns between plants and mammals, the most notable of which involves
plant-specific N-glycan modifications. In plants, a-1,3 fucose is attached to the first
GlcNAc residue and the B-1,2 xylose attached to the central mannose residue. In
contrast, mammalian N-glycans may be modified by a-1,6 fucoses as well as B-1,4
galactose residues, attached to terminal GIcNAc moieties (Strasser et al. 2008).
With vaccines, glycosylation has been shown to enhance immunogenicity in some
cases. However, in the case of antibody therapeutics, plant-type glycosylation has
been a source of concern for unwanted immune responses that could potentially
cause adverse events, although this has not been observed to date.

Afucosylated therapeutic mAbs (whose N-glycans lack fucose) have enhanced
in vivo efficacy in different models of viral infection, due to increased
antibody-dependent cell-mediated cytotoxicity (ADCC) activity (Forthal et al.
2010; Hiatt et al. 2014). For these reasons, Tsekoa and co-workers expressed two
chimeric mAbs in the AXT/FT N. bethamiana host plants, which produce pre-
dominantly fucose-free GnGn glycan structures (Strasser et al. 2008). The structural
integrity of the antibodies (secondary and tertiary structures) was determined
using both fluorescent and circular dichroism spectroscopy.

In vitro virus neutralisation assays were conducted using a cell-based Rapid
Fluorescent Focus Inhibition test (RFFIT) assay. The individual mAbs efficiently
neutralised a diverse panel of RABV variants in vitro. The in vivo efficacy of the
plant-based mAbs was tested in a challenge experiment with female Syrian ham-
sters, infected with CVS-11. The infected control group did not survive beyond
14 days post-infection, confirming lethality of inoculum. Animals were adminis-
tered 2 IU of mAb or HRIG. The plant-made E559 and 62-71-3 showed 100 and
86% survival, respectively, at 14 days post-infection. At 28 days post-infection,
33% of animals given 62-71-3 and 20% of animals administered E559 survived,
compared to no survival for animals given HRIG. Significantly, the cocktail of
E559 and 62-71-3 exhibited higher potency against RABV compared to HRIG in a
hamster model PEP challenge trial (Tsekoa et al. 2016). The methodology of
expression used was selected as a highly scalable, rapid production alternative to
mammalian cell (e.g., CHO Cell) culture-based production, and had a safer product
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profile compared to HRIG or ERIG. Collectively, results of this study laid solid
ground work for the future development of a batch-consistent, safe and efficacious
RIG replacement product in plants.

15 Plant-Made Vaccines

Scarcity of vaccines for prevention of fatal diseases has driven global attention
towards production of safer, easier to use and more effective vaccines (Laere et al.
2016). In countries with a high incidence of rabies (which tends to coincide with
low income per capita and resource limitations) efficacious, affordable vaccines are
critical to preventative immunisation, preferably after a single dose (Ertl, 2009;
Ortiz-Prado et al. 2014). While currently available vaccines are efficacious, modern
rabies vaccines consist of inactivated RABV formulations which generally have
low immunogenicity, and therefore require multiple injections. In veterinary
medicine, inactivated virus vaccine often contains adjuvants to enhance potency,
often with adverse events, justifying the quest for new production technologies. The
vaccines are also difficult to manufacture, and are produced in such a way that there
is a high degree of variation between producers (and batches from the same pro-
ducers). Efficacy can be further negatively impacted by storage and transportation,
especially when the cold chain cannot be maintained. In some parts of the world,
vaccines are simply not readily available, and cost is a major limitation to access
(Gautret et al. 2011). Other challenges include the risks of production and
administration of the current whole inactivated virus vaccine and the logistic
concerns of a multi-vaccination schedule for pre- and PEP vaccination. Historically,
nerve tissue-based vaccines led to neurological complications, which would be
prevented by plant-based applications (Swamy et al. 1984).

As described above, there are 3 basic types of rabies vaccine production
methods: avian embryo-based; cell-based; and investigational new platforms.
Avian-based methods require large amounts of eggs and the regulatory process
associated with this platform is time consuming. As in the case on antibody ther-
apeutics, cell-based approaches require high priced manufacturing facilities which
are also limited by lengthy production processes and the possibility of contami-
nation by human pathogens. Thus, production of vaccines using alternative tech-
nologies that address some of these challenges becomes critical. Plant expression
technology is one emerging platform, relevant to develop exploratory rabies vac-
cine candidates. The overall benefits of plant expression technology have already
been highlighted above.

Classic RABV vaccines consist of whole inactivated viruses that have the same
antigenic properties as wild type viruses. However, the use of major structural
proteins from disease agents in sub-unit vaccines is gaining momentum. The var-
ious RABV proteins, individually and in combination, have shown potential for use
in anti-rabies subunit vaccine candidates by generating VNA, when used in vac-
cination of experimental animals (Conzelman et al. 1990).
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16 Glycoprotein-Based Vaccines

The G protein of RABV has been identified as the major antigen that induces
protective immunity (Cox et al. 1977). Vaccination with classic vaccines often
results in the induction of VNA directed against the envelope G protein, activation
of helper and cytotoxic T cells and protection against lethal challenge with RABV
(Astray et al. 2017). When properly folded and glycosylated, the RABV G protein
is fully immunogenic, bearing epitopes for humoral and cell-mediated immune
responses (Benmansour et al. 1991; Johnson et al. 2010; Lafon et al. 1983; Moore
et al. 2006; Macfarlan et al. 1984). The G protein monomers oligomerise in threes
to form trimers that are essential for the interaction of the virus with target mem-
brane receptors and, to a certain extent, for the induction of VNA, leading to
protection against virus infection (Koraka et al. 2014; Lodmell et al. 2004). Thus,
for recombinant expression systems to be effective, they must express G protein that
is glycosylated (Foley et al. 2000) and folds appropriately.

Challenges of expressing this highly immunogenic protein include that the G
protein is hydrophobic and unstable, and undergoes post-translational modification.
To deal with problems of hydrophobicity, soluble forms of the G protein have been
expressed, but they are poorly immunogenic. At least one sequon has to be gly-
cosylated to allow the G protein to reach the cell surface (Shakin-Eshleman et al.
1992). The glycan composition is dependent on the biochemical machinery of the
host cell and seems to be a determinant of immunologic properties. In a study in
which the G protein was expressed in yeast, Klepfer et al. (1993) showed that the G
protein was glycosylated, yet it gave protection only against intramuscular, but not
intracerebral virus challenge. The lack of adequate protection against intracerebral
challenge was attributed to possible hyperglycosylation from the host. Thus, suit-
able expression systems must be able to express high levels of functional native G
protein (Dietzschold et al. 1990; Ramya et al. 2011; Benmaamar et al. 2009; Liu
et al. 2014; Wang et al. 2015).

Over the past two decades, there has been a significant amount of plant-based
vaccine development work focusing on the G protein (Starodubova et al. 2015),
where several studies have demonstrated G protein-induced VNA and the protec-
tion of vaccinated animals against rabies. The early work of McGarvey et al. (1995)
demonstrated the feasibility of expressing G proteins in the leaves and fruit of
transgenic tomatoes. Following this pioneering work, the G protein has been pro-
duced in tobacco (Modelska et al. 1998; Yusibov et al. 1997; Ashraf et al. 2005),
spinach (Modelska et al. 1998), carrot and maize (Loza-Rubio et al. 2012).

Ashraf et al. (2005) designed a chimeric G protein for high level expression to
enhance expression in plants. They replaced G protein native signal peptide with
the pathogenesis-related protein signal (PR-S) peptide of N. tabacum in the
N-terminus, which is known to efficiently target proteins to the ER (Sijmon et al.
1990), and a SEKDEL sequence to anchor the G protein in the ER. The G protein
was expressed constitutively in N. tabacum. Mice that were immunised intraperi-
toneally with the G protein isolated from the microsomal fraction elicited high
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levels of immune responses as compared to the inactivated commercial virus. The
plant-derived G protein induced complete protective immunity against intracerebral
lethal challenge with RABV (Ashraf et al. 2005). Non-glycosylated G protein
prepared from bacterial cells did not confer protective immunity, as observed in
studies by various groups (Lathe 1994; Malek et al. 1984). Plants were superior to
bacterial expression in providing a protein with correct glycosylation and folding,
leading to potent immunogenicity.

17 Nucleoprotein-Based Vaccines

Studies suggest that the N protein may also be a suitable candidate for inclusion in a
subunit vaccine against rabies. This is because compared to other major RABV
proteins, the N protein is more conserved across a range of viral species, and as
such may provide protection against the majority of RABV variants (Dietzschold
et al. 1987; da Cruz et al. 2001). Like the G protein, the N-protein can induce
RABYV specific helper T-cells (Ertl et al. 1989). Earlier, this protein was described
by Lafon et al. (1994) as having the properties of a ‘superantigen’, justifying the
investigation of its potential use in subunit vaccine development. These effects of
the N protein include triggering RABV-specific T-cells, facilitating the production
of VNA and other specific immune functions.

Perea Arango et al. (2008) transiently expressed a full length RABV N protein in
transgenic tomato plants as well as transiently in N. benthamiana plants. Mice were
immunized both intraperitoneally (i.p.) and orally with tomato fruit extracts con-
taining the N protein. Mice immunised i.p. had an antibody titre of about 4 times
that of orally immunised mice, and were partially protected from RABV challenge
60 days post immunisation, while the mice orally vaccinated with tomato extracts
were not protected. In the same study, they immunised mice via i.p. or orally with
N. bethamiana leaf extracts containing the N protein, and also demonstrated the
importance of the route of immunisation when the i.p. immunised mice were
partially protected from virus challenge. In both cases, mice immunised orally
showed a marginal immune response, and were not protected in the RABV chal-
lenge study.

18 Oral Rabies Vaccines

Plant expression offers the possibility for oral administration of immunogenic and
therapeutic proteins, negating the need for exhaustive purification (Haq et al. 1995).
Such formulations are delivered as partially purified preparations that are safe for oral
consumption. This approach of partially purified product is quite suitable for situa-
tions where high doses of proteins are required throughout the prophylaxis period, as
in the case for oral passive immunisation. Antigens from various pathogens have been
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expressed in plants, with a view to administer them orally in humans or animals.
Advantages of oral immunisation include removing the need to use needles for vac-
cine administration, thus pre-empting the safety hazards associated with needle use,
particularly in resource-constrained settings. Plant-derived antigens can induce strong
immune responses at the mucosal and serum levels (Chikwamba et al. 2002;
Loza-Rubio et al. 2012) after administration orally or intramuscularly in mice.
Additionally, they can protect against subsequent pathogen challenge. The benefits of
oral vaccination with plant-derived antigens include ease of delivery and prolonged
stability at room temperature, especially when expressed in seeds.

In one notable example, Loza-Rubio et al. (2012) expressed the full RABV G
protein in transgenic maize, and fed a range of doses (0.5-2 mg) to sheep via the
oral route. Sera of the sheep were tested for VNA against RABV CVS strain using
the RFFIT. The VNA were detected at day 30 for the 120 day expression test in
animals, peaking at 60-90 days, before declining in all vaccinated animals. At
120 days post-immunisation, sheep were challenged intramuscularly with RABV.
Cumulative survival in groups that received 2 mg of G protein orally was com-
parable to the positive control (inactivated RABV commercial vaccine delivered
intramuscularly), while the non-vaccine controls died after challenge. This study
was a first to demonstrate the efficacy of an orally presented edible vaccine in a
polygastric host model.

In another model, Rojas-Anaya et al. (2009) expressed the full-length G protein
in carrots. Carrot was selected as the host expression plant to obviate the need for
cooking (which denatures antigens), and for its palatability. They administered
50 pg of G protein orally in raw carrots, and 50 pg of G protein in carrot plus
augmentation with 50 pg of the N protein. Orally delivered mouse chow was used
as a negative control and an intramuscular dose of inactivated rabies vaccine as the
positive control. Antibodies raised against RABV were detected 15 days
post-immunisation, with a significant difference between the vaccinated and the
non-vaccinated groups. Mice were challenged intra-cerebrally with RABV 60 days
post-immunisation. All unvaccinated mice died, while 66% of mice vaccinated with
carrot, and 100% of mice vaccinated with conventional vaccine, survived. The
authors suggested that a higher dose of antigen in carrot (100 pg in 4 g carrot)
could constitute a more viable vaccine dose. In addition, this study suggested that
the carrot system could be a viable source of edible vaccine against rabies.

The cholera toxin B (CTB) has been used in several studies as a carrier for
antigens, having been demonstrated to be a potent adjuvant to co-administered
proteins (Dertzbaugh and Elson 1993; Song et al. 2004; Lycke et al. 1989). To
enhance oral immunogenicity of the G protein, Roy et al. (2016) reported the
expression of the full RABV G protein fused to a synthetic CTB subunit at its
C-terminus. The chimeric protein folded into a 403 kDa pentameric structure,
indicating that the fusion of the G protein into the CTB C-terminus did not interfere
with the CTB pentamerisation process. The fusion of the CTB with the G protein in
this study was to take advantage of the CTB as a receptor carrier to enhance T-cell
response during oral immunisation. Theoretically, the amount of G protein required
for oral vaccination may be reduced in the presence of a potent, receptor-specific
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adjuvant, like CTB, directing the antigen to immune cell receptors. The study
showed that the plant-made protein had a higher affinity for GM1 receptor than the
native bacterial CTB protein, possibly due to assay conditions, but also due to
glycosylation of the CTB molecule in tobacco cells. The CTB-G fusion had a lower
affinity for GM1 gangliosides, possibly due to stearic interference of the molecule
by the G protein. The fusion protein recognised both anti-CTB and anti-G protein
antibodies. Unfortunately, the immunogenicity of the fusion protein was not tested
in this study, so the ultimate utility of such an approach remains unresolved.

Singh et al. (2015) expressed a fusion of the Ricin-toxin B subunit (RTB) and
the RABV G protein in tomato hairy roots. The fusion protein was recognised by
both anti-ricin and anti-G protein antibodies in ELISA assays. Partially purified
extracts expressing the fusion were administered orally in mice. The results showed
the RGP-RTB fusions were internalised through the mucosal lining, and were able
to elicit 1gG responses in mice. The titre of 1gG1 and 1gG2a antibodies in this
experiment reflected the Th2 type of T-helper cell response against the RGP-RTB
fusion proteins, although the titres were low. No RABV challenge studies were
performed, so efficacy was not demonstrated.

19 Viral Vectors for Rabies Biologics

Unlike simple singular linear viral proteins, virus-like particles (VLPs) are formed
by viral structural proteins that are stable, non-replicative and non-infective, thus
making them suitable for use as potent vaccines against infectious disease (Kushnir
et al. 2012). Such VLPs are a class of subunit vaccine antigens that are soluble and
immunogenic but are different from viral antigens expressed by replicating
microbial vectors in vivo. Unlike most conventional inactivated vaccines, these
VLPs fold appropriately and stimulate innate immunity by interacting with the
pathogen-associated molecular pattern and pattern receptors, eliciting adaptive
immune and inflammatory responses against infection without adjuvants (Morén
et al. 2002; Kurt-Jones et al. 2000). Moreover, VLPs are a potent developmental
approach because of their ability to express surface proteins of interest and elicit the
appropriate response in the immunised host, mimicking a natural infection with the
immunogenic antigens of interest. Often, VLPs have been produced using insect
viruses, but such an approach could be used in plant-based systems.

For example, Kang et al. (2015) reported the production of a chimeric VLP
containing the G and M proteins of the RABV ERA strain, and the membrane-
anchored granulocyte-macrophage colony-stimulating factor (GM-CSF), in an
attempt to develop and improved rabies vaccine, due to the strong adjuvant activity
of GM-CSF. The chimeric VLP was expressed in insect cells, and induced VNA
when used to immunise mice intramuscularly. The GM-CSF had a strong effect,
enhancing a larger and broader antibody subclass response compared to the use of
VLPs with G and M proteins only. Similarly, in a patent application (US 2014/
0178419 Al, June 26, 2014), Smith et al. (2014) described a method for the
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production of a RABV VLP comprising G proteins for use in the prevention and
treatment of rabies. Nucleic acid-encoding G protein is expressed in insect cells
using a baculovirus vector. The resulting VLP-like structures resulting from such
cultures induced potent anti-RV antibodies in rabbits.

Yusibov et al. (2002) demonstrated the immunogenicity of a plant virus-based
chimeric peptide containing the antigenic determinants from the RABV G protein
(amino acids 253-275) and the N protein (amino acids 404-418) in a translational
fusion with the alfalfa mosaic virus (AIMV) coat protein (CP). The first expression
system utilised transgenic N. tabacum plants providing replicative functions in trans
for full length RNAs of AIMV. A second system utilised N. tabacum and spinach
(Spinacia oleracea), using autonomously replicating tobacco mosaic virus (TMV),
lacking the native coat protein. Recombinant virus containing the chimeric RABV
epitope isolated from N. tabacum was used to immunise mice parenterally. Animals
were protected from subsequent challenge with RABV. To test basic immuno-
genicity, human volunteers who ingested spinach expressing the chimeric virus
showed an immune response against RABV; 3 of 5 volunteers who had previously
been vaccinated against rabies with a conventional vaccine specifically responded
against the peptide antigen, which was unusual as subjects do not typically respond
to rabies antigens per os. When 9 non-immune individuals ingested the spinach, 5
of the 9 demonstrated significant antibody responses to RABV on AIMV. When
these individuals received a single dose of conventional vaccine, they showed
detectable levels of RABV antibodies. The study concluded that the chimeric virus
vaccine could have potential utility as a supplementary or booster vaccine.
Importantly, the authors noted that the plants inoculated with the chimeric virus
only showed mild signs of virus infection, and that none of the people subjected to
the virus-expressing materials showed any adverse reactions.

20 Challenges and Future Opportunities in the Use
of Plant-Based Products in Rabies Prevention
and Control

Current human PEP involves the use of blood-derived RIG, which has several
safety and efficacy limitations and may be of limited availability in the case of
sudden mass exposures. The concerns arising from the use of blood-derived
products could be circumvented, and consistent batches of neutralising mAbs could
be produced based on a cocktail of plant-derived, potent biologics. The emerging
plant expression technologies have made significant progress by addressing tech-
nical aspects of expression, yield, efficacy, scalability and reproducibility, with
varying degrees of success for different products. Such attributes make plants an
attractive platform for production of mAbs to replace RIG (e.g., Ko et al. 2003; van
Dolleweerd et al. 2014). Similarly, potent subunit vaccines can be produced in
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plants. Ideally, if such biologics demonstrate utility in humans, the same constructs
could be developed for domestic animals and wildlife (Rupprecht et al. 2017). For
example, for the global elimination of canine rabies, a current shortfall in excess of
7 billion vaccine doses is forecast, as one significant application in which
plant-produced rabies biologics could compete (Wallace et al. 2017).

Advancing plant produced anti-RABYV therapeutics to mainstream use is critical,
given the high human case fatality, given that there is no effective treatment once
symptoms appear. However, the regulatory aspects of plant therapeutic production
systems remain a work in progress. In the United States and Europe, the FDA and
the USDA and European Medicines Agency (EMA) documents provide important
guidance on points to consider with regards to product safety and efficacy, envi-
ronmental issues and manufacturing control. The EMA published a “Guideline on
the quality of biological active substances produced by stable expression in higher
plants” in 2009, but this is yet to be tested (Drake et al. 2017; EMA 2016). The
regulatory framework for the field cultivation of genetically modified plants is
particularly demanding, especially in Europe. While these represent significant
milestones in the maturation of this emerging technology, much work remains to be
done before such an approach is accepted universally as a main stream source of
biologic and therapeutics.

The requirement for facilities for manufacturing plant-made products to conform
to current good manufacturing practice (¢cGMP) has made progress with several
cGMP facilities established across the globe, notably Kentucky Bioprocessing LLC
(Owensboro, Ky), Sigma-Aldrich Fine Chemicals (St Louis, MI), Medicago Inc
(Quebec City, Canada), Protalix (Karmiel, Israel) and others (Yusibov et al. 2011).
Location of such manufacturing capability in the developing world would go a long
way to address the challenges of infectious disease in these regions, particularly for
neglected diseases such as rabies.

The virulence and burden of rabies should be a compelling enough rationale to
fast track development of replacement products, but this has not been the case. For
example, the WHO has specified that plant-derived human vaccines and thera-
peutics have to be produced and clinically tested under Investigational New Drug
(IND) applications and meet all the applicable regulatory GMP requirements (WHO
2003; van der Laan et al. 2006). Progress in bringing alternative products to market
is also hampered by the complicated and as yet untried clinical development path
for the replacement of current efficacious products, such as RIG with new products.
The US FDA has provided an alternative animal rule pathway for development,
where efficacy is established in well-controlled animal model trials and safety via
the normal human trial pathway, but this is not available in developing countries.
As such, the regulatory framework for plants is slow to become institutionalised and
has not been fully tested thoroughly in any part of the world.

Mammalian systems are already established for rabies and have a dominant
share of the market for humans, domestic animals and wildlife (Table 2). The
mammalian systems are also undergoing continuous improvement to reduce the
cost of goods, and wave-bag technology is a good example of such technological
improvements (Singh 1999). To compete effectively, plant expression systems have
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Table 2 Common commercial human and veterinary rabies biologics

Name Producer Type Comments
Imovax Sanofi Human diploid cell First human cell culture vaccine
vaccine (HDCV)
RabAvert | Novartis Purified chick embryo Human vaccine produced in Germany
cell vaccine (PCEC) and also in India
Verorab Sanofi Purified vero cell rabies | First human rabies vaccine produced in
vaccine (PVRV) vero cells
Vaxirab Zydus Purified duck embryo More potent, safe and efficacious than
Cadila vaccine (PDEV) earlier duck embryo vaccines for
humans
Speeda Chengda Vero cell rabies vaccine | Human vaccine produced in China
Bio
Indirab Bharat Purified vero cell rabies | Human vaccine produced in India
Biotech vaccine
HyperRAB | Grifols Human rabies immune | Used in human postexposure
globulin (HRIG) prophylaxis
KamRAB | Kamada HRIG Used in human postexposure
prophylaxis
Imogam Sanofi HRIG Used in human postexposure
prophylaxis
Defensor Zoetis Veterinary vaccine Used for pre-exposure immunization of
domestic animals
Rabvac Boehringer | Veterinary vaccine Used for pre-exposure immunization of
Ingelheim domestic animals
SAG-2 Virbac Attenuated rabies virus | Used in oral wildlife rabies programs
vaccine
Raboral Merial Recombinant Used in oral wildlife rabies programs
V-RG vaccinia-rabies
glycoprotein vaccine
Onrab Artemis Recombinant Used in North American oral wildlife

adeno-rabies
glycoprotein vaccine

rabies programs

to provide additional value, as in therapeutics with additional features. The ability
to manipulate the glycan profile of therapeutics offers a la carte glycosylation
patterns for more effective biologics (Juarez et al. 2016)—the concept of biobetters
—which could potential give an edge to plant-made products. Beyond these
plant-specific issues, a number of general barriers for any new innovations in rabies
prevention and control must be overcome for major impacts of novel technology to
be realized over the next 5 years (van de Burgwal et al. 2017).
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21 Summary

Rabies is a neglected viral zoonosis, with the highest case fatality of any infectious
disease. The etiological agents are single-stranded, non-segmented, negative-sense
RNA viruses. Major animal reservoirs include domestic and wild carnivores and
bats, while humans are victims and dead-end hosts. Most people are infected by bite
exposure via rabid domestic dogs or wild carnivores, particularly in Africa and
Asia, or bats throughout the Americas, Africa, Asia, Australia and Eurasia. The
viral G protein is the most important antigen for the induction of neutralizing
antibodies and protective immunity. Pure, potent, safe and efficacious vaccines for
pre-exposure vaccination are available for humans and most common domestic
species, but limitations in supply may occur in developing countries. All humans
and other mammals at risk should be considered for vaccination in enzootic areas.
Priority should be given to particularly valuable animals and those in frequent
contact with humans as pets or in public settings. In domestic animals, primary
vaccination, followed by a booster dose a year later, leads to a long lasting
immunity. As shown since the 19th century, PEP of naive individuals is possible, if
conducted in a timely and appropriate manner, but is more complicated and
expensive. Therapy after the onset of clinical signs is largely futile. A detailed
understanding of lyssavirus pathobiology and epidemiology is necessary if
plant-produced biologics will be developed to fill remaining gaps.

Future research should entail development of: biologics with a broader spectrum
of activity across the antigenic diversity of the Lyssavirus Genus; additional robust
and safer adjuvants; methods to maximize thermo-stability under tropical condi-
tions; relevant, humane techniques to manage rabies associated with bats, possibly
by vaccination; and simpler vaccination regimens that may entail a single dose, or at
most a prime-boost administration, for maximal duration of immunity, without the
need for routine boosters. In a One Health context, the global strategy is to mini-
mize the risk of rabies in humans and other animals by the mass vaccination of
dogs, to eliminate the perpetuation of canine rabies as a common public good in
agriculture, human health and conservation medicine. Given the above challenges,
products produced in plants may have multiple diagnostic, vaccine and antibody
applications using current conventional products as a model and filling unmet needs
and open niches in laboratory-based surveillance, prophylaxis and therapy.
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Abstract Toxoplasmosis is a worldwide-distributed infection caused by
Toxoplasma gondii, which causes a wide range of clinical syndromes in humans,
mammals and birds. T. gondii is considered a parasite of veterinary and medical
importance, because it may cause abortion or congenital disease in its intermediate
hosts. Despite the economic losses associated with 7. gondii infection in farm ani-
mals and the socio-economic impact caused by this zoonotic disease in the human
population, there is no effective treatment available for humans or animals able to
eliminate the parasite from the host once the chronic infection has been established.
The only commercial vaccine is the S48 strain of attenuated tachyzoites for use in
sheep. However, this vaccine causes side effects, has a short life time and induces a
short-term immunity. So far, no acellular vaccine against toxoplasmosis has been
commercialized. In fact, future challenges include the development of an effective
vaccine to prevent toxoplasmosis. Most parasitologists and vaccinologists agree that
future efforts should be concentrated on developing multi-antigen vaccines and more
efficient delivery systems able to express heterologous proteins abundantly as well as
on searching for immunization schedules and adequate adjuvants to enhance the
protective responses. To achieve this, platforms for the production of acellular
vaccines based on the use of plants can have an important role.
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1 Toxoplasma Gondii

1.1 General Concepts

Toxoplasma gondii is an intracellular protozoan parasite member of the phylum
Apicomplexa. It was found for the first time by Nicolle and Manceaux (1908) in the
blood, spleen and liver of the rodent Ctenodactylus gondii and named with its
definitive species designation in 1909. T. gondii is the sole etiological agent of
toxoplasmosis and has been characterized as the most successful infecting parasite,
since it can infect any warm-blooded animal, including livestock and humans
(Dubey 2008). Toxoplasmosis causes a wide range of clinical syndromes in
humans, mammals and birds. Since this infection has a worldwide distribution,
virtually the whole population can be exposed to it, and it has been estimated that
one third of the world’s human population is seropositive (Miller et al. 2009).
However, the seroprevalence and clinical severity of this disease vary according to
age and is unevenly distributed across geographical areas and different socioeco-
nomic strata of a specific population (Rosso et al. 2008); with South America
exhibiting the highest burden (Bertranpetit et al. 2017).

1.2 Life Cycle and Infectious Stages

The life cycle of T. gondii can be divided into sexual replication, which takes place
only in felids, such as the domestic cat (definitive hosts), and asexual replication,
which occurs in other mammals and birds (intermediate hosts) (Dubey 1996). In
nature, the parasite circulates primarily in three infectious stages: (i) the tachyzoite,
a rapidly multiplying form which morphologically resembles a half-moon, (ii) the
bradyzoite, a quiescent form with the ability to form tissue cysts, and (iii) the
sporozoite, which is formed inside oocysts, and is shed in feces by the definitive
host.

The sexual cycle occurs when the definitive host ingests environmental (water or
soil) oocysts or meat contaminated with tissue cysts. After sexual reproduction,
unsporulated oocysts, containing non-infective forms (sporozoites), are shed in
feces, and a few days will be needed to form two infectious sporozoites and become
a “sporulated oocyst” (Frenkel et al. 1970). Sporulated oocysts are highly resistant
and can survive in the soil or water for several months (Dubey 1996). Like in the
definitive host, in the intermediate host, the infection also occurs by ingestion of
cysts or oocysts. In the intermediate host, the bradyzoites or sporozoites released in
the small intestine penetrate the epithelial cells and multiply asexually, converting
into tachyzoites (Fig. 1) (Blader et al. 2015). Tachyzoites may disseminate to
extra-intestinal tissues through the lymph and blood by invading the same leuko-
cytes that are recruited to respond against the parasite (Denkers et al. 2012).
Tachyzoites are able to enter and multiply in any nucleated host cell, ultimately
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Cysts in uncoocked meat
Human contamination

Farm animals contamination

Fig. 1 Life cycle of Toxoplasma gondii. Felines are the definitive hosts in which the sexual
replication phase of 7. gondii occurs, resulting in the generation of thousands of highly resistant
oocysts containing non-infective sporozoites that are spread by feces. Once in the environment,
sporozoites become infective. Other mammals and birds are intermediate hosts. Both definitive and
intermediate hosts can be infected by ingestion of oocysts present in the soil, unwashed vegetables
or water. The asexual cycle of T. gondii occurs in the intermediate hosts, with two stages: highly
replicative tachyzoites and latent bradyzoites, the latter forming tissue cysts. In addition to oocyst
infection, animals and humans can be infected by ingestion of tissue cysts. Finally, vertical
transmission can be observed in a variety of hosts, including humans

leading to cell death to continue dissemination to the spleen, liver, lungs, lymphoid
tissue, central nervous system, retina and cardiac and skeletal muscles
(Canedo-Solares et al. 2013). This is called “the acute phase of infection”, which is
associated with a strong inflammatory response. Bradyzoites are the slow repli-
cating form of the parasite, mainly in central nervous system tissues and skeletal
muscles, leading to the latent or “chronic phase of infection” for the life of the host
(Skariah et al. 2010).

1.3 Transmission

Transmission occurs when tissue cysts, present in raw or undercooked meat, or
oocysts, present in unwashed vegetables, soil or water, are ingested. In humans,
consumption of raw or undercooked meat is the main transmission route and is
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responsible for an important annual cost of illness and quality-adjusted life year loss
in the USA (Cook et al. 2000; Scallan et al. 2011). Jones et al. (2009) found that
ingestion of raw clams and oysters may also cause infection due to contact with
contaminated water. A recent study on risk factors for toxoplasmosis indicated that
the prevalence of 7. gondii is higher in lamb and pork meat than in beef and
poultry, and that organic management systems result in a higher prevalence of the
parasite than conventional management systems, probably because of the access of
these animals to the outdoors (Guo et al. 2015). Although more accurate studies
about risk factors are needed, it can be noted that raw or undercooked meat from
cattle, pigs, sheep, horses and goats is a potential source of 7. gondii and should not
be consumed by at-risk groups in the population (Belluco et al. 2016).

Since untreated water has been reported to be the source of major outbreaks of
acute toxoplasmosis in Canada (Bowie et al. 1997) and Brazil (Vaudaux et al.
2010), waterborne outbreaks of 7. gondii have aroused attention on the importance
of the oocysts shed in the feces of infected cats. Regarding unwashed vegetables, a
recent study made in Brazil demonstrated that almost 4% of fresh-leaf vegetables
destined for human consumption and obtained directly from production sites and
stores were contaminated with 7. gondii DNA (Marchioro et al. 2016). In rural
communities, consumption of unwashed raw vegetables or fruits is also a risk
factor of toxoplasmosis (Rostami et al. 2016). Regarding the presence of oocysts in
the environment, a survey made in California (USA) estimated that the annual
oocyst burden is 3—434 oocysts per square foot (Dabritz et al. 2007). Considering
that a single oocyst is able to cause toxoplasmosis, this oocyst burden represents a
major potential public health problem.

In humans, congenital transmission involves the transmission of 7. gondii
tachyzoites from a newly infected mother (primary infection) to the fetus through
the placenta or to the baby during vaginal delivery (Gras et al. 2005; Thié¢baut et al.
2007). However, it has been reported that congenital transmission to the fetus also
occurs from mothers chronically infected and reinfected with virulent strains of
T. gondii during pregnancy (Elbez-Rubinstein et al. 2009), from highly immuno-
compromised mothers (Azevedo et al. 2010; Lindsay and Dubey 2011), and from
women who acquire the infection some months before pregnancy (Hennequin et al.
1997). Congenital toxoplasmosis also occurs in many other animal species, par-
ticularly cattle, sheep, goats and rodents such as mice (Dubey 2008). In most
classes of livestock, congenital toxoplasmosis has been recognized as being
responsible for major economic losses through abortions, stillbirths and neonatal
mortality (Raeghi et al. 2011). The clinical aspects of congenital toxoplasmosis in
humans and other animals will be widely discussed in the next section.
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2 Toxoplasmosis: Disease Symptoms and Occurrence
of Infection

Because Toxoplasma gondii may cause abortion or congenital disease in its inter-
mediate hosts, it is considered a parasite of both veterinary and medical importance
(Tenter et al. 2000).

2.1 T. gondii Infections in Humans

The seroprevalence of T. gondii varies according to the age, geographical location
and socio-economic strata of a specific population (Rosso et al. 2008). While one
third of the world’s human population is seropositive to 7. gondii, clinical disease is
largely confined to risk groups.

In the majority of immunocompetent individuals, toxoplasmosis is asymp-
tomatic (Feustel et al. 2012). When symptoms are manifested, almost all cases are
due to the tachyzoite form. Occasionally, toxoplasmosis may present with lym-
phadenopathy, fever, muscle aches and headaches (Dubey 1996), whereas severe
manifestations such as encephalitis, myocarditis, hepatitis and sepsis syndrome very
rarely occur (Tenter et al. 2000). The severity of the infection may depend on the
genotype of the strain, where atypical genotypes are associated with worse clinical
outcomes (Robert-Gagneaux and Dardé 2012).

In humans, congenital toxoplasmosis is one of the main clinical problems of
Toxoplasma infection. Congenital toxoplasmosis can cause spontaneous abortion,
as well as blindness and mental retardation in congenitally infected children
(Shaapan 2016). In 2016, the World Health Organization estimated a global inci-
dence rate of 1.5 cases of congenital toxoplasmosis per 1000 live births (Torgerson
and Mastroiacovo 2013). The highest burden is found in South America (3.4 per
1000 live births) and is driven by the more pathogenic genotypes that circulate in
that part of the world (Torgerson and Mastroiacovo 2013). Other regions with high
incidence of congenital toxoplasmosis include parts of the Middle East (2.5 per
1000 live births) and some low income countries in Africa (2.4 per 1000 live births)
(Torgerson and Mastroiacovo 2013). The risk of transplacental transmission
increases with gestational age, from less than 10% in the first trimester to 30% in
the second and 70-90% in the third trimester (Dunn et al. 1999). In contrast, the
severity of congenital toxoplasmosis is inversely correlated with the time of ges-
tation when maternal infection was acquired, with infection in early pregnancy
displaying more severe consequences, such as stillbirths, abortions, substantial
brain necrosis and hydrocephalus (Moncada and Montoya 2012; Xiao and Yolken
2015). In addition to the gestational age, the parasite genotype may also play a role
in congenital disease, with atypical strains causing severe damage even when
acquired during the third trimester (Delhaes et al. 2010). Near 70-90% of infants
born with congenital Toxoplasma infection are asymptomatic at birth and therefore
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their infection is not recognized. However, during the first year of life or more, most
of these children will develop sequelae such as ocular lesions and neurological
symptoms (Wilson et al. 1980). Other factors involved in congenital toxoplasmosis
transmission and clinical outcome are the genetics of the host, the size of the
inocula, the infecting form of the parasite and the maternal treatment (Moncada and
Montoya 2012).

Ocular toxoplasmosis, a particular form of the infection, can be postnatally
acquired by immunocompetent individuals as well as by reactivation of congenital
infection (Perkins 1973; Matias et al. 2014). Its incidence varies from 2-3% in the
USA and Europe to nearly 18% in Southern Brazil (Glasner et al. 1992; Holland
2003). Ocular toxoplasmosis may result in inflammation in the retina, choroid, and
uvea, and consequently lead to complications such as glaucoma, cataract, and
posterior synechiae (Jasper et al. 2017). This type of toxoplasmosis is considered
the most frequent cause of infectious posterior uveitis (Pleyer et al. 2014). Since
ocular toxoplasmosis is a preventable cause of blindness, it is necessary to assess
factors that have the potential to control this disease.

Different factors, including HIV infection, certain types of cancers including
lymphomas, immunosuppressive therapies (Robert-Gagneaux and Dardé 2012),
and chronic inflammatory diseases such as diabetes or obesity (Esch and Petersen
2013), can profoundly impair cellular immunity, leading to severe toxoplasmosis.
Reactivation of a latent infection or de novo infection in immunocompromised
individuals can cause the development of clinical illness with varied presentations,
including encephalitis, pneumonitis, chorioretinitis, meningitis, and disseminated
toxoplasmosis with multi-organ involvement (Khurana and Batra 2016). In this
sense, toxoplasmosis represents one of the main opportunistic infections in HIV/
AIDS, associated with high morbidity and mortality rates (Basavaraju 2016). In
transplant patients, the severity of toxoplasmosis is clearly associated with the
degree of induced immunosuppression (Robert-Gagneaux and Dardé 2012), as well
as with the timing of appropriate anti-Toxoplasma therapy (Coster 2013). About
10-25% of transplant recipients with toxoplasmosis show central nervous system
manifestations, mainly encephalitis. When toxoplasmosis is severe or disseminated,
patients present myocarditis, encephalitis, pneumonitis, or multi-organ failure, and
its fatality rate is >80%.

Since T. gondii has a strong predilection to infect the central nervous system,
over the past decade, chronic T. gondii infection has been increasingly associated
with psychiatric disorders (Torrey and Yolken 2003; Dickerson et al. 2009; Zhu
2009; Shibre et al. 2010), such as attention-deficit hyperactivity disorder, obsessive
compulsive disorder, schizophrenia, major depression, and bipolar disorder
(Halonen and Weiss 2013; Elsheikha et al. 2016; Del Grande et al. 2017). Three
putative mechanisms for 7. gondii infection of the central nervous system have
been proposed: (i) the direct effect position, which is based on the fact that 7. gondii
bradyzoites are present mainly in neurons, affecting their function (Ferguson and
Hutchison 1987); (ii) a neuroimmunological mechanism based on the fact that
proinflammatory cytokines may modulate dopaminergic and glutamatergic
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neurotransmission (Mastropaolo et al. 1989; Emery et al. 2007); (iii) a proposal that
suggests that bradyzoites are able to synthesize and release the dopamine neuro-
transmitter (Ayaz et al. 2016).

2.2 Toxoplasmosis in Other Animals

As mentioned above, almost every warm-blooded animal species can be infected
with T. gondii. Although most of them show no clinical signs of the disease, their
latent infection is still of veterinarian/zoonotic relevance, since their meat could be
the source of de novo infections by carnivorous animals, including humans.

2.2.1 Toxoplasmosis in Pets

The first reported case of fatal toxoplasmosis in a domestic animal was in a dog in
1910 (Dubey 2008). In dogs, the seroprevalence of T. gondii varies according to the
geographical location, age and gender, ranging from 9.1% in dogs from Shangai
(Jiang et al. 2015) to 24% in hunting dogs from Italy (Machacova et al. 2016),
42.2% in dogs from St Kitts in the Caribbean (Dubey et al. 2016), 48.75% in dogs
from Fernando de Noronha Island in Brazil (Magalhaes et al. 2017) and 51.9% in
dogs from Zhanjiang city in southern China (Jiang et al. 2015). As in humans, the
clinical presentation of the infection varies from total lack of symptoms to affec-
tions in different organ systems, including encephalitis, and even severe disease,
involving the lungs and liver, which may kill dogs within a week (Dubey et al.
2009). Transplacental transmission in dogs can cause spontaneous abortion and
fetal death (Bresciani et al. 1999, 2001), and even reinfection of pregnant females
can lead to clinical alterations such as fever, lymphadenopathy, miscarriage, and
fetal death (Bresciani et al. 2009).

The first report of toxoplasmosis in a cat was in 1942 (Dubey 2008) and nearly
30 years later, Frenkel et al. (1970) demonstrated that cats are the definitive host of
T. gondii. The estimated seroprevalence for 7. gondii in domestic cats worldwide is
30-40% (Muiioz et al. 2011), but antibodies to 7. gondii may be detected in up to
74% of adult cat populations, mainly depending on the type of feeding and whether
the cat remains indoors or outdoors (Tenter et al. 2000). As in other hosts, most of
the postnatally acquired infections in cats are asymptomatic and vertical trans-
mission is infrequent (Tenter et al. 2000). However, when congenital toxoplasmosis
occurs, clinical illness is common and may result in stillbirth or kitten death before
weaning. The clinical presentation is often characterized by inflammation of the
liver, lungs and central nervous system. In postnatally acquired infections, anorexia,
lethargy and dyspnea are common (Dubey et al. 2009). The zoonotic relevance of
cats, especially related to the shed of oocysts in the environment, has been previ-
ously discussed (Sect. 1.2).
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2.2.2 Toxoplasmosis in Animals Destined to Human Consumption

The study and control of toxoplasmosis in meat-producing animals is of major
relevance mainly for two reasons: first, because, as previously mentioned, toxo-
plasmosis is one of the main foodborne diseases because tissue cysts of T. gondii
contained in meat of livestock are considered the main source of infection in
humans (Cook et al. 2000), and second, because the disease is responsible for major
economic losses in most classes of livestock through abortions, stillbirths, early
embryonic death, resorption, mummification, and neonatal mortality or birth of live
but weak offspring (Buxton et al. 2007; Raeghi et al. 2011), especially in sheep
(Hiszczynska-Sawicka 2014), goats and lambs (Dubey 2008; Dubey et al. 2009).
Congenital toxoplasmosis in sheep and goats is slightly different, since, in sheep, it
occurs only in primary infections of pregnant sheep, whereas, in goats, the same
goat can transplacentally infect its fetuses in successive pregnancies (Dubey 1982).
In the UK, congenital toxoplasmosis is responsible for 1-2% of neonatal losses in
sheep and goats per annum (approximately 300,000 sheep/goats lose their fetuses)
(Menzies et al. 2008), while, in the European Union, pregnancy losses in these
species are between 0.7 and 1.4 million annually (Katzer et al. 2011).

In pigs, symptomatic toxoplasmosis is rare, but clinical signs include anorexia,
fever, dyspnea, limb weakness, encephalitis, pneumonitis, lymph node necrosis,
hepatic necrosis and even death (Dubey 2009). In addition, abortions related to
congenital toxoplasmosis in pigs have also been reported (Kim et al. 2009).

In cattle and horses, there are no confirmed cases of clinical toxoplasmosis
(Dubey 2007). However, a recent experimental study has shown that dams inoc-
ulated with tachyzoites of the 7. gondii RH strain aborted on days 6 and 11
post-inoculation, which demonstrates that vertical transmission of toxoplasmosis in
cattle can occur (Wiengcharoen et al. 2011). The role of toxoplasmosis in economic
losses due to bovine abortion warrants further investigation.

In poultry, there is a high prevalence of T. gondii infection but neither chickens
nor turkeys develop any clinical sign of the disease (Guo et al. 2015), and toxo-
plasmosis does not cause any economic losses in these species (Dhama et al. 2013).
However, chickens are considered one of the most important hosts in the epi-
demiology of T. gondii infection and the importance of chicken meat as a source of
human toxoplasmosis must not be ignored.

Finally, in rabbits, toxoplasmosis is one of the most important diseases in
commercial herds (Dubey et al. 2011). T. gondii transmission in rabbits occurs
through food contaminated with parasite oocysts, transplacental transmission and
interaction between rabbits and domestic cats infected with 7. gondii (Dubey et al.
1992).
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3 Mechanism of Infection and Immune Response

3.1 Mechanism of Host-Cell Invasion and Egression

Toxoplasma gondii is an apicomplexan parasite, and, as any other member of the
group, it is characterized by the presence of an “apical complex™ consisting of a
closed, truncated cone called the conoid, which is composed of unique fibers of
tubulin polymers. This apical complex acts as an organizing center, and a cluster of
apical secretory organelles including rhoptries, micronemes and dense granules (Hu
et al. 2006; Sibley 2011; Okamoto and Keeling 2014). In addition, the apical
complex is involved in the processes of host attachment and invasion, being fun-
damental for T. gondii infection (Okamoto and Keeling 2014).

Apicomplexan parasites lack cilia and flagella and their mode of locomotion,
called gliding, propels them across the substrate and supports active penetration of
host cells. Gliding relies on a unique form of substrate-dependent motility based on
the actin-myosin motor of the parasites (Barragan and Sibley 2002; Sibley 2011).

T. gondii invades host cells in several orchestrated steps that begin with the
molecular interaction between the parasite and the host cell before internalization,
first mediated by transient interactions followed by sequential secretion of spe-
cialized proteins (micronemes and rhoptry proteins) to establish the “para-
sitophorous vacuola” (Peng et al. 2011; Blader et al. 2015). The “parasitophorous
vacuola” protects 7. gondii from being eliminated by host cells, especially by
endosomal acidification and lysosomal fusion. Once inside, tachyzoites induce the
host cell to arrest at the G2/M phase of the cell cycle and to provide a nutrient pool
to the parasite that enables T. gondii proliferation and replication by endodiogeny
(Fig. 2a). After several rounds of replication, the parasite activates motility and
exits the host cell by rupturing the vacuola and breaching the host cell plasma
membrane (Fig. 2a) (Melzer et al. 2008; Peng et al. 2011).

3.2 T. gondii Dissemination Through the Host

T. gondii primary infection generally occurs by the ingestion of oocysts or tissue
cysts, which release sporozoites or bradyzoites to the lumen of the gut from where
the parasite spreads throughout the body of the individual (Fig. 2b). The dissemi-
nation of 7. gondii to a large variety of other organs in the body occurs via
intracellular and extracellular mechanisms (Harker et al. 2015). T. gondii can flow
freely in host fluids, migrate on cell layers (endothelium, epithelium), cross them
(paracellular route) or use motile host cells (intracellular route) to achieve distant or
hardly accessible organs (Dlugonska 2014). As a consequence of oral infection,
innate immune cells such as neutrophils, monocytes and dendritic cells (DCs) are
recruited to the small intestine (Cohen and Denkers 2014). During the acute phase
of the infection, 7. gondii shows a certain preference for cells of the immune
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Fig. 2 Toxoplasma lytic cycle and infection. a 7. gondii invades the host cells by an active
process that results in the formation of an intracellular parasitophorous vacuole (PV). Once inside
the cell, tachyzoites begin to replicate by a process called endodiogeny, in which the gestation of
two daughter cells within the mother cell can be observed (see upper panel). After several
replication rounds, it is possible to observe the presence of 2, 4, 8 and so on tachyzoites per PV
until the generation of a large PV (see lower panel) near the egression step to resume the lytic
cycle. Upper panel: Replicating intracellular tachyzoites were labeled with anti-tubulin antibodies
and detected by epifluorescence microscopy. Lower panel: intracellular PV observed by phase
contrast. b The parasite enters the lumen of the intestine by ingestion of cysts or oocysts releasing
bradyzoites or sporozoites, respectively. The bradyzoites/sporozoites penetrate the intestinal
epithelium and convert to the highly replicative tachyzoites, which disseminate within the new
host. Tachyzoites invade every nucleated cell, including dendritic cells, which give them mobility,
allowing the spread of T. gondii throughout the body of the host. T. gondii also has the ability to
modulate the immune response in such a way as to allow its dissemination. Finally, the
IFN-y-dependent cell-mediated immune response is able to kill the intracellular parasite but also to
trigger the conversion of tachyzoites to the latent form of bradyzoites, generating tissue cysts,
mainly at the central nervous system and muscle. The immune response is also important to
maintain the latent infection. The lack of a good control of infection may lead to serious clinical
consequences, including death of the infected individual, as observed in immunocompromised
patients

system, mainly DCs (Sanecka and Frickel 2012). DCs play a key role in the
immune function, being the link between innate and adaptive responses, as well as
in actively secreting IL-12 and a number of other cytokines that attract and activate
other cells of the immune system such as pathogen-specific T cells (Sanecka and
Frickel 2012; Dlugonska 2014). On the other hand, DCs have motile properties,
resulting in a very effective vehicle to cross many biological barriers that have
exaggerated immune responses (the blood brain barrier, blood-eye barrier and the
placenta) to enter immune privileged organs like the brain and the eye or even to
infect the fetus (Bierly et al. 2008).
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3.3 Immune Control of T. gondii

The immune response against 7. gondii strongly depends on the strain of the
infecting parasite (Xiao and Yolken 2015), as well as on the genetic background
and immune status of the host (Suzuki and Remington 1993). However, the salient
features of this complex immune reaction have been elucidated mainly based on the
study of murine experimental models of toxoplasmosis (Dupont et al. 2012).

3.3.1 Immune Response During the Acute Phase of Infection

When T. gondii reaches the gut of the host, monocytes, granulocytes (mainly
neutrophils), DCs and lymphocytes residing in the small intestinal epithelium are
rapidly recruited to the site of infection (Muiloz et al. 2011; Dupont et al. 2012).
Among them, neutrophils are very important during the initial response (Bliss et al.
2001) and their recruitment depends on the chemokine receptors CXCR2 (Del Rio
et al. 2001) and CCR1 (Khan et al. 2001). In T. gondii infection, the main
pattern-recognition receptors involved are the Toll-like receptors 2, 4
(Debierre-Grockiego et al. 2007; Bereswill et al. 2014) and 11 (Yarovinsky et al.
2008). After recognition, mainly DCs but also neutrophils and activated macro-
phages secrete 1L-12 (Mufioz et al. 2011; Dupont et al. 2012), which in turns
stimulates natural killer cells (Sturge and Yarovinsky 2014). Natural killer cells are
the main source of IFN-y during the initial phase of infection and are also able to
kill the parasite by apoptosis (Mufloz et al. 2011). DCs and macrophages increase
the expression of major histocompatibility complex type II molecules, stimulated
by IFN-y (Denkers et al. 1996), becoming mature antigen-presenting cells.
Activated macrophages and neutrophils are also able to secrete reactive oxygen
species and reactive nitrogen intermediaries that help to control the parasite, lim-
iting infection (Gazzinelli et al. 1993; Alves et al. 2013). Therefore, the innate
immune response limits tachyzoite replication and drives the generation of a
specific T-cell response.

As previously discussed, DCs then migrate to the lymph nodes, both helping the
parasite to disseminate to other tissues and acting as antigen-presenting cells,
leading to the proliferation of 7. gondii-specific T lymphocytes (TLs). In the
presence of co-stimulatory molecules and in an IL-12 context, CD4+ and CD8+ T.
gondii-specific TLs proliferate and differentiate into populations that produce
pro-inflammatory cytokines, particularly IFN-y, TNF-a, IL-6 and IL-1 (Sibley et al.
1991; Langermans et al. 1992). In addition, CD4+ TLs secrete IL-2, which in turn
helps CD8+ TLs to proliferate and become cytotoxic lymphocytes, which act as
effectors lysing the parasites, promoting apoptosis by CD40-CD40L and secreting
IFN-y (Dupont et al. 2012).

The role of humoral immunity in toxoplasmosis is not so clear. Specific
immunoglobulins (Igs) against 7. gondii antigens, including IgM, IgA, IgE and
IgGs, have been found in infected individuals (Robert-Gagneaux and Dardé 2012).
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In this sense, in vitro assays have demonstrated that 7. gondii-specific antibodies
are able to opsonize the parasite for phagocytosis, block invasion and activate the
complement (Dupont et al. 2012).

3.3.2 Limitation of the Immune Response Against 7. gondii
and Immune Evasion and Anti-apoptotic Reactions
of the Parasite in the Host Cell

It is important to note that the immune response against 7. gondii is a double-edged
sword, since a potent pro-inflammatory reaction may kill the parasite, but it also can
be detrimental and even fatal for the host, as in the case of T. gondii intestinal ileitis
(Mennechet et al. 2004). The invasion of host cells by 7. gondii triggers a potent
immune response that eliminates most parasites during the acute phase of infection.
However, some tachyzoites can evade this response, convert to bradyzoites (the low
replicative form of the parasite), and encyst in non-replicative cells for the lifespan
of the host, in the chronic phase of the infection. To achieve this delicate balance
between induction and suppression of the host immune responses, 7. gondii induces
modifications in the expression and secretion of immunomodulatory cytokines and
in the viability of immune cells, as well as mechanisms to abolish antimicrobial
effector mechanisms (Mufioz et al. 2011). In this sense, 7. gondii is able to sig-
nificantly decrease the responsiveness of host infected cells to IFN-y signaling by
blocking STAT1 transcriptional activity (Kim et al. 2007). A recent report has also
demonstrated that the secretion of ROP16 by the tachyzoite is associated with
prolonged phosphorylation of the transcription factors STAT3 and STATSG,
enhancing IL-4 and IL-6 production while down-regulating IL-12 production, thus
avoiding a strong inflammatory response and leading to an anti-inflammatory one,
which is less harmful for the parasite (Saeij et al. 2007). Moreover, T. gondii
enhances production of anti-inflammatory cytokines, including IL-10 and TGF-p,
which inhibit IFN-y production, impair macrophage activation and inhibit the
activity of natural killer cells (Mufioz et al. 2011).

Another cell signaling pathway modulated by 7. gondii is the transcription factor
NF-kB signaling pathway, critical in immune response and inflammation (Du et al.
2014). The role of T. gondii in regulating this transcription factor is controversial.
Some studies have demonstrated that invasion of cells by 7. gondii fail to activate
NF-xB signaling in macrophages and fibroblasts (Butcher et al. 2001; Shapira et al.
2005), enabling the parasite to invade cells without triggering pro-inflammatory
cytokine induction. On the other hand, other studies have demonstrated
that 7. gondii activates NF-xB in mouse embryonic fibroblasts (Molestina et al.
2003) and mouse spleen cells (Kim et al. 2006), finally leading to the up-regulation
of the expression of anti-apoptotic genes resulting in the enhanced survival of the
parasite. Although the mechanism of 7. gondii in regulating the NF-xB signaling
pathway needs further elucidation, parasite-specific molecules likely induce this
pathway as a means of disrupting host cell immune responses (Sibley 2011).
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3.3.3 Immune Response During the Chronic Phase of Infection

Tachyzoites that avoid the immune reaction during the acute phase of infection
reach immune privileged sites and convert into encysted bradyzoites, initiating the
chronic phase of the infection. The persistence of T. gondii in this phase depends on
immune control, since it has been shown that, in immunocompromised individuals,
reactivation of the infection may occur and result in life-threatening toxoplasmic
encephalitis (Israelski and Remington 1993). However, the mechanisms by which
the immune system maintains a latent 7. gondii infection are not completely
understood. Resistance during chronic toxoplasmosis involves at least secretion of
IFN-y (Suzuki et al. 1989) and TNF-a (Gazzinelli et al. 1993), and the interaction
between CD40 and CD40L (Reichmann et al. 2000).

4 Comparison of Plant-Made Vaccine Candidates
with Current and Alternative Treatments
for Toxoplasmosis

4.1 Current Treatments for Toxoplasmosis

Despite the economic losses associated with 7. gondii infection in farm animals and
socio-economic impact caused by this zoonotic disease in the human population,
treatment is not able to eliminate the parasite from the host once the chronic
infection has been established (Innes 2010). An ideal drug for prophylaxis and/or
treatment of toxoplasmosis should show effective penetration and concentration in
the placenta, transplacental passage, parasiticidal properties against the different
parasitic stages, penetration into cysts, and distribution in the main sites of infec-
tion. Unfortunately, so far, no available drug fulfills these criteria (Derouin and
Santillana-Hayat 2000; Montoya and Liesenfeld 2004). Even if a drug with these
characteristics were available, it could hardly be used in animals since there is a risk
related to the increment of drug resistance and to drug residues entering in the food
chain (Hiszczynska-Sawicka et al. 2014). In addition, a drug-based treatment would
not be as well-suited to control toxoplasmosis in farm animals, since the main goal
of toxoplasmosis prevention in livestock is related to the control of abortions and to
prevent the transmission of the parasite to humans through the consumption of
meat. In this sense, it is the development of a prophylactic treatment based on
vaccination seems to be the most effective method to avoid the spread of the disease
in livestock.

The current anti-7. gondii chemotherapy for humans is based on the prophylactic
administration of pyrimethamine and sulfadiazine (Montazeri et al. 2017).
However, it is a deficient treatment since it is not well-tolerated by immunocom-
promised patients (Rodriguez and Szajnman 2012). In addition, the use of these
drugs has several side effects, including renal calculi (McGettigan et al. 2012),



102 V. Sander et al.

neutropenia, severe drop of platelet count, thrombocytopenia, leukopenia, increase
in serum creatinine and serum liver enzymes, hematological abnormalities, and
hypersensitivity reactions (Montazeri et al. 2017). In congenital toxoplasmosis,
spiramycine, a macrolide that has not been shown to be teratogenic, is used to treat
infection. However, prenatal spiromycine treatment is still controversial (Kieffer
and Wallon 2013), since multicenter studies conducted in Europe have shown
conflicting results. Some studies have shown that prenatal administration of spir-
omycine decreases the severe neurological sequelae of congenital toxoplasmosis,
whereas other studies have shown that prenatal treatment is not able to prevent fetal
transmission (Gilbert and Gras 2003; Gras et al. 2005; Fricker-Hidalgo et al. 2013).

Many of the current treatment regimens are based on case series and case studies
and there are no large-scale trials on drugs used to treat toxoplasmosis. Thus, there
is a need to evaluate the available evidence with regard to the efficacy and safety of
the drugs used to treat symptomatic toxoplasmosis in immunocompetent and
immunocompromised hosts, pregnant women, and patients with ocular toxoplas-
mosis (Rajapakse et al. 2007).

In recent years, a highly valuable goal for global toxoplasmosis control is the
development of well-tolerated and safe specific immunoprophylaxis against the
disease (Lim and Othman 2014). Immunotherapeutic strategies to improve toxo-
plasmosis control could be a vaccine able to induce either strong protective
immunity or passive immunization in cases of disease recrudescence. So far, the
only commercial vaccine is the S48 strain of attenuated tachyzoites (Toxovax®,
MSD Animal Health, Summit, NJ, USA) for use in sheep (Buxton et al. 1991).
Toxovax vaccine is used in the UK, New Zealand, France, and Ireland (Garcia et al.
2014). Vaccination of sheep with this vaccine allows a reduction of abortions and
neonatal mortality, and improves the birth weight of lambs (Buxton et al. 1991).
However, this vaccine causes side effects, has a short life time, induces a short-term
immunity, and has a high cost of production because it depends on the growth of
the parasite in mammalian cell cultures. Moreover, there are some concerns about
its safety because this type of attenuated live vaccines carries the risk of reverting to
a pathogenic strain and can infect humans (Garcia et al. 2014).

4.2 Plant-Made T. gondii Vaccine Candidates: Rationale,
Efficacy and Yield

Despite the potential of vaccine antigens expressed in plant systems, the possibility
of using this strategy for the expression of parasite antigens has aroused greater
interest in recent years (Matsumoto et al. 2009; Clemente and Corigliano 2012;
Sathish et al. 2012; Jacob et al. 2013; Hernandez et al. 2014; Ganapathy et al. 2014;
Monreal-Escalante et al. 2016; Kesik-Brodacka et al. 2017; Wilbers et al. 2017).
Antigens of Plasmodium sp. (Clemente and Corigliano 2012), Entamoeba
histolytica (Chebolu and Daniel 2007) and T. gondii (Clemente 2014) were the
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pioneer examples of parasitic antigens expressed in plants. Although the results
obtained are highly promising, 7. gondii antigen expression in plants is just
beginning and only a few 7. gondii antigens have been successfully expressed.

4.2.1 Dense Granule Protein 4 (GRA4) of T. gondii

The dense granule protein 4 (GRA4) of T. gondii belongs to the family of proteins
secreted into the lumen of the parasitophorous vacuole by the tachyzoite (Labruyeére
et al. 1999). GRA4 is involved in the parasite-host interaction, which is associated
with a intravacuolar network that participates in the transport of nutrients and
proteins into the parasitophorous vacuole (Labruyeére et al. 1999).

GRAA4 is considered a highly feasible candidate for vaccine development against
toxoplasmosis, since recombinant GRA4 protein produced in bacteria or
GRA4 DNA vaccines have been shown to induce both a humoral and a cellular
response during 7. gondii oral infection (Desolme et al. 2000; Martin et al. 2004;
Mévélec et al. 2005; Chen et al. 2009; Sanchez et al. 2011). In fact, results of mouse
immunizations with the recombinant protein or its gene have shown that both are
able to confer protection against Toxoplasma infection (Mévélec et al. 1998;
Desolme et al. 2000; Martin et al. 2004, Mévélec et al. 2005). In addition, Mévélec
et al. found that oral immunization of mice with truncated soluble forms of
recombinant GRA4 in association with cholera toxin induces a significant Th2-like
mucosal response and partial resistance to oral infection with 7. gondii (Mévélec
et al. 1998) and that the recombinant GRA4 protein is able to induce a specific Th1l
humoral and cellular immune response in a murine model (Mévélec et al. 2005).

Considering that the portal of entry of T. gondii is the mucosa, the stimulation of
an efficient local response of mucosal membranes as well as that of a systemic
response constitute a priority which could be achieved by the administration of an
oral/nasal vaccine. Therefore, GRA4 is an interesting protein to express in plants for
the production of eukaryotic immunoprophylactic antigens and for the assessment
of its effectiveness in oral vaccines against intracellular pathogens.

The region of GRA4 that contains the B-cell and T-cell epitopes (Grad¢3.345)
(Mévélec et al. 1998) displays antigenic properties (Nigro et al. 2003; Altcheh et al.
2006) and confers immune protection against toxoplasmosis in mice (Martin et al.
2004). Thus, this region has been chosen for expression in tobacco plants. Ferraro
et al. (2008) transiently expressed GRA443345 in tobacco leaves using both a
Potato Virus X (PVX)-based amplicon and an apoplast-targeting system, and found
that the targeting to the secretory pathway increased the production of GRA4
(0.01% vs. 0.001% of total soluble proteins using PVX amplicon system). Although
yields were not very high, GRA4 43345 successfully accumulated into the
apoplastic space. They also found that extracellular targeting allowed the recovery
of recombinant products from apoplastic washing fluids (in the case of leaf infil-
tration systems) or from the nutrient medium (in the case of hydroponically culti-
vated transgenic plants), thus simplifying the extraction of fractions enriched in the
recombinant protein. In addition, the authors showed that plant-derived GRA4 was
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immune reactive with seropositive human sera (Ferraro et al. 2008). Later, Del L
Yacono et al. (2012) analyzed the expression of GRA4,63.345 by chloroplast
transformation (chIGRA4) in tobacco plants, and found that this transformation
allowed a significant 30-fold increase in GRA4 protein accumulation in the plant. In
the work by Ferraro et al., the yields of GRA4 in tobacco infiltrated leaves were
around 0.2 pg/g of fresh weight (Ferraro et al. 2008), whereas in the work by Del L
Yécono et al., the chIGRA4 expression levels in transplastomic plants were up to
6 pg/g of fresh weight (or 0.2% of total proteins) (Del L Yacono et al. 2012). These
results support the idea that the chloroplast would be the best compartment to
express this protein. In addition, oral immunization with the chloroplast-derived
GRAA4 resulted in a decrease of 59% in the brain cyst load of mice and elicited both
a mucosal and systemic immune response characterized by the production of
specific IgA and IgG, and secretion of IFN-vy, IL-4 and IL-10. The authors sug-
gested that the antigen expressed in the chloroplasts would have been recognized by
the antigen-presenting cells and presented in the gut-associated lymphoid tissues,
resulting in the activation of T helper cells that would trigger a partial protection
against Toxoplasma infection (Del L Yécono et al. 2012). This protection correlates
with a mucosal and systemic balanced Th1/Th2 response.

4.2.2 Main Surface Antigen 1 (SAG1) of T. gondii

The proteins present on the surface of the tachyzoite, called surface antigens
(SAGs), are the ligands through which the tachyzoite recognizes and adheres to the
host cells (Pollard et al. 2008). Since cellular invasion is essential for the survival
and spread of the parasite, the proteins involved in this process have been the
principal target of the study for vaccine development against 7. gondii (Jongert
et al. 2009).

SAGI1 is well conserved at the immunological and amino acid sequence levels,
making it an attractive antigen for immunoprophylaxis of toxoplasmosis (Wang and
Yin 2014). SAGI is able to stimulate IFN-y production by T cells in seropositive
individuals through the action of CDS8 + T cells that have cytotoxic activity (Khan
et al. 1988). In addition, several studies have identified B- and T-epitopes in the
SAGI coding sequence, which would be recognized by the immune system after
the infection. These epitopes would be able to induce a humoral and/or cellular
immune response and, specifically, stimulate cytotoxic T lymphocytes cells
(Siachoque et al. 2006; Cardona et al. 2009; Wang et al. 2013). In this context,
numerous studies have established the potential of SAGI as a candidate to produce
an anti-T. gondii vaccine (Wang and Yin 2014). Previous attempts to express SAG1
using various classical heterologous expression systems have been impaired by the
low expression levels or poor antigenicity due to misfolding or an excessive gly-
cosylation of the recombinant SAGI1 protein (Burg et al. 1988; Makioka and
Kobayashi 1991; Harning et al. 1996; Nigro et al. 2003). Thus, SAG1 was a good
candidate to optimize an antigen production strategy using an alternative protein
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expression system such as plant-based protein production. SAG1 was the first
antigen of 7. gondii expressed in plants (Clemente et al. 2005).

The transient transformation of SAG1 was evaluated using a vacuum infiltration
system via recombinant Agrobacterium in tobacco plants (Clemente et al. 2005). In
that study, this expression system was used to test the performance of three different
constructs carrying the SAG/ gene (Clemente et al. 2005). Two of the constructs
were based on a PVX amplicon, whereas in the third construct, the SAGI gene was
fused to an apoplastic peptide signal under the CaMV 35S promoter. The expres-
sion levels of SAGI1 in infiltrated leaves ranged from 0.06 to 0.1% of TSP
(~6-10 pg/g of fresh weight). Contrary to the results for GRA4, the infiltrated
leaves with the version of SAGI targeting to the apoplast space showed the lowest
expression levels (Clemente et al. 2005). Thus, the better replication capacity of the
amplicons could explain the higher SAG1 levels compared with the construct that
targeted SAGI1 to the apoplast.

Later, Laguia-Becher et al. (2010) designed and synthesized a plant-codon-
optimized version of SAGI, and transiently expressed it in tobacco leaves. Both
plant-optimized SAGI and native SAG1 genes were fused to the apoplast or endo-
plasmic reticulum peptide signals for stable protein accumulation (Laguia-Becher
et al. 2010). Surprisingly, the authors observed that leaves agroinfiltrated with an
unmodified SAG1 gene accumulated 5- to 10-fold more than leaves agroinfiltrated
with a codon-optimized SAGI1 gene, although transcript accumulation was similar.
The expression level of the unmodified SAG1 was 1.3 pg/g of fresh weight, while that
of the codon-optimized SAG1 was 0.4 png/g of fresh weight. In addition, the endo-
plasmic reticulum localization allowed the accumulation of higher levels of unmod-
ified SAG1 compared to localization in the apoplast (1.3 pg vs. 0.7 ng/g of fresh
weight, respectively). The authors suggested that the endoplasmic reticulum provided
a relatively protective environment, which resulted in an increase in protein stability
and an enhanced level of protein accumulation (Laguia-Becher et al. 2010).

Finally, Albarracin et al. (2015) expressed SAGI in transplastomic tobacco
plants. In addition, to improve expression in transplastomic plants, these authors
expressed the 90-kDa heat shock protein (HSP) of Leishmania infantum (LiHsp83)
as a carrier for the SAGI1 antigen. Fusion of SAGI to LiHsp83 significantly
increased the level of SAG1 accumulation in tobacco chloroplasts (by up to
500-fold). The authors showed that LiHsp83-SAG1 protein accumulation did not
decrease significantly as the plant aged, yielding up to approximately 100 pg/g of
fresh weight. These authors proposed that LiHsp83 is a promising candidate to
function as a carrier protein for the expression of vaccine antigens in plants.

Studies on the immunogenicity of the plant-made SAG1 have shown that, when
this antigen is expressed in plants, it is able to elicit an immune response by
subcutaneous (s.c.) or oral vaccination in a murine model (Clemente et al. 2005;
Laguia-Becher et al. 2010; Albarracin et al. 2015). These findings provide a
rationale for the development of a plant-made oral vaccine against toxoplasmosis.
Our group was the first to demonstrate the immunogenic properties of SAGI
(Clemente et al. 2005). We found that s.c. immunization with SAG1-infiltrated leaf
extracts emulsified with Freund’s incomplete adjuvant induced a significant
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increase in the systemic-specific antibodies and a reduction of number of cysts
(55%) against T. gondii (Clemente et al. 2005). Then, Laguia-Becher et al. (2010)
demonstrated that plant-made SAGI is able to induce a reduction in the brain cyst
burden (30%) when delivered s.c. or orally without any adjuvant. In addition,
Laguia-Becher et al. (2010) showed that this protection is associated with the
secretion of significant levels of IFN-y and that the protection can be increased with
a significant reduction in the parasite load (54%) when mice were intradermally
boosted with rfSAGI1 (SAGI + boost). Similarly, in an oral immunization assay,
these authors demonstrated that the SAG1 + boost group showed a significantly
lower brain cyst burden (50%) than the rest of the groups. More recently,
Albarracin et al. (2015) found that oral immunization of mice using SAG1 fused to
LiHsp83 elicited an effective immunity against Toxoplasma infection, suggesting
that the LiHsp83-SAGI fusion protein retains the structural integrity to elicit
immunological responses in mice.

4.3 Plant-Derived Vaccines as an Alternative Treatment

Several factors, including the economic losses associated with 7. gondii infection in
farm animals, the risk of transmission of the parasite to animals and humans, the
unsatisfactory chemotherapy associated with increasing drug resistance, and the
drug residues entering the food chain, justify the current attempts to develop an
effective prophylactic 7. gondii vaccine for both humans and animals. For all these
reasons and since a vaccine against 7. gondii is considered the most efficient
method to prevent this infection, in the last few years, much progress has been
made in research on DNA vaccination, protein vaccination, live attenuated vacci-
nation and heterologous vaccination. New vaccine candidates, including SAGs and
secretory antigens (ROP, MIC, and GRA organelles), have been tested either
individually or as multi-antigen vaccines and novel adjuvants. However,
researchers have not been able to find a proper vaccine for prevention of toxo-
plasmosis in animals and/or humans (Zhang et al. 2013, 2015; Montazeri et al.
2017). One possible explanation for this is that most studies have used single or
only a few antigen candidate vaccines eliciting only partial protective immunity
against 7. gondii and never allowed a complete protection against tissue cysts
(Zhang et al. 2013). This could be due to the low number of T lymphocytes epitope
generated after administrating vaccines with a single antigen. In this way, experi-
mental vaccines should include many antigens (Jongert et al. 2009; Hiszczynska-
Sawicka et al. 2014).

Our laboratory is mainly focused on studying the potential of plant-produced
T. gondii antigens as a mucosal vaccine. SAG1 and GRA4 are considered the
antigens with the greatest potential to be incorporated in a multicomponent vaccine
against T. gondii (Lim and Othman 2014). Therefore, the achievement of efficiently
expressing these antigens in plants is a success per se. In this sense, GRA4 and
SAGI antigens have been correctly expressed in tobacco using various strategies
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(Ferraro et al. 2008; Del L Yacono et al. 2012; Clemente et al. 2005; Laguia-Becher
et al. 2010; Albarracin et al. 2015). When transiently expressed in tobacco leaved
via agroinfiltration, yields of GRA4 were around 0.2 pg/g of fresh weight (Ferraro
et al. 2008), while GRA4 expression levels in transplastomic plants were up to
6 pg/g of fresh weight (Del L Yacono et al. 2012). Therefore, the best yields were
obtained by plastid transformation (Del L Yécono et al. 2012). Similarly, yields of
SAGTI from transient expression via agroinfiltration were approximately 1.3 pg/g of
fresh weight (Laguia-Becher et al. 2010), while SAG1 accumulated in transplas-
tomic plants at around 0.2 pg/g of fresh weight (Albarracin et al. 2015). However,
the best attained yields for SAG1 protein were achieved when it was fused to the
carrier/adjuvant LiHsp83 chaperone and this fusion protein was expressed in
chloroplasts (100 pg/g of fresh weight) (Albarracin et al. 2015). This result suggests
that the fusion of the protein of interest to chaperones like Hsp90 could be
implemented as a new strategy. Since plants are considered a new platform to
produce drugs and vaccines, the ability of HSPs to chaperone peptides could
provide stability to the recombinant protein, increasing the production yields and
providing added value to plant-based platforms.

However, the protection achieved can be also improved expressing various
antigens in the same plant tissue. This can be accomplished through transient
expression by vacuum agroinfiltration, which has been demonstrated to be a ver-
satile system that allows the simultaneous expression of several recombinant pro-
teins. The main advantage of the transient expression plant platform is that
antigen-encoding genes can be cloned in different constructs and then later intro-
duced in leaves by a single event of agroinfiltration. However, the expression levels
of different antigens are very dissimilar and this generates variability in the antigens
ratios. An alternative is to produce each antigen in a separate plant and then
combine this material to reach the required dose. In this case, different expression
systems such as nuclear and/or chloroplast transformation could be used. These
strategies allow several antigens of 7. gondii to be simultaneously accumulated
within the same delivery system and to obtain a multicomponent vaccine that
addresses one of the main challenges for the production of a vaccine against tox-
oplasmosis. In the future, new strategies of immunization should be implemented to
improve the degree of protection. The combination of GRA4-SAG1 mixed plant
material, as well as the incorporation of new antigens and/or the use of heterologous
vaccination protocols like intradermal or intranasal boost, could contribute to
achieving a higher level of protection against Toxoplasma infection.

A remarkable feature of T. gondii is that the main route of host infection is oral.
The main form of infection in herbivores is with oocysts and the route of infection
in pigs and humans is through tissue cysts. So, local immunity in the gut via
lymphocytes (mainly intraepithelial lymphocytes with CD8+ activity) and IgA is of
fundamental importance in host resistance to the parasite (Bourguin et al. 1993).
A potential strategy to resolve this problem would be the implementation of plant
tissue as a vehicle for vaccine antigens (Fig. 3). The production of plant-derived
vaccines has been widely assessed in the last 20 years, with several antigens from
human and animal pathogens being correctly expressed and shown to produce a
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Fig. 3 Hypothetical mechanism to explain the immune response triggered by antigens of
T. gondii expressed in plants in oral administration. Plant molecules with adjuvant properties or
Hsp90 (90-kDa Heat shock protein) as a carrier enhance the antigenicity of the co-administered
soluble antigen. Plant molecules and/or Hsp90 proteins as carriers/adjuvants facilitate the delivery
of encapsulated antigens and can promote interactions with immune-responsive cells at mucosal
surfaces through epithelial surface receptors (ESR), M cells with a subsequent processing by
dendritic cells (DCs) and/or a direct uptake by DCs through dendrites that cross the epithelium.
Plant-based vaccines carrying 7. gondii antigens stimulate local immune responses, inducing the
production of IgAs, IL-4, IL-10 and IFN-y and the systemic immune responses by the stimulation
of production of IgGs and IL-4, IL-10 and IFN-y

specific humoral response, and in some cases, a protective response against
infection in murine models (Kong et al. 2001; Clemente et al. 2005; Gémez et al.
2008; Santi et al. 2008; Kostrzak et al. 2009; Zhang et al. 2010; Laguia-Becher
et al. 2010; Gonzalez-Rabade et al. 2011). One of the main advantages of plants is
that their tissues provide a natural environment for antigen encapsulation, which
protects the antigen from degradation (Limaye et al. 2006; Hayden et al. 2012). In
this way, when the plant tissue is digested, a sufficient quantity of antigen can be
captured from the mucous membranes and stimulate an immune response
(Berinstein et al. 2005; Kapusta et al. 2010). For this reason, plants are an ideal
vehicle for oral vaccine administration.

Oral immunization with chIGRA4 showed that this antigen can elicit an immune
protective response, like chlLiHsp83-SAG1, when administrated without any
exogenous adjuvant supplement. Oral immunization with 7. gondii GRA4 antigen
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expressed in transplastomic tobacco elicits both mucosal and systemic immune
responses (Del L Yacono et al. 2012). Several publications have suggested that
plant tissues provide protection and prevent degradation of the antigen when it
passes through the gut (Yusibov and Rabindran 2008; Paul and Ma 2010; Hayden
et al. 2012). These data imply that orally delivered plant-made antigens can be
processed to elicit systemic humoral and cellular responses. Evidently, additional
adjuvants present in the plant material could contribute to the modulation of the
immune response (Fig. 3). In fact, plant secondary metabolites including lectins,
saponins, alkaloids, phenolic compounds, and flavonoids are beginning to be
exploited as a source for adjuvant capacity (Granell et al. 2010; Vajdy 2011;
Rosales-Mendoza and Salazar-Gonzalez 2014). It has been demonstrated that some
phytochemicals and proteins present in plants could synergistically affect the
immunogenicity of plant-expressed antigens, acting as endogenous adjuvants
(Licciardi and Underwood 2011; Buriani et al. 2011; Corigliano et al. 2011). In this
context, plants are an ideal vehicle for oral vaccine administration and should
continue to be explored for the development of an anti-7. gondii vaccine.

Another important challenge for the development of a successful vaccine against
T. gondii infection is to find appropriate adjuvants that would facilitate the transport
of the antigen from the gut lumen to gut-associated lymphoid tissues. In this
context, the use of adjuvants for improving or enhancing the immune response
induced by the antigen cocktail expressed in plants should be also explored. In
plants, adjuvants and antigens could be expressed in the same plant as recombinant
fusion proteins (Fig. 3). Thus, adjuvants could be either co-delivered with the
antigen or incorporated to the delivery system with the antigen. In the 7. gondii
model, the most promising results were attained using LiHsp83-SAG1 in oral
immunization since LiHSP83-SAGIl-immunized mice showed a significant
decrease of parasite load (60%) compared to the control group (Albarracin et al.
2015). These results suggest that oral immunization with leaf extract-expressed
antigen could be improved by using efficient adjuvants (such as Hsp90) to enhance
immunogenicity. Interestingly, Corigliano et al. (2013) demonstrated that the
covalent linkage of plant Hsp90 (pHsp90) fused to maltose binding protein
(MBP) as a reporter antigen is essential to induce anti-MBP antibodies, causing
predominance of specific IgG2a isotype and IFN-y secretion. In this context, these
pHsp90 s were fused to antigenic proteins or peptides to assess their
immunomodulatory properties in adjuvant-free immunizations. In addition, Buriani
et al. (2012) showed that plant Hsp70 purified from plant tissue transiently
expressing the influenza virus nucleoprotein is able to induce both the activation of
major histocompatibility complex class I restricted polyclonal T-cell responses and
antibody production in different mouse strains without the need of exogenous
adjuvants addition. All these results suggest that HSPs could be used as novel
carriers for vaccine antigen candidates to improve the immunogenicity property of
the plants as delivery vehicles of such antigens (Fig. 3).

The choice of adjuvants for co-expression with antigens in plants depends upon
the proved efficacy of the specific adjuvant with a selected antigen. In this way, the
expression of adjuvant—antigen as a fusion protein would help to improve the
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formulations based on plant-made vaccines. The benefit of using a plant system for
antigen and adjuvant production is that plants are able to express, process and
assemble complex proteins, favoring the formation of recombinant immunogenic
complexes inside the plant, which could be subsequently purified or partially
purified to then be orally or nasally administered. In addition, adjuvants and anti-
gens can be co-produced directly in edible plants. The main advantage of edible
plant-based vaccines is that they are highly safe and cost-effective. Several
researchers have demonstrated the potential of edible vegetables and fruits as
vaccines against cholera, measles, hepatitis-B, Norwalk virus and rabies virus
(Ahmad et al. 2012; Mason and Herbst-Kralovetz 2012). In particular, some
plant-based vaccines developed in edible crops have been tested in Phase I clinical
trials against diarrheal disease, hepatitis B, and against rabies (Yusibov et al. 2011).
Therefore, recombinant immunogenic complexes or adjuvant-protein fusion pro-
teins expressed in edible tissues or seeds could be directly administered by oral
delivery as lyophilized tissue or as seed bioencapsulations, thus reducing delivery
costs. While expression of T. gondii antigens in edible plants has not yet been
explored, oral immunization would be the perfect way to obtain the appropriate
immunity against this pathogen and an edible vaccine should therefore be pursued
in the future.

5 Pathway to Commercialization

Vaccination against bacterial and viral diseases is widespread, routine, and suc-
cessful, but only a few vaccines for veterinary protozoan diseases have been
developed successfully (Garcia et al. 2014). Development of an effective acellular
vaccine against toxoplasmosis is a great challenge for medical and veterinary sci-
ence. One point in favor of using vaccination as a method of toxoplasmosis control
is that after the primary infection with 7. gondii, the host develops an effective
protective immunity against the disease (Innes and Vermeulen 2006). Much pro-
gress has been made in the understanding of how to induce and regulate protective
immune responses, encouraging a real optimism in developing cost-effective new
vaccines that may be suitable for large-scale production.

The target antigens chosen for the development of an effective vaccine formu-
lation should: (1) limit acute infection and protect against congenital toxoplasmosis;
(2) reduce tissue cysts; and (3) reduce oocyst shedding in cats to avoid environ-
mental contamination (Innes and Vermeulen 2006; Hiszczynska-Sawicka et al.
2014). As a main goal of anti-T. gondii vaccination in animals is to reduce infection
in humans, a successful vaccine is needed for both consumption animals and cats.
A vaccine for farm animals should prevent parasite transmission to other animals
and humans, while a vaccine for cats should prevent environmental contamination
and infection risk for intermediate hosts. Generally, vaccine studies have shown
that multi-antigenic formulations confer better protection than single-subunit vac-
cines. Several antigens have been shown to efficiently stimulate an effective
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response, which could be included in a multi-component vaccine. SAG1, GRA2,
GRA4, GRA7, ROP2, ROPS, MIC2, MIC3, MIC4, M2AP and AMAL are strong
candidates to develop an effective acellular vaccine that prevents oocyst shedding
by cats and tissue cyst formation in food animals, which combined would have
great impact on environmental contamination and consequently on public health
(Zhang et al. 2013). However, so far no acellular vaccine against toxoplasmosis has
been commercialized, and an effective vaccine to prevent toxoplasmosis remains to
be developed. Most parasitologists and vaccinologists agree that future efforts
should be concentrated on developing multi-antigen vaccines, developing more
efficient delivery systems able to express heterologous proteins abundantly, and
determining appropriate immunization schedules and adjuvants to enhance the
protective responses. To this end, the platforms for the production of acellular
vaccines based on the use of plants can have an important role.
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Abstract Despite the availability of two veterinary vaccines against West Nile
virus (WNV), there remains a desperate need for a more efficient, safer, cheaper
WNYV vaccine that can be delivered conveniently to animals. The global threat of
WNV epidemics with increasingly severe neuroinvasive infections makes this need
even more urgent. To date, vaccine candidates based on inactivated, live-attenuated,
or chimeric virus, and viral DNA and protein subunits have been developed.
However, commercialization of a WNV veterinary vaccine may largely depend on
the economics of vaccine production, as only novel low-cost production platforms
would produce vaccines that outcompete the cost of clinical treatment for animals.
In this chapter, we review the progress of using plants to develop effective WNV
vaccines and address the economic challenges of WNV vaccine production. The
status of current WNV vaccine development is summarized. The advantages of
plant-based platforms for WNV vaccine production in cost, speed and scalability
are briefly discussed. The progress in developing WNV subunit vaccines in plants is
reviewed within the context of their expression, characterization, downstream
processing, and potency in animal models. The development of WNV vaccines
based on virus-like particles is also highlighted. We are confident that plants are one
of the platforms that offer potent, safe and affordable veterinary vaccines against
WNV.
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1 Introduction

West Nile virus (WNV) is a single-stranded RNA virus that belong to the genus
Flavivirus of the family Flaviviridae. This genus includes many arthropod-borne
pathogens such as yellow fever virus (YFV), Japanese encephalitis virus (JEV),
Dengue virus (DENV1-4) tick-borne encephalitis virus (TBEV), and Zika virus
(ZIKV). In nature, WNYV is mostly maintained in sylvatic cycles between birds and
ornithophilic arthropods, i.e. mosquitos and occasionally ticks. Although not all
bird species develop illness from WNV infection, high mortality rate has been
observed in some species (Komar et al. 2003). WNV can easily spread to humans
and domestic mammals, especially horses. Epidemics of WNV fever were first
reported in the 1950s in Israel (Zeller and Schuffenecker 2004). Since then, WNV
outbreaks both in humans and horses have occurred in Africa, Europe and even-
tually North America in 1999 (Zeller and Schuffenecker 2004). WNV has become
an important health concern for both humans and horses, including pet horses,
because of the increased frequency of outbreaks and increased neurological disease
cases (Castillo-Olivares and Wood 2004).

Due to its global health impact, WNV infection has been under intensified
surveillance in humans, horses, birds and mosquitos since the 1990s. This has led to
the identification of many WNV strains. WNV strains can be classified in up to
seven different genetic lineages based on phylogenetic analysis (Rizzoli et al.
2015). Among all the known WNV strains, Lineage 1 is the most popularly spread
lineage which was responsible for the outbreak in New York in 1999 (Rizzoli et al.
2015). Lineage 1 can be further divided into three sublineages: la, 1b and lc.
WNV-1a has been found in Africa, Europe, North America and Asia. WNV-1b
contains Kunjin virus strains identified in Australia and WNV-1c was only found in
India (Rizzoli et al. 2015). Lineage 2 is considered the oldest WNV strain and the
second most widely spread (Rizzoli et al. 2015). Lineage 3, also known as
Rabensburg virus, was isolated from mosquitos found in Czech Republic in 1997
(Rizzoli et al. 2015). Lineage 4 includes three sublineages with 4a first isolated
from ticks then in mosquitos and frogs in Russia while 4b and 4c were detected in
mosquitos from Spain and Australia, respectively. Kunjin virus KUN MP502-66
isolated from Malaysia, Koutango virus and a putative new lineage of WNV iso-
lated from Senegal in Africa were classified as Lineage 5, 6 and 7 (Rizzoli et al.
2015). Most circulating WNV strains belong to either lineage 1 or 2 and are
associated with outbreaks among humans and horses, while other lineages have
been identified, so far, mainly in mosquitos and birds (Rizzoli et al. 2015).

In humans, most of the WNV infections are asymptomatic, but 15-20% of the
cases reported mild symptoms including fever, nausea, headache and vomiting and,
in less than 1% cases, it leads to neuroinvasive diseases, even death (Zeller and
Schuffenecker 2004). In horses, various clinical signs have been reported for WNV
encephalomyelitis that includes fever, ataxia, partial paralysis, recumbency, and
behavioral changes. Compared to humans, the incidence of WNV infection in
horses is much higher and the disease is more severe with almost one third of
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infections resulting in fatality and 40% of the surviving horses have neurological
sequelae (Aharonson-Raz et al. 2014). Unlike in humans, the severity of neuro-
logical diseases in horses is not associated with aging (Castillo-Olivares and Wood
2004).

WNV has an 11 kb single-stranded RNA genome that encodes three structural
proteins: Capsid protein (C), Pre-membrane/membrane protein (prM/M) and
envelope protein (E), as well as seven non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5). The functions of the non-structural proteins are not
yet fully determined, but they are known to be involved in WNV RNA replication,
translation, and the assembly of viral replication complexes in infected cells
(Brinton 2013). In addition to its role for viral RNA replication and packaging, the
WNV Capsid protein was found to interact with multiple host cell proteins (Yang
et al. 2002; van Marle et al. 2007; Medigeshi et al. 2009; Brinton 2013) that
determines virulence and plays an important role in pathogenesis. The prM and E
protein are the two main immunogens and they form heterodimers in immature viral
particles (Xu et al. 2011) while the prM acts as chaperone for the maturation of E
protein. Cleavage of the pr peptide from PrM by the cellular protease furin and the
resulting conformational change of E protein yields mature virions. Co-expression
of the prM and E proteins in vitro has been shown to generate noninfectious virus
like particles (VLPs) that have been tested as WNV vaccine candidates (Ohtaki
et al. 2010). The E protein is the major surface component of the mature WNV viral
particle and it is responsible for receptor binding and viral entry into host cells
through membrane fusion. Similar to DENV and TBEV, the WNV E protein
consists of three distinct domains DI, DII and DIII (Kanai et al. 2006). The DI
contains a [ barrel core structure and connects the DII and DIIIL. DII is built mostly
of B strands and contains the well-conserved fusion loop among flaviviruses. DIII
has an Ig-like structure and contains the putative receptor binding sites and epitopes
for WNV-specific neutralizing antibodies (Kanai et al. 2006). There is no definitive
conclusion on which WNV E domain(s) displays the most diversity across WNV
strains, while it is clear that DIII is the most diverse domain among the E protein of
different flaviviruses.

2 Current Development of WNV Vaccines

Currently, there is no effective therapeutic for WNV related diseases; all treatments
for both humans and horses are supportive, which include providing fluid, nutri-
tional care and reducing inflammation in neurological diseases (Castillo-Olivares
and Wood 2004). Several vaccine candidates are under clinical investigations, but
no WNYV vaccine has been yet approved for human use (Table 1). For veterinary
applications, vaccines currently available are poorly immunogenic, unsafe, or not
economical to produce (Table 1). Therefore, development of effective, safe, and
cost-effective vaccines is urgently needed for preventing WNV infection and
controlling its outbreaks in human or horse populations.
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Table 1 Current WNV veterinary vaccines and vaccines under clinical trials

Vaccine name and sponsor | Vaccine type | Antigen Development References
stage
West Nile innovator (Pfizer) | Inactivated Formalin Licensed for Ng et al.
whole virus inactivated veterinary use (2003)
vaccine WNV-NY99
Recombitek (Merial) Chimeric/ Canarypox Licensed for Minke et al.
recombinant | expressing veterinary use (2004)
vaccine PrM/E
Prevenile (Intervet) Chimeric/ YF17D Licensed for Arroyo et al.
recombinant | backbone veterinary use (2004)
vaccine expressing in 2005 then
PrM/E recalled in 2010
West Nile innovator DNA DNA vaccine | DNA Licensed for Martin et al.
(Pfizer) plasmid veterinary use (2007)
encodes in 2005,
PrM/E discontinued
ChimeriVax-WNO02 Chimeric/ YF17D Phase II trial Monath et al.
recombinant backbone (20006),
vaccine expressing Dayan et al.
PrM/E (2013)
rWN/DEN4A30 Chimeric/ DV4 Phase I trial Durbin et al.
recombinant | expressing (2013)
vaccine PrM/E
VRC-WNVDNAO17-00-VP | DNA vaccine | DNA Phase I trial Martin et al.
plasmid (2007),
encodes Ledgerwood
PrM/E et al. (2011)
WN-80E (Hawaii Biotech) | Recombinant | Truncated Phase I trial Coller et al.
subunit WNV E (2012)
vaccine protein

2.1 Inactivated Whole WNV Vaccines

Using an inactivated whole virus as a vaccine is well established and has been
continuously used for a variety of viral diseases. In fact, the first WNV vaccine was
based on a formalin-inactivated WNV-NY99 that was developed by Fort Dodge
Animal Health (commercialized by Pfizer) shortly after the 1999 outbreak in New
York (Ng et al. 2003). This inactivated whole virus vaccine induces protective
immunity against WNV infection in horses and other animal models (Ng et al.
2003). However, the requirement of handling highly pathogenic WNV strains in a
Biosafety Level 3 (BSL-3) environment in large-scale during the manufacturing
process is costly and labor intensive. Moreover, the risk of incomplete inactivation
of the live virus presents another public safety concern. Recently, a new WNV
vaccine candidate has been developed by inactivation of a naturally attenuated
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WNV Kunjin strain using hydrogen peroxide (Amanna et al. 2012). Compared to
formalin, inactivation with hydrogen peroxide minimizes the damage to WNV
antigenic structures. As a result, this vaccine candidate may have improved
immunogenicity over the first WNV vaccine, as well as a better safety profile due to
the attenuated nature of the Kunjun strain. Animal studies have shown that two
doses of this WNV vaccine candidate can protect mice and non-human primates
from WNV infection by inducing broadly neutralizing WNV specific antibody
responses (Pinto et al. 2013; Poore et al. 2017).

2.2 Chimeric/Recombinant Vaccines

Chimeric/recombinant vaccines are another important approach for WNV vaccine
development. These vaccines use a non-WNYV virus as the backbone and replace the
PrM/E coding sequences of the carrier virus with the corresponding WNV genes to
create chimeric viruses. Two such vaccines have been licensed for veterinary use
using the canarypox and YFV 17D as the backbone, respectively (Arroyo et al.
2004; Minke et al. 2004). Further mutations in the E protein were introduced to
reduce the potential side effect of neurovirulence in immunized subjects (Arroyo
et al. 2004; Monath et al. 2006). The YFV-based vaccine (ChimeriVax-WNO02) has
been evaluated in numerous pre-clinical studies and three clinical trials (Dayan et al.
2013). The potential safety risk is a major disadvantage of these chimeric vaccines.
Since they are attenuated live viruses, there is always a concern for their potential
reversion to virulent strains. In addition, new viruses could be generated as the
result of recombination between the chimeric virus and another flavivirus, raising
further safety concerns. A similar strategy was used to develop another live and
attenuated chimeric/recombinant vaccine for WNV using DENV4 backbone with
30 neucleotides deleted in the 3’ non-coding region (rWN/DEN4A30) (Durbin et al.
2013). This vaccine candidate is well tolerated and immunogenic. However, it can
replicate in a mosquito vector that carries wild-type WNV and DENV, which raises
safety concerns for its further development.

2.3 DNA Based WNV Vaccines

DNA based vaccine approaches can provide efficient and cost-effective vaccine
development using modern genetic technology. The first WNV DNA vaccine was
developed in 2001 with one single plasmid encoding the WNV prM/E region
(Davis et al. 2001). This DNA vaccine was shown to protect against WNV by
inducing neutralizing antibodies in both mice and horses. It was licensed by USDA
for preventing WNV infection in horses in 2005 (Martin et al. 2007), but later
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discontinued by Pfizer (Brandler and Tangy 2013). Subsequently, a similar DNA
plasmid vaccine and its updated version with a modified promoter were assessed in
phase I clinical trials (Martin et al. 2007; Ledgerwood et al. 2011). These studies
showed that these DNA-based vaccines were safe and somewhat immunogenic in
both young (18-50) and elder (50-65) human groups. However, this vaccine
candidate required three 4-mg doses via intramuscular injection to achieve
detectable immunogenicity, rendering it a suboptimal vaccine candidate due to its
poor immunogenicity. Another DNA vaccine for WNV used a plasmid vector to
direct in vivo transcription of the full length Kunjin viral RNA in mice (Hall et al.
2003). Attenuated Kunjin virus was detected in the sera of immunized mice after 3—
4 days. The vaccinated mice showed full protection against a lethal challenge of
virulent WNV strain NY99.

For most DNA vaccines, the biggest challenge is their low immunogenicity.
Over the years several approaches have been applied to improve the stimulation of
immune responses. One approach was to co-express the capsid protein from a
separate promoter along with a capsid-deleted DNA vaccine to allow the formation
of secreted single-round infectious particles (SRIPs) (Chang et al. 2008), thereby
mimicking the live virus infection to induce protective immune response but
without the usage of infectious virus. Other approaches include co-immunization of
an E protein DIII-based DNA vaccine with an optimized IL-15 plasmid to stimulate
antibody secreting B cells, which enhanced the overall immune response by four to
five folds (Ramanathan et al. 2009). While promising, these strategies use more
than one plasmid in their formulation, complicating the manufacturing process and
increasing the production cost. More recently, nanoparticles were used as carriers
for DNA vaccine delivery (De Filette et al. 2014); however, it failed to induce the
desired humoral immune response when applied alone. Furthermore, efforts have
been made to develop infectious yet safe WNV DNA vaccines by designing chi-
meric WNV W1806 DNA with mutations in the E protein to further attenuate its
virulence (Yamshchikov et al. 2017).

2.4 Recombinant Subunit Protein Vaccines

Recombinant subunit WNV proteins have been researched as vaccine candidates
against WNV infection since 2001. The WNV E protein was expressed in E. coli
and purified and used to immunize mice, which protected mice against a lethal
WNV infection (Wang et al. 2001). However, Flavivirus E or its subdomains
produced in E. coli are often recovered in insoluble inclusion bodies, requiring a
cumbersome and unscalable refolding process to obtain native antigenic structures
(Yang et al. 2017a). Later, a truncated form of the E protein was expressed in
Drosophila S2 cells to produce an antigen that resembled its native conformation
(Ledizet et al. 2005). Vaccination of mice with this truncated E protein, using
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aluminum hydroxide as an adjuvant, protected animals from a WNV lethal chal-
lenge. Similarly, another truncated WNV E protein without the C-terminal mem-
brane anchor (WN-80E) was also expressed in Drosophila S2 cells. When
co-delivered with adjuvants, this subunit vaccine candidate elicited both humoral
and cellular immune responses in mice and a nonhuman primate model (Lieberman
et al. 2007, 2009). WN-80E was eventually tested in a Phase I clinical trial for
safety and immunogenicity. Human subjects were vaccinated with three injections
of 5, 15 or 50 pg of WN-80E with adjuvant or 50 pg of WN-80E without adjuvant
(Coller et al. 2012). The vaccine was well tolerated and all subjects developed
neutralizing antibodies after the third injection with the PRNTS50 (plaque reduction
neutralization test) ranging from 1:10 to 1:100. These results indicate that insect
cells provide an improved production platform for producing soluble antigens. Like
all cell culture-based systems, however, it has limitations in high production cost
and scalability (Chen 2011a, b).

VLPs are another group of vaccine candidates in the recombinant subunit protein
vaccine category. VLPs containing the WNV prM and E protein were first produced
in the baculovirus expression system and elicited neutralizing antibody responses in
immunized BALB/c mice (Qiao et al. 2004). Subsequent studies in a Chinese
hamster ovary (CHO) cell expression system with serum free culture media showed
that two types of VLPs differing in size and maturation stage were produced. The
larger VLP was shown to contain the mature M protein and have better protective
efficacy in immunized mice (Ohtaki et al. 2010). In another study, WNV prM-E
VLPs were expressed with a herpes simplex virus 1 recombinant vector.
Furthermore, they were efficiently released from host cells and induced a protective
immune response against WNV upon vaccination in mice (Taylor et al. 2016).
While efficacious, these mammalian cell-produced vaccine candidates are costly.
Further development and production of these candidates in a more cost-effective
system will facilitate the realization of their full potential in preventing WNV global
epidemics (Chen 2011a, b).

Since DIII of the E protein has been shown to contain the receptor-binding motif
and epitopes for WNV-specific neutralizing antibodies, VLPs with DIII displayed
on the surface were also explored (Spohn et al. 2010; Chua et al. 2013; Taylor et al.
2016). A conjugated vaccine with recombinant DIII chemically cross-linked to
bacteriophage AP205-derived VLPs induced higher titers of DIII-specific neutral-
izing antibodies in mice compared to those induced by recombinant DIII protein
alone (Spohn et al. 2010). Similarly, DIII-carrying mosaic AP205 VLPs were also
developed by genetic fusion of the DIII sequence to the C-terminal of AP205 coat
protein under codon suppression condition, which potently induced the production
of WNV-neutralizing antibodies (Cielens et al. 2014). Another variation of
DIlI-displaying VLPs were designed by fusing DIII with the gamma chain of IgE
receptor. When this fusion construct was expressed in insect cells, VLPs were
actively secreted by host cells into the media and DIII protein was found on the
surface of these extracellular VLPs (Chua et al. 2013). However, these DIII dis-
played VLPs only generated modest neutralizing immune responses in mice.
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3 Plants as an Optimal Platform to Produce WNV
Veterinary Vaccines

As WNYV has become a serious health concern for humans and animals, with
effective therapeutics still not available, there is an urgent need to develop vaccines
not only for humans but also for other susceptible animals. WNV has been found in
about 300 bird species and many non-avian vertebrates including horses, who are
also susceptible to and commonly infected by WNV (Iyer and Kousoulas 2013).
Low cost and effective vaccines that can be delivered via flexible routes would
protect animals against WNV infection and significantly reduce its transmission.
While two WNYV vaccines are currently commercially available for use in horses,
these vaccines require at least two injections and an annual boost to ensure pro-
tection. Adverse effects have been widely-reported for these vaccines in horses,
indicating the current veterinary vaccines are far from ideal for WNV prevention.
Besides the difficulty in balancing the immunogenicity and safety of the vaccines,
development of new WNV candidate vaccines is often haunted by the high cost of
large-scale recombinant protein expression, purification and storage. However, plants
represent an alternative system that may address these limitations. Tobacco and
sunflower plants have been used to express recombinant proteins for more than
30 years (Barta et al. 1986). Plant based production systems have drawn more
attention as Ebola virus-infected patients showed dramatic improvement after
receiving ZMapp, a plant-made antibody cocktail against EBOV (Lyon et al. 2014).
Plant-based expression systems may yield large amounts of recombinant proteins in a
relatively short production period without the risk of contamination by animal
pathogens, compared to using mammalian cell culture (Chen 201 1a, b). Unlike bac-
teria or other prokaryotic systems, plants share similar endomembrane and secretory
pathways with mammalian cells, thereby allowing proper assembly of recombinant
proteins and the necessary post translational modifications. Moreover, plant-made
recombinant proteins are more cost effective than mammalian cell expressed recom-
binant proteins (Tuse et al. 2014; Chen and Davis 2016) and can be easily scaled for
manufacturing (Chen 2018; Chen and Lai 2015; Chen et al. 2016). For orally deliv-
ered drugs, the cost of production can be further reduced when edible plants are used
for production as no intensive purification steps are needed (Chen and Davis 2016).
Therefore, plant based expression systems may serve as a useful alternative for
developing low cost WNV recombinant veterinary vaccines (Chen et al. 2018).

3.1 Plant Expression System

Traditionally, foreign genes were incorporated into the plant nuclear genome to
generate transgenic plants for recombinant protein production (Chen 2008, 201 1a,
b). This typically includes using Agrobacterium tumefaciens to deliver the gene of
interest randomly into the plant genome and selection of positive clones. While
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establishing a permanent genetic source of an antigen is attractive, this procedure is
often time consuming and can be complicated by unexpected gene silencing
(Takeyama et al. 2015). More recently, transplastomic plants have been developed
for recombinant protein production. This approach uses particle bombardment to
deliver the gene of interest to the chloroplast of the plants. While it can produce
high protein yield and prevent transgene outcrossing through pollen, this has been
limited to the production of subunit vaccines containing one polypeptide and those
that do not need post-translational modification (Takeyama et al. 2015).

Recent advances in plant viral vectors made it possible for transient vaccine
expression in plants with high protein yield in a short time period. Many plant
viruses have been used for this purpose, including tobacco mosaic virus (TMV),
Potato virus X (PVX), Cucumber mosaic virus (CMV), Cowpea mosaic virus
(CPMYV), geminivirus and Cauliflower mosaic virus (CaMV) (Lico et al. 2008;
Hefferon 2014). Historically, full virus vectors carrying the gene of interest were
used; these vectors retain infectivity and produce viral particles from host cells that
may spread to other plants. The second generation of plant viral vectors use a
“deconstructed virus” strategy in which minimal sections of the viral genome
important for replication and non-viral sections were integrated together to form a
complete replicon (Peyret and Lomonossoff 2015). One such popularly used viral
vector system is the magnlCON system, which contains a 5" module that has the
TMV-based elements necessary for replication, a 3" module that has the gene of
interest, and a recombinase module containing a streptomyces phage 31 integrase
(Peyret and Lomonossoff 2015). The magnICON system also relies on the
co-infiltration of the three Agrobacterium strains with each containing one of the
three modules. Once delivered to plant cells, the integrase fuses the 5’ and 3’
modules into a complete replicon and targets protein production (Peyret and
Lomonossoff 2015).

Another example of the destructed virus vectors is the geminivirus-based
expression systems. Unlike the single stranded RNA viruses, geminivirus-based
vectors have a circular DNA genome that is replicated through a rolling-circle
mechanism using double stranded DNA as intermediates (Chen et al. 2011). The
geminivirus genome contains the long and short intergenic regions (LIR and SIR).
The DNA can be circularized by joining two LIRS by Rep/RepA proteins which is
particularly useful for handling large gene sequence or expressing multiple genes at
the same time. Using a bean yellow dwarf virus (BeDV) based replicon system,
DIII of WNV E protein was fused to Hepatitis B core antigen (HBcAg) gene and
successfully produced in Nicotiana benthamiana plants (Chen et al. 2011).

The pEAQ vectors are another series of small binary vectors that use the CPMV
hyper-translational expression system to facilitate recombinant protein expression
in the plants (Peyret and Lomonossoff 2013). The vector backbone has the RNA-2
which encodes the viral coat protein and movement protein deleted from the
original CPMV genome and it was replaced with foreign gene of interest. P19, a
suppressor of gene silencing from Tomato bushy stunt virus was inserted into the
PEAQ vector to enhance the recombinant protein expression. After the genes of
interest are inserted into the pEAQ vectors, the plasmid DNA is transformed into A.
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tumefaciens and then inoculated into N. benthamiana through infiltration. The
PEAQ vectors have been successfully used for producing VLPs as candidate
vaccines.

3.2 Plant-Produced WNV Subunit Vaccines

Since the first report of using a plant system to express the DIII of DENV E protein
(Saejung et al. 2007), plant expression systems have been used to successfully
express several flavivirus subunit vaccine candidates against DENV (Saejung et al.
2007; Martinez et al. 2010; Coconi-Linares et al. 2013; Kim et al. 2016), JEV
(Appaiahgari et al. 2009; Wang et al. 2009) and WNV (He et al. 2012; He et al.
2014). Our laboratory has been interested in developing plant made flavivirus
proteins as vaccine candidates and diagnostic reagents. The WNV E protein DIII
sequence was cloned into a pICH11599 vector of the MagnICON system and then
transformed into A. tumefaciens prior to the agroinfiltration of N. benthamiana
using the syringe method (Leuzinger et al. 2013). The leaves were harvested 3—
8 days following infiltration (dpi). Similar to the E. coli-expressed WNV DIII
protein (Chu et al. 2005), a 13.5 kD DIII protein band from samples of plant
extracts infiltrated with the DIII construct was detected by western blot analysis
using an anti-WINV DIII polyclonal antibody (He et al. 2012, 2014). The expression
of the plant-derived WNV DIII protein was quantified by ELISA using two
WNV DIII specific antibodies. The expression level reaches its peak four days after
infiltration to an average about 0.1 mg/g of leaf fresh weight (LFW), which was the
highest expression level of a flavivirus antigen ever reported. Subsequent studies
demonstrated that the WNV DIII expression level is subcellular compartment
dependent (He et al. 2014). Using three different 5 modules of the MagnICON
system to specifically direct the DIII into ER, chloroplast or the cytosol, Western
blot detected the 13.5 kD DIII protein band only from leaves infiltrated with ER
targeted DIII construct, but not from leaves infiltrated with chloroplast or cytosol
targeted DIII constructs (Fig. 1a). ELISA then showed that the ER targeted DIII
reached an average level of 73 pg/g LFW, while the maximum level of DIII tar-
geted to chloroplast or cytosol is only about 1.16 pg/g LFW (Fig. 1b). However,
the level of the ER targeted WNV DIII is lower than the levels of other viral
antigens or antibodies we produced in N. benthamiana using MagnlCON-based
plant expression vectors ranging from 100 to 700 pg/g LFW (Santi et al. 2008; Lai
et al. 2010; Phoolcharoen et al. 2011; Dent et al. 2016). This could be the result of
leaf necrosis observed after 4 dpi which significantly shortened the accumulation
time for DIII expression. Nevertheless, the plant-produced WNV DIII was rapidly
expressed as a soluble protein in the ER and can be directly extracted and purified
to more than 95% purity using a simple procedure based on metal chelation
chromatography (He et al. 2014). Recombinant WNV E protein DIII has been
expressed in E. coli (Chu et al. 2005) and in insect cells (Alonso-Padilla et al.
2011). In E. coli, DIII is expressed as an insoluble protein in the inclusion bodies
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Fig. 1 Expression and characterization of plant-produced WNV E DIII. a WNV E DIII was
extracted from N. benthamiana leaves and separated on 15% SDS-PAGE gels and transferred onto
PVDF membranes. A WNV E DIlI-specific antibody was used to detect DIII. Lane 1, Protein
sample extracted from un-infiltrated leaves as a negative control; Lanes 2—5, Sample collected 2, 3,
4, and 5 days post Agro-infiltration (DPI) from leaves infiltrated with ER-targeted DIII construct;
Lane 6: Sample collected 5 DPI from leaves infiltrated with chloroplast-targeted DIII construct;
Lane 7: Sample collected 5 DPI from cytosol-targeted DIII leaves; Lane 8: E. coli-produced DIII
as a positive control. b Total protein from plant leaves infiltrated with chloroplast, cytosol or
ER-targeted DIII construct was extracted 2—5 DPI and analyzed by an ELISA with an anti-WNV E
DIII antibody. Mean £ SD of samples from several independent experiments are presented.
¢ Serial dilutions of hE16 purified from mammalian or plant cells were incubated in sample wells
coated with plant-produced WNV E DIII and detected with an HRP-conjugated anti-human
gamma antibody. A commercial generic human IgG was used as a negative control. Mean £+ SD
of samples from three independent experiments is presented

and it requires a time-consuming solubilization and refolding process to produce the
recombinant DIII in its native conformation. The insect expression system needs
several weeks to generate recombinant baculovirus of high titer prior to infection of
insect cells for protein production. Our plant-produced DIII is folded properly as it
can be recognized by WNV DIII specific antibodies (Oliphant et al. 2005; He et al.
2014). Moreover, the production and purification procedure for plant-produced DIII
is fast, cost-effective and highly scalable.

ELISA was used to measure the binding affinity of plant-produced DIII to the
mammalian monoclonal neutralizing antibody E16 (hE16m) against WNV E pro-
tein (Nybakken et al. 2005; Oliphant et al. 2005) and the plant-made E16 (hE16p)
which has been shown to protect mice from lethal WNV infection (Lai et al. 2010).
The results indicate plant-produced-DIII resembles the native DIII conformation
displayed on WNV viral particles (Fig. 1c). BALB/c mice were treated with four
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doses of plant-produced DIII subcutaneously over 8 weeks to evaluate the
immunogenicity of plant-produced DIII protein (He et al. 2014). Two groups of
mice (n = 6) were treated with either 5 or 25 ng of plant-produced DIII, respec-
tively, and were compared with mice treated with the same doses of DIII produced
in E. coli or negative control (PBS + alum) (Fig. 2). DIII specific antibody
responses were detected in the two groups of mice treated with 25 pg of DIII two
weeks after the first injection. All groups immunized with DIII showed DIII specific
antibody response after the third injection. The geometric mean titers
(GMT) calculated from ELISA data of mouse sera indicate plant-produced DIII has
equivalent potency as the DIII produced from E. coli in inducing DIII specific
antibody responses. To evaluate which type of immune response was induced by
DIII, IgG1 and IgG2a concentrations in mouse sera collected from groups immu-
nized with 25 pg plant-produced or E. coli-produced DIII proteins were measured
by ELISA. Apparently, IgG1 was more than 99% of the total DIII specific IgGs in
both groups indicating a predominant Th2-type response. It is not surprising that
this result was different from the early studies with DIII produced in E. coli which
shows a Thl-type response (Chu et al. 2007). Previous studies with different
adjuvants have shown that alum induces primarily Th2-type response (Cribbs et al.
2003) while CpG induces Thl based responses when using the same antigen
(Demento et al. 2010). Flow cytometry analysis using yeast cells that displayed
WNV DIII on the surface demonstrated the anti-DIII sera showed positive binding
to DIII, like that of hE16, but not the sera collected from the negative control
group. This further confirms plant-produced DIII induces WNV DIII specific
immune responses in mice. Competitive ELISA showed that pre-incubation with
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Fig. 2 Time course of WNV E DIlI-specific antibody responses in mice upon subcutaneous
delivery of plant-derived WNV E DIII. BALB/c mice were injected on weeks 0, 3, 6 and 9 with the
indicated dosage of antigen. Blood samples were collected on the indicated weeks and serum IgG
was measured by ELISA. The y axis shows the geometric means titers (GMT) and the error bars
show the 95% level of confidence of the mean
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anti-DIII sera inhibited the subsequent hE16 binding to the immobilized
plant-produced DIII. This result indicates at least some of the antibodies in the
anti-DIII sera bind to DIII in a hE16-like fashion suggesting they may have neu-
tralizing and protective effects against WNV infection (Lai et al. 2018). These
results demonstrated that N. benthamiana can be used to efficiently produce
immunogenic WNV vaccine candidates with low cost and scalability.

3.3 Plant-Produced VLP-Based Vaccines

In recent years, VLPs have attracted great interest for vaccine development as they
can resemble the native virus particles yet remain non-infectious due to deletion of
the viral genetic components. Since the 1980s several VLP-based vaccines have
been developed and approved for human use (Zhao et al. 2013). VLP-based vac-
cines have several advantages over inactivated whole virus vaccines or simple
subunit vaccines. First, VLP vaccines are non-infectious which means fewer safety
concerns for manufacturing or application to humans and animals. Second, they are
very immunogenic and elicit both humoral and cellular immune responses. As
VLPs mimic the native virus with epitopes displayed on the surface and their
particulate nature, they can be easily recognized and processed by antigen pre-
senting cells to trigger T cell activation and proliferation. In addition, VLPs can
directly activate B cells, triggering epitope-specific immunoglobulin secretion.
Furthermore, VLPs are more stable than subunit vaccines, allowing them to induce
long-lasting antibody responses, thereby providing long term protection against
viral infection. The stability of VLPs may also extend shelf life of VLP-based
vaccines. These features of VLPs make them particularly useful for the develop-
ment of veterinary vaccines, as VLP vaccines can be produced with lower cost and
fewer doses would be needed for animal immunization, minimizing the compli-
cations from vaccine side effects.

Currently there are several expression systems being used for production of
VLP-based vaccines including bacteria, yeast, insect cell, mammalian cell and plant
expression systems. Bacterial expression is simple and easy to use with low cost.
Several VLP based vaccines have been produced in this system including a com-
mercialized VLP vaccine against Hepatitis E (Zhao et al. 2013). However, bacteria
are prokaryotes that do not have the necessary machinery for post-translational
modifications required for production of VLPs that maximally mimic the native
viruses. Compared to bacteria, yeast is a better expression system for producing
VLP based vaccines as yeast can perform post-translational modification.
Several VLP based vaccines have been successfully produced in yeast and com-
mercialized, such as Recombivax against Hepatitis B and Gardasil against human
papillomavirus (HPV), both from Merck (Zhao et al. 2013). But expression of
VLPs in yeast has its own unique challenges. For example, the HPV VLPs are not
secreted by yeast cells but instead are expressed intracellularly, which increases
costs for purification. Also, optimization of fermentation conditions and purification



134 H. Sun and Q. Chen

processes were required for production of highly purified VLPs for vaccine use
(Bryan et al. 2016). Furthermore, neither bacteria nor yeast can be used to produce
enveloped VLPs, which means they may not be suitable for WNV VLPs as WNV is
an enveloped virus. Insect cells and mammalian cells are more suitable for
expressing enveloped VLPs as they can perform more complex post-translational
modifications. Despite the advantages of using insect or mammalian expression
systems, production of VLPs from these systems tend to be time consuming and
expensive as they require large amounts of culture media and multiple steps of
downstream processing.

Plant expression systems have emerged as a useful alternative for production of
VLP-based vaccines, not only because of its low cost and high efficiency but also the
capability to perform necessary post-translational modifications, especially the
flexibility to tolerate manipulation of glycosylation patterns (Chen 2016). Our lab-
oratory has long been interested in producing VLP-based vaccine candidates in
plants which includes non-enveloped VLPs such as VLPs derived from Norwalk
virus capsid protein (NVCP) or HBcAg (Santi et al. 2008; Huang et al. 2009; Lai
etal. 2012), and enveloped VLPs displaying WNV prM and E protein (Chen and Lai
2013) or chimeric VLPs displaying WNV DIII of the E protein (Chen et al. 2011;
Chen and Lai 2013). To explore the feasibility of producing WNV VLPs in plants,
we fused the plant codon optimized WNV prM and E protein DNA sequence into
the deconstructed TMV vectors and transiently expressed the construct in
N. benthamiana (Chen and Lai 2013). Leaf proteins were extracted 7 dpi and
purified for western blot analysis using an antibody against WNV E protein. The
results showed that the WNV prM and E proteins were expressed at expected sizes in
plants and both unprocessed prM and processed mature M proteins were detected
(Fig. 3). The relative band intensity of the plant-produced prM and M protein was
comparable to that of gradient-purified WN virion proteins (Chen and Lai 2013).
This indicates WNV M protein was processed by the plant cell machinery similarly
to the native WNV virion M protein. Assembly of prM and E protein-containing
VLPs was confirmed by sucrose gradient centrifugation (Chen and Lai 2013).

HBcAg has been used as a carrier protein to display foreign antigens since the
1980s because of its excellent immunogenicity and the capability to accommodate
different antigens in both prokaryotic and eukaryotic expression systems (Roose
et al. 2013). To explore the feasibility of producing chimeric HBcAg VLPs dis-
playing WNV epitopes in plants, we fused the WNV DIII coding sequence to the 3’
end of HBcAg using a BeYDV-based expression vector (Chen et al. 2011). The
HBcAg-DIII fusion protein was expressed in the leaves of N. benthamiana and
reached the highest level of accumulation (~350 pg/g LFW) at six days post
infiltration (Fig. 4a). Transmission electron microscopy confirmed the assembly of
HBcAg-DIII chimeric VLPs with consistent size after extraction and purification
(Fig. 4b). Western blot analysis showed that the HBcAg-DIII fusion protein was
detected by both anti-HBcAg and anti-WNYV DIII antibodies at expected size, about
27kD (Fig. 4c, d). Display of WNV DIII on the chimeric VLP surface was confirmed
by competitive ELISA that the HBcAg-DIII fusion protein can effectively compete
with soluble DIII to bind the anti-DIII E16. The HBcAg-DIII chimeric VLPs also
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Fig. 3 Production of West Nile virus enveloped VLP based on the prM/M and the E protein in N.
benthamiana plants. Leaf tissue was infiltrated with Agrobacterium harboring the WNV prM-E
construct. Leaf proteins were extracted 7 DPI. PrM/M-E VLP was isolated by PEG precipitation
and analyzed on 4-12% SDS-PAGE gels and transferred onto PVDF membranes. The membranes
were incubated with an anti-WNV E antibody (Lanes 1-3) or an anti-WNV M-E antibody (Lane
4). Lane 1, Protein sample from buffer-infiltrated leaves; Lane 2, Purified WNV E protein as
positive control; Lanes 3—4, Samples from prM-E construct-infiltrated plants. *: E protein; **:
Unprocessed prM protein; ***: Processed M protein

induced stronger DIII-specific immune responses in mice injected with a single dose
(25 pg) of the chimeric VLPs than that of non-fused DIII protein (Chen 2015). Using
the MagnICON vectors the WNV chimeric VLPs were expressed with an even
higher level of accumulation (>1000 nug/g LEW) in N. benthamiana leaves. Analysis
of these chimeric VLPs demonstrated that they are similar to those expressed using
Geminiviral vectors, both structurally and immunologically (Chen 2015).

Our laboratory has also demonstrated the advantage of plant-made VLPs in
improving the safety of vaccines against flaviviruses, including WNV and the
recently emerged ZIKV. Several ZIKV vaccine candidates are being developed
using inactivated whole virus and DNA or RNA that express the E protein of ZIKV.
These vaccine candidates are successful in eliciting the production of
ZIKV-targeted antibodies and in protecting animals against ZIKV challenges
(Abbink et al. 2016; Larocca et al. 2016; Pardi and Weissman 2017). However,
their use may potentially predispose vaccinated subjects to infection by related
flaviviruses including DENV and WNV due to phenomenon called
antibody-dependent enhancement (ADE) (Sun et al. 2017). ADE is caused by
cross-reactive, but non- or sub-neutralizing antibodies, elicited by closely-related
viruses or vaccines against related viruses. Instead of neutralizing the infecting
virus, these cross-reactive antibodies form complexes with the infecting virus that
bind to Fc gamma receptor (FcyR)-bearing cells, resulting in increased viral uptake
and infection (Morens 1994). For example, previous infection or vaccination
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Fig. 4 West Nile virus chimeric VLP produced with BeYDV replicon in N. benthamiana plants.
a Expression of HBcAg-DIII. Leaves were infiltrated with Agrobacterium transformed with the
HBcAg-DIII construct. Proteins were extracted on days 3—7 DPI and were analyzed with an
ELISA that detects HBcAg. Mean =+ standard error (SEM) of samples from three independent
infiltration experiments are presented. b Electron microscopy of purified HBcAg-DIII VLPs.
HBcAg-DIII VLP was purified and subject to negative staining with 0.2% aqueous uranyl acetate,
and transmission electron microscopy with a Philips CM-12 microscope. ¢—d Western blot
analysis of HBcAg-DIII. Leaf proteins were separated on 12% SDS-PAGE gels under reducing
condition and blotted onto PVDF membranes. The membranes were incubated with an anti-HBc
antibody (c) or an anti-DIII antibody (d). Lane 1, Protein sample extracted from leaves infiltrated
with the HBc-DIII construct; lane 2, Extract from un-infiltrated leaves
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against one serotype of DENV may predispose these individuals to develop the
more severe dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS)
through ADE if they are exposed to another serotype of DENV subsequently
(Halstead 2014). The recent outbreaks of ZIKV further complicate vaccine devel-
opment for flaviviruses as antibodies against DENV and ZIKV have been shown to
cross-react and enhance the replication of each other in mice (Barba-Spaeth et al.
2016; Dejnirattisai et al. 2016; Stettler et al. 2016; Bardina et al. 2017). Another
study also demonstrated that previous WNYV infection can also enhance subsequent
secondary ZIKV infection (Bardina et al. 2017), suggesting that ADE may also
occur between WNV and ZIKV. This raises safety concerns for current WNV
vaccine candidates in promoting heterologous flavivirus infection via ADE. In
response, our research group has developed several protein subunit vaccines (Yang
et al. 2017a, b, ¢). We demonstrated that an HBcAg VLP that displays the ZIKV E
DIII (HBcAg-zDIII VLP) can be robustly produced and easily purified in large
quantities from plants. When tested in mice, plant-produced HBcAg-zDIII VLPs
evoked potent humoral and cellular responses against ZIKV. Notably, the neu-
tralization potency exceeds the threshold correlated with protective immunity
against multiple strains of ZIKV (Yang et al. 2017b). Remarkably, antibodies
induced by HBcAg-zDIII VLPs neither cross-react with DENV, nor do they
enhance the infection of DENV in FcyR-expressing cells (Fig. 5). We also
demonstrated that a plant-produced WNV DIII protected mice from a lethal chal-
lenge of WNV infection but without enhancing ZIKV or DENV infectivity (Lai
et al. 2018). These results highlight the potential of plant-made vaccines in off-
setting the concern of WNV vaccines in sensitizing people to subsequent DENV or
ZIKV infection. Overall, these results indicate plants can rapidly produce high
levels of immunogenic WNV-specific VLPs.
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Fig. 5 Lack of enhancement of DENV infection by antibodies in serum from mice immunized
with HBcAg-zEDIII VLPs. IgGs were isolated from week 5 pooled sera of mice receiving
PBS + Adjuvant (adjuvant control) or HBcAg-zDIII VLP + indicated adjuvant. Serial dilutions of
IgGs were mixed with DENV-2 and incubated with FcyR-expressing K562 cells. Forty-eight hour
later, cells were fixed, permeabilized and analyzed by flow cytometry for DENV infection.
Anti-DENV-2 E mAb 4G2 was used as an ADE positive control with its maximum infectivity
defined as 100%. Enhancement by IgGs from anti-HBcAg-zEDIII sera is expressed as a % relative
to that of the 4G2
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3.4 Downstream Processing of Plant-Produced WNV
Vaccines

To produce highly purified WNV vaccines, cost-effective and scalable downstream
processing is required after recombinant expression in plants. Currently, down-
stream processing is a major barrier, not only for plant-made biologics (PMBs), but
for those produced by conventional platforms as well (Sabalza et al. 2014).
Downstream processing typically includes two phases: primary recovery from the
plant host and purification of the recombinant protein (Wilken and Nikolov 2012).
The primary recovery process usually includes homogenization of the plant tissues
and extraction of recombinant protein from plant homogenate. Though the recovery
phase of downstream processing varies depending on the plant host used for
expression, the purification step is like that of conventional production platforms.
Our laboratory has developed a scalable scheme for extraction and purification of
plant-produced NVCP VLPs with the combination of a low pH precipitation step,
ultrafiltration/diafiltration with a polyethersulfone tangential flow (PES TFF)
membrane, and anion exchange chromatography (Chen 2008; Lai and Chen 2012).
The feasibility of the NVCP VLP production and purification process was
demonstrated under current Good Manufacturing Practices (cGMP) regulations to
enrich the VLPs to more than 95% purity (Lai and Chen 2012). Such a downstream
processing scheme was applicable to our WNV chimeric VLPs (Chen et al. 2011;
Chen and Lai 2013); it yields highly purified HBcAg-DIII VLPs that are assembled
with consistent size (Fig. 4b). The WNV enveloped prM and E VLPs were pro-
duced in a similar process including leaf homogenization, centrifugation and
multiple chromatographic steps for purification. These results demonstrated that the
downstream processing of plant-produced WNV VLP vaccines is scalable and
efficient.

4 Challenges and Future Development

The development of WNV vaccines in plants has transformed the landscape of
vaccine-production economics and contributed to the optimism of licensing an
efficacious, safe and low-cost veterinary WNV vaccine in the future. To achieve this
goal, we envision novel approaches combining the advancements in discovering
more potent adjuvants with a deeper understanding of the biology of drug targeting
to immune cells and stimulating systemic immune responses via oral delivery.
Currently, WNV vaccines are injected into animals through at least two doses
and an annual boost to ensure protection. It would be desirable to develop oral
WNV vaccines for animals. For example, vaccines produced in plant tissue can be
simply fed to horses for immunization. Such oral vaccines will further reduce the
production cost by eliminating the extraction and purification process and obviating
costs associated with cold-storage, transportation and sterile injection.
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Orally-deliverable vaccines have been elusive due to the challenges of denaturation
and degradation in the digestive system, and their inability to cross the gut
epithelium and be delivered to target cells. Not surprisingly, plant cells may be the
best vehicle to overcome these challenges. It has been shown that plant cells can
protect the vaccines they express from acids and enzymes in the stomach by
bioencapsulation, due to the inability of animal digestive enzymes in hydrolyzing
the glycosidic bonds in the plant cell wall. This allows the delivery of plant-made
vaccines to the gut lumen where they are enzymatically released by commensal
bacteria (Kwon and Daniell 2015). Recent studies also demonstrated that when
tagged with a specific receptor-binding peptide, plant cell-encapsulated proteins can
either be targeted to the gut immune system or cross the gut epithelium to reach
circulation (Kwon and Daniell 2015; Su et al. 2015a, b). Furthermore, encapsulated
protein drugs in plant cells have been found to maintain their pharmacological
efficacy several years after they have been stored at room temperature (Lakshmi
et al. 2013). These findings suggest that plant cell-encapsulated vaccines may
present an ambient, temperature-stable product that can be delivered to animals by
simply feeding, thereby, circumventing logistical costs and allowing practical
implementation of vaccination programs to wild susceptible animals.

Indeed, oral immunization of a plant expressed recombinant antigen was first
demonstrated in 1995 (Haq et al. 1995). Oral immunization of mice with
plant-made E. coli heat-labile enterotoxin binding subunit (LT-B) induced pro-
duction of neutralizing antibodies in serum and gut mucosal against enterotoxin.
Later studies using the same foreign antigen expressed in distinct plant tissues
demonstrated that the leaf-based vaccines transiently expressed in N. benthamiana
have higher efficacy than root-based vaccines through oral immunization in mice
(Pelosi et al. 2011, 2012). When LT-B was fused with a heat stable (ST) toxin and
produced in transgenic tobacco plants, this fusion protein induced similar immune
response to that of LT-B produced in bacteria at a much lower dose when orally
administered to mice (Rosales-Mendoza et al. 2011). Furthermore, oral delivery of
plant-made vaccines has shown promising results in preventing various animal
diseases including plague, cholera, swine and bird flu, and porcine reproductive and
respiratory syndrome (Shahid and Daniell 2016) with oral vaccines for veterinary
use produced in potato, rice, maize, tobacco and other edible plants against various
pathogens (Takeyama et al. 2015). These studies indicate plant-produced oral
vaccines can induce protective mucosal and systemic immune responses against
pathogens. Relevant to WNV vaccines, Kim et al. recently showed that a fusion
protein containing the consensus DENV E DIII and M cell-targeting peptide ligand
can be produced in transgenic rice calli and the fusion protein effectively binds to
the target mucosal cells (Kim et al. 2013). Very recently, an oral vaccine candidate
based on hepatitis C virus (HCV) E protein has been developed in lettuce plant.
Feeding mice with E protein-containing lettuce powder induced both systemic and
mucosal humoral responses against HCV. Since HCV is in the same Flaviviridae
family with WNV, this study has demonstrated the feasibility of using oral vaccines
to prevent WNYV in horses and other animals (Liu Clarke et al. 2017).
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The remaining challenge is to effectively induce strong systemic responses by
oral vaccines alone, as many oral vaccines still rely on injectable priming to achieve
protective potency (Sequeira and Harrison 1982). New approaches in vaccine
development are required to overcome this challenge. This, in turn, needs a more
thorough understanding of the biology of immune cell stimulation by
orally-delivered antigens. We expect that the focus of the development of novel
WNV vaccines over the next 5 years will be on not just improvements of vaccine
potency and production optimization in edible plants, but also on identifying the
best combination of antigen design and oral adjuvant to induce optimal protective
immunity.
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Abstract Newcastle disease is a word-wide, highly problematic, infectious, acute
respiratory disease of domesticated and wild avian species. Newcastle disease virus
proved an ideal target for a proof-of-concept study investigating the ability of a
plant-made vaccines to successfully navigate the US veterinary regulatory system
because it has: a single dominant viral surface antigen that is protective; a
well-defined disease challenge model; readily available positive controls; and
standardized diagnostic assays (Mihaliak et al. in Development of plant cell pro-
duced vaccines for animal health applicaions. United States Animal Health
Association, Greensboro, 2004). However despite the Proof-of Concept study
proving successful and an additional study proving an orally delivered, plant-made
NDV vaccine could protect against challenge (Guerrero-Andrade et al. in
Transgenic Res, 15(4): 455-463, 2006) a plant-made NDV vaccine has not been
marketed. This is most likely due to the competition faced from numerous NDV
vaccines already on the market that have proven successful for many years. Now
that plant-made vaccines (for animal and human use) have successfully made it
through regulatory systems, the target of future, commercial, plant-made vaccine
investigations should either target a niche disease or a disease that has little or
weaker competition already on the market.
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1 History

Newcastle disease (ND) derives its name from one of the first outbreaks identified
in New Castle upon Tyne, United Kingdom, in 1927 (Doyle 1927). Since then ND
has rapidly spread worldwide (Lancaster 1962, 1977). Newcastle Disease Virus
(NDV) is known to infect over 241 species of birds, and it is suspected that all avian
species are susceptible to varying degrees (Kaleta and Baldauf 1988). NDV has also
been found to infect animals other than birds, including reptiles and humans
(Lancaster 1966). Its presence in wild bird populations makes it difficult to manage,
and may also facilitate its spread nationally and internationally (Ramey et al. 2013).
Outbreaks have severe economic impacts through not only flock loss, but also
through trade and quarantine restrictions at outbreak regions (Leslie 2000). The
costs of ND are especially pronounced in developing countries where ND is
endemic in most village flocks (Martin 1992, Awan et al. 1994a, b). NDV is
classified as a list A pathogen by the Office International des Epizooties (OIE), and
is considered one of the most important avian diseases alongside avian influenza
(Aldous and Alexander 2001).

2 Classification

NDV is classified in the family Paramyxoviridae, genus Avulavirus. Avulaviruses
possess a single stranded negative sense monopartite RNA genome (Rima et al.
1995). Avulaviruses are classified into 12 species designated Avian paramyxovirus
1 through to 12 by their activity in haemagglutination and neuraminidase assays
(Gogoi et al. 2017), with NDV known as Avian paramyxovirus 1. While all strains
of NDV are contained in a single serotype of Avulavirus, strains can be divided into
two classes (I and II) (Seal et al. 1995). Most class I strains are isolated from wild
bird populations and largely possess low virulence, while class II strains range from
low to high virulence, and are generally isolated from chickens. However, the
geographic distribution and host range can vary between genotypes in class II
strains (Dimitrov et al. 2016b). The ancestor of class II NDV colonized chickens
multiple times, producing 16 genotypes to date, while class I consists of a single
genotype (Taylor et al. 1996, 2017; Hao et al. 2016).

NDV infects birds through ingestion or inhalation, allowing rapid transmission. It
is exceptionally contagious, and when the virus is introduced into a flock, the
majority will be infected within two to six days. The virus remains infectious as
airborne particles and large amounts are excreted via droppings, so ingestion of feces
provides a major method of infection (Awan et al. 1994a, b). While its stability
depends on environmental factors such as heat and humidity, it has been reported to
remain viable for up to 255 days in a henhouse at temperatures ranging from —11 to
36 °C, and 10 to 14 days at 23-29 °C (Yune and Abdela 2017). This allows it to
spread rapidly through contaminated people, equipment, food, and water, as well as
the movement of infected birds (Burridge et al. 1975; Alexander 1995; Davis-Fields
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et al. 2014). NDV spread can also occur through live vaccines which are routinely
found to spillover into local wildlife populations (Ayala et al. 2016).

3 Viral Characteristics

The pleomorphic NDV virions are enveloped and generally 200-300 nm in
diameter (Fig. 1) (Nagai et al. 1989). NDV isolates contain one of three genome
sizes; 15,192, 15,186, or 15,198 nucleotides long (Czegledi et al. 2006). The
genome also follows the ‘rule of six’, whereby viral replication is most effective
when the sequence is a multiple of six nucleotides long (Peeters et al. 2000).
The RNA genome facilitates cytoplasmic replication and contains six genes
encoding the following eight proteins.

4 Nucleocapsid Protein (N)

N is a 55 kDa protein that binds the genomic, negative sense RNA to protect
against ribonucleases (Hugh-Jones et al. 1973). Polymers of N form a hollow
helical nucleocapsid that contains the viral RNA (Kho et al. 2003). N is the most
abundant protein in the virion, and is involved in forming the ribonucleoprotein
complex that facilitates RNA synthesis (Kho et al. 2003). The amino region binds

Fig. 1 Diagram of NDV. The ssRNA genome is encapsulated by nucleocapsid (N), and also
associates with the phosphoprotein (P) and large polymerase protein (L) to form the
ribonucleoprotein complex for RNA synthesis. The matrix protein (M) separates the host derived
envelope (grey ring) from the nucleocapsid, while the haemagglutinin-neuraminidase (HN) and
fusion (F) proteins are present at the viral surface
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the Phosphoprotein (P), while the carboxy-terminus is thought to be responsible for
polymerisation, enabling nucleocapsid structure formation (Kho et al. 2004).

5 Phosphoprotein (P)

P exists in multiple forms between 50 and 55 kDa, depending on its phosphory-
lation state (Smith and Hightower 1981). Involved in viral replication and tran-
scription, P assists in stabilizing the Large protein (L) which function as an
RNA-dependent RNA polymerase (Hamaguchi et al. 1983a, b). This complex
produces full length anti-genomes from the N-RNA complex from which negative
stranded viral genomes can be produced (Lamb and Kolakofsky 2001). P is also
involved with preventing the encapsulation of non-viral RNA, and binding to
unassembled N protein to regulate a shift from transcription to replication
(Errington and Emmerson 1997).

6 V and W PROTEINS

The V and W proteins are truncations of the P protein produced through RNA
editing. The proportions of mRNA encoding P,V, and W proteins in infected cells
has been measured at ~ 68, 29, and 2%, respectively (Mebatsion et al. 2001).
Interferons (IFN) are produced by the host cell in response to viral infection, which
activate pathways leading to the expression of antiviral proteins. V protein inhibits
the IFN activated pathway, and when V is absent viral replication is efficiently
blocked by the host cell (Park et al. 2003). This is achieved by the V protein
targeting STAT1 (a transcription factor activated by IFNs) for degradation, however
the W protein was found to have little impact on pathogenicity (Huang et al. 2003).
The V protein has also been found to inhibit the activity of MDAS, a protein that
detects viral dsSRNA to induce IFN-f production (Childs et al. 2007). Currently, the
role of W in NDV is unknown.

7 Matrix Protein (M)

The M protein is highly conserved amongst paramyxoviruses, and mutations in the
sequence are used to classify and track strains (Seal et al. 2000). The 40 kDa M
protein is involved in assembling the virions on the host cell membrane and
facilitating budding of mature viral particles (Pantua et al. 2006; Harrison et al.
2010). Despite functioning largely in the cytoplasm, the M protein contains a
nuclear localization signal (NLS) that results in it accumulating in the nucleolus
(Peeples et al. 1992). The M protein is thought to be involved in inhibiting host
protein synthesis, and the pathogenicity of NDV is greatly reduced when the M
protein is unable to enter the nucleus (Duan et al. 2014).
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8 Fusion Protein (F)

The F protein is a surface glycoprotein that mediates NDV fusion with the host cell
membrane for infection, as well as the fusion of the plasma membranes of two
neighboring cells (McGinnes and Morrison 1986). It is synthesized in an inactive
form that requires cleavage into two disulfide linked active subunits (F; and F,)
(Scheid and Choppin 1974). The amino acid sequence at the cleavage site varies
between strains, and alters its susceptibility to cellular proteases, with an insensitivity
to cellular proteases associated with greatly reduced virulence (Fujii et al. 1999;
Panda et al. 2004). The cleavage site sequence is a major factor in pathogenicity, and
is able to rapidly revert from non-pathogenic to pathogenic sequences after intrac-
erebral passaging in chickens (Peeters et al. 1999; de Leeuw et al. 2003).

9 Hemagglutinin-Neuraminidase Protein (HN)

Another surface protein, the 74 kDa HN protein, functions as a homotetramer in
NDV (Corey et al. 2003). HN performs several functions including receptor
recognition on the host cell, receptor removal, and interacting with the F protein to
facilitate cell entry (Yuan et al. 2011). While HN proteins of 571 aa or 616 aa have
been found only in virulent or avirulent strains respectively, the length of the protein
was not found to modulate pathogenicity (Romer-Oberdorfer et al. 2003). However,
sequence specific differences in HN are able to modify virulence through altered
tissue tropism, neuraminidase activity, and receptor binding (Huang et al. 2004).

10 Large Polymerase Protein (L)

L is the largest protein in the NDV genome at 250 kDa. As its name suggests, L
synthesises viral mRNA and functions in genomic replication (Hamaguchi et al.
1983a, b). It also performs post-transcriptional modifications on newly produced
mRNA, including 5’ capping, methylation, and polyadenylation (Dortmans et al.
2010). The L protein is also a factor in pathogenicity, with an increase in pathogenicity
likely resulting from an increase in viral replication (Rout and Samal 2008).

11 Pathogenicity

ND is classified into three groups based on virulence; velogenic (high), mesogenic
(medium), and lentogenic (low, or no clinical signs) (Alexander and Allan 1974).
Velogenic strains are highly virulent, resulting in up to 100% mortality and are
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divided into viscerotropic and neurotropic strains based on their pathology
(Alexander and Allan 1974; Chulan et al. 1982). Infection produces several broad
symptoms, including depression, anorexia, ruffled feathers and hyperthermia, while
viscerotropic strains produce haemorrhagic gut lesions, and neurotropic strains
produce nervous signs such as ataxia and paralysis (Cattoli et al. 2011; Kapczynski
et al. 2013). Both velogenic and mesogenic strains are also able to induce respi-
ratory difficulties, while lentogenic strains generally show little or no clinical signs
of disease (Brown et al. 1999; Cattoli et al. 2011).

Infection with NDV is recognized by Toll-like receptors (TLR) and
nucleotide-binding oligomerization domain proteins (NOD), which lead to the
release of interferons and cytokines (Kapczynski et al. 2013). Interestingly, velo-
genic strains of NDV produce a greater increase in expression of INF-a, IFN-v,
IL-1b, and IL-6 genes than lentogenic strains, although both viruses contain the V
protein which suppresses IFN signaling (Kapczynski et al. 2013). It is possible that
this strong immune response to the velogenic strains is actually deleterious to the
host and contributes to the pathological effects (Rue et al. 2011).

Antibodies are detected against NDV six days after infection, peaking at
21-28 days post infection, and these function by preventing viral release from
infected cells, and inhibiting infection from free virions (Al-Garib et al. 2003a, b).
While vaccination is an important part of NDV control, it is not without short-
comings. Virulent ND strains are still able to replicate in vaccinated birds, although
the clinical signs are attenuated (Kapczynski and King 2005). The efficacy of the
vaccine is also dependent on how closely related the vaccine strain is to the
challenge strain, potentially resulting in sub-optimal outcomes in field conditions
(Miller et al. 2013). Further, the use of live vaccines maintains a reservoir of NDV
which may develop into virulent strains (de Leeuw et al. 2003; Chong et al. 2010;
Ayala et al. 2016). As such, there is still a strong need for more sustainable vac-
cination methods.

12 New Castle Disease Virus Vaccines and Vaccine
Candidates

12.1 Traditional NDV Vaccines

Stringent vaccination of commercial flocks, use of rapid diagnostic assays, and
culling of infected flocks are the current NDV control methods used by the poultry
industry. If the disease is identified in a previously disease free region, many
countries practice a stamping out policy involving strict isolation or quarantine of
outbreaks, humane destruction of infected and exposed birds, and depopulation
followed by 21 days without poultry.

From the early 1950’s to the late 1990’s the only NDV vaccines available
were based on live or inactivated ND strains (Gallili and Ben-Nathan 1998).
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Currently, the most commonly used NDV vaccines (LaSota, B1, and VG/GA
vaccines) (Orsi et al. 2009) are live vaccine viruses formulated from strains isolated
in the 1940’s and 1960’s. These live vaccines provide both mucosal and humoral
immunity and can be administered using mass application techniques (Table 1).
However considering they are approaching 60—80 years old, it comes as no surprise
that there is some 18.3-26.6% nucleotide distance between the vaccines strains and
the currently circulating, virulent NDV strains (Dimitrov et al. 2016b). While still
affording protection, this genetic diversity prevents the effective reduction of
shedding of virulent virus from vaccinated birds (Miller et al. 2007, 2009). Hens
vaccinated with live NDV strains can transfer antibodies via the egg to offspring
that can partially neutralize the live ND vaccines (Dimitrov et al. 2016a) and since
long term immunity is not gained through immunization with live NDV strains,
continued vaccinations are necessary through the lifetime of layers and breeders.

Although inactivated NDV vaccines produce high humoral antibody levels,
unlike vaccination with live NDV strains, mass immunization is not possible thus
resulting in increased cost and labor (Table 1). Immunization with inactivated NDV
vaccines also does not result in a strong cell mediated response (Schijns et al. 2013)
mainly invoking a circulating antibody response (Grimes 2002), and allowing the
shedding of larger amounts of virulent virus compared to birds vaccinated with live
ND vaccines (Miller et al. 2009, 2013). Since chickens are food animals, long
withdrawal periods are also required before vaccinated birds can be processed for
human consumption.

Although the live and inactivated vaccines protect against clinical disease in
Specific Pathogen Free (SPF) chickens, there are continuous reports of vaccine
failures under field conditions (Perozo et al. 2012; Rehmani et al. 2015). Dimitrov
et al. (2016) summarize the main properties of live, inactivated and vectored vac-
cines, the most widely used ND vaccines.

12.2  Vectored Vaccines

12.2.1 Fowl Pox Virus Vectored Vaccines

Recombinant, Turkey Herpes Virus (HVT) vectored NDV vaccines are the most
commonly used recombinant NDV vaccines. Currently, two bivalent commercial
recombinant HVT (rHVT) vaccines have been registered and used in the poultry
industry. HVT-vectored vaccines protect chickens when challenged with virulent
NDV (Sonoda et al. 2000) and are hindered by maternal antibodies (Le Gros et al.
2009) though only mildly. Although not able to be mass immunized, the
rHVT-NDYV vaccines can be administered in ovo or subcutaneously after hatch. In
ovo immunization has the advantage of using high tech machines. These machines,
enable the volume and concentration of the administered vaccine to be standard-
ized. They also reduce human error and labor cost when compared to vaccination of
chickens later in life. HVT-vectored NDV vaccines also produce long-term
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immunity (Esaki et al. 2013). Unfortunately these vaccines are not temperature
stable, requiring not only storage in liquid nitrogen, but administration within an
hour of being thawed. Four weeks is also required before full immunity is reached
(Palya et al. 2012). Since heat sensitivity and the time delay of effectiveness
decrease their ease of use, recombinant HVT vaccines have only been widely used
in countries where minimum viral challenges exist. In endemic countries, these
vaccines need to be used in combination with other NDV vaccines to confer
acceptable protection.

There are two commercial NDV vaccines using Fowl Pox Virus (FPV) as a
vector. While these vaccines protect chickens from a challenge with virulent NDV
(Boursnell et al. 1990; Taylor et al. 1996; Karaca et al. 1998) their effectiveness can
be decreased by interference from vector-specific antibodies either transferred
maternally (Faulkner et al. 2013), or induced through previous vaccination (Bublot
et al. 2006). Since they also cannot be applied through mass methods they are also
only usually used in specialized instances.

12.2.2 Antigen-Antibody Complex Vaccine

Antigen-antibody complexes or Immune complexes (ICs) were at first thought as
indicators of an undesirable immune response due to their frequent presence in sites
of autoimmunity and inflammation (Wen et al. 2016). However studies as early as
the 1950s demonstrated that ICs enabled faster sensitization of a host to an antigen
than delivery of the antigen alone or in combination with a control antiserum (Terres
and Wolins 1959, 1961). NDV IC vaccines can be delivered in ovo at 18 or 19 days
of embryonation when the eggs are moved into hatching trays (Kapczynski et al.
2012). This delivery allows mucosal immunization of the respiratory and gastroin-
testinal tracts and enables the newly hatched chickens to develop an early immune
response. Unlike in ovo delivery of live NDV, in ovo NDV IC delivery using live
NDV does not decrease hatchability or weaken chicks (Kapczynski et al. 2012).

12.3 Nanoparticle Vaccines

Nanoparticle systems are often used as vaccine carriers as they protect vaccine
antigens from maternal antibodies and nucleases (Dai et al. 2015; Chahal et al.
2016; Zhao et al. 2016b) and disruption, and induce higher antigen uptake, con-
trolled release, and increased duration of responses (Dai et al. 2015; Zhao et al.
2016b). They also have flexible delivery methods, being able to be administered
mucosally (including oral), and parenterally (Dai et al. 2015; Zhao et al. 2016b).
Two chitosan derivatives, O-2'-hydroxypropyltrimethyl ammonium chloride chi-
tosan and N-2-hydroxypropyl trimethyl ammonium chloride chitosan, have been
used to mucosally deliver live attenuated NDV vaccines (Dai et al. 2015; Zhao et al.
2016b). The chitosan-derived nanoparticle carriers effectively released NDV in a
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sustainable manner and induced strong cellular, humoral, and mucosal immune
responses that resulted in protection after challenge with virulent NDV. No clinical
signs or microscopic lesions were observed in the chitosan delivered NDV vacci-
nated birds, while 20% mortality and some hyperplastic changes were observed in
the chickens vaccinated with a traditional commercial NDV vaccine.

Silver based nanoparticles have also been successfully used to vaccinate against
NDV with @SiO, and double hydroxide @SiO, nanoparticles intranasally deliv-
ering DNA NDV vaccine candidates (Zhao et al. 2015, 2016a). The SiO,
nanoparticles showed low toxicity in SPF chickens, were released sustainably after
an initial burst, and induced stronger cellular, humoral, and mucosal immune
responses than intramuscular delivery of the same vaccine and naked DNA. The
@Si0, and double hydroxide @SiO, nanoparticle delivered NDV DNA vaccine
candidates demonstrated 100% protection in chickens after challenge with a viru-
lent NDV strain.

12.4 Virus-like Particle Vaccines

Virus-Like Particles (VLPs) are potent immunogens since they authentically present
repeating units of protective antigen on their surface and within the core of particles
that are similar in size to the viral pathogen. They also reduce the risk involved in
vaccination since live virus is not involved in their manufacture. Without infectious
material they can’t infect the vaccinated host, even if the host is immunocompro-
mised, nor can they revert to virulence or recombine with endemic viruses.
Pre-clinical studies into NDV VLPs performed in a murine model compared immune
responses induced with NDV VLPs with those stimulated by UV-inactivated, vac-
cine strain of Newcastle disease virus (McGinnes et al. 2010). Soluble NDV-specific
antibodies induced after immunization with NDV VLPs were as high or higher than
those resulting from immunization with the inactivated vaccine virus (McGinnes
et al. 2010). In addition, NDV VLPs stimulated significantly higher T-cell responses
than those stimulated by the vaccine virus (McGinnes et al. 2010).

NDV VLPs have also proven effective in clinical studies. Park and colleagues
(Park et al. 2014), produced recombinant NDV VLPs expressing the NDV fusion
(F) protein along with influenza virus matrix 1 (M1) protein using an insect cell
expression system. SPF chickens were immunized with oil emulsion NDV VLPs of
increasing dosages (0.4, 2, 10, or 50 pg of VLPs/0.5-ml dose VLPs). Three weeks
after immunization, the chickens were challenged with a highly virulent NDV
strain. The NDV VLPs elicited NDV-specific antibodies and provided protection
against lethal challenge in a dose-dependent manner. A single immunization with a
10 or 50 pg of NDV VLPs was found capable of fully protecting chickens from
lethal challenge and greatly reduced virus shedding. Like their infectious viral
particle counterparts, NDV VLPs have been used as antigen carriers for viral
antigens including those from respiratory syncytial virus (Murawski et al. 2010) and
avian influenza (Shen et al. 2013; Noh et al. 2016).
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13 Plant-Made Vaccine Candidates

Oral delivery has long been the holy grail of many vaccination regimens. However,
the original idea of recombinant (transgenic), edible plant-made vaccines (that a
reliable and robust immune response would result after ingesting transgenic plant
material that produced a vaccine antigen within its tissues) has always been
questioned and has been difficult to prove. Deservedly rigid guidelines for human
health have hindered progress of mucosal delivery of Plant-made Vaccines (PMVs)
in humans. Purified, injectable PMVs and Plant-made Therapeutics (PMTs) are
therefore the mainstream accepted delivery route.

13.1 Plant Cell Culture-Made HN

Following this trend, the first PMV to be commercially licensed (Katsnelson et al.
2006), a veterinary vaccine to protect poultry from NDV was partially purified and
injectable. The study was undertaken to demonstrate the ability of a recombinant
plant system to produce a protective antigen that could then be approved through
the existing US regulatory system for animal health. Newcastle disease virus was
chosen as the target for the proof-of-concept study because: there is a single
dominant viral surface antigen that is protective, the HN protein; there is a
well-defined disease challenge model; there are positive controls that are readily
available in the form of commercialized viral vaccine strains; and there are stan-
dardized haemagglutination inhibition assays that measure antibody titre (Mihaliak
et al. 2004).

The developed NDV vaccine was produced using a contained, Nicotiana ben-
thamiana (NT1) cell culture system (Table 2). This production system circum-
vented proposed regulatory problems of whole plant production systems (namely
pollen). The HN antigen was expressed in the NT1 cells after stable transformation
using Agrobacterium. The NT1 cell-produced HN was found to retain the size
(western analysis) and immunoreactivity (ELISA) of the native antigen. There was
no degradation of the HN in the plant cells and it was bioactive in red blood cell
haemagglutination assays.

As part of the regulatory requirements, a master seed established from the cell
line was used to produce a vaccine batch that was used in a disease challenge study
in chickens (Mihaliak et al. 2004). Non-transgenic, negative controls plus four
different formulations of the recombinant vaccine were prepared from plant cells to
test in a chicken NDV challenge trial. On days O and 14, SPF chicks were sub-
cutaneously vaccinated into the loose skin of the neck with the partially purified,
plant cell material or control material. Individual blood samples were collected from
each bird on day 24, and on day 28 the chicks (except unchallenged controls) were
challenged with NDV Texas GB strain. Antigen specific responses were determined
by haemagglutination-inhibition assays and daily clinical observations were made



160 D. R. Thomas and A. M. Walmsley

Table 2 Plant-made NDV antigen immunogenicity trials in animals

NDV Production Delivery Immune response | Challenge References
antigen system trials
HN Stably Subcutaneous NDV-HN Protected Mihaliak et al.
protein transformed | delivery to specific against NDV | (2004)
NT1 cells chickens antibodies challenge
F protein | Stably Oral deliver to | NDV-specific Not Berinstein et al.
and HN transformed | mice IgG and IgA performed (2005), Gomez
potato antibodies et al. (2008)
F protein | Stably Oral delivery Antigen-specific | Protected Guerrero-Andrade
transformed | to chickens immune against NDV | et al. (2006)
Maize responses challenge
F Protein | Stably Intraperitoneal | Antigen-specific | Not Yang et al. (2007)
transformed | delivery to immune performed
rice mice responses
HN Stably Oral delivery Low HN-specific | Not Hahn et al. (2007)
protein transformed | to chickens IgG immune performed
tobacco responses

for 14 days post-challenge. Birds vaccinated subcutaneously with the plant-made,
subunit HN antigen from NDV proved to be protected against lethal challenge to
NDV. The plant-made vaccine when provided between 3 and 33 pg/dose resulted
in an overall average protection of 95% (Mihaliak et al. 2004). Thus a plant-cell
produced vaccine serologically converted birds and provided protective immunity
against NDV without the risk of shedding or spreading the disease. Since the
vaccine only contained the HN antigen there was also the possibility of differen-
tiation of diseased and vaccinated birds. A formulation was successfully advanced
through the USDA Center for Veterinary Biologics’ regulatory approval process
therefore demonstrating that a plant-made vaccine could be developed and
approved within the existing regulatory framework.

13.2 Whole Plant-Made NDV Antigens

The only other plant-made vaccine to be tested in NDV challenge trials was
produced in stably transformed (particle bombardment) maize plants
(Guerrero-Andrade et al. 2006) (Table 2). The NDV F protein was found to
accumulate in the maize kernels which were then fed to chickens. The immune
responses of 45 day old, SPF chickens was compared between treatments of
feeding with transformed or non-transformed ground maize kernel; feeding LaSota
commercial vaccine mixed in with non-transformed ground kernel; and commercial
vaccine administered intranasally. F protein antibodies were detected in all chickens
after ingestion of the transformed maize and treatment with LaSota (oral and nasal).
The F protein specific antibodies reached a maximum level by day 45 with
all immunized groups having approximately the same antibodies titre by day 60.
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All of the SPF chickens immunized with transgenic maize or LaSota virus survived
(100% protection) while none of the chickens fed non-transgenic maize survived.

While additional studies have expressed either the HN and F proteins together in
potato (Berinstein et al. 2005; Gomez et al. 2008) or separately in rice (F protein)
(Yang et al. 2007) or tobacco (HN)(Hahn et al. 2007) (Table 2), no challenge trials
were performed within these studies.

14 The Future of Plant-Made NDV Vaccines

The current preferred method of vaccination against NDV is largely through live,
attenuated LaSota, B1, and VG/GA vaccines. Commercial NDV vaccines other
than live vaccines are available but they are usually only used in niche areas. The
live NDV vaccines have a strong hold on the NDV vaccine market being inex-
pensive, easy to apply and a time proven vaccine. The plant cell culture-made NDV
vaccine was Dow AgroScience’s chosen model vaccine. They achieved their
proof-of-concept goal by demonstrating that a plant-made injectable vaccine could
be produced at a cost comparable to its already commercialized competition and
could be commercially licensed through existing US regulations. Their plant-made
NDYV vaccine however was never put into production and out to market due to the
competition faced from the many NDV vaccines already in existence that had
proven successful for many years. Even the possibility of oral delivery by
Guerrero-Andrade and colleagues (Guerrero-Andrade et al. 2006) was not enough
to provide a clear advantage over the existing market.

Proof-of-concept has been provided for plant-made vaccines. It must be
remembered however that with a comparatively new technology such as plant-made
vaccines, actual commercialization efforts should focus on areas where a clear
advantage is held. Focus should either be on niche disease targets (such as those
tackled by commercialized plant-made vaccines for human use) or diseases that
have little or weaker competition already on the market. These targets should
ideally have a known protective antigen(s); a well-defined disease challenge model;
available positive controls and other diagnostics including a standardized assays to
measure induced immune response.
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Abstract Infectious bursal disease is an acute, highly contagious, immunosup-
pressive disease that affects young birds causing important economic losses in the
poultry industry. Its etiological agent is the Infectious bursal disease virus (IBDV),
a non-enveloped bi-segmented double stranded RNA virus which belongs to the
Genus Avibirnavirus from the Family Birnaviridae. Currently, control of IBDV is
normally achieved by vaccination programs with inactivated and live attenuated
viruses. However, conventional vaccines have a number of disadvantages due to
their viral nature and, in many cases, fail to provide sufficient protection against
very virulent and variant strains of IBDV. Several new vaccines have been
developed as alternatives to solve these problems. Among these rationally designed
vaccines live viral-vectored, immune complex and subunit vaccines are found. In
this chapter, the contribution of these new technologies to the field will be
addressed, with special focus on plant-made vaccines candidates against IBDV. The
rationale, efficacy, and yield of these plant-based developments, as well as the
comparison to established vaccines or alternatives will be discussed.

Keywords Molecular farming - IBDV - Chicken - VP2 . Recombinant vaccine
Transient expression

1 Infectious Bursal Disease Virus and the Disease It
Causes

Infectious bursal disease virus (IBDV) is the causative agent of Infectious bursal
disease (IBD), also known as Gumboro disease. It is a non-enveloped bi-segmented
double stranded RNA (dsRNA) virus which belongs to the Genus Avibirnavirus
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from the Family Birnaviridae (Dobos et al. 1979; Miiller et al. 1979). From the two
segments that compose the viral genome, segment B is the shortest and encodes for
the viral protein VP1, a RNA-dependent-RNA-polymerase (Morgan et al. 1988;
von Einem et al. 2004). Segment A, on the other hand, is slightly larger and consists
of two partially overlapping open reading frames (ORFs). One of them encodes for
a polyprotein (PP) that undergoes an autoproteolytic cleavage in early stages of an
infection giving place to a precursor of VP2 (pVP2), VP3 and VP4. pVP2 is further
cleaved into mature VP2 (VP2), the main capsid protein, and several C-terminal
peptides. VP4 is the viral protease that cleaves the PP (Da Costa et al. 2000). VP3 is
a scaffolding protein that interacts with VP1, pVP2, VP2 and with itself during
morphogenesis. VP3 also has RNA-binding activity and is responsible of capsid
stability (Mertens et al. 2015). The other ORF of segment A encodes the smallest of
the viral proteins, VP5 (Mundt et al. 1995), which has been assigned with a role in
viral progeny release (Wu et al. 2009; Méndez et al. 2017).

There are two serotypes of IBDV and, while both can infect chickens, only
serotype I is pathogenic in this species (Jackwood et al. 1985; Ismail et al. 1988). The
strains belonging to serotype I are traditionally classified as classical (cIBDV),
variant (varIBDV) and very virulent (vvIBDV), although there also exists the
“vaccine strain” category, which comprises classical strains with different degrees of
attenuation for their use as vaccines against IBDV. It is well characterized that less
attenuated vaccine strains are able to overcome higher levels of anti-IBDV mater-
nally derived antibodies (MDA), but also to cause immunosuppression in vaccinated
chicks (Miiller et al. 2012). These vaccine strains have also been implicated in the
generation of reassortant IBDV strains (Chen et al. 2012a; Raja et al. 2016).

IBD is a highly contagious disease which is regarded as endemic throughout the
world (Fig. 1), causing considerable economic losses both directly, through clinical
signs and mortality, and indirectly, due to failure in vaccination programs and
incremented susceptibility to other pathogens (Kegne and Chanie 2014; Alkie and
Rautenschlein 2016). IBD affects mainly chicks between 3 and 6 weeks of age,
although the virus can also infect younger chicks. Because IBDV targets
IgM-bearing B-lymphocytes, the infection will cause different degrees of
immunosuppression (Sharma et al. 2000). The age and breed sensitivity of the
birds, the virulence of the viral strain and the level of maternal antibodies constitute
the main factors that will determine the outcome of an IBDV infection (Ahmed and
Akhter 2003; Aricibasi et al. 2010; Tippenhauer et al. 2013; Zhao et al. 2016).

Three disease forms are most common in the field: classical, immunosuppressive
and acute (Van den Berg et al. 2000). The classical form is associated with the
presence of cIBDV and usually comes after a decline in maternal antibodies titers in
vaccinated flocks. It has worldwide distribution, being endemic in most of the
regions. It is often subclinical and courses with low specific mortality (0-5%). The
signs, when a clinical manifestation occurs, include vent picking, trembling, ruffled
feathers, watery diarrhoea, anorexia, depression, severe prostration and death. As
there are no characteristic signs of IBDV infection, necropsy is where most of the
information can be obtained (Van den Berg et al. 2000; Eterradossi and Saif 2008;
Kegne and Chanie 2014). The immunossuppresive form is related to the emergence
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Fig. 1 Worldwide distribution of IBD and status of the disease according to the latest available
reports (July-December, 2016) in the World Animal Health Information System (WAHIS) from
the World Organisation for Animal Health (OIE). http://www.oie.int/wahis_2/public/wahid.php/
Diseaseinformation/statuslist. Image created with https://mapchart.net

of varIBDV strains, which are able to evade the circulating neutralizing antibodies
(Snyder et al. 1992), mainly found in USA, Canada and Australia (Snyder et al.
1992; Sapats and Ignjatovic 2000; Kurukulsuriya et al. 2016) because of the pre-
dominance of varIBDV strains in those regions. Although the immunocompetence
of the chickens is severely diminished, this form is asymptomatic in the majority of
the cases (Van den Berg et al. 2000; Kegne and Chanie 2014). However, the
economic losses associated to varIBDV-related immunodeficient flocks are con-
siderable (Zachar et al. 2016), mainly due to decreased effectiveness of vaccination
programs and increased susceptibility to opportunistic pathogens (Ingrao et al.
2013). Finally, the acute form is caused by vvIBDYV strains, which are able to infect
in the presence of maternal antibodies and cause higher-than-expected mortality
rates (Van den Berg 2000). The first reports of this form of disease took place in
Europe, but vvIBDYV is currently present in many regions mainly from Africa, Asia
and South America (Eterradossi and Saif 2008). The clinical signs are those from
the classical form, but they are described to have a more intense manifestation and
to be more generalized within the affected flock. The mortality rates can range
between 50 and 100% (Van den Berg 2000; Eterradossi and Saif 2008).

As there is no specific treatment for IBD, the attention should be focused on
preventive measures. Hygienic measures are important but often insufficient. This
makes the vaccination of the flocks the most important action to prevent IBDV
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entry into any poultry production facility (Miiller et al. 2012). The contribution of
plant-based vaccines to this field will be discussed in the next sections.

2 Mechanism of IBDV Infection

Horizontal transmission of IBDV occurs through the ingestion of food and water
contaminated with infectious feces. IBDV initiates replication in lymphocytes and
macrophages of the gut-associated lymphoid tissues. This stage of viral replication
marks the primary viraemia. Within 5 h post-infection, IBDV reaches the liver,
where it is phagocytized by resident macrophages. Virus then enters the bloodstream
where it is distributed to other tissues including the bursa of Fabricius. The bursa of
Fabricius is an oval sac located dorsally to the cloaca, exclusive to avian species, and
it is the site where B-cell lymphopoiesis, lymphocyte maturation and differentiation
and development of the antibody repertoire take place. Bursal follicles represent the
structural, functional and pathological bursal unit (Olah et al. 2013). Virus ability to
spread from the bursa to other lymphoid organs depends on the virulence of the
infecting IBDV strain (Alkie and Rautenschlein 2016). By 13 h post-inoculation
(hpi), most bursal follicles are positive for the virus and by 16 hpi a second,
more pronounced, viraemia occurs, with secondary replication in other
B-lymphocyte-containing tissues leading to disease. Clinical signs and death may
result from the acute phase (7-10 days) of IBD. As previously mentioned, factors
such as pathogenicity and virulence of a strain, as well as the chicken’s age, breed,
and immune status can influence the outcome and severity of the infection (Van den
Berg et al. 2000; Harris 2010). The virus infects and destroys actively dividing
immunoglobulin M (IgM)-bearing B cells in the bursa of Fabricius resulting in a
prolonged suppression of the primary antibody response (Rodenberg et al. 1994;
Sharma et al. 2000). In chickens that survive the acute disease, virus replication
subsides and almost all bursal follicles become repopulated with IgM + B cells. The
primary antibody response is gradually restored to near normal levels. Although the
destruction of B lymphocytes may be one of the main inhibitors of humoral
immunity, the involvement of other mechanisms such as altered antigen-presenting
and helper T cell functions has been also proposed (Sharma et al. 2000). Together
with B lymphocyte depletion in the bursa, an infiltration of activated CD4 + and
CD8 + T lymphocytes occurs. Although T-cells are not susceptible to IBDV
infection, the cellular immune response is also compromised (Sharma et al. 2000).
Evidences suggest that T cells may modulate IBDV immunopathogenesis by
restricting IBDV replication in the bursa in the early stage of the disease. Through
their release of cytokines and cytotoxic effects, T-cells may enhance bursal tissue
destruction, suppress immunity and delay recovery of bursa follicles. At the same
time, T-cells may promote clearance of IBDV (Sharma et al. 2000).

Cells of the monocyte-macrophage lineage can be infected in a persistent
and productive manner and play a crucial role on dissemination of the virus
(Burkhardt and Miiller 1987; Inoue et al. 1994) and on the onset of the disease
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(Kim and Sharma 2000). Increased macrophage infiltration into the bursa may
cause higher expression of proinflammatory cytokines [interleukin (IL)-6, IL-13
and IL-18] and inducible nitric oxide synthase, playing a specific role in the
pathology of the disease (Khatri et al. 2005; Lee et al. 2015).

Mechanisms and strategies involved in IBDV life cycle are not clear enough.
Nevertheless, it is well known that the virus early life cycle comprises cell surface
attachment, internalization and penetration, leading to virus replication in the
cytoplasm. Different host cell receptors or structures such as N-glycosilated
polypeptides (Luo et al. 2010), heat shock proteins like cHSP90 (Lin et al. 2007),
a4pB1 integrin (Delgui et al. 2009) or lipid raft endocytic pathways (Yip et al. 2012)
have been proposed as putative receptors for IBDV. Also, it has been proposed that
endocytosis is required for IBDV entry and internalization, followed by the release
of Pep46, a capsid-associated peptide which induces pores in the endosomal
membrane allowing the release of viral ribonucleoproteins (RNPs) into the cytosol
(Galloux et al. 2007). Then, RNPs would associate with the endosomal membrane,
through the VP3 membrane-targeting ability, where viral genome replication
occurs. Afterwards, the RNPs associated with the endocytic vesicles could traffic
along microtubules to reach the perinuclear region, establishing physical contact
with the Golgi complex where viral assembly takes place (Delgui et al. 2013).
Finally, two independent releasing mechanisms were proposed. The first one,
dependent on VP5 expression, allows the non-lytic release of infectious particles
from live and metabolically active cells. The second one is associated to cell lysis
and facilitates the release of the remaining progeny together with the intracellular
content (Méndez et al. 2017).

3 Plant-Made Vaccine Candidates Against IBDV

When IBDV infects a chicken, a humoral response against structural proteins VP2
and VP3 is mostly found. pVP2/VP2 and VP3 are the major proteins present in 780
and ~450 copies per capsid respectively, while VP1 is present in approximately
12 copies (Luque et al. 2009). Although an antibody response against VP3 exists
and neutralizing epitopes were identified (Whetzel and Jackwood 1995), VP3 fails
in promoting a protective response (Pitcovski et al. 1999). Conversely, antibodies
raised against VP2 have neutralizing capability and elicit protective immunity.
Therefore, along the last years, several attempts have been made to generate VP2
subunit vaccines (Ghafari et al. 2010). VP2 neutralizing epitopes are located in the
hypervariable region of the protein, between amino acids 206 and 350 (Bayliss
et al. 1990). The hypervariable region is highly conformational and comprises four
loops named Pgc (aa 219-224), Py (aa 316-324), Ppg (aa 249-254) and Pgg (aa
279-284) (Coulibaly et al. 2010). Ppg and Pgg loops are responsible for virus-cell
receptor binding and virulence, whereas Py and Pgc loops contain the neutralizing
epitopes and have been proved to be suitable sites for foreign peptides display
(Brandt et al. 2001; van Loon et al. 2002; Qi et al. 2009).
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After infection with IBDV or recombinant expression of VP2, icosahedral T = 1
subviral particles (SVP) of ~23-26 nm in diameter formed by 20 trimers of VP2
are found (Coulibaly et al. 2005; Garriga et al. 2006; Taghavian et al. 2013). These
particles were produced in different expression systems like Pichia pastoris,
Escherichia coli and insect cells, for many purposes such as: subunit vaccines
against IBDV (Rogel et al. 2003; Ho et al. 2010; Taghavian et al. 2013; Jackwood
2013), carrier of epitopes of non-related viruses (Remond et al. 2009; Caballero
et al. 2012; Pascual et al. 2015), serological diagnosis (Dey et al. 2009) and life
viral cycle studies (Lin et al. 2007; Delgui et al. 2009).

Due to the importance of the disease worldwide and the beneficial features of
plant expression of valuable molecules, some groups have reported the production
of VP2 in model plants and cereal crop evaluating in each case their performance as
vaccine against IBD.

The first study appeared in 2004 when molecular farming, in particular the
conception of edible vaccines, was in full swing. Arabidopsis thaliana expressing
VP2 in the foliar area was the plant species of choice. Authors reported a percentage
of total soluble protein (TSP) for VP2 ranging between 0.5 and 4.8%. These % TSP
values were probably underestimated as authors considered in the calculations that
VP2 represented 20% of IBDV TSP (Wu et al. 2004a), when nowadays it is known
to be about 60% according to crystallographic and stoichiometry analyses (Luque
et al. 2009). Nevertheless, these percentages are among the highest obtained in
stably transformed plants for subunit vaccines.

Crude extract from leaves of the best transgenic line was evaluated by oral and
subcutaneous routes in a prime/boost scheme at 1 and 3 weeks of age. Those
animals immunized orally with VP2 received 5 doses at 3-days intervals. Chickens
receiving subcutaneous immunization had moderate levels of antibodies compared
to the live intermediate commercial vaccine (Bursine-2) group, and protection after
challenge with a variant strain was 60%, measured as a bursa-to-body weight ratio.
In spite of generating similar antibody levels, the oral route seemed to be more
efficient than the subcutaneous route with 80% of protection. Chickens primed with
the commercial vaccine at 1 wk followed by an oral booster with VP2 expressed in
plants at 3 wk of age showed 90% protection while animals receiving two doses of
Bursine-2 at the same time interval had 78% protection (Wu et al. 2004b).

Overall, these first approaches to a plant derived vaccine indicated that plants
were capable of synthesizing IBDV VP2 and that both routes of vaccination were
effective in generating protective response. Moreover, VP2 expressed in plants
could be effectively used to prime or boost a previous response.

Later, another group drove the expression of VP2 to rice endosperm with the aim
of producing a mucosal vaccine for IBDV (Wu et al. 2007). The strategy was to
clone the coding sequence of VP2 under the promoter of Glutelin A, a very strong
and specific promoter leading the expression of the most abundant protein in rice
seeds.

The average of VP2 protein in the highest expressing transgenic line was
4.521% of seed TSP, which accumulated up to 56.12 pg of VP2 per grain, while
the lowest presented 0.678%
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Two-week old chickens fed with 1, 3 or 5 g of seeds of a line expressing
40.21 pg of VP2 per grain on days 0, 7, 14 and 21 developed a specific immune
response. Unfortunately, the vaccination doses (ug VP2/g seeds) have not been
informed although it was estimated elsewhere that 5 g contained 10 mg of VP2
(Mason and Herbst-Kralovetz 2012). The protection was recorded as the number of
chickens with a bursal score of zero. The bursal score is a measure of how affected
the bursa of Fabricius becomes after infection with IBDV and it is based on the
percentage of follicles with lymphoid depletion in addition to the observation of
specific lesions. The scale ranges between 0 and 4/5 (depending on the literature
source) with lower score meaning less bursal damage. Results demonstrated a dose
dependent response as animals fed with 5 g showed the highest rate of protection
(83.3% vs. 33.33% showed by animals intranasally inoculated with a commercial
attenuated vaccine strain B87 at days 0 and 21) after challenge with a very virulent
strain. The neutralizing antibody levels were similar to that of the group vaccinated
with the commercial vaccine and was also influenced by the vaccination dose.

Altogether, results indicated that VP2 was resistant to gut degradation and that
the use of adjuvants was unnecessary. Moreover it showed an effective, safe and
inexpensive vaccine with no requirements of needle/syringe or a cold chain to its
commercialization. This work showed for the first time the efficacy of a rice-based
vaccine in the natural host. Nevertheless, more detailed studies regarding stability
of VP2 over time, storage conditions, mucosal response and the possibility of
inclusion in balanced diet, would have been interesting towards the obtainment of
an edible vaccine against IBDV.

Rice provides little energy per cost unit which makes it a very expensive cereal
to use in birds feeding. Conversely, maize is the cereal that provides the highest
amounts of metabolizable energy/kg. Also, it is a source of zeaxanthin and lutein,
two carotenoids that provide color to the egg yolk and the chicken’ skin, very
desirable characteristics in the poultry industry. For these reasons maize would have
been a better choice as an edible vaccine for chickens.

Gradually, plant transient expression of vaccine candidates has taken a pre-
vailing place over stable expression mainly because the developing time and yields
were improved with the arrival of new technologies. In this sense, Chen et al.
described in 2012 the generation and immunogenicity of a chimeric Bamboo
mosaic virus harboring the coding sequence of loop Pgc (18 aa), of a vvIBDV VP2,
fused to the N terminal of the viral coat protein (CP) (Chen et al. 2012b). Bamboo
mosaic virus is a filamentous potexvirus consisting of 1300 identical CP subunits so
it was expected that the chimeric virus also contained 1300 IBDV epitopes. Authors
reported a production of recombinant CP of 2.6-2.8 ng/mg of total soluble protein
that represent 0.26 and 0.28% of TSP, respectively. Chimeric viruses were pro-
duced in Chenopodium quinoa and then purified for animal experiment. Three SPF
chickens received an intramuscular injection of isolated chimeric viruses (600 pg)
formulated with Freund’s incomplete adjuvant and twenty eight days later they
were challenged with a very virulent strain of IBDV. Two out of three animals of
the control group died while chickens of the chimeric or commercial vaccine sur-
vived after challenge. Also, specific antibodies of the chimeric virus vaccinated
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animals reached similar levels to the commercial vaccine group. This work
demonstrated that a single region of VP2, the loop containing the neutralizing
epitopes, was able to induce a specific response even in a single dose. A large scale
experiment in field conditions without adjuvant would have been desirable to prove
efficacy of the vaccine.

Our group has focused on the transiently production of VP2 in Nicotiana ben-
thamiana plants and its subsequent application in different vaccination approaches
in susceptible chickens (Goémez et al. 2013; Lucero et al. 2016; Richetta et al. 2017)
(Fig. 2). This plant expression system has allowed us the obtainment of high levels
of VP2 in a short time period. In addition, this plant expression system is suitable
for a rapid response in case of a field outbreak where other sequences of VP2 might
be required.

We have chosen the expression of mature VP2 (VP2 of 441 aa) because it has
already proved to be immunogenic and to form subviral particles in other
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Fig. 2 The coding sequence of mature VP2 is cloned in a binary vector under a strong promoter
for plant expression and introduced into Agrobacterium tumefaciens by electroporation. Transient
expression is performed by infiltrating Nicotiana benthamiana leaves with a suspension of the
recombinant bacteria. Four or five days later, agroinfiltrated leaves are harvested and total proteins
are extracted in chilled buffer. This crude extract is used to vaccinate chickens in a prime/boost
scheme which induces a humoral response against VP2
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expression systems. Firstly, the strategy was to clone the coding sequence under the
control of the rubisco small subunit promoter, said to be 8 times stronger than the
35S promoter. Then leaves of N. benthamiana were infiltrated with a suspension of
recombinant agrobacteria harboring the sequence of interest followed by the col-
lection of the leaves 4 days later. The yields were in average 1% TSP. Five animals
were vaccinated intramuscularly with 200 pl of crude extract containing 12 pg,
formulated with Freund’s adjuvant, on days 0, 22 and 35 post inoculation. Animals
were weekly bled and 18 days after the last vaccination they were challenged with a
high dose of an intermediate IBDV strain. Results demonstrated that the extract was
able to elicit a humoral response as early as 15 days, with neutralizing activity
reaching high titers by the end of the experiment. Also, chickens vaccinated with
VP2 and challenged showed a decrease in the frequency of T-cell infiltration into
the bursa of Fabricius, from 2.7 to 22.6 times lower than the control group, indi-
cating that the humoral response prompted by the experimental vaccine was effi-
cacious in preventing the entrance of the virus in that organ (Gémez et al. 2013).
Later, we showed that a more welfare-friendly immunization scheme with fewer
injections and without adjuvant was also able to elicit a protective response. In four
out of six animals primed and boosted with 7.5 pg of VP2, IBDV was not detected
in the bursa of Fabricius while the other two animals presented a reduced viral titer
of approximately 10° times regarding the control group. In addition, animals vac-
cinated with VP2 presented a bursa with normal morphology and nine times fewer
infiltrating T cells than the control group (Lucero et al. 2016). We believe that the
success of our antigen by parenteral route is not only related to the physical and
chemical properties of the protein but also to the adjuvant capacity of the plant
extract. It is possible that the plant extract contains PAMPS of toll like receptors
(like LPS from Agrobacterium) and vegetal compounds that might help to prompt
an innate response which in turn contributes to the establishment of the adaptive
response (Licciardi and Underwood 2011). It is worth mentioning that when we
assayed the mucosal vaccination with the same dosage, we found less encouraging
results. Neither intranasal nor oral vaccinations were able to produce an effective
immune response in chickens. Specific antibodies were not detected and chickens
were not protected from IBDV challenge (Lucero et al. 2016). One possibility is
that the immunization scheme applied was inappropriate as mucosal stimulation
might require more and/or frequent boosts. Another option is that an adequate
mucosal adjuvant or higher doses of immunogen could also be needed.

We also performed vaccinations with the extract in prime/boost schemes along
with vectored vaccines based on recombinant Modified Ankara Virus harboring the
coding region of VP2 (Richetta et al. 2017). Results showed that the extract can be
used alone, as demonstrated earlier, and to prime or boost a vaccination with other
types of recombinant immunogens. Finally, using the pEAQ vectors (Sainsbury
et al. 2009) for VP2 plant expression we recovered SVP from plant material
indicating that these nanoparticles can also be produced in plant-based expression
systems (unpublished results).
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4 Plant-Made Vaccines Against IBDV Versus Established
Vaccines and Other Developments

IBDV was identified for the first time more than 50 years ago; still, this virus
remains a significant threat to commercial poultry worldwide. Many advances have
been made in the development of new recombinant vaccines, however,
live-attenuated and inactivated vaccines, along with strict hygiene management of
poultry farm, continue to be the most common practices to control IBDV.

Live viral vaccines can replicate and are effective in inducing both cellular and
humoral immunity without the use of adjuvant (Miiller et al. 2012). Besides, they
are suitable for mass administration to chickens since they can be given with the
drinking water. However, they present a number of disadvantages due to their viral
nature. They can revert to virulence (Yamaguchi et al. 2000; He et al. 2009;
Jackwood 2012), they usually produce a period of immunosuppression in young
chickens and might interfere with response to other vaccines (Mazariegos et al.
1990; El-Yuguda et al. 2007); they exhibit poor efficacy in the presence of certain
levels of maternally derived antibodies (MDA) (Kumar et al. 2000; Rautenschlein
et al. 2005); and most importantly, they may not fully protect chickens against
infection by the very virulent and variant IBDV strains (Rautenschlein et al. 2005;
Alkhalaf 2009). Furthermore, although drinking water vaccination would seem to
be the least labor intensive, there are major concerns regarding inconsistencies of
vaccine dosage depending on water consumption within the flock and viral inac-
tivation by traces of disinfectants or chlorine in the drinking water.

Live viral-vectored and immune complex vaccines, seem to be attractive can-
didates to replace the traditional live attenuated one and are already being com-
mercialized by different animal healthcare companies. The two viral vectored
vaccines available, VAXXITEK® HVT + IBD (Merial) and Vectormune®
HVT IBD (Ceva) use the turkey herpesvirus (HVT) carrying IBDV antigens to
stimulate immunity against Marek’s disease and IBD simultaneously. On the other
hand, immune complex Gumboro vaccine, Cevac® Transmune IBD (Ceva) consists
of a well-defined mixture of IBDV-specific antibodies and infectious IBD vaccine
virus. Both types of vaccines have proven to be effective in the presence of
maternally derived antibodies (MDA) causing protection against different patho-
types of IBDV when inoculated in a single dose in ovo or subcutaneously to 1 day
old chickens (Haddad et al. 1997; Kelemen et al. 2000; Perozo et al. 2009; Prandini
et al. 2016; Gelb et al. 2016). Although in ovo or subcutaneous vaccination allow a
more automated and systematic administration of these new vaccines, they require
egg-injection machines, which are not available in all farms, or trained personnel.
This, together with the fact that both live viral-vectored and immune complex
vaccines are more expensive than the live attenuated ones, might be some of the
reasons why the last ones have not been replaced yet.

IBD inactivated vaccines consist of virus that has been rendered incapable of
replicating, so they cannot cause disease, but maintain the ability to induce a
protective immune response. They are costly due to the treatment processes
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involved in inactivating the virus and require strict quality control to ensure that
killed organisms are fully inactivated and harmless before used for vaccination
(Delrue et al. 2012). Moreover, they lack efficient immunogenicity unless they are
combined with adjuvants and administered in repeated injections, or follow a prime
with a replicating antigen (Miiller et al. 2012). Since inactivated IBD vaccines are
mostly formulated as water-in-oil emulsions and inoculated through the intramus-
cular route, they do not stimulate mucosal immunity. Normally, their use is con-
strained to breeder birds just before laying in order to provide passive immunity to
the offspring by means of MDA (Maas et al. 2001).

As an alternative, many proteic subunit vaccines based on recombinant VP2
expression have been assessed in the laboratory against IBDV infection with
diverse results. Generally, as they are non-replicating antigens, they have similar
disadvantages to inactivated vaccines regarding efficiency. To date, there is only
one commercially available recombinant subunit vaccine against IBDV,
Gumbin®VP2 (Phibro Animal Health Corporation), which consists of inactivated
NDV and recombinant VP2 produced in yeast (Pitcovski et al. 2003). It is intended
for vaccination of all chicken breed after priming with live Newcastle disease and
Infectious bursal disease vaccines. Nonetheless, these subunit vaccines exhibit great
promise since the lack of inactivation procedures might render them cheaper (de-
pending on the expression system), than inactivated whole virus formulations. In
addition, some of these recombinant vaccines, depending on how they are formu-
lated, could be administrated through the oral route to stimulate mucosal immunity.

VP2 has been expressed in a number of heterologous systems such as E. coli,
yeast, baculovirus/insect cells and plants (reviewed in Lucero et al. 2012). All of
them have different characteristics that are summarized in Table 1. Although
mammalian/avian cultures have not been used to express recombinant VP2, they
are used to propagate live attenuated or live viral-vectored vaccines; hence, they are
also included in the table for comparison.

When compared to other expression systems, the disadvantages of plant
expression systems have been related to protein yield and time of development. It is
difficult to compare VP2 protein yield obtained in plants vs. other expression
systems since not all reports include this information or is expressed in different
units. Still, some of the higher yields were obtained in E. coli (1.178 g/ of culture
or 0.19 g/g of bacteria) (Rong et al. 2007) and yeast (0.5 g/l of culture) (Pitcovski
et al. 2003). Achieving this kind of VP2 yields in plants is one of the challenges of
this platform, however, their almost unlimited scale up capacity has the potential to
provide plenty biomass in order to accumulate sufficient quantity of the antigenic
protein even when expression levels are not very high. On the other hand, although
the development and selection of suitable transgenic lines expressing adequate
amounts of VP2, like the case of Arabidopsis and rice (Wu et al. 2004b, 2007) its
laborious and can take many months, VP2 transient expression approaches using
Agrobacterium (Gomez et al. 2013; Lucero et al. 2016) and/or plant viral vectors
(Chen et al. 2012b) are able to reduce developing times and can be as fast as
producing a recombinant bacteria or yeast.
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As described in detail in the previous section, VP2 has been produced in dif-
ferent plant platforms. The efficacy as a subunit vaccine has been demonstrated both
by intramuscular (Chen et al. 2012b; Goémez et al. 2013; Lucero et al. 2016) and
oral routes (Wu et al. 2004b, 2007) although several doses of the experimental
plant-based vaccines were needed in order to achieve a protective immune response
against IBDV. These are some of the few studies in which VP2 protein delivered
orally has been successful in achieving protection against IBDV challenge. While
oral administration of Kluyveromyces lactis expressing VP2 (1-3 mg of recombi-
nant protein in total) in a 2/2/2 scheme (two weeks feeding, two weeks break, two
weeks feeding) only achieved a 10% rate protection (Arnold et al. 2012), 4 doses of
orally-administered Pichia pastoris producing VP2, containing 400 pg or 4 mg of
viral protein, induced a protective immune response against IBDV in chickens
which increased survival rates to 60—-100% compared to 40% of the control groups
(Taghavian et al. 2013).

Subunit vaccines are safer than traditional IBDV vaccines; however, they are
less immunogenic than live attenuated, viral-vectored or immune complex vaccines
which can induce a strong immune response with only one dose in young birds.
However, it may be beneficial to use a plant-derived VP2 as a booster vaccine in
chickens that have been primed with live vaccines. Hence, taking into account the
problems with inactivated vaccines and the benefits of plants as expression systems,
we believe that a plant-based subunit vaccine against IBDV represents a viable
alternative to the inactivated vaccine given to breeder hens before the laying period.

5 How Far Are We from an Anti-IBDV Commercial
Vaccine?

Developments of plant-based vaccines against IBDV are nowadays in early stages,
however they seem to be very promising strategies. An edible vaccine seems fea-
sible since VP2 expressed in Arabidopsis and rice invoked an immune response
when given orally, showing that this protein is resistant to gut degradation (Wu
et al. 2004b, 2007). Additionally, as mentioned before, the rice-based vaccine does
not need any type of protein extraction or purification prior to delivery and cold
chain is not required. However, both experimental vaccines implicate the use of
transgenic plants, so they would have to gain regulatory approval from the corre-
sponding organism as all genetically modified (GM) crops in order to reach the
market. Moreover, the production of an IBDV vaccine in food crops such as rice
might have to overcome concerns regarding the safety of the food chain from
cross-contamination with the GM organism (Naderi and Fakheri 2015). On the
other hand, transient expressions of VP2 by means of Agrobacterium (Gémez et al.
2013; Lucero et al. 2016) or plant viruses (Chen et al. 2012b) have become
attractive manufacturing systems since they might be able to overcome some of the
regulatory issues and public concerns for genetically modified organisms (Chen and
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Lai 2015). Besides, these systems are very rapid, generating recombinant proteins
within days and avoiding the long times required to generate a transgenic plant. It
has been speculated that it may be difficult to maintain a high efficacy of live
vaccines against IBDV due to the complication of adapting them to cover the
emergence of highly virulent or variant strains of the virus. In this sense, transient
approaches, which allow a fast replacement of the VP2 gene, would be the most
appropriate vaccines to deal with this situation (Saif 2004). For many years tran-
sient expression systems remained restricted by laborious scale-up limitations.
However, with development of new platforms optimized to facilitate a scale-up
production in a short time period, transient expression of large quantities of
recombinant proteins in plants may become feasible (Gleba et al. 2005; Peyret and
Lomonossoff 2013; Jin et al. 2015).

There is still a way to go from the evaluation of the products in the laboratory to
the achievement of a finished plant based vaccine against IBDV. To date none of
these vaccines have been scaled up and evaluated in large field trials with broiler
chickens. Both safety and efficacy tests need to be carried out before an IBDV
plant-based vaccine reaches the market. Nonetheless, we believe that a vaccine with
the characteristics enumerated before would be of easy adoption in the veterinary
field.
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Abstract Avian influenza (Al) is a highly contagious respiratory disease that can also
affect the enteric and nervous systems, causing a high degree of morbidity and
mortality in animals and even in humans. Although current vaccines are effective
against virus infection, new strategies need to be developed to satisfy the global
demand for an Al vaccine. Plant-based expression systems can function as inexpen-
sive platforms for the large scale production of recombinant pharmaceuticals or
subunit vaccines. During the last decade, successful cases of influenza antigens pro-
duction have been reported in plants, using both transient and stable expression sys-
tems. Full-length hemagglutinin (HA), as well as subunits thereof, has been produced
in different compartments of the cell fused or not to other polypeptides. Immunizations
of animals (mice, ferrets, rabbit, chickens and human) were performed with some of
these plant-derived HA variants. These results demonstrate that plant-produced HA
protein is antigenic and can induce immune response that correlate with protection
against lethal Al virus. This paper reviews studies developed by several groups of
researchers to improve the production of plant-based Al vaccines.

Keywords Avian Influenza - Plant molecular farming - Hemagglutinin
Veterinary vaccines

1 Avian Influenza

Al is a highly contagious respiratory disease that can also affect the enteric and
nervous systems, causing a high degree of morbidity and mortality in animals and
even in humans (Ferguson et al. 2006; Medina and Garcia-Sastre 2011). Migratory
birds act as reservoirs carrying the virus in the intestinal tract, and are generally
asymptomatic, but domesticated poultry and other birds can also be infected.

Y. Ceballo (>X) - A. Lopez - K. Tiel - A. Hernandez

Plant Biotechnology Department, Center for Genetic Engineering and Biotechnology
(CIGB), PO Box 6162, 10600 Havana, Cuba

e-mail: yanaysi.ceballo@cigb.edu.cu

© Springer International Publishing AG, part of Springer Nature 2018 189
J. MacDonald (ed.), Prospects of Plant-Based Vaccines in Veterinary Medicine,
https://doi.org/10.1007/978-3-319-90137-4_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90137-4_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90137-4_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90137-4_8&amp;domain=pdf

190 Y. Ceballo et al.

Infections in poultry may be more severe, and turkeys are more commonly infected
than chickens. The symptoms in birds include lethargy, respiratory distress, facial
swelling, decreased egg production and sudden death without clinical signs.
Between January 2014 and November 2016, Al has been identified in 77 countries
and 13 strains have been detected (http://www.oie.int/en/animal-health-in-the-
world/update-on-avian-influenza). While most Al strains cause only mild disease in
poultry, and are called low pathogenic AI (LPAI), highly pathogenic AI (HPAI)
viruses can kill up to 90-100% of the flock and cause large epidemics, which can
spread rapidly, generating significant impacts on the poultry industry and trade
(Iowa State University Center for Food Security and Public Health 2016). (http:/
lib.dr.iastate.edu/cfsph_factsheets/10).

2 Avian Influenza Virus

Al virus (AIV) belongs to the family Orthomyxoviridae, genus Influenza A virus
(type A), and contains a negative-sense, segmented RNA genome. Structurally, the
virus is of spherical shape, wrapped with two kinds of glycoprotein spikes on its
surface arranged at regular intervals, called hemagglutinin (HA) and neuraminidase
(NA). HA and NA are set in a double lipid membrane (envelope) located on a coat
protein (M protein or matrix) that gives form and stability to the housing (Fig. 1).
Type A influenza strains are classified according to the primary viral surface pro-
teins, the HA and NA. The HA has 16 subtypes (HI-H16) and the NA has 9

Fig. 1 Schematic views of the structure of Influenza A virus. The virus proteins are denoted as
HA hemagglutinin; NA neuraminidase; M matrix protein; NP nucleoprotein; LM lipid bilayer
membrane
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subtypes (N1-N9). The H and N subtypes seem to be able to assort into any
combination, and many of the 144 possible arrangements have been found in
natural reservoir species, although some combinations are more common than
others (Spackman 2008).

Hemagglutinin is the major viral surface protein that induces protective immu-
nity to influenza infection and is synthesized as a full-length protein containing a
signal peptide, an extracellular domain (HA1 and HA2 regions), and a trans-
membrane domain and cytoplasmic domain at the C-terminus of the HA2 region.
This protein is cleaved by proteases to create two subunits, HA1 and HA2, linked
by a disulfide bond (Pietrzak et al. 2016). HA proteins form trimeric structures with
non-covalent bonds, and play an important role in binding to the cellular receptor
sialic acid, preferably with an (alpha)-2,3 galactose linkage. This binding induces
fusion of the viral envelope with the endosome membrane. (Floyd et al. 2008; Mao
et al. 2017; Stephenson et al. 2003).

The NA is a homotetrameric protein, less abundant on the viral surface.
However, its enzymatic activity is important for cleaving sialic acid from the viral
envelope, facilitating virus release from the surface of the infected cell
(Matrosovich et al. 2004). Both HA and NA glycoproteins are prone to mutation
due to antigenic shift and antigenic drift (Medina and Garcia-Sastre 2011; Du et al.
2012). These mechanisms have allowed the virus to continuously develop new
strains that may or may not result in cross-species transmission.

3 Transmission

Several factors can contribute to the spread of Al viruses, including: movement of
people, equipment and goods, marketing practices (live bird markets), farming
practices and the presence of the viruses in migratory wild birds that come into
contact with poultry, as well as other animals that act as vectors of transmission
(Vittecoq et al. 2017). It has been estimated that Al viruses have greatly affected
avian health and poultry production worldwide. More than 500 million poultry
deaths have been associated with avian influenza infections (Ben Embarek et al.
2009; Harfoot and Webby 2017).

Wild birds play important roles in the circulation of Al viruses and are reservoirs
for low pathogenicity strains. In general, Al viruses in wild birds can be transmitted
to and from poultry, and potentially to and from other domestic animals and
humans. The transmission is through feces and respiratory secretions of birds,
although this depends on the specific virus, host and other factors (Harfoot and
Webby 2017; Acha and Szyfres 2003). Waterfowl feces contain large amounts of
the virus (Olsen et al. 2006).

Once an AIV has entered a herd of poultry flock, it can spread on the farm via
the fecal-oral route and through aerosols, due to the proximity of the birds. The
potential role of rodents in AIV transmission from wild birds to poultry and
between poultry houses suggests that rodents are likely to act as mechanical vectors
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(Velkers et al. 2017). Similarly, blow flies are likely candidates for mechanical
transmission of HPAI, and H5N1 viral DNA has been detected in house flies
(Sievert et al. 2006; Wanaratana et al. 2011) and mosquitoes (Barbazan et al. 2008).
Blow flies prefer to lick carcasses and droppings of not only chickens but also pigs.
This finding from Indonesia strongly suggest that it is important to pay attention to
pigpens as well as poultry farms within 2-3 km, where viable HSN1 viruses are
transmitted by blow flies. The H5N1 virus surveillance conducted in Indonesia
suggested that pigs are at risk of infection during outbreaks and pigs can serve as
intermediate hosts in which this avian virus can adapt to mammals (Nidom et al.
2010).

Currently, due to ongoing circulation of various strains (HSN1, H5SN2, H5N6,
H5NS8 and H7NO), outbreaks of avian influenza continue to be a global public
health concern. The OIE’s World Animal Health Information System provides the
framework for Veterinary Services to implement effective surveillance, reporting
and controls for Al. Table 1 shows an overview of current avian disease events
reported to the OIE.

The majority of human cases of influenza A (H5N1) and A (H7N9) virus
infection have been associated with direct or indirect contact with infected live or
dead poultry, so the control of the disease in the animal source is critical to decrease
risk to humans. Since 2003, the HSN1 virus has spread from Asia to Europe and
Africa, and has become endemic in poultry populations in some countries.
Outbreaks have resulted in millions of poultry infections, having serious impacts on
livelihoods, economy, and international trade in affected countries. Approximately,
65 countries on five continents have reported outbreaks in birds and globally, the
number of cases in humans detected from 2003 to 2017 amounts to 860, of which
454 have died. (http://www.who.int/influenza/human_animal_interface/HAI_Risk_
Assessment/en/).

In March 2013, the Chinese Centre for Disease Control and Prevention con-
firmed the first reported case of human infection with an AI H7N9 virus. Since then,
the virus has spread in the poultry population across the country and resulted in
over 1565 reported human cases and many human deaths (about 40%). (http:/
www.who.int/mediacentre/factsheets/avian_influenza/en/).

Table 1 Current global situation of avian influenza strain (ongoing outbreak as of 18 of
September 2017)

Strain | Count of countries | Region Count of poultry destroyed
H5N1 8 Africa, Asia and the Pacific 131,168

H5N2 1 Asia and the Pacific 1,617,816

HS5NS | 2 Europe 0

H5N6 | 3 Asia and the Pacific 25,096,648

H5N8 | 16 Africa, Asia and the Pacific, Europe | 4,355,879

H7N9 1 Asia and the Pacific 831,087

Total 32,032,598
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4 Vaccines for Influenza Virus

The threat of a major human influenza pandemic such as the avian H5N1 or the
2009 HIN1 has emphasized the need for effective prevention strategies to combat
these diseases. Hundreds of millions of chickens and ducks died or were killed in
order to prevent the spread of HSN1 (Sims et al. 2005).

The influenza prevention strategies are two methods; culling of potential threat
populations, and vaccination against currently circulating virus strains. Vaccination
can be of two types: emergency or prophylactic. In the case of emergency vacci-
nation, it prevents the spread of the disease and the mass sacrifice of millions of
birds. Prophylactic vaccination for H5 and H7 highly pathogenic Al viruses is a
recommended measure for countries or regions exposed to a high risk of contracting
the disease. In either case, vaccination must always be accompanied by biosecurity
measures (Marangon and Capua 2005; FAO 2016). Existing commercial vaccines
are predominantly of the inactivated, whole virus type, delivered with a
water-in-oil-emulsion which requires parenteral administration. Generally, inacti-
vated vaccines render protection against AIV through antibody-mediated immune
responses. Unlike inactivated vaccines that only induce humoral immune responses,
live-attenuated vaccines (LAVs) can stimulate humoral, cellular and mucosal
immune responses, which provide greater cross-protection and longer-lasting
immunity (Suguitan et al. 2006; Joseph et al. 2008).

In general, influenza vaccines are made from Al seeds that grow well on
embryonated chicken eggs. Seed viruses are generated by World Health
Organization Collaborating Centers and distributed to vaccine manufacturers
(Hickling and D’Hondt 2006). For decades these vaccines proved to be safe and
effective. However, their production system has limitations, including a need for
specific pathogen-free embryonated eggs, time needed for adaptation to the new
circulating virus subtypes, long production time, and limited capacity (Cummings
et al. 2014). These limitations became evident when HIN1 influenza pandemic
emerged unexpectedly, while the main attention was focused on the control of the
HS5NI1 virus.

To address such limitations, extensive research has been carried out on the
production of recombinant antigens expressed from mammalian or insect cells
(Stachyra et al. 2017; Hu et al. 2017; Pushko et al. 2017; Pose et al. 2011; Treanor
et al. 2017). The majority of target antigens are HA and NA which are the major
antigenic influenza viral proteins, and the secondary targets are matrix (M) or
nucleoprotein (NP), which confers potentially broad protective effect through cel-
lular immunity (Kolpe et al. 2017; Yang et al. 2017; Zheng et al. 2014).

Two recombinant vaccines against the AIV of serotypes H5 and H7 have been
described (Veits et al. 2006), the first developed using a modified Newcastle disease
virus, as a vector, in which has been inserted the HSN2 hemagglutinin gene HSN2.
The tests carried out showed that the vaccinated animals are able to resist the highly
pathogenic HS subtype and produce antibodies against both H5 and H7 viruses, so
it could be used as a bivalent vaccine against both avian diseases. The second
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vaccine uses as a vector the modified virus of infectious larigotracheitis, on which
the H7 gene, serotype H7N1, has been inserted. Vaccinated animals developed
antibodies against the virus of and were protected against the inoculation of a lethal
dose of the H7N1 virus (Veits et al. 2006). However, production of subunit vac-
cines on a large scale using these systems is still expensive.

5 Plants as Bioreactors

Plants are a very versatile system for producing recombinant proteins for phar-
maceutical or industrial uses. Among the many advantages offered by plants is the
low cost of biomass production compared to the industrial bioreactor infrastructure
used for microorganisms and mammalian cells, facilities to scale up in
greenhouse-based manufacturing, the capacity of efficiently producing complex
proteins at high yields, and low risk of contamination with pathogens of animals
and humans (Topp et al. 2016; Marsian and Lomonossoff 2016; Fahad et al. 2015;
Sack et al. 2015; Chan and Daniell 2015).

Recombinant proteins in plants can be produced by either stable genomic
integration or transient expression (Fig. 2). While the accumulation level of the
target protein is usually low, many strategies have been proposed for the
enhancement of recombinant protein expression including; chloroplast transfor-
mation (Clarke et al. 2011), seed-specific promoters (De Jaeger et al. 2002;
Hernandez-Velazquez et al. 2015), untranslated leader sequences (Sainsbury et al.
2009), and deconstructed viral vectors (Azhakanandam et al. 2007; Peyret and
Lomonossoff 2015). The long time required for the generation of transgenic plants
is a limitation for the production of recombinant proteins. To address this concern,
transient expression is more flexible method to express proteins in short time
without chromosomal positional effects. The technique is based in the use of
Agrobacterium tumefaciens, plant viruses, or hybrid vectors with components of
both, and exploits the abilities of these plant pathogens to infect plant tissues in a
short time. In all cases, A. tumefaciens is either infiltrated using a syringe into the
underside of leaves, or vacuum infiltrated using the whole plant or detached leaf
(Fujiuchi et al. 2016). This procedure has been carried out in a variety of plants with
different experimental purposes, with Nicotiana benthamiana as the most common
host because it can be grown in high density to produce large amounts of biomass
in a matter of weeks (Goodin et al. 2008).

Based on these advantages, the production of Al vaccines in plants has been the
focus of many researchers worldwide, mainly by the production of influenza
HA-based subunit vaccines, because of this antigen’s ability to generate neutral-
izing antibodies by the host immune system. Other targets include M and NP
antigens, which confer a potentially broad protective effect through cellular
immunity. During the last years, clinical trials have been carried out to evaluate the
immunogenicity and safety of plant-made influenza vaccines with positive out-
comes (Cummings et al. 2014; Landry et al. 2014; Chichester et al. 2012).
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Transient expression systems

* Rapid production

*  Without chromosome positional
effect

* Limited to target plant

* Scale up limited (Specific
equipment is needed)

® Transient Expression

Stable Expression

Fig. 2 Avian influenza antigens produced in plants based on Table 2. Advantages and
disadvantages of plant expression strategies

6 Influenza Virus Antigen Production by Plant Transient
Expression

New strains of influenza rapidly emerge every year, which can cause pandemics,
which, in turn, demands a faster way of vaccine production than is currently pos-
sible using embryonated eggs (Nemchinov and Natilla 2007; Pua et al. 2017). The
transient expression platform allow the rapid production of large amounts of protein
without the need to develop transgenic lines, with minimal costs and workload
(Buyel 2015). Over the past decade, many vaccine antigens for various subtypes
and strains of influenza A virus have been expressed transiently in plants, including
the humans HIN1 (Cummings et al. 2014; Shoji et al. 2011, 2013; D’Aoust et al.
2008; Neuhaus et al. 2014; Jul-Larsen et al. 2012; Iyer et al. 2012; Pillet et al. 2016;
Ward et al. 2014), and H3N2 (Pillet et al. 2016; Ward et al. 2014; Mett et al. 2008;
Shoji et al. 2008).

In the same way, antigens for protection to Al have been produced with different
vectors, keeping in mind the possession of intellectual property on the expression
vectors and the current ongoing outbreaks of Al among other factors (Table 2).

One of these systems is mediated by deconstructed viral vectors, that combine
the elements of plant RNA viral vectors (tobacco mosaic virus, potato virus X and
several others) and Agrobacterium binary plasmids (Peyret and Lomonossoff 2015).
The plant transient expression system MagnICON® (ICON Genetics GmbH, Halle,
Germany) is based on in planta assembly of functional viral vectors from two
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separate 5" and 3’ provector modules that are delivered into N. benthamiana plant
cells via A. tumefaciens. This method has been used to obtain efficient production of
the recombinant HA1 subunit of HA (17-338 aa) from H5N1 (A/swan/Poland/
305-135V08/2006) virus in N. benthamiana (Redkiewicz et al. 2014). The highest
amount of purified protein was obtained for HA1 targeted to endoplasmatic retic-
ulum (ER) (3.3 mg/kg of fresh weight of tissue (FW)). Comparable results were
reported by another group (Spitsin et al. 2009) who obtained various versions of
HA from H5N1 (A/Vietnam/1203/2004), including the full-length HA, and shorter
versions containing only major antigenic domains either alone or in a fusion with Fc
(human or mouse). The production level of HA1-Fc using the MagnICON® system
was about 1 mg/kg FW. Although significant humoral immune responses were
observed in mice immunized with various HA1 variants, none of them induced
virus-neutralizing antibodies. The MagnICON system was also used to produce the
full-length HA from the virus strain NIBRG-14 (reassortant between A/Vietnam/
1194/04 (HS5N1) and A/Puerto Rico (PR)/8/23 viruses) which produced high levels
of HA protein (300 mg/kg of FW) in the cell apoplast. Recombinant HA was highly
immunogenic and protected immunized chickens against a lethal challenge infec-
tion with HSN1 (A/whooper swan/Germany/R65/2006) virus (Kalthoff et al. 2010).

Another non-replicating viral vector system, named pEAQ (Sainsbury et al.
2009), contains a modified 5'-untranslated region (UTR) and the 3’-UTR from
Cowpea mosaic virus (CPMV) RNA-2, within the T-DNA region of binary vector.
This system was used for production of HSHA virus like particles (VLP) in N.
benthamiana with higher yields of VLP than the alfalfa plastocyanin gene-based
expression system which was previously used (D’Aoust et al. 2010). The same
system was employed to transiently produce biologically active recombinant
full-length HA of an H7N7, isolated from a wild Swedish mallard duck, in N.
benthamiana as a subunit vaccine candidate against influenza in poultry and
humans. The yield of purified HA was 200 mg/kg of FW, and the protein main-
tained its native antigenicity and specificity, providing a good source of vaccine
antigen to induce immune response in poultry species (Kanagarajan et al. 2012).

The pEff vector combines the advantages of pEAQ vectors, potato virus X
(PVX)-based vectors, and the P24 silencing suppressor to create a new vector for
quick and efficient transient expression of recombinant proteins, up to 30% of total
soluble protein (TSP) for green fluorescent protein. This vector was used for
expression of the influenza vaccine candidate, M2eHBc, consisting of an extra-
cellular domain of IV M2 protein (M2e) fused to hepatitis B core antigen (HBc).
The M2eHBc was expressed to 5—-10% of TSP (Mardanova et al. 2017).

The promoter and terminator from the alfalfa plastocyanin gene were used for
transient expression of influenza VLP in plant. D’Aoust and colleagues (D’ Aoust
et al. 2008) showed that N. benthamiana are capable of producing VLP containing
HA which elicit a protective immune response in mice (D’Aoust et al. 2008; Landry
et al. 2010). The AIV antigens yields obtained using this platform were in the range
of 50-1300 mg/kg of FWT (D’Aoust et al. 2010; Shoji et al. 2009, 2015).
Medicago Inc. adapted the plant-based influenza VLP expression to large-scale
production allowing the purified end product to be obtained only 3 weeks after
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receiving the HA sequence (D’Aoust et al. 2010). Recently, Medicago Inc. con-
cluded a phase II clinical trial with their avian flu HSHA pandemic vaccine can-
didate and reported that the candidate vaccine was found to be safe and well
tolerated. (http://www.medigaco.com). Further, the rapid development of a
plant-derived VLP vaccine based on the HA sequence of influenza H7N9 A/
Hangzhou/1/2013 has been described (Pillet et al. 2015). The VLP vaccine was
capable of eliciting a protective immune response following a single dose in mice
and ferrets.

Another example of transient expression was generated with pTRA binary
vectors containing 35S CaMV promoter. HA from the A/Hatay/2004/(H5N1)
influenza strain fused to y-zein protein (Zein is a water-insoluble polymer from
maize seeds that has been widely used to produce carrier particles for the delivery
of therapeutic molecules) was produced in leaves of N. tabacum. A total of 120 pg
HA-vy-zein per 300 g of FW was recovered. An immune response was achieved in
all mice treated with HA-zein, even at low doses (Hofbauer et al. 2016).

7 Stable Expression in Leaves

The major advantage of stably transformed plants is that the heterologous protein
production is heritable, which allows simple and rapid scaling-up. However, a
relatively long time (1-2 years) is required to obtain stabilized transformants.

Stable transformation of plant cells were used for the expression of the
recombinant AIV antigens (Table 2). Transgenic Nicotiana tabacum producing
different version of HA1 (from strain A/Vietnam/1203/04 (H5N1) and HA1-Fc
fused proteins, up to 4 mg/kg of FW were obtained. However, while the recom-
binant HA1 variants induced a significant serum humoral immune response in mice,
none of the HA1 preparations induced virus-neutralizing antibodies (Spitsin et al.
2009).

Two recombinant variant forms of HA from H5N1 (A/Vietnam/1194/2004) were
produced in different cellular compartments under the control of a 35S CaMV
promoter (cytoplasm, chloroplast, ER, and apoplastic spaces). The expression levels
of HA in the stable transgenic plants ranged from 640-1440 mg/kg of FW, higher
than in the transient expression assay. The HA protein was used in an immunization
experiment, resulting in a serum from vaccinated chickens and mice containing
specific anti-HSHA antibody (Mortimer et al. 2012).

Elastin-like polypeptide (ELP) was used to increase the yield and improve the
purification process of HA (Phan et al. 2013). The HA sequence encoding the
ectodomain (aa 17-520) of the A/Hatay/2004/(H5N1) IV strain was cloned into a
plant expression vector fused to ELP (HSHA and HSHA-ELP). The effect of
ELPylation was a notable increase in the accumulation of HSN1 HA in the leaves of
transformed N. tabacum plants. Stable transformants of HSHA-ELP contained 10
times more recombinant HA than extracts from H5 without ELP. Plant-derived
AIV HA trimers elicited neutralizing antibodies in mice.
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HA from AI HSN1 expressed in the ER of Arabidopsis thaliana resulted in high
levels of accumulation (140 mg/kg of FW). The immunogenicity of recombinant
antigen was confirmed from mice immunized orally by the presence of high levels
of humoral and mucosal antibodies specific for HA. This strong immune response
provided protective immunity to mice against the AIV (Lee et al. 2015).

8 Stable Expression in Seeds

Seeds are designed for the synthesis and storage of proteins, which may account for
8—40% of their weight. This endows them with a considerable advantage over green
tissues whose protein content is lower (Arcalis et al. 2015). Dehydration, another
feature of seeds stemming from their role as a storage compartment, also reduces
the levels of non-enzymatic hydrolysis and degradation of proteins (Rossi et al.
2014). It has been shown that antibodies, vaccine antigens and other heterologous
proteins can be highly accumulated in seeds, where they remain stable and func-
tional for several years even wupon storage at room temperature
(Hernandez-Velazquez et al. 2015; De Wilde et al. 2013; Van Droogenbroeck et al.
2007; Vamvaka et al. 2016; Hudson et al. 2014).

The influenza virus antigens have been produced in plant seed. Recently, the NP
(H3N2 swine) was produced in T3 maize endosperm with the endosperm-specific
promoter of the maize y-zein gene at accumulation levels up to 70 mg/kg of seed
(Nahampun et al. 2015). Oral administration showed that a humoral immune
response was elicited in the mice treated with maize-derived rNP. Phan (Phan et al.
2014) reported the HA (H5N1) accumulation up 0.5% of TSP in N. tabacum seeds,
using a combination of a seed-specific promoter (USP promoter) with the fusion at
C-terminus of ELP, although immunization assays with this antigen wasn’t
reported.

We have genetically engineered N. tabacum cv. BHmN seed to express HA from
the A/Vietnam/1203/04(H5N1) AIV. The extracellular domain of HA (1.6 kb) gene
was inserted under the regulation of a seed specific promoter (B-phaseolin) and
flanked by the arcelin 5’UTR, 2S2 signal peptide and arcelin terminator. The HA in
T1 tobacco seeds (sSHA) accumulated at levels of up 3000 mg/kg of seed (10% of
TSP), being the highest reported for this protein in plant cells (Table 2). This high
production is in accordance with other antigens and antibodies produced in seeds
under the B-phaseolin promoter (De Jaeger et al. 2002; Hernandez-Velazquez et al.
2015; De Wilde et al. 2013; Hernandez et al. 2013).

Immunogenicity of sHA was determined by hemagglutination inhibition
(HI) assay from sera of immunized chickens. The chickens were immunized with
two doses of aqueous extracted proteins from tobacco seed containing 20 pg of
sHA mixed with M888 adjuvant. All animals vaccinated with sHA extract gener-
ated an immune response by day 35 (T35), seven days after the boosting. No sera of
chicks immunized with extracts of non-transgenic seeds, taken as a negative control
group, showed any humoral response (Fig. 3). Analysis of the sera collected at day
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Fig. 3 Immunogenicity of seed -produced recombinant HA. a Immunization scheme. b Kinetics
of the hemagglutination inhibition (HI) response in chicks immunized with sHA. Values represent
the geometric mean titers (GMTs) (log,). —sHA: experimental group immunized with wild-type
TSP from tobacco seeds. +sHA: experimental group immunized with 20 pg sHA extracted from
seeds of the I-13 line. a, b Different letters represent significant difference (p < 0.05)

49 (T49) showed that 50% of chicks had HI titers of 1:64. These titers obtained in
our experiments are higher than those required to protect against erythrocyte
agglutination (Hannoun et al. 2004), suggesting that our approach to prevent
infection with AI may be effective. Our results are similar to the HI titers obtained
by D’Aoust and colleagues (D’Aoust et al. 2008), with mice immunized with 12 pg
HA produced in leaves of N. benthamiana. In another study, (Shoji et al. 2009)
obtained similar titers in mice that received 15 pg of antigen.

Development of safe and effective vaccines to reduce the economic impact on
agriculture and a potential pandemic for humans of Al is significant. However,
there are still no commercial plant-made vaccines against avian influenza.
Medicago Inc has completed a Phase II human clinical trial with VLP HS vaccine
candidate and has reported that the vaccine was found to be safe, well tolerated and
highly effective. The transient expression platform allows for rapid production of
large amounts of protein and has advantages over stable expression because it needs
less time to obtain the vaccine candidate. However, seeds provide an environment
for stable, long-term HA storage and this potential candidate should be evaluated
against the circulating strain to be used immediately in an emergency case.
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Abstract Viral arthritis, chronic respiratory disease, malabsorption syndrome,
hepatitis and myocarditis cause considerable economic losses in the poultry
industry and are directly or indirectly linked to avian reovirus (ARV). The outer
capsid proteins of the ARV, oC and oB, encoded by the S1 and S3 genome
segments, respectively, are the prime candidates for development of a subunit
vaccine against ARV infection. To develop a plant-based vaccine for immunizing
poultry against ARV infection, transgenic alfalfa, Arabidopsis and tobacco
expressing recombinant oC protein have been generated. Transgenic Arabidopsis
with the highest expression of 6C were used to subcutaneously or orally vaccinate
specific-pathogen free (SPF) chickens. The Arabidopsis-expressed recombinant cC
protein could induce immune response in chickens and conferred significant pro-
tection against viral challenge. Future investigations to improve the cC and/or 6B
protein levels in edible plants will pave the way for commercially large-scale
vaccination against ARVs in the poultry industry.
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1 Genome, Protein Coding Assignment, Disease
Symptoms and Occurrence

Avian reovirus (ARV) belongs to the genus Orthoreovirus, one of the 12 genera of
the Reoviridae family (Attoui et al. 2000; Mertens 2004). This genus includes the
non-fusogenic mammalian reoviruses; the two fusogenic mammalian reoviruses,
Nelson Bay virus and baboon reovirus; as well as various fusogenic viruses isolated
from reptilian and avian species (Mertens 2004). Avian and mammalian reoviruses
are the two major groups of the Orthoreovirus genus. Although they share many
morphological and physicochemical properties, they differ in coding assignment,
pathogenicity, host range, and various biological and serological characteristics
(Spandidos and Graham 1976; Schnitzer 1985; Rosenberger et al. 1989; Varela and
Benavente 1994; Duncan and Sullivan 1998; Bodelon et al. 2001). ARVs differ
from their mammalian counterparts particularly in lack of hemagglutination activity
(Glass et al. 1973), the ability to induce cell fusion (Bodelon et al. 2001) and an
association with naturally occurring pathological conditions (Robertson and Wilcox
1986).

ARVs are important pathogens of birds that can cause considerable economic
losses in the poultry industry (Glass et al. 1973; Rosenberger et al. 1989). They
were initially found to induce tenosynovitis in young chickens (Olson 1978) and
were later found ubiquitous among poultry flocks, although most ARVs cause
asymptomatic infections in poultry. Several diseases caused by ARVs include viral
arthritis (tenosynovitis), chronic respiratory diseases, malabsorption syndrome,
hepatitis, and myocarditis (Glass et al. 1973; Jones and Onunkwo 1978; Jones and
Kibenge 1984; Jones and Georgiou 1984; Rosenberger et al. 1989; Jones 2000), but
a direct link between the virus and disease has only been conclusively demonstrated
for viral arthritis syndrome, which is characterized by swelling of the hock joints
and lesions in the gastrocnemius tendons. Van de Zande and Kuhn demonstrated
central nervous system signs on infecting specific-pathogen free (SPF) White
Leghorn chicks with a new ARV strain belonging to the so-called enteric reovirus
strains (Van de Zande and Kuhn 2007). Previous reports suggest that viral arthritis
occurs occasionally in breeds that lay light-colored eggs, and that broiler chicks are
more susceptible to reovirus arthritis than SPF light hybrids or commercial White
Leghorns (Jones and Kibenge 1984).

Chicken susceptibility to ARV infection is clearly age-dependent, with older
birds being more resistant than younger birds to infection and virus-induced lesions
(Jones and Georgiou 1984). Chicks infected at 1 day old were more susceptible to
experimentally induced tenosynovitis than those infected at age 2 weeks or older
(Jones and Georgiou 1984). ARVs can persist in tissues of chickens for many
weeks (Kerr and Olson 1969; Jones and Onunkwo 1978). Both vertical and hori-
zontal transmission of ARVs are recognized (Menendez et al. 1975; van der Heide
and Kalbac 1975; Jones and Onunkwo 1978; Al-Muffarej et al. 1996), although
vertical transmission of ARVs usually occurs at a low rate (Menendez et al. 1975;
Al-Muffarej et al. 1996). Most chicks appear to be infected at an early age through
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the fecal-oral route (Jones and Onunkwo 1978). In addition, Muscovy ducks can be
affected by Muscovy duck reovirus (MDRYV), which causes high morbidity and
mortality. Apart from the differences in coding assignment, clinical virulence is
greater with MDRV than ARV. Newly evolved types of MDRVs cause
hemorrhagic-necrotic lesions in the liver and spleen of sick birds and increase
morbidity and mortality (Chen et al. 2009; Yuan et al. 2013; Yun et al. 2014).

ARVs are non-enveloped viruses that replicate in the cytoplasm of infected cells.
They have icosahedral symmetry and contain a double-shelled arrangement of surface
protein. Virus particles can range from 70 to 80 nm. The viruses are stable between
pH 3 and 9, and ambient temperatures are suitable for the survival of these ARVs,
which become inactive at 56 °C in less than 1 h. Common areas where ARVs can
survive include feathers, wood shavings, metal, glass, and rubber; they can survive for
up to 10 days in these areas and up to 10 weeks in water (Jones 2000).

The genome consists of 10 double-stranded RNA (dsRNA) genome segments
divided into 3 size classes, L (large), M (medium), and S (small), on the basis of
their electrophoretic mobility (Spandidos and Graham 1976). There are three seg-
ments in the L-class (L1, L2, L3), three in the M-class (M1, M2, M3) and four in
the S-class (S1, S2, S3, S4) (Spandidos and Graham 1976). The electrophoretic
migration patterns of the genomic segments of ARV isolates show considerable
polymorphism (Rekik et al. 1990). Among the 12 proteins encoded by the genome,
four are non-structural (UNS, oNS, pl7, and pl0), and the remaining eight are
structural (AA, AB, AC, pA, uB, oC, oA, oB) (Schnitzer 1985; Varela and
Benavente 1994; Martinez-Costas et al. 1997). The lengths of these structural and
non-structural proteins are as follows: AA (1293 amino acids), AB (1259 aa), AC
(1285 aa), pA (732 aa), uB (676 aa), uNS (635 aa), oC (326 aa), cA (416 aa), oB
(367 aa), and oNS (367 aa), p17 (146 aa), and p10 (98 aa). A phylogenetic analysis
based on the sequences of the S-class genome segments grouped ARVs into six
genotyping clusters (Liu et al. 2003). However, no correlation could be established
between a particular genotype and the disease condition. Liu et al. (2003) suggested
that genetic variability among circulating ARVs is via a combination of evolu-
tionary mechanisms involving genetic reassortment and multiple co-circulating
lineages (Liu et al. 2003).

2 Mechanism of Infection and Virus-Host Interaction

To initiate a productive infection, all viruses must cross cell membranes to express
their genome inside the cells. Virus penetration can occur by fusing with the plasma
membrane directly to release viral capsids into the cytosol or by endocytosis (Marsh
and Helenius 2006). Enveloped viruses are able to enter host cells by fusing their
lipidic envelopes with the cytoplasmic membrane (Kielian and Jungerwirth 1990),
whereas non-enveloped viruses use alternative entry mechanisms. To infect host
cells, viruses need to bind the cell surface, which is followed by signaling induction
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to facilitate their entry into host cells. Changes in viral particles, including prote-
olysis and/or conformational modifications of specific capsid proteins, are required
for ARVs to acquire membrane-crossing ability (Marsh and Helenius 1989). ARVs
initially attach to host cell receptors via the attachment protein cC (Shapouri et al.
1996), triggering receptor-mediated endocytosis (Huang et al. 2011). Recently,
Huang and colleagues suggested that cell entry of ARVs follows
caveolin-1-mediated and dynamin-2-dependent endocytosis pathways, which need
to activate the multiple signaling pathways of Ras, p38 mitogen-activated protein
kinase (MAPK), and Src to facilitate virus entry (Huang et al. 2011). After entry,
ARVs require the host-encoded small GTPase Rab5 and microtubules to regulate
transport to the early endosome for infection (Huang et al. 2011). Acidification of
virus-containing endosomes is required for uncoating and replicating within the
host cells (Duncan 1996; Huang et al. 2011). ARV uncoating mainly depends on
endosome-mediated proteolytic processing of the major outer capsid protein pBC
into two specific products (Duncan 1996), and lysosomal proteases may play a key
role in this event (Duncan 1996; Huang et al. 2011). After intraendosomal reovirion
uncoating, viral cores are released into the cytoplasm to initiate transcription of the
dsRNA genome segments, which produce 10 viral mRNAs. These viral mRNAs are
translated at the ribosomes into viral proteins which are recruited into newly formed
core particles and used as templates for the synthesis of the viral minus strands to
form progeny genomes. After completion of viral morphogenesis, the formation of
mature reovirions exits the infected host cells, thus causing cell lysis. Lysis is
mediated at late infection by the ARV viroporin pl0 protein, which can perme-
abilize membranes (Bodelon et al. 2002), thereby facilitating the release of viral
particles and the dissemination of the viral infection.

The ARV non-structural p10 protein appears to be a multifunctional protein that
plays key roles in virus—host interaction. In addition to cell lysis, several reports
suggest that pl0 displays syncytium-inducing activity when expressed in
virus-infected or transfected cells (Bodelon et al. 2001; Shmulevitz and Duncan
2000). Such cell-cell fusion allows ARV to spread to neighboring uninfected
without exposure to the immune defenses of the host (Bodelon et al. 2001;
Shmulevitz and Duncan 2000). Liu et al. demonstrated that ARVs encode this
non-structural protein p10, which mediates cell syncytium formation via activation
of small GTPase, RhoA, and Racl signaling (Liu et al. 2008). Syncytium formation
in ARV-infected cells appears to be regulated by inefficient synthesis and rapid
degradation of the ARV p10 protein (Bodelon et al. 2001; Shmulevitz et al. 2004).
Because of their small size, unusual arrangement of structural motifs and absence of
any similarity with other membrane fusion proteins, reovirus fusion proteins have
been classified into a new family of fusion-associated small transmembrane (FAST)
proteins (Shmulevitz and Duncan 2000). Cell—cell fusion still is important for ARV
replication in infected animals, by permitting virus spread to neighboring unin-
fected cells without exposure to the immune defenses of the host. In addition, the
ARV pl0 protein is a viroporin that plays a key role in the modification of late
membrane permeability (Bodelon et al. 2002). In addition to causing cell-cell
fusion (Shmulevitz et al. 2004), the ARV p10 protein can permeabilize membranes
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(Bodelon et al. 2002). The membrane-destabilizing activity of pl10 protein causes
cell lysis at late infection, thereby facilitating the release of viral particles and the
dissemination of the viral infection. The ARV pl0 protein appears to be a multi-
functional protein that plays key roles in virus—host interaction.

ARV can also lead to cell death through apoptosis. Understanding the molecular
basis of the ARV-host interaction and ARV-induced changes can shed light on
normal cellular events and how specifically ARVs gain control over the host.
Apoptosis plays an important role in the pathogenesis of many viral infections. It is
a major mechanism of cell death induced by ARVs (Labrada et al. 2002; Shih et al.
2004; Lin et al. 2006, 2007, 2009; Chulu et al. 2007). ARVs have provided insight
into the roles that specific viral genes and the proteins they encode play in
virus-induced cell death and tissue injury (Labrada et al. 2002; Shih et al. 2004; Lin
et al. 2007, 2009, 2011). ARVs and the ARV oC protein induce apoptosis by
modulating the DAN damage signaling, Src, p53, mitogen-activated protein kinase
(MAPK), and protein kinase C delta and also elicit cytochrome c release from
mitochondria to the cytosol (Lin et al. 2006, 2009, 2011; Chulu et al. 2007).
Recently, it has been demonstrated that ARV S1133-induced apoptosis is associ-
ated with Bip/GRP79-mediated Bim translocation to the endoplasmic reticulum
(Lin et al. 2015a). In the early stages of ARV S1133 infection, activation of cell
survival signals contributes to virus-induced inflammation and anti-apoptotic
response (Lin et al. 2010). ARV appears to trigger the PI3-kinase/Akt/NF-kappaB
and signal transducer and activator of transcription (STAT) 3 signaling pathways in
the early stages of infection to result in an inflammatory response and delayed
apoptosis (Lin et al. 2010). At late infection, large syncytia show syncytium for-
mation in ARV-infected cells undergoing apoptosis (Chulu et al. 2007). The
pathogenesis of ARV-induced apoptosis has been investigated in ARV-infected
chicken tissues, including the tendon, liver, intestine, and bursa (Lin et al. 2007).
Lin et al. demonstrated that infecting chickens with ARV S1133 caused tissue
injury related to virus-induced apoptosis (Lin et al. 2007). Syncytium formation in
ARV-infected chicken tissues and cultured cells undergoes apoptosis, which sug-
gests a correlation between virus replication and apoptosis (Chulu et al. 2007; Lin
et al. 2007). Furthermore, ARV-induced apoptosis could enhance both virus
spreading and the processing of the viral non-structural muNS protein
(Rodriguez-Grille et al. 2014).

Recently, the ARV nonstructural protein pl7 was found to function as an
activator of autophagy, a process that targets cytoplasmic constituents to the
lysosome for degradation. Autophagy is an essential process in the control of
cellular homeostasis, enabling cells to survive under certain stress conditions by
removing toxic cellular components. It may also protect cells against apoptosis.
However, autophagy can be beneficial for virus replication via activation of the
protein phosphatase and tensin deleted on chromosome 10 (PTEN), AMP-activated
protein kinase (AMPK), and dsRNA-dependent protein kinase (PKR)/eIF2 sig-
naling pathways (Chi et al. 2013). ARV S1133 infection caused autophagy in early
to middle infection stages in Vero and DF1 cell lines and apoptosis in the middle to
late stages (Shih et al. 2004; Lin et al. 2010; Chi et al. 2013). Lin and colleagues
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further demonstrated that ARV S1133 strain regulates the switch from autophagy to
apoptosis via activation of the RhoA/ROCKI1 signaling pathway (Lin et al. 2015b).
Recently, several reports have shown that pl7-mediated Tpr suppression positively
regulates p53, PTEN, and p21 and negatively regulates the PI3 K/AKT/mammalian
target of rapamycin (mTOR) and extracellular signal-regulated kinase
(ERK) signaling pathways, both causing host translation shutoff and cell cycle
arrest, inducing autophagy and benefiting virus replication (Chiu et al. 2016; Huang
et al. 2015). The ARV pl7 non-structural protein appears to facilitate virus repli-
cation via induction of autophagy and cell cycle arrest as well as cellular translation
shutoff (Liu et al. 2005; Ji et al. 2009; Chi et al. 2013; Huang et al. 2015; Chiu et al.
2016), thus diverting the cellular machinery required for normal cell-cycling pro-
cesses for virus replication.

ARVs are highly resistant to the antiviral action chicken cytokine interferon
(IFN), so these viruses use strategies to counteract the antiviral action of this
cytokine (Ellis et al. 1983). IFNs binding to specific cell-surface receptors trigger
the activation of signal transduction pathways that lead to increased expression of
more than 30 proteins, some thought to play a critical role in combating viral
infection (Goodbourn et al. 2000; Sen 2001; Haller et al. 2006). Furthermore,
Gonzélez-Lopez and colleagues showed that intracellular expression of the ARV
oA protein interferes with PKR function by preventing its activation. This protein
may disrupt the IFN-induced cellular response against ARV by blocking enzyme
pathways that depend on dsRNA. These findings suggest that GA is a
virus-encoded dsRNA-binding protein that confers IFN resistance to viruses by
sequestering dsSRNA activators (Gonzélez-Lopez et al. 2003).

3 Plant-Made Vaccine Candidates: Rationale, Efficacy,
and Yield

The oC protein is one of the outer capsid proteins encoded by the SI genome
segment, with molecular weight ranging from 35 to 39 kD, depending on the virus
strain. In addition, cC forms a homotrimer in its native state, and its C-terminal
receptor-binding domain is responsible for host cell attachment (Grande et al. 2002;
Guardado Calvo et al. 2005; Benavente and Martinez-Costas 2007). Furthermore,
oC is involved in the induction of apoptosis of host cells (Shih et al. 2004; Lin et al.
2006, 2007, 2009; Chulu et al. 2007). Although oC is a minor capsid protein, it is
one of the major antigens responsible for inducing neutralizing antibodies in host
cells against the viral infection (Wickramasinghe et al. 1993; Benavente and
Martinez-Costas 2007). Therefore, cC has become one of the prime candidates for
producing a subunit vaccine against ARV infection. The expression of cC protein
has been reported in different platforms such as Escherichia coli (Shapouri et al.
1995; Liu et al. 2002), lactic acid bacteria Enterococcus faecium (Lin et al. 2012),
baculovirus/insect cells (Hu et al. 2002; Lin et al. 2008), yeast (Wu et al. 2005), and
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plants (Huang et al. 2006; Wu et al. 2009; Lu et al. 2011). In addition, the use of
oC DNA vaccine mediated by attenuated Salmonella typhimurium induces a pro-
tective antibody in chickens (Wan et al. 2011, 2012).

Previously, recombinant cC protein of ARV from yeast was found to be
resistant to gut degradation and induced greater immune response than a com-
mercial vaccine when incorporated into feed at a high dose (250 pg) (Wu et al.
2005). This study supports the feasibility of a plant-based oral ARV vaccine for the
poultry industry, since the cell walls of plants might similarly protect recombinant
proteins from degradation within the gut.

Plant-based vaccines have several potential advantages over traditional vaccines
because they are cheap, safe, and easy to store and scale up. In addition, they could
be orally delivered, thus reducing the cost of syringes and needles and eliminating
injection anxiety (Streatfield and Howard 2003; Aswathi et al. 2014). To investigate
the possibility of developing a plant-based vaccine against ARV infection for the
poultry industry, the ARV oC protein has been expressed in transgenic alfalfa
(Huang et al. 2006), Arabidopsis (Wu et al. 2009) and tobacco (Lu et al. 2011) via
Agrobacteria-mediated transformation (Table 1). In alfalfa, two different constitu-
tive promoters, one from CaMV 35S and the other from rice actin gene, were used
to drive the expression of the C protein, but the protein level was relatively low,
only up to 0.008 and 0.007%, respectively, of total soluble protein (TSP) (Huang
et al. 2006). To improve the expression of oC protein in plants, codon optimization
of the ARV S1 gene was attempted by increasing the more frequently used codons
in plants and eliminating the putative cryptic introns as well as the mRNA insta-
bility elements (Lu et al. 2011). In total, 61 nucleotides (6.2%) in 45 codons were
optimized to tobacco codon usage (Lu et al. 2011). To investigate the effects after
S1 segment codon modification, four distinct plant expression vectors were con-
structed to generate transgenic tobacco. Transgenic tobacco was created by the
expression of S7 and codon-optimized S (mS1) genes driven by CaMV 35S and/or
rice actin gene promoters (Table 1). In addition, the expressed oC proteins from the
mS1 gene were accumulated in cytosol or chloroplasts. The highest cC protein
expression in the transgenic S/ tobacco lines driven by the CaMV 35S or actin gene
promoter was 0.013 and 0.021% of TSP, respectively. However, the highest cC
protein expression accumulated in the cytoplasm of transgenic mSI tobacco lines
was 0.0013% of TSP, but cC protein was barely detectable in the transgenic mS1
tobacco lines when the oC protein was accumulated in chloroplasts (Table 1).
Surprisingly, codon modification of the S/ gene did not significantly increase cC
protein expression in transgenic tobacco lines. In addition, subcellular targeting of
oC protein to chloroplasts did not increase the expression, although a significant
amount of mRNA was detected (Lu et al. 2011). Although strong constitutive
promoters (CaMV 35S and rice actin) were used to drive S/ and/or mS/ gene
expression, neither promoter could significantly increase oC protein level in
transgenic tobacco and alfalfa (Huang et al. 2006; Lu et al. 2011). These results
suggest that factors other than promoter strength and codon usage might be the
major obstacles to expressing cC protein in both alfalfa and tobacco (Lu et al.
2011). Ribosome stuttering resulting from the secondary structure of SI or mSI
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Table 1 Development of plant-based vaccines against ARVs

Expression | Plants Protein/ | Promoter/ Expression | Protection References
constructs gene? subcellular level (% efficiency
localization TSP)
1 Alfalfa cC/S1 | CaMV 35S/ |0.008 NA Huang
cytosol et al.
(2006)
2 Alfalfa oC/S1 | Rice actin/ 0.007 NA Huang
cytosol et al.
(2006)
3 Arabidopsis | cC/SI | Agrobacteria | 4.9 Subcutaneously | Wu et al.
octopine (90%) or orally | (2009)
synthetase/ (70%)
cytosol
4 Tobacco oC/S1 | CaMV 355/ [0.013 NA Lu et al.
cytosol (2011)
5 Tobacco oC/S1 | Rice actin/ 0.021 NA Lu et al.
cytosol (2011)
6 Tobacco oC/ CaMV 35S/ 0.0013 NA Lu et al.
mSI1* cytosol (2011)
7 Tobacco oC/ CaMV 35S/ | Not NA Lu et al.
mSI* chloroplast detectable (2011)

“mS1, codon-modified S/ gene. NA, not available

mRNA might cause a major problem in the low translational efficiency of cC
protein in plants (Lu et al. 2011). Alternatively, the instability of oC protein or
insufficient assembly of the oC trimer might result in the low protein level in
transgenic tobacco and alfalfa (Lu et al. 2011).

In Arabidopsis, the expression of oC protein could reach up to 4.9% of TSP in
transgenic plants with S/ gene driven by a strong octopine synthetase gene pro-
moter from Agrobacterium tumefaciens and fused with the translational leader
sequence from tobacco etch virus (Table 1; Wu et al. 2009). In addition, the higher
level of oC protein expression was consistent with increased abundance of the S/
transcripts in plants (Wu et al. 2009). This study showed that a combinatorial design
on the basis of promoter strength and translational leader sequence to drive a gene
expression cassette might facilitate the accumulation of oC protein in transgenic
plants.

4 Comparison to Established Vaccines

No animal immunized experiments have tested the efficacy of oC proteins
expressed from alfalfa or tobacco due to the low expression in plants (Huang et al.
2006; Lu et al. 2011). However, immunization and the following virus challenge
have been worked out with oC proteins expressed from Arabidopsis. One-week-old
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SPF chickens receiving Arabidopsis-expressed oC protein (125 pg) orally at
weekly intervals for 3 consecutive weeks showed 70% protection against virus
challenge, whereas broilers that subcutaneously received the plant-expressed
recombinant ¢C protein three times at weekly intervals showed 90% protection
(Wu et al. 2009). In contrast, 1-week-old chickens that received the commercial
vaccine VaVac (Fort Dodge Animal Health Inc., Overland Park, KS) by eye and
nose drop once showed 80% protection but with a booster with plant-expressed
recombinant protein twice at weekly intervals showed up to 90% protection, with
the lowest lesion scores (Wu et al. 2009). In addition, a significant T helper 2
cell-mediated immune response was conferred by broilers after oral delivery of
recombinant cC protein (Wu et al. 2009). These results demonstrate that the
plant-based ¢C protein has great potential for large-scale vaccination against ARV
in commercial poultry.

5 Pathway to Commercialization

One of the major hurdles in developing a plant-based vaccine is the low antigen
expression in transgenic plants (Streatfield and Howard 2003). The low foreign
protein expression in alfalfa and tobacco may be due to factors affecting the tran-
scriptional level such as promoter strength and/or post-transcriptional level—
mRNA stability, translational efficiency, and protein stability. Previously, with the
combination of the strong octopine synthetase gene superpromoter and a transla-
tional leader sequence from tobacco etch virus, the oC expression could reach up to
4.9% of TSP in Arabidopsis (Wu et al. 2009); however, whether the expression
cassette could confer the same high expression in high-yield edible plants still needs
to be demonstrated.

Expression of ARV antigen in transplastomic chloroplasts of edible plants is an
alternative strategy. The chloroplast expression system offers several advantages for
vaccine production such as high expression, polycistronic expression for multiva-
lent antigens and low transgene escape to the environment. Many successful
examples of vaccination via chloroplasts have been reported (Daniell et al. 2016).
However, chloroplast transformation technology requires highly skilled labor and is
more time-consuming and costly than nuclear transformation. This technology has
been successfully applied in only about two dozen species of higher plants (Bock
2015), and only a few reports exist for most plant species except tobacco.

While immunization with Arabidopsis-expressed cC led to some protection
against viral challenge, further improvements in the antigenicity of plant-made
ARV vaccines may be possible. Previously, the structure of the oC'°'732¢
C-terminal fragment, which contains the receptor-binding globular domain, has
been solved (Guardado Calvo et al. 2005) and might facilitate vaccine development.
Recently, bacterially expressed truncated cC'?*73?® fragment consisting of the
globular head, shaft and hinge domains, excluding the intra-capsular region, could
significantly induce higher levels of anti-ARV antibodies than the shorter cC'%?732
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fragment or full-length 6C. Furthermore, the antibodies induced by cC'**73?® were
the most successful at neutralizing ARV infection in embryos (Goldenberg et al.
2016). The cC'**732° fragment was hypothesized to exclude the repressor region
and fold correctly and to expose linear as well as conformational epitopes identical
to those of the native protein (Goldenberg et al. 2016). Therefore, the future
expression of the 6C'**7%¢ fragment in edible plants might be better used for
developing a plant-based ARV vaccine in the commercial poultry industry.

ARV outer capsids consist of multiple copies of at least four distinct polypep-
tides, 6B, oC, uB and pnBC (Benavente and Martinez-Costas 2007). Development
of plant-based multivalent subunit vaccines by co-expressing 6B and 6C might be
feasible to increase the immune response. The oB protein encoded by the S3
genome segment is a major component of the ARV outer capsid (Benavente and
Martinez-Costas 2007). A previous report showed that an equal mixture of cC and
oB proteins expressed from the surface of baculovirus in insect cells could induce
higher levels of virus neutralization antibody than either alone in mice (Lin et al.
2008). In addition, the combination of cC and cB DNA vaccine mediated by
attenuated Salmonella typhimurium could confer higher antibody production in
chicken than either alone (Wan et al. 2012). The studies demonstrated the advan-
tages of multivalent subunit vaccine in conferring an immune response against
ARV infection.

Alternatively, noninfectious virus-like particles (VLPs) are very stable and
confer a strong immune response (Scotti and Rybicki 2013). Plant-based expression
of complex VLPs has been demonstrated in rotavirus and bluetongue virus, whose
capsids consist of multiple distinct polypeptides (Scotti and Rybicki 2013).
Therefore, the self-assembly of ARV-like particles in plants might be feasible by
stoichiometrically co-expressing B, cC and other capsid proteins together.
Although we lack the detailed assembly mechanism of ARV particles, the com-
binatorial and transient expression of distinct capsid proteins in N. benthamiana via
agroinfiltration could be rapidly used to investigate the formation of virus-like
particles in plants.

In conclusion, although transgenic plants provide several advantages for the
development of subunit vaccines, the low expression of antigens in commercial
plants currently limits their practical application. Future investigations could
involve improving oC or/and 6B protein expression by chloroplast transformation
or fusing the antigenic gene to a strong translational enhancer. Alternatively,
enhancing protein stability and the immune response by expressing the C-terminal
receptor binding domain of oC (cC'*7%2°) or fusing antigens with an adjuvant
protein such as cholera toxin B subunit in edible crops will be an important issue. In
addition, plant-based multivalent vaccines that simultaneously express the stoi-
chiometrical combination of oB, oC, and other ARV antigens to form stable
virus-like particles in edible crops is an alternative strategy. These studies will pave
the way to commercialize plant-based ARV oral vaccines for controlling infectious
diseases in the poultry industry.
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Abstract It is recognized that an effective, low-cost oral vaccine may effectively
contribute to prevent Taenia solium cysticercosis; plant-based vaccines, on the
other hand, can make this goal feasible. Plants are optimal platforms for the massive
production of oral vaccines. In this chapter, advances toward the development of
oral plant-based vaccine against cysticercosis are reviewed.
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1 Introduction

1.1 Relevance of Cysticercosis

Taeniasis/cysticercosis is a parasitic infection caused by Taenia solium. It is
prevalent in areas with low socioeconomic and sanitary standards in developing
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countries. T. solium cysticercosis is still endemic in most countries of Asia, Africa,
and Latin America despite significant progress in developing effective tools for its
prevention, diagnosis, and treatment (Fleury et al. 2012, 2013).

T. solium cysticercosis can be acquired by humans (the definitive host) and pigs
(the intermediate host) after ingesting parasite eggs in food or water contaminated
with feces from human 7. solium tapeworm carriers (Sciutto et al. 2000). A single
tapeworm carrier may produce thousands of 7. solium eggs per day, which are shed
to the environment, contaminating vegetables, running waters, and soils, upon
open-air defecation (De Aluja 2008). Humans also acquire intestinal tapeworms by
eating insufficiently cooked meat from cysticercus-infected pigs.

In humans, cysticerci frequently establishes in the central nervous system (CNS),
causing neurocysticercosis (NC), the most severe form of the disease. NC is a
clinically and radiologically heterogeneous disease, ranging from an asymptomatic
infection to a severe and eventually fatal disease. NC severity mainly depends on
the location of the parasite. The most severe clinical forms occur when parasites are
located in the subarachnoid space at the base of the brain. This form of the disease
is also less susceptible to cysticidal drugs and more difficult to diagnose based on
neuroradiological studies (Marcin Sierra et al. 2017).

Pig vaccination may curtail 7. solium transmission by reducing the number of
cysticerci, and thence the incidence of adult intestinal tapeworms in humans.
Although several vaccines have been developed and successfully field-trial tested,
no cysticercosis vaccines for pigs have been approved for commercialization. All of
them induced high level of protection, but in all cases they are injectable vaccines
(Huerta et al. 2001; Morales et al. 2008; Assana et al. 2010). Injectable vaccines are
costly and their administration at a massive scale implies logistic difficulties, since
pigs roaming in rural areas must be captured by trained personal for vaccination
(Huerta et al. 2001; Morales et al. 2008; Assana et al. 2010). These difficulties limit
the use of parenteral vaccines in nationwide programs and may underlie the lack of
interest in companies to produce the vaccine commercially. An orally administered
vaccine, which could be delivered by pig owners, would elude these difficulties.

1.2 Context of Veterinary Vaccines

Veterinary vaccines are aimed to reduce morbidity in animals for human con-
sumption (chickens, cows, fish, and pigs), pets, and in wildlife species, to prevent
the loss or contamination of animal derivatives (improve productivity), and to
reduce the risk of disease transmission from animals to humans (zoonosis)
(Meeusen et al. 2007).

According to the World Organization for Animal Health (OIE), 116 animal
infections are included in the 2017 list of diseases, infections, and infestations. Most
of these diseases are caused by bacteria such as Salmonella spp., Listeria mono-
cytogenes, and Escherichia coli; viruses such as avian influenza virus, norovirus,
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and rabies virus, as well as parasites such as Taenia saginata, T. solium,
Toxoplasma gondii, and Giardia duodenalis (www.oie.int/es).

Several conventional commercial pig vaccines are currently being used to pre-
vent infections in pigs caused by pathogenic E. coli, Salmonella, and Lawsonia
intracellularis strains (Table 1) (Meeusen et al. 2007).

While most veterinary vaccines have been formulated for parenteral adminis-
tration, the number of oral vaccines has increased in recent years, considering the
advantages of this alternative route. Oral administration of vaccines can be per-
formed by animal owners themselves. In addition, oral administration is less-costly
than the parenteral route since neither trained personal for administration nor the
use of needles are required. Moreover, the oral route is non-invasive and particu-
larly attractive for the prevention of orally acquired infections like cysticercosis
(Wang and Coppel 2008). Oral vaccines efficiently stimulate the mucosal system,
improving protection by emulating the entry path of most pathogens. In addition,
oral immunization can induce a concomitant systemic immune response (Muir et al.
2000; Mutoloki et al. 2015).

The mentioned advantages are especially relevant when designing an economic
vaccine to prevent these neglected tropical diseases (NTDs) (WHO 2010) that affect
rural pigs in marginalized populations of poor countries. In this context, an oral
recombinant vaccine could overcome these limitations.

Several avirulent and live-attenuated oral vaccines are applied to pigs to prevent
diseases like salmonellosis and erysipeloid. As in the case of poultry, a lyophilizate
can be mixed with sterile water and administered as a beverage to 3-8 weeks-old
pigs.

On the other hand, subunit vaccines based in immunoprotective proteins provide
a safer approach for vaccination. An example is the rabies vaccine known as
Raboral, in which glycoprotein G is used; it is administered as bait to wild animals
in France, Belgium, Germany, and the USA (Bano et al. 2017).

Table 1 Orally-administered, commercial pig vaccines against bacterial pathogens

Pathogen Disease Brand Distributor | Composition | References
name

Lawsonia Porcine Enterisol® Boehringer |LAT Park et al.

intracellularis proliferative Ileitis Ingelheim (2013)

enteropathy Vetmedica,

Salmonella Salmonellosis | Enterisol® | Inc. LAV Wales and

choleraesuis and Salmonella Davies

typhimurium T/IC (2017)

Salmonella Enterisol® LAV

choleraesuis SC-54

Erysipelothrix Erysipelas Ingelvac® LAV http://www.

rhusiopathiae ERY-ALC bivetmedica.

com/
Escherichia coli Enteritis Entero Vac | Arko labs LAV Cox et al.
strain K-88 (2014)

LAT live attenuated; LAV live avirulent


http://www.oie.int/es
http://www.bivetmedica.com/
http://www.bivetmedica.com/
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In addition to enhanced safety, an advantage of subunit vaccines is their ability
to address multiple genetic variants of a pathogen in a single chimeric protein.
Several pathogens, such as RNA viruses, exhibit a high mutation rate, resulting in a
great variability within a short period; in addition, multiple serotypes are reported
for several virus strains. Since many existing viral vaccines cannot recognize new
viral strains, novel strategies to produce vaccines against these new infectious
variants are much needed (Meeusen et al. 2007). In the case of parasitic diseases, an
immune response against several antigens is desired to achieve an efficient
immunoprotection. Subunit vaccines constitute an alternative to address these
challenges, since the development of multivalent vaccines based in mixtures of
several antigen variants or even in multiepitopic proteins carrying a set of relevant
epitopes can provide broad immune responses.

1.3 Advances in the Development of Plant-Based Oral
Vaccines

The expression of recombinant vaccine antigens in plants to elicit and maintain
protective immunity is an attractive option that has been explored for the last two
decades. Edible vaccines currently under development are based on fruits, leaves,
and seeds of transgenic plants. Such vaccines are prepared without expensive
antigen purification steps, commonly required for parenterally administered vac-
cines (Lugade et al. 2010) (Table 2).

Besides protecting against pathogen viruses and bacteria infecting domestic
animal species, this strategy is appropriate to delivery parasite-derived antigens to
gut-associated lymphoid tissues (e.g. for fasciolosis, schistosomiasis, coccidiosis,
cysticercosis, and ascariasis) (Walmsley and Arntzen 2000; Chambers et al. 2016).

1.4 Transgenic Plants as Alternative Platforms to Produce
an Anti-cysticercosis Vaccine

Significant progress has been attained in the development of oral plant-based
vaccine candidates against porcine cysticercosis (Table 3). An oral vaccine against
cysticercosis was developed expressing the three peptides (KETcl, KETc12, and
KETc7) that constitute the injectable vaccine against pig cysticercosis named
S3Pvac. When parenterally applied, synthetically and recombinantly expressed
S3Pvac reduced by 50% the number of infected pigs, and by 80-90% the number of
established cysticerci under natural conditions of transmission (Huerta et al. 2001;
Morales et al. 2008). To develop the oral version of the vaccine, the three peptides
were expressed in three independent papaya embryogenic cell lines, obtained by
bioballistics at the nuclear level under the CaMV35S promoter (Hernandez et al.
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2007). The combination of three embryogenic transgenic papaya callus lines was
designated as S3Pvac-papaya. The expression of the respective peptide in each
clone was confirmed at the transcriptional level by RT-PCR. Soluble extracts from
the transgenic papaya clones were found to be immunogenic when subcutaneously
administered to mice. Indeed, all three clones expressing the vaccine peptides
induced high levels of protection against murine cysticercosis when injected to
mice (Hernandez et al. 2007).

Furthermore, orally administered S3Pvac-papaya was found to be protective
against murine and rabbit cysticercosis caused by T. crassiceps and T. pisiformis,
respectively (Betancourt et al. 2012; Fragoso et al. 2017). The protective properties
of the vaccine were maintained when formulated with different excipients that could
eventually be attractive for pigs (Fragoso et al. 2017).

The effectiveness of the vaccine against these highly predictive experimental
models let us consider its usefulness to be employed for pig cysticercosis pre-
vention. To further examine this possibility, the immunity of pigs orally vaccinated
with S3Pvac-papaya was explored. Oral vaccination with S3Pvac-papaya elicited
an exacerbated humoral and cellular response in pigs (Fragoso et al. 2017).

Given the promising potential of papaya-made 7. solium antigens, their
expression in plant systems has been expanded to add new advantages to the
plant-made vaccine candidates. The simultaneous expression of 7. solium antigens
in a single plant line would facilitate vaccine formulation; thus, innovative
approaches have been recently explored to address this objective. An alternative
Helios2A polyprotein system was developed, which relies on the use of the 2A
sequence (LLNFDLLKLAGDVESNPG-P) of the foot and mouth disease virus that
is placed between each of the antigens in a translational fusion arrangement. During
the translation process of the polyprotein-encoding mRNA coding for the target
antigens, the 2A sequence induces self-cleavage events by modifying the activity of
the ribosome to allow hydrolysis of the ester linkage 2A-tRNAgly to be released,
while the translation of the downstream product continues (Ryan and Drew 1994).
Thus, this approach would allow the production of a multicomponent vaccine
through the insertion of a single expression cassette coding for the polyprotein
arrangement (Liu et al. 2007; Minskaia et al. 2013; Minskaia and Ryan 2013).
Following a 2A-based polyprotein expression approach, a new multicomponent
vaccine called Helios-2A, comprising the KETcl, KETc12, and KETc7 peptides
from the S3Pvac along with the TSOL18/HP6-TSOL protective antigen was gen-
erated. The latter was included to assess whether vaccine efficacy is improved, since
it has been reported as a highly protective antigen against porcine cysticercosis
(Lightowlers et al. 2016), The Helios-2A system allowed the successful expression
of the KETcl, KETc12, KETc7, GK1 (a short protective sequence inserted in the
KETc7 peptide), and Tsol18/HP6 individual antigens in tobacco plants transformed
with Agrobacterium tumefaciens at the nuclear level using the CaM V35S promoter.
Interestingly, plant-made Helios-2A antigens were recognized by cerebral spinal
fluid of neurocysticercosis patients and induced humoral responses in mice upon
subcutaneous immunization (Monreal-Escalante et al. 2015). Although the efficacy
of the Helios-2A is still under assessment, it is proposed as a highly convenient
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vaccine that could be produced by propagating and characterizing a single trans-
formed line (instead of the three lines required to formulate S3Pvac-papaya), and
possibly conferring higher protection than the original S3Pvac vaccine.

Another innovation developed by our group consisted in the use of carrot cells as
expression host to produce anti-cysticercosis vaccines. Carrot cell lines constitute a
pioneering case in the molecular pharming arena, since the first commercialized
plant-made biopharmaceutical was produced in this system. Thus, carrot was
adopted to produce a candidate vaccine against cysticercosis based in cell lines
expressing the TSOL18/HP6-Tsol antigen. Carrot lines were obtained by
A. tumefaciens transformation at the nuclear level to express the TSOL18/HP6-Tsol
antigen under the control of the CaMV35S promoter. Upon oral immunization with
carrot-made TSOL18/HP6-Tsol, mice developed humoral responses and were
protected against 7. crassiceps challenge (Monreal-Escalante et al. 2016).
Immunization trials to compare the efficacy of this vaccine with that of S3Pvac are
ongoing.

Looking to enhance antigen yields, transplastomic approaches have been
implemented to produce the target 7. solium antigens. The S3Pvac-papaya com-
ponents were produced along with the TSOL18/HP6-Tsol antigen in tobacco
plastids.

Synthetic operons under the control of the Prnn promoter led to the expression of
individual target antigens through a single transformation event. Chloroplast-made
antigens retained their immunogenic properties, as revealed by immunization
experiments in mice. The immunoprotective properties of this transplastomic vac-
cine are currently being assessed (Rosales-Mendoza et al., unpublished). As an
additional advantage, this vaccine offers enhanced biosafety with respect to the
nuclear transformed plants, since plastomes are maternally inherited, and thus
transgene transmission via pollen is avoided. Thus, the transplastomic approach is
likely to yield an optimized anti-cysticercosis vaccine; however, its detailed char-
acterization and the assessment of its protective efficacy are still in progress.

2 Conclusions and Perspectives

Cysticercosis control is theoretically possible, and the disease was declared to be
eradicable by the International Task Force for Disease Eradication in 1993.
However, T. solium cysticercosis persists to date, and new cases are continually
reported in non-developed countries, where the parasite life cycle is well estab-
lished, and also in developed regions due to immigration of infected individuals.
Control strategies based on mass-treatment for human taeniasis in identified
transmission foci have been proposed by WHO (2010) and the Pan American
Health Organization. The inclusion of an effective oral, low-cost vaccine that could
be administered directly by pig owners may significantly improve the effectiveness
of a control program. The production of anti-cysticercosis vaccines using plants can
accomplish this goal. Substantial advances have been achieved over the last



Toward the Optimization of a Plant-Based Oral Vaccine ... 235

10 years in this area. Both nuclear and transplastomic approaches have been
assessed to test the biosynthetic capacity of plants to produce immunoprotective 7.
solium antigens. S3Pvac-papaya vaccine was a pioneering case for a vaccine tested
in the field (Hernandez et al. 2007); this first experience demonstrated that plants
are promising biofactories for anti-cysticercosis vaccines, and justify the projection
to generate other vaccine candidates, facilitate vaccine formulation, and maximize
antigen productivity. The promising results reported in pigs prompt us to start the
scale-up process to produce an oral vaccine in airlift bioreactors and obtain enough
material for conducting field trials. On the other hand, a vaccine based in carrot cell
lines expressing the TSOL18/HP6-Tsol provided the first evidence on the pro-
duction of the functional antigen at appropriate levels to immunize mice. Since
TSOL18/HP6-Tsol also confers immunoprotection against 7. saginata and the
S3Pvac peptides are highly conserved in this parasite, this vaccine candidate will
allow us not only to perform studies on its role as a supplementary antigen for the
S3Pvac vaccine, but also to develop a new anti-7. saginata vaccine for cows and
cattle (Parkhouse et al. 2008).

Vaccines produced in tobacco, either by nuclear or plastid expression, exemplify
the potential of synthetic polycistrons and viral sequences to engineer plant cells as
efficient biofactories to produce multicomponent vaccines in a single transformed
line. This expression modality will greatly facilitate vaccine formulation, since the
upstream process will deal with a single seed stock, and during downstream pro-
cessing a single line will be used for antigen quantification and encapsulation prior
to dosage. Preclinical evaluation of these ‘single line’ vaccine candidates will be
completed soon, and will provide the basis for field evaluations in pigs.

In conclusion, plants have proven to be suitable platforms to produce
anti-cysticercosis vaccines, and promising prospects are being projected in terms of
field evaluations and the development of innovative candidates, based on alternative
expression approaches. Such plant-based vaccines will be valuable tools to control
cyticercosis especially in poor countries, since formulations based on freeze-dried
plant biomass have very low production costs and lower logistic costs, since they
are easy to apply and do not require purification, cold-chain, sterile devices nor
trained personnel to be applied. Altogether, these features would make a more
robust and easier to handle vaccine (Hirlekar and Bhairy 2017).
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Classical Swine Fever Virus ®)

Check for
updates

Han Sang Yoo

Abstract Classical swine fever (CSF) caused by classical swine fever virus
(CSFV), Pestivirus genus of the Flavivirdae family, is a highly contagious, mul-
tisystemic, and hemorrhagic disease of pigs and one of the most important disease
in pig industry, economically and clinically. Domestic and wild pigs are the only
natural reservoirs of CSFV. Since the first report of the outbreak of CSF in the early
19th century, a lot of attempts have been made to prevent and/or eradicate the
disease. Many countries have successfully eradicated CSF due to the attempts and
trials. However, some countries are still sporadic outbreak and/or endemic.
Therefore, World Organization for Animal Health is still designated as a notifiable
disease. As a step to prevent and/or eradicate the disease, vaccines have been
developed. After reviewing etiology, clinical symptoms and diagnosis of CSF,
development of vaccines, especially recent vaccines were intensively reviewed.
Researches on plant-made vaccine candidates against CSF were introduced in this
chapter.

Keywords Classical swine fever virus - Vaccines - Plant - Prevention

1 Introduction

Classical swine fever (CSF) is caused by the classical swine fever virus (CSFV), a
small, enveloped, single-stranded RNA virus that belongs to the Pestivirus genus of
the Flaviviridae family. CSF is one of the most economically important pig diseases
worldwide, affecting profitability in large farms and livelihood of small backyard
farms. Formerly known as “Hog Cholera”, is a highly contagious, multi-systemic
disease of worldwide importance that is notifiable to the World Organisation for
Animal Health (OIE) (Song et al. 2013).
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Clinical outbreaks suggestive of CSF were reported in the early 19th century,
and CSF was recognized as viral in nature by 1903. The first reports of a CSF
outbreak in South Korea were in 1908, and the Buri strain was first isolated from
the Buri pig farm in Seoul in October of 1947. Since then, CSF had been recog-
nized as one of the most devastating diseases in Korea, with sporatic outbreaks that
have continuously threatened the swine industry (Song et al. 2013).

Wild and domestic pigs are the only natural reservoirs of CSFV, which is
endemic in parts of Eastern Europe, Southeast Asia, Central America, and South
America. Many countries, including the United States, Australia, Canada, Ireland
and New Zealand, have successfully eradicated CSF and obtained disease-free
recognition from the OIE (Song et al. 2013). Now, all countries in North America,
Australia and Western Europe are free of CSF. Although eradicated from domestic
pigs in Western Europe, CSFV remains endemic in some populations of wild boars;
therefore, farms in these areas are at risk of reinfection. Japan was recently added to
the list of countries with CSF-free status, which they obtained upon successful
completion of their 10-year eradication program in 2006 (Song et al. 2013).
However, the reemergence of CSF is always a risk, and several areas previously
free of CSF have had incursions in recent years.

2 The Etiology of CSF

The etiological agent responsible for CSF is an enveloped, single-stranded RNA
virus known as classical swine fever virus (CSFV) that belongs to the Pestivirus
genus of the Flaviviridae family. Bovine viral diarrhea virus (BVDV) 1 and 2 and
Border disease virus (BDV) are related viruses of the same genus (Blome et al.
2017a, b). The genome of CSFV consists of a positive-stranded RNA molecule of
about 12.3 kb encoding a single open reading frame that is translated into a
3898-amino-acid polyprotein, giving rise to 13 CSFV mature proteins by co-and
post-translational processing (Meyers et al. 1989; Meyers and Thiel 1996, Blome
et al. 2017a, b). These 13 mature proteins comprise of four structural proteins,
namely the core (C) protein, and enveloped glycoproteins Erns, E1 and E2; and the
non-structural proteins NP, p7, NS2-3, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B (Blome et al. 2017a, b). The coding region is flanked by non-translated
regions (NTR) at 5° and 3’ end (Blome et al. 2017a, b). Of these, the E2 structural
protein encompasses major antigenic domains and cytotoxic T lymphocyte
(CTL) epitopes, suggesting it is a promising candidate for use as an immunogen
with the capacity to induce neutralizing antibodies and CTL activities against CSFV
(Rumennapf et al. 1991; Tarradas et al. 2010; Lin et al. 2012; Xu et al. 2015).
Therefore, genetic typing is most commonly based on the E2 glycoprotein because
abundant sequence data are available.

Classical swine fever virus is relatively stable with very slow evolution for an
RNA virus, but is antigenically and genetically diverse. Based on sequencing of the
5’ non-translated region, of 190 nucleotides of the E2 envelope glycoprotein gene
and of 409 nucleotides of the NS5B polymerase gene, CSFV was classified into
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three major genetic groups (groups 1, 2 and 3), each with three or four subgroups:
1.1, 1.2, 1.3; 2.1, 2.2, 2.3; and 3.1, 3.2, 3.3 and 3.4 (Paton et al. 2000; Kirkland
et al. 2012). A link between genotype and geographic origin was revealed by
phylogenetic analyses of the CSFV isolates during the last decade. Group 1 isolates
are present in South America and Russia, most group 2 isolates were from out-
breaks in Western, Central, or Eastern Europe, and some Asian countries and group
3 viruses are apparently confined to Asia (Kirkland et al. 2012).

Although outbreaks of the disease could be caused by transmission of the eti-
ological agent via several routes, oronasal transmission by direct or indirect contact
with infected wild or domestic pigs is the primary route under natural circum-
stances, followed by ingestion of contaminated foodstuff (Edwards 2000;
Fritzemeier et al. 2000; Kirkland et al. 2012). Transport and/or introduction of
infected pigs might be the major source of outbreaks and spread of the disease in
finishing units and areas with small pig farms (Ribbens et al. 2004). Analysis of
1997/98 CSF epidemic data in the Netherlands suggested that airborne transmission
is also possible within a holding pen or within a radius of less than 500 meters, even
though the transmission did not occur over long distances (Elbers et al. 2001). Rats
and dogs have been shown experimentally to be mechanical vectors (Ribbens et al.
2004) indicating that they have the potential for transmission of CSF. As a result,
veterinarians, inseminators, pig farmers, screening teams and other people who
come in contact with infected animals might act as indirect transmission vehicles
when biosecurity is deficient (Ribbens et al. 2004).

Typical of enveloped viruses, CSFV is inactivated by organic solvents (ether or
chloroform) and by detergents. Sodium hydroxide (2%) is still considered the most
suitable for disinfection of contaminated premises. However, CSFV survives for
prolonged period under certain conditions (e.g., cool, moist, protein-rich conditions
such as occur in meat) (Ribbens et al. 2004; Kirkland et al. 2012), and can even
survive for 2 weeks at 20 °C and more than 6 weeks at 4 °C in liquid manure
(Edwards 2000; Kirkland et al. 2012).

3 Disease Symptoms and Diagnosis

It is well known that the most common transmission route of CSFV is oronasal,
with primary virus replication occurring in the tonsils. The replicated virus can
spreads to regional lymph nodes, then via peripheral blood to the bone marrow,
visceral lymph nodes, and lymphoid structures associated with the small intestine
and spleen. Complete spread of the virus in pigs usually takes less than 6 days
(Kirkland et al. 2012).

CSF is a highly contagious, multisystemic, and hemorrhagic viral disease of pigs
that can manifest as acute, subacute, chronic, or late onset disease based on its
progression (Lim et al. 2016a, b). In the acute form of CSF, the initial clinical signs
include anorexia, lethargy, conjunctivitis, respiratory signs and constipation fol-
lowed by diarrhea (Floegel-Niesmann et al. 2009; Kirkland et al. 2012). The most
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common pathological feature in this form is hemorrhagic leucopoenia, thrombo-
cytopenia, petechiae, and ecchymoses, which occur in the skin, lymph nodes, lar-
ynx, bladder, kidney, and ileocecal junction (MacLachlan and Dubovi 2011;
Kirkland et al. 2012). Other characteristics of CSF include multifocal infarction of
the margin of the spleen, even though lesions are not always present. Swollen or
hemorrhagic lymph nodes or tonsils are also common. Death from the acute form
usually occurs 2-4 weeks after CSFV infection.

In the chronic form, the same clinical signs are observed, but the pigs survive
for 2-3 months before dying. Non-specific signs such intermittent hyperthermia,
chronic enteritis, and wasting may also be seen (Kirkland et al. 2012). The patho-
logical feature is extensive ulceration of the mucosa of the large intestine (button
ulcers), as well as a generalized depletion of lymphoid tissues. Opportunistic bacterial
pneumonia and enteritis might also be observed. Hemorrhages, inflammatory lesions
and infractions are less common, or even absent, despite the degeneration of
endothelial cells. General exhaustion of the lymphoid system, with atrophy of the
thymus and germinal centers in the spleen, is the most prominent lesion in swine dying
from chronic CSF (MacLachlan and Dubovi 2011; Kirkland et al. 2012).

Transplacental infection of CSFV is possible at any stage of pregnancy, and the
infection can cause abortion and stillbirths depending on the strain and the time of
gestation. Congenital malformations such as central dysmyelinogenesis, cerebellar
hypoplasia, microencephaly, and pulmonary hypoplasia might be observed
(Kirkland et al. 2012). Moreover, infection at 50-70 days of gestation can lead to
the birth of persistently viremic piglets (Kirkland et al. 2012).

Early recognition of CSF and prompt elimination of CSFV-infected animals are
key to controlling the disease; therefore, the importance of diagnosis has long been
recognized. The longer CSF remains undetected, the greater the opportunity for the
virus to spread. More than 75% of the recent CSF epidemics were detected based on
clinical signs by farmers and veterinarians (Kirkland et al. 2012). Therefore,
measures of the average daily gain, feed consumption, and body temperature before
the first clinical signs can be monitored for changes (Kirkland et al. 2012).
Diagnosis of CSFV infection is conducted by detection of CSFV and/or detection
of antibodies to CSFV. However, it is essential to discriminate between CSFV and
BVDV or BDV, because of cross-reactivity due to sharing of common antigens.
Several diagnostic methods to detect components of the virion (antigens or nucleic
acids) or specific antibodies against viral antigens, are available. CSFV may be
isolated from tissue homogenates, serum, plasma, buffy coat, and whole blood
collected in heparin or EDTA. The tissues most likely to contain the virus are the
tonsils, spleen, kidney, ileocecal lymph node, and retropharyngeal lymph node. The
isolation of CSFV followed by real-time, reverse transcription-polymerase chain
reaction (QRT-PCR) or antigen-capture ELISA are the most popular methods to
detect CSFV (MacLachlan and Dubovi 2011; Kirkland et al. 2012). Although virus
identification (VI) is the reference method in most CSFV eradication programs, it is
labor intensive, time consuming, and incompatible with the rapid response required
to prevent further spread of the virus. Moreover, CSFV cannot induce a cytopathic
effect (CPE) in cell culture; therefore, additional experiments are required to detect
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the virus. As a result, qRT-PCR assays have many advantages over other methods
and are now preferred for the detection of viruses or RNA. These assays have both
high sensitivity and specificity, particularly when they are probe-based (Hoffmann
et al. 2009). A wide variety of samples are suitable for testing by qRT-PCR, but
whole blood, swabs, and tissue samples are primarily used for the diagnosis of CSF.
Several CSFV-specific qRT-PCR kits are commercially available (Le Dimna et al.
2008). The high sensitivity of qRT-PCR will support testing of pooled samples (Le
Dimna et al. 2008), which can significantly increase throughput. Antigen-capture
ELISAs may be used for early diagnosis of CSFV in live pigs. Double-antibody
sandwich ELISAs are based on monoclonal and/or polyclonal antibodies directed
against a variety of viral proteins. Serum, buffy coat fraction, whole blood in
heparin or EDTA, or tissue homogenates can be used in these assays. However,
ELISA is only recommended for samples from animals with clinical signs or
pathological lesions compatible with CSF and for screening herds suspected to have
been recently infected (Kirkland et al. 2012). Direct fluorescent antibody (FA) on
frozen sections is commonly used to detect viral antigens with high sensitivity,
throughput, and rapid turnaround (Kirkland et al. 2012).

Virus neutralization (VN) and ELISA for the detection of anti-CSFV antibodies
are useful methods for detection of antibodies to CSFV. Virus neutralization has
been considered a reference assay for the detection of CSFV-specific antibodies;
however, it requires good quality serum samples and the use of a cell culture
system. The method is also time consuming, requiring 3—5 days to obtain results.
Accordingly, ELISAs are useful for the detection of anti-CSF antibodies during
epidemiological surveys and for monitoring of CSF-free areas (Kirkland et al.
2012).

4 Commercial Vaccines

The two main strategies to control CSF are systematic prophylactic vaccination and
non-vaccination with stamping-out of infected animals in outbreaks. No effective
treatment for CSF is available, nor have there been any attempts to develop one. In
countries with vaccination policies, live attenuated vaccines are widely used to
control CSF and demonstrate efficient protection against the virus. In endemic
regions, prophylactic vaccination is often used to prevent the spread of infection.
Once CSF is under control, vaccination can be stopped while surveillance is con-
tinued (Moennig and Becher 2015). In endemic CSF situations or in the crisis of a
larger epidemic, where the usual control measures (stamping out, zoning, standstill,
etc.) may prove to be insufficient, systemic vaccination of the susceptible popula-
tion is one of the most promising options for successful control and eradication,
particularly in commercial and industrialized pig production systems (Milicevic
et al. 2013).

In disease-free areas, new outbreaks are controlled by early detection, stamping
out, movement control, safe disposal of carcasses, and cleaning and disinfection
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(Moennig and Becher 2015). Although some regions are free of CSFV, it is still
present at the borders between free and endemic areas and in some wild boar
populations (Laddomada 2000; Rossi et al. 2015). For purposes of international
trade, free areas maintain a “no vaccination” policy against CSF in order to dif-
ferentiate infected animals by antibody detection. In such areas, control is based on
stamping out infected or suspected herds, with concomitant implementation of
quarantine measures (Kirkland et al. 2012).

While vaccination in endemically infected areas is meant to prevent economic
losses and may be a first step towards eradication using highly efficacious vaccines,
emergency vaccination campaigns during epidemics are mainly intended to prevent
spread of the disease; accordingly, they require fast-acting vaccines, preferably with
marker potential, to allow a rapid return to regular trade conditions (van Oirschot
2003; Blome et al. 2017a, b). Because different senarios require different vaccine
characteristics (van Oirschot 2003; Blome et al. 2017a, b), several commercial
vaccines are available. A first generation of vaccines against CSF was developed,
initially consisting of virus and porcine hyper immune serum, followed by the
crystal-violet inactivated vaccine in 1936 (Saulmon 1973; Blome et al. 2017a, b).
However, problems with the vaccines such as low safety and efficacy led to further
investigations to develop live attenuated vaccines. The strains most commonly used
for vaccines were the Lapinized Philippines Coronel (LPC) strain, the Chinese
vaccine strain (C-strain), known as the Chinese hog cholera lapinized virus
(HCLV), the low-temperature-adapted Japanese guinea-pig exaltation-negative
(GPE ) strain, the French cell culture-adapted Thiverval strain, and Mexican PAV
strains (Dong and Chen 2007; Blome et al. 2017a, b). There are several constraints
associated with the conventional, live attenuated vaccines made from these strains,
especially the lack of ability to differentiate between infected and vaccinated ani-
mals (DIVA or marker strategy). To address this issue, research was directed
towards the development of marker vaccines (van Oirschot 2003; Dong and Chen
2007). As the first generation of marker vaccines, E2 subunit vaccines using
recombinant E2 expressed by baculoviruses in insect cells were developed (Hulst
et al. 1993). Although the safety of E2 subunit vaccines was confirmed, limitations
were shown with respect to its efficacy, application and production of the vaccine in
comparison with live attenuated vaccines (Bounna et al. 1999; Blome et al. 2017a,
b). Although several studies have investigated the development of marker vaccines,
onlyl one subunit vaccine is available on the market. This vaccine consists of the
E2 glycoprotein of CSFV strain “Alfort/Tiibingen” in a water-in-oil adjuvant
(Porcilis® Pesti, MSD Animal Health) (Blome et al. 2017a, b).

Subsequently, a new next-generation marker vaccine, CP7_E2alf (Suvaxyn CSF
Marker, Zoetis), was developed using a chimera based on the infectious cDNA
clone of the cytopathogenic BVDV strain “CP7” (Meyers et al. 1997). This vaccine
was confirmed to have better genetic stability, safety, efficacy and protective effects
(Blome et al. 2014; Goller et al. 2015). For the DIVA diagnosis, a specific real-time
RT-PCR and serological marker system based on the detection of CSFV-specific
E™ antibodies was developed (Leifer et al. 2009; Liu et al. 2009, Blome et al.
2017a, b).
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However, the humoral immune response induced by these vaccinated animals
cannot serologically differentiate infected from vaccinated animals (DIVA), ham-
pering controlled eradication of CSFV (Moennig and Becher 2015; Blome et al.
2017a, b).

Therefore, there have been several other attempts to develop effective vaccines
against CSF that enable differential diagnosis.

5 Experimental Vaccines Expressed in Non-plant Systems

For development of CSFV vaccines, the roles of neutralizing antibody-based
humoral immune responses (van Gennip et al. 2002; Xu et al. 2015) and CTL-based
cellular immune responses have been both highlighted (Rau et al. 2006; Xu et al.
2011, 2015). After oral infection of CSFV, the invasion of CSFV is often initiated
at mucosal surfaces, particularly intestinal tissues. Thus, vaccination inducing
IgA-based protective mucosal immunity via the mucosal approach, has been
attempted to prevent the virus from entering the body via mucosa and its further
spread to systemic circulation. New vaccines that can trigger protective antiviral
mucosal and systemic immune responses will provide a promising strategy for the
development of a vaccine against CSFV infection (Xu et al. 2015).

Of three glycoproteins in the envelope of CSFV, Ems, El, and E2, E2 is the
most immunogenic, and is a virulence determinant. E2 is the main target of the
humoral immune response to CSFV infection. Post-translational modification
(N-linked glycosylation) is required for the immunogenicity of E2.
Recombinant CSFV E2 glycoprotein (rE2) has been produced in a variety of
expression systems, including bacteria, yeast, plants, adenovirus, goat, and a
baculovirus/insect system (Barrera et al. 2010; Wu et al. 2010; Lin et al. 2012; Jung
et al. 2014; Sanchez et al. 2014; Xu et al. 2015).

Immunogenic CSFV peptides, DNA vaccines, viral vector vaccines, trans-
complemented deletion mutants (replicons) and chimeric pestiviruses were developed
and evaluated in experimental and/or target animals (Blome et al. 2017a, b).

5.1 Subunit Vaccines

Vaccines based on synthetic immunogenic CSFV peptides contained either one
peptide or a mixture of different peptides covering different parts of the antigenic
domains of the CSFV glycoprotein E2. The vaccines are highly safe, but require
parenteral administration, adjuvants and multiple vaccination schemes (Dong et al.
2002; Dong et al. 2006; Liu et al. 2006).

Recently, additional subunit vaccines were reported consisting of E2 expressed
using different expression systems such as the mammary glands of goats after
adenoviral transduction, yeast, Pichia pastories, a transgenic mammalian cell line,
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and baculovirus (Toledo et al. 2008; Lin et al. 2012; Hua et al. 2014; Sanchez et al.
2014; Madera et al. 2016). These vaccines reportedly had several advantages
including stability, protection, and DIVA. Moreover, genetically engineered
Lactobacillus plantarum expressing the CSFV E2 protein in combination with
Thymosin alpha-1 (Xu et al. 2015) and E2 protein expressed in transgenic rice calli
from Oriza sativa L. cv. were generated and found to induce humoral and cellular
immune responses upon oral administration (Jung et al. 2014).

The use of live vehicles has received a great deal of attention. Lactic acid
bacteria have been investigated as delivery systems for heterologous antigens to the
mucosal immune system with a number of advantages over the traditional parental
vaccination, such as noninvasiveness and the possibility of eliciting both mucosal
and systemic immune responses (Xu et al. 2011; Villena et al. 2011). Using
Lactobacillus plantarum, E2, a main structural protein of CSFV, and thymosin o-1
(Tal), a nontoxic immune-modifier peptide hormone from the thymus, were
cloned, expressed and developed as vaccines in E2 alone and in combination with
E2 with Tal. Upon oral administration of each vaccine, protective immune
responses were induced in pigs against CSFV infection by eliciting IgA-based
mucosal, IgG-based humoral and CTL-based cellular immune responses. The
results suggest that the recombinant lactobacillus microecological agent expressing
CSFV E2 protein combined with Tal as an adjuvant might be a promising can-
didate for vaccine development against CSFV (Xu et al. 2015).

CSFV E2 envelope viral glycoproteins were produced in the milk of adenovi-
rally transduced goats and formulated as a water-in oil emulsion after purification.
Pigs immunized with the vaccine showed an effective response in immune
responses and clinical signs in the challenge with highly pathogenic CSFV strain
(Barrera et al. 2010; Sanchez et al. 2014). Early onset and long lasting protection
were induced in pigs by vaccination (Barrera et al. 2010). A simpler procedure for
the introduction and implementation of a commercial subunit vaccine was also
demonstrated with this E2 protein by optimization of purification steps and dosage
of the vaccine (Sanchez et al. 2014).

5.2 DNA Vaccines

All DNA vaccines were based on plasmid constructs that express CSFV glyco-
protein E2 (Ganges et al. 2005; Wienhold et al. 2005; Andrew et al. 2006) and
partially co-express genes for cytokines such as IL-3, IL-12, IL-18 or regulatory cell
surface molecules (CD154) to enhance their immunogenic potential (Wienhold
et al. 2005; Andrew et al. 2006). With those vaccines, immunogenicity, DIVA and
safety were demonstrated. However, high dosages and multiple vaccinations were
required to protect pigs against challenge infection with highly virulent CSFV
(Blome et al. 2017a, b). Moreover, application of those vaccines to pigs was not
economically viable because of the high cost of DNA preparation and inefficient
delivery (Sun et al. 2011). For viral vector vaccines, vectors using vaccinia virus,
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pseudorabies virus, porcine and human adenovirus, swine pox virus, fowlpox virus,
parapox virus and canarypox virus were used (Blome et al. 2017a, b). Although
some vector vaccines are able to confer full protection, they still remain as proto-
types, and licensing of a candidate is not yet in sight (Blome et al. 2017a, b).

5.3 Trans-Complemented Deletion Mutants

Trans-complemented deletion mutants (replicons) of CSFV were constructed to
avoid the risk of reversion to virulent viruses (Beer et al. 2007).
Trans-complemented CSFV E™ or E2 deletion mutants were constructed (Maurer
et al. 2005; Frey et al. 2006). To accomplish this, the RNA of mutants was
transfected into porcine kidney cells, which led to autonomous replication without
the production of virus progeny (replicons) in E™ or E2 expressing recombinant
cell lines. Complemented virions are replication-deficient during the second repli-
cation cycle and thus referred to as DISC (defective in second cycle). Vaccination
efficiency was dependent on the application route, with complete protection con-
ferred by intradermal injection of the replicon A187delErns, but partial protection
by oral application of the replicon (Frey et al. 2006; van Gennip et al. 2002).

5.4 Viral Vectored Vaccines

Use of DNA-based Semliki Forest Virus replicons expressing CSFV E2 demon-
strated induction of reliable protection by high dose applied three times (Li et al.
2007a; Li et al. 2007b). Furthermore, the adenovirus/alphavirus-replicon chimeric
vector-based vaccine rAdV-SFV-E2 delivered into a Semliki Forest Virus replicon
expressing the CSFV E2 gene induced strong immune responses in pigs and rabbits
(Li et al. 2016; Sun et al. 2011). Moreover, pigs were fully protected against lethal
challenges with CSFV “Shimen” seven weeks after two vaccine applications which
were given three weeks apart (Sun et al. 2013). Recently, enhanced protective
immunity of rAdV-SFV-E2 was demonstrated by a Salmonella Enteritidis bacterial
ghost (cell envelope preparation) adjuvant (Xia et al. 2016a, b). Chimeric pes-
tiviruses based on infectious cDNA clones of CSFV or BVDV are the most
promising candidates for marker vaccines (Meyers et al. 1996, 1997). Several
chimeric pestiviruses have been described, some of which have been extensively
investigated in target species. However, problems preventing improvement in
discriminatory assays still remain (Blome et al. 2017a, b).

Recombinant CSFV E2 in the bi-cistronic baculovirus/larvae expression system
induced high titers of anti-CSFV E2 antibodies with neutralizing activity in mice
and piglets (Wu et al. 2010). Moreover, CSFV E2 (yE2) expressed in the yeast,
Pichia pastoris, showed a protective immune response against CSFV challenge and
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prevented horizontal transmission of CSFV during cohabitation of unimmunized
sentinels 3 days after challenge infection (Lin et al. 2012).

The safety of classical swine fever virus vaccine (LOM strain) was investigated
in pregnant sows and their offspring. One study clarified the issue by vaccination of
pregnant sows with or without CSFV antibody with the CSFV vaccine (LOM
strain) at early or mid-stages of pregnancy (Lim et al. 2016b). The LOM strain may
induce sterile immunity and provide rapid, long-lasting, and complete protection
against CSFV. The LOM strain may be capable of crossing the placenta of pregnant
sows with free CSFV antibody during gestation and could be transmitted from the
pregnant sow to the fetus (Plateau et al. 1980; Vannier et al. 1981). Potential
adverse effects of the LOM strain vaccine in pregnant sows without CSFV antibody
may result in stillbirth or fetal mummification. Therefore, vaccination of the LOM
strain in pregnant sows without CSFV antibody should receive attention, although
there are no potential adverse effects caused by the LOM vaccine in pregnant sows
with antibodies to CSFV (Lim et al. 2016b). Moreover, the efficacy of the CSF
vaccine (LOM strain) was investigated in pigs infected with immunosuppressive
pathogens, porcine reproductive and respiratory syndrome virus (PRRSV) and/or
porcine circovirus-2 (PCV2). One study demonstrated that LOM strain may induce
an immune response without interference with the immunosuppression during the
development of protective immunity (Lim et al. 2016a). The levels of CSFV
antibodies in LOM-vaccinated pigs were not affected by infection of PRRSV or/and
PCV2. Co-infection with both PRRSV and PCV2 may affect CSF vaccine virus
replication or viral activity in pigs vaccinated with LOM strain (Lim et al. 2016a).

6 Plant-Made Vaccine Candidates

The major challenges in animal vaccine development are the cost and volume.
Commercial vaccines with good results still have several disadvantages such as
complex and expensive production and purification, requirement for
low-temperature storage, safety issues and the need for a skilled person for
administration. Plants offer an attractive and affordable platform for vaccines
against animal diseases because of their low cost and production in large quantities,
and are free of attenuated pathogens and cold chain requirements, especially in
industries with low profit margins (Shahid and Daniell 2016). Therefore, edible,
orally delivered, low-cost vaccines are urgently needed for the production of
disease-free animals. Also, transgenic plant based systems have added advantages,
such as antigen encapsulation and stability for extended periods at ambient tem-
perature. Most importantly, products from transgenic plants are very unlikely to be
contaminated by animal pathogens or microbial toxins (Streatfield et al. Streatfied
2006; Gomez et al. 2008). Although several attempts have been made with different
expression systems to develop vaccines against CSF, only a few studies have been
conducted with plants.
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A ubiquitin-containing vector was used to express CSFV E2 glycoprotein at a
level of 10 pg of antigen in 1 g of lyophilized transgenic alfalfa leaves and 160 pg
in 1 g of dry mass of lettuce. Mice were immunized with 0.5 pg of E2 CSFV two
times at one-month intervals, and the kinetics of immune response (IgG in serum
and IgA in fecal pellets) were monitored. A significant increase in antibodies was
demonstrated in both IgG and IgA levels after the second immunization (Eble et al.
2014; Legocki et al. 2005).

With the goal of improving purification efficiency and IgG response, CSFV E2
glycoprotein was expressed as a fusion to the coat protein of potato virus X peptide
in Nicotiana benthamiana, using a modified PVX vector. Correct retention of the
peptide encoding sequences in the PVX construct after three sequential passages in
the plant was confirmed by RT-PCR. Moreover, the epitope coding sequences were
replicated with high fidelity during PVX infection. In addition, they demonstrated
induction of an immune response in rabbits by three subcutaneous injections of
partially purified virions (Marconi et al. 2006).

Several transgenic plants, including corn, wheat, potato, tomato, and rice, have
received attention for vaccine production, storage and delivery systems for oral
immunization. Of these, rice has been considered an effective expression system
based on storage, processing, yield, and available genomic information (Nochi et al.
2007; Yuki et al. 2009). Moreover, rice can be cultured in the callus form using a
bioreactor, thereby reducing the risk of transgenic rice disturbing the ecosystem
(Jung et al. 2014).

The E2 glycoprotein of CSFV SWO03 strain was expressed in transgenic rice calli
(TRCs) from Oriza sativa L. ev. Dongjin. Immune responses to the tE2-TRC in
mice and pigs were investigated after oral administration through oral gavage four
times in mice and three times in pigs with 5 mg of rE2 per weight (mg/kg) at
10-day intervals. The administration of rE2-TRCs to mice and pigs increased
E2-specific antibody titers in IgG and IgA-levels, IgA-specific antibody-secreting
cells in the Peyer’s patches of mice and PBMC of pigs and IgG-specific
antibody-secreting cells in the PBMC of pigs when compared to animals receiving
the vector alone. In addition, mice receiving rE2-TRCs had a higher level of CD8+
lymphocytes and Thl cytokine immune responses to purified rE2 (prE2) in vitro
than controls. Pigs receiving rE2-TRCs also showed an increase in IL-8, CCL2, and
the CD8+ subpopulation in response to stimulation with prE2 (Jung et al. 2014).

Development of plant-based vaccines against CSF should focus on edible vac-
cines because these are easier to administer to domestic pigs, and can also be
practical for use in wild species. CSF remains problematic in the wild boars of
several countries including Western European countries. However, progress in the
genetic manipulation of some edible plants such as corn is very slow due to the
complicated life cycle of the plants. Appropriate plants should therefore be selected
with the ability not only to express the major epitopes of CSFV, but to be used as
feed for pigs (Shao et al. 2008). In addition, many pathobiological characteristics of
CSFV infection remain to be revealed, especially in immune responses. After
solving these problems, large-scale immunological and challenge experiments can
be conducted using mass-produced CSFV antigen(s).
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Classical swine fever is an important disease in both clinically and economically
in the swine industry. Although the disease has been eradicated in the developed
countries, it still occurs in several countries, especially developing countries.
Moreover, the importance of the disease has been recognized in wild boars.
Therefore, several attempts have been made to control the disease. Among these,
vaccination has been the most effective. Although live attenuated vaccines have
been widely recognized and used in the field, they have several disadvantages. To
overcome these disadvantages, different types of vaccine have been investigated
experimentally and clinically.

Several vaccines have been investigated in efforts to develop safe and effective
vaccines using plant-based delivery systems; therefore, this system has also been
applied to CSF vaccine. However, few studies have investigated plant-based CSF
vaccines. Accordingly, additional attempts should be made to develop safe and
effective vaccines for CSF in future studies.
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Porcine Epidemic Diarrhea Virus M)

Check for
updates

Zayn Khamis and Rima Menassa

Abstract Porcine epidemic diarrhea virus (PEDv) causes disease and mortality to
piglets worldwide. Most vaccines used to combat the disease have been ineffective
live attenuated virus vaccines. Research has emerged showing both the spike
(S) and membrane (M) proteins of the virus have potential for use as subunit
vaccines. This research has been largely undertaken using plants as expression
platforms, with some promising candidates having emerged.

Keywords Porcine epidemic diarrhea virus - Recombinant protein
Subunit vaccine - Coronavirus - Plant biotechnology

1 Disease Symptoms and Occurrence

Porcine epidemic diarrhea virus (PEDv) is a coronavirus that causes porcine
epidemic diarrhea (PED) in pigs. Its high mortality rate for piglets, at 90-95%
(Stevenson et al. 2013) is a key distinguishing factor between PEDv and the similar
transmissible gastroenteritis virus (TGEV). In suckling piglets, the PEDv incuba-
tion period is around two days, varying from 1 to 8 days. Diarrthea and vomiting
can develop within 24 h, and as a result dehydration, anorexia and severe weight
loss occur. In older pigs and sows, morbidity varies, and the period between onset
and end of clinical symptoms is 3—4 weeks (Lee 2015; Stevenson et al. 2013).
The first known PEDv outbreaks occurred in Europe in the 1970s and 1990s,
including in Belgium (Pensaert and de Bouck 1978) and Hungary (Nagy et al.
1996). While PEDv has since posed less of a threat to Europe, it has re-emerged in
Italy (Martelli et al. 2008), Germany (Hanke et al. 2015), and France (Grasland
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et al. 2015) affecting pigs of all ages. PEDv spread to Asia in the early 1980s,
where it was first detected in Japan in 1982, and then in South Korea, China, and
Thailand (Chen et al. 2014). Since October 2010 China has seen a severe outbreak
of PEDv, resulting in high porcine mortality rates and economic losses (Sun et al.
2012). PEDv was first detected in the United States (U.S.) in May 2013 (Stevenson
et al. 2013) and then in Canada in January 2014 (Ojkic et al. 2015). These two
countries have experienced severe economic losses due to the death of millions of
suckling piglets and to diarrhea-derived weight loss in fattening pigs (Chen et al.
2014). The North American serotypes are most closely related to a recently
emerged Chinese serotype (Huang et al. 2013) and since the North American
epidemic, they have spread to South Korea, Taiwan, and Japan (Lee 2015).
While a few vaccines are available against PEDv, those targeting the Asian
strains are not effective against the North American strains, while the effectiveness
of a conditionally approved vaccine in the U.S. is unknown (see below). By vac-
cinating sows with an effective vaccine, the suckling piglets can receive lactogenic
immunity through IgA antibodies secreted into the milk (Bae et al. 2003), and may
be spared from vertical transmission of PEDv from sow milk (Sun et al. 2012).

2 Mechanisms of Infection

PEDv primarily enters pigs’ bodies through the fecal-oral route, although airborne
transmission may play a role (Alonso et al. 2014). Diarrhea and vomiting result in
the spread of PEDv through contaminated environmental sources including pigs,
trailers, clothing (Lowe et al. 2014), sow’s milk (Sun et al. 2012), feed, and
feed-supplements such as spray-dried porcine plasma (Pasick et al. 2014), high-
lighting the importance of biosecurity.

PEDv causes sickness through its actions in the intestines of pigs. The virus
enters porcine enterocytes, which line the inner surface of the intestines, via
interaction between the viral S protein and the enterocyte aminopeptidase N which
acts as a cellular receptor for PEDv. Through this receptor PEDv enters the ente-
rocyte cells, where new virions assemble by budding through the endoplasmic
reticulum and Golgi apparatus membranes (Ducatelle et al. 1981; Li et al. 2007).

Once PEDv enters enterocytes it causes them to undergo acute necrosis (Jung
et al. 2014). PEDv also causes a reduction in the number of goblet cells, the cells
which secrete mucins to defend against microbial infection (Jung and Saif 2015).
Cytolysis additionally leads to shortening and severe atrophy of intestinal villi, and
causes the tips of villi to erode or become covered with attenuated epithelial cells
(Jung et al. 2014; Stevenson et al. 2013). The atrophy of intestinal villi results in
microscopic lesions, which are typical of an enteritic infection, (Sueyoshi et al.
1995). PEDv also results in swollen cells, and the detachment of cells from adjacent
cells and from the membranes of the basal surfaces (Stevenson et al. 2013). These
factors inhibit the pig’s ability to absorb water and nutrients, and result in the
malabsorption and diarrhea discussed above.
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3 PEDv Vaccine Design and Plant-Made Candidates

To produce an effective vaccine against PEDwv, it is important to understand the
structure of the virus. The Coronavirinae subfamily consists of three genera:
alphacoronavirus, betacoronavirus, and gammacoronavirus. PEDv is an enveloped
alphacoronavirus encoded by a 28 kilobase single-stranded, positive-sense RNA
genome (Song and Park 2012). Coronaviruses have the largest known RNA gen-
omes of all viruses (King 2011). The PEDv genome has seven open reading frames
(ORFs), which code for three non-structural polyproteins, and four structural
proteins [spike (S), envelope (E), membrane (M) and nucleocapsid (N)]. These
open reading frames are flanked by a 5’ cap and a 3’ polyadenylated tail (Figs. 1 and
2) (Song and Park 2012). The ORFs encoding the non-structural proteins consist of
two overlapping open reading frames, ORFla and ORFI1b, encoding two
polyproteins. These polyproteins are processed by three virus-encoded proteases, a
3C-like proteinase (3CLpro) and two papain-like proteinases (PLP) which results in
16 non-structural proteins required for genome replication and mRNA transcription
(John et al. 2016; Prentice et al. 2004). The accessory protein ORF3 is a potassium
ion channel, but its role is not well defined (Wang et al. 2012). Reports on trans-
missible gastroenteritis coronavirus (TGEV), another alphacoronavirus, indicate
that S and E are only present in the virion in small quantities, with E estimated to
occur 20 times in a virion (Godet et al. 1992). N and M occur in higher numbers, at
a ratio of IN:3M (King 2011). A recent study examining mouse hepatitis virus
(MHV, a betacoronavirus), severe acute respiratory syndrome-coronavirus
(SARS-CoV, a betacoronavirus), and feline coronavirus (FCoV, an alphacoron-
avirus), has determined that coronaviruses have approximately 1100 M dimers, 90
S trimers, and N proteins in a ratio from 3M:IN to IM:1N (Neuman et al. 2011).
Thus, M is the most abundant structural protein displayed at the viral surface.

Of the four structural proteins, S and M are the most antigenic. To date, the S
protein has been the primary focus of subunit vaccine design due to its antigenicity,
and the role it plays in viral entry, as it regulates interactions with host cell receptor
protein, aminopeptidase N (Bosch et al. 2003). S contains three antigenic regions.
The first epitope that was recognized spans amino acids 1495-1913. Called the
CO-26K equivalent (COE), this epitope induced a neutralizing immune response
and was identified through sequence homology with TGEV, which induces similar
clinical symptoms in pigs (Chang et al. 2002). Subsequently, the motif spanning

ORIF'i a ORIF‘I b S EM N

ORF3

Fig. 1 A schematic of the genome of PEDv. The first two ORFs from the 5’ end of the genome
cover two thirds of the genome, and code for polyprotein la and polyprotein 1b, respectively. The
next part of the genome codes for the S protein, then ORF3, E, M, and finally the N protein
(Khamis 2016)
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Fig. 2 Schematic of an
assembled PEDv virion. The
nucleocapsid protein (N,
small yellow rectangles)
forms a ribonucleoprotein
complex with viral RNA
(black line) inside the virion.
The envelope protein (E,
pink) is embedded in the
membrane (darker grey) as is
the membrane protein (M,
green). The spike protein (S,
blue) also embeds in the
membrane, and forms surface
projections, or ‘spikes’.
Stoichiometry not to scale.
Figure modified from Khamis
(2016)

amino acids 1368-1374, and the epitope region from amino acids 636-789 have
also been found to induce the production of neutralizing antibodies (Cruz et al.
2008; Sun et al. 2006).

While S is antigenic, the use of S as a subunit vaccine poses challenges. S has
been shown to be prone to mutations through serial passages (Sato et al. 2011), and
has high genetic variability among PEDv strains—strains have even been found with
582 nucleotide deletions in the S gene (Masuda et al. 2015). Indeed, the variability
of S makes it the gene of choice to study the genetic relatedness of different PEDv
strains (Chen et al. 2014). The difference in amino acid sequence between the S
protein of different strains can lead to different epitopes being presented, and may
explain why previous vaccines have failed to provide effective immunity against
infectious strains (Sun et al. 2012).

Nonetheless, due to the early recognition of the antigenic importance of the
protein, PEDv recombinant protein production has focussed on S. Work has been
done to produce S or S epitopes in Escherichia coli (Van Noi and Chung 2017),
Lactobacillus casei (Ge et al. 2012), and via the Orf virus as a vaccine delivery
vector (Hain et al. 2016). However, most recombinant PEDv S production has
occurred in plants, with all of these plants producing S-COE. The protein yield has
varied widely, as has the plant host utilized. Historically, tobacco has been the most
established and developed platform for high-yield plant-based recombinant protein
production (Conley et al. 2011). As such, it follows suit that five of the fourteen
reports of S-COE production were carried out using tobacco (Table 1). Four of the
reports expressed S-COE in a stable transgenic line, with yields between 0.1% of
TSP (Kang et al. 2005b) and 2.1% of TSP, depending on codon optimization (Kang
et al. 2005a), while one reported transient production at 5% of TSP (Kang et al.
2004).
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Table 1 Production of S-COE in plants

Plant host Transient or | Fusions | Yield Promoter and/or References
transgenic enhancer used
Tobacco Transgenic - 10 mg/kg of protein 2x35S, TOL Bae et al.
per fresh weight® (2003)°
Tobacco Transient - 5% TSP TMV RNA Kang et al.
(2004)
No-nicotine | Transgenic - 2.1% TSP 2x35S, TOL Kang et al.
Tobacco (2005a)
Tobacco Transgenic - 0.1% TSP 2x35S, TOL Kang et al.
(2005b)
Potato Transgenic - 0.1% TSP 2x35S, TOL Kim et al.
(2005)
Duckweed Transgenic - Not reported 35S Ko et al.
(2011)
Sweet Transgenic - Not reported 358 Yang et al.
potato (2005)
Corn seed Transgenic - 0.122% TSP 2x358S, maize Kun et al.
intron Hsp70 (2014)
Carrot Transgenic - Not reported 2x35S, TOL Kim et al.
(2003)
Tobacco Transgenic LTB 1.6% TSP Ubiquitin Kang et al.
promoter (2006)
Lettuce Transgenic CTB 0.0065% TSP Ubiquitin Huy et al.
promoter (2011)
Lettuce Transgenic LTB 0.048% TSP Ubiquitin Huy et al.
promoter (2009)
Rice Transgenic LTB 1.3% TSP HMW-Bx17-p, Oszvald
endosperm Actl-i et al. (2007)
Rice Transgenic LTB 1.9% TSP HMW-Bx17-p, Tamas
endosperm Actl-i (2010)
Rice calli Transgenic Col 0.083% TSP RAmy3D Huy et al.
(2012)°

2x, double-enhanced; 35S, cauliflower mosaic virus (CaMV) 35S promoter; Actl-I, rice actin first intron;
Col, M cell-targeting ligand; CTB, cholera toxin B subunit; HMW-Bx17-p, wheat high molecular weight
glutenin subunit Bx17 endosperm-specific promoter; LTB, heat-labile enterotoxin B subunit of
Escherichia. coli; RAmy3D, rice a-amylase 3D promoter; TOL, TMV Omega-prime leader, containing
transcriptional and translational enhancer from the coat protein gene of TMV; TSP, total soluble protein;
all yield values are highest levels reported

Table modified from Khamis (2016)

“Total soluble protein levels were not reported in this study

"Study also showed antibody production against protein

Many of the alternative plant choices resulted in yields that were either not
quantified, or very low, despite often using the same promoters and enhancers as
the tobacco studies. Like the tobacco studies, a double-enhanced 35S (2x35S)
cauliflower mosaic virus (CaMV) promoter was used in carrot and potato



260 7. Khamis and R. Menassa

expression experiments. Expression in potato reached 0.1% of tuber TSP, while
expression in carrot was not reported (Kim et al. 2003, 2005). Expression of S-COE
has also been reported in Lemna minor [35S promoter, not quantified, (Ko et al.
2011)], sweet potato [35S promoter, not quantified (Yang et al. 2005)], and corn
[2x35S, 0.122% TSP (Kun et al. 2014)].

The use of fusion proteins, particularly the heat-labile enterotoxin B subunit of
Escherichia coli (LTB), have recently gained popularity in subunit vaccine design,
and have been utilized in the production of S-COE. Three studies have expressed
such fusions in rice, which has shown promise in reaching equivalent accumulation
levels as tobacco. Rice was used to express S-COE both in the endosperm and in
calli. While accumulation levels in the calli using the rice a-amylase 3D promoter
(RAmy3D) only reached 0.083% for a S-COE-M cell-targeting ligand (Col) fusion
(Huy et al. 2012), accumulation levels in the endosperm for LTB-S-COE using the
wheat high molecular weight glutenin subunit Bx17 endosperm-specific promoter
(HMW-Bx17-p) and rice actin first intron (Actl-I) reached 1.3 and 1.9% (Oszvald
et al. 2007; Tamas 2010). LTB-COE has also been produced in tobacco, reaching
comparative levels of 1.6% TSP (Kang et al. 2006).

So far, only three studies have tested the immunogenicity of plant-produced
S-COE. LTB-S-COE produced in tobacco was able to bind to the GM1-ganglioside
intestinal membrane receptor (Kang et al. 2006). More directly, mice orally
immunized with Col-S-COE fusion protein produced in rice calli had threefold and
eightfold higher levels of IgG and IgA secreting cells in their lymphocytes,
respectively, compared to unimmunized mice (Huy et al. 2012). While this is
encouraging, in order for a vaccine to be effective, the antibodies produced must be
virus-neutralizing. Bae et al (2003) took this next step, showing that feeding ground
lyophilized transgenic tobacco containing S-COE was able to induce an immune
response in mice that could inhibit PEDv plaque formation by 49.7% in comparison
to controls. While full immunity was not conferred by the mounted immune
response, this study marks the most significant achievement to date in plant-based
PEDv vaccine research.

M is the other antigenic protein of PEDv, and the most abundant component of
the viral envelope (Utiger et al. 1995). In contrast to S, M is more conserved,
showing 5.5% the number of mutations as S after 100 serial passages (Chen et al.
2014; Sato et al. 2011). The use of a protein that remains stable is important for
subunit vaccine design to ensure that a vaccine can be used for a wide variety of
strains and locations. The M protein of TGEV and SARS-CoV show
virus-neutralizing activity in the presence of complement, the component of the
immune system that enhances the ability of antibodies to clear pathogens. This
virus-neutralizing activity was demonstrated to be higher or comparable to the
neutralizing capacity of 8 individual S protein fragments (Pang et al. 2004; Woods
et al. 1988).

Through sequence homology with infectious bronchitis virus (IBV, a gamma-
coronavirus), M was found to have a B-cell epitope on its C-terminus from amino
acids 195-200 (Zhang et al. 2012). However, it is likely that with further research
sequence homology studies will find more epitopes on PEDv M. For example,
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the M protein of SARS-CoV has B-cell epitopes on the N and C-termini (He et al.
2005), and two cytotoxic T-cell epitopes in the second and third transmembrane
domain (Liu et al. 2010), while the M protein of MHV has a CD4+ T-cell epitope
on its C-terminus (Xue et al. 1995).

Expression of M transiently in N. benthamiana as a fusion with elastin-like
polypeptide (Khamis 2016) resulted in the production of virus-like particles
(VLPs), an important development of subunit vaccine design. While subunit vac-
cines have previously failed to completely protect piglets from PEDv infection due
to subpar immunogenicity, VLPs are more immunogenic because they resemble the
native structure of the virion. Plant-made VLPs for influenza are shown to induce
four- to six-fold higher levels of antibody response than fifty times more flu antigen
not in VLPs (D’ Aoust et al. 2008). The ability to produce PEDv VLPs using M may
lead to the first commercial plant-produced PEDv vaccine.

4 Existing Commercial Vaccines

Much of the PEDv vaccine research has occurred in Asia, where outbreaks have
been most severe, but none of the produced vaccines are completely effective
against Asian PEDv strains (Song and Park 2012). Available Asian vaccines are
based on strains that are genetically different from those sequenced in the U.S. that
are currently causing epidemics globally (Huang et al. 2013). This has been on
display in China, where vaccinated herds experienced PEDv breakouts that were
found to be due to newer strains of the virus (Li et al. 2012). Two PEDv vaccines
were given conditional licenses in the U.S. by the United States Department of
Agriculture (USDA). The first was a vaccine originally produced by Harrisvaccines,
Inc., and is based on their SirraVax®™ RNA platform. Using this platform, part of
the RNA genome of a Venezuelan equine encephalitis alphavirus is replaced with a
gene for PEDv S protein. After injection with genetic material, the pig’s dendritic
cells produce the S protein and an immune response is launched against the pro-
duced protein (Harrisvaccines, 2015). Merck Animal Health acquired
Harrisvaccines in 2015 (Merck Animal Health 2015) but the product is still sold
under a conditional license in the U.S., where safety and field trials are ongoing.
The second conditionally licensed PEDv vaccine in the U.S. is an inactivated virus
particle vaccine produced by Zoetis, Inc. (Zoetis 2016). Efficacy and potency
studies are still in progress for the Zoetis vaccine, and duration of immunity has not
been evaluated. It must be refrigerated, and used all at once when opened (Zoetis
2016). A third vaccine candidate is being developed by VIDO-Intervac (Vaccine
and Infection Disease Organization—International Vaccine Centre) in Canada and
is currently undergoing field testing. This vaccine candidate is a subunit S1 protein
expressed in mammalian HEK-293 T cells, and although it induced production of
neutralizing antibodies, it was not fully protective to suckling piglets (Makadiya
et al. 2016).
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None of the PEDv vaccines used commercially, at least in the U.S. and Canada,
are made in planta. The ability to vaccinate orally through feeding plant tissue is
important as (Song et al. 2007) demonstrated that oral vaccination was more
effective than injection for their PEDv vaccine. When comparing oral to intra-
muscular administration of their attenuated virus vaccine, Song et al. found that
more IgA’s were produced by orally vaccinated pigs, and that the mortality rate for
this group was 13% in comparison to 60% for the intramuscular group. Current
vaccines on the market are also either based on S, which is prone to mutations, or
are killed or live attenuated vaccines. Live attenuated vaccines present risks, as they
can potentially mutate and become pathogenic again, and allow for genome seg-
ment re-assortment on farms—one Chinese PEDwv strain is thought to have evolved
from a live attenuated vaccine (Chen et al. 2010). Inactivated vaccines, in com-
parison, are safer, but have a high cost of production, and present concerns over the
reliability of inactivation methods (Calvo-Pinilla et al. 2014). Both live attenuated
and inactivated vaccines rule out the possibility of using “distinguish infected from
vaccinated animals” (DIVA) assays, as they contain the entire virus. As such, the
market has a need of an effective subunit vaccine based on the current infectious
strains. Further research on current plant-made candidates could prove to fill this
need.

5 Pathways to Commercialization

While proof of concept studies show that S-COE can be produced in plants, many
of these studies show poor yields. Generally, even when higher yields are reported,
the push forward to testing the immunogenicity of these vaccine candidates does
not occur. There have been two instances where the direct immunogenicity of
plant-produced S-COE has been tested. The first was incomplete, as it did not test
whether the mounted immune response was virus-neutralizing (Huy et al. 2012).
The other candidate that successfully took steps to test immunogenicity was the
vaccine candidate produced by (Bae et al. 2003). However, while the immune
response in mice inhibited PEDv plaque formation by 49.7% in comparison to
controls, complete immunity was not achieved (Bae et al. 2003). Likely due to this,
and due to the need for higher expression levels, no further efforts were made with
this vaccine candidate.

Generally, even when higher expression levels have been obtained (Kang et al.
2004), immunogenicity was not tested, and research focused on increasing
expression levels and not on producing an immunogenic commercial product. The
focus on S-COE has left a gap in the research on plant production of other PEDv
proteins. However, our recent results have shown that M can be produced in planta
and that VLPs can be produced for PEDv (Khamis 2016). VLPs represent a
step-forward for subunit vaccine design, demonstrating higher immunogenicity
than regular subunit vaccines. In the future, advances in subunit vaccine design,
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such as VLPs, and a commitment to improving yields and testing immunogenicity
and protective immune responses to these VLPs may lead to the commercialization
of a plant-produced subunit PEDv vaccine.
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Porcine Reproductive and Respiratory M)
Syndrome (PRRS) e

Elizabeth Loza-Rubio and Edith Rojas-Anaya

Abstract Porcine reproductive and respiratory syndrome (PRRS) is an economi-
cally frustrating viral disease of pigs, characterized by severe reproductive failure in
pregnant sows and respiratory disorders in piglets and growing pigs. Several
research groups around the world have developed PRRSV vaccines. Some of these
have been effective; however, owing to the complications that the syndrome pre-
sents and the viral evasion of the immune system, vaccines have not always been
100% effective. Biotechnological tools, such as the generation of plant-derived
vaccines, offer alternatives to obtain more stable biologics, free of fermentation and
cold chains. According to the literature, these vaccines are cost effective. In this
document, we present some of the vaccines that have been developed against
PRRSV, both traditional and new, and describe some alternatives developed in
plants.

Keywords PRRS - Traditional vaccines «+ New generation vaccines

1 History or Antecedents

Porcine reproductive and respiratory syndrome (PPRS) has become one of the most
important diseases of intensive pig production worldwide.

The late 1980s marked the emergence of a ‘mystery swine disease’ in the USA
causing reproductive complications in sows and respiratory disease in growing pigs
(Hill 1990). In near synchrony, reports began trickling in from swine-rearing
countries across Europe about a swine reproductive disease matching the clinical
presentations seen in North America (Plana et al. 1992). The mystery disease was
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formally recognized as a novel swine illness named PRRS, with an aetiological
agent called PRRS virus (PRRSV).

PRRSV was isolated for the first time in 1991 in Lelystad, the Netherlands, from
animals with severe reproductive disorders, and the virus was called “Lelystad
virus” (Type 1) (Wensvoort et al. 1992). Later, in 1992 in Minnesota, USA, another
isolation from pigs with respiratory and reproductive problems was carried out, and
the virus was called VR-2332 (Type 2). These two isolates induced a similar
respiratory and reproductive disease when inoculated in susceptible pigs (Collins
et al. 1992). Each genotype spread rapidly in its respective continent, and PRRS has
gained increased attention because of its large-scale outbreaks and tremendous
losses in the global swine industry (Luping et al. 2013; Renukaradhya et al. 2015).

Today, far from being eradicated, PRRSV is endemic to virtually all
swine-rearing regions and presents substantial challenges for management (Brar
et al. 2015).

In Mexico, the first antibody detection study was carried out from 1992-1993 in
imported and local pigs. Currently, studies conducted at CENID-Microbiology have
shown frequencies of more than 70% in the central area of the country (Diosdado
et al. 2015).

2 Economic Impact

The economic impact of PRRS in breeding and farrowing units is caused mostly by
a reduction in the number of weaned pigs and by a decrease in farrowing rates.
Infection in growing-finishing pigs may increase secondary infections and mortality
rates, as well as result in retarded growth, high dispersion of weights at slaughter
age, and increased antimicrobial usage. In 2005, the total annual cost of PRRS
outbreaks in the USA was estimated to be USD 560 million, which included USD
67 million for the breeding-farrowing phase, USD 201 million for the nursery
phase and USD 292 million for the grower-finisher phase of production (Neumann
et al. 2005).

Nieuwenhuis et al. (2012) in Europe estimated the economic impact of a PRRS
outbreak in 9 sow herds during the first 18 weeks after the outbreak by comparing
the overall costs between pre- and post-outbreak periods using different factors
(production data, medication, diagnostics, labour, etc.). An outbreak of PRRSV
resulted in a reduction in the number of sold pigs per sow by 1.7. The economic
loss varied between €59 and €379 for one sow per 18-week period outbreak, with a
mean loss per sow per outbreak of €126. The costs after the outbreak varied
significantly from €3 to €160 per sow, due to the different methods used by farmers
to control PRRSV outbreaks. More recently, Holtkamp et al. (2013) calculated a
cost of USD 664 million/year for the United States, representing a 10% increase
compared to Neumann et al. (2005). Therefore, the negative impact of PRRS on the
economic margin of pig production has stimulated efforts to control and eventually
eradicate the disease (Pileri and Mateu 2016).
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These significant production losses and resultant increases in production costs
have encouraged the use of various strategies to control PRRSV.

3 Clinical Signs

The acute presentation of the disease is characterized by lack of appetite, weakness,
fever and, in some cases, difficulty breathing. Two to three weeks after infection, it
manifests as a systemic disease that can affect 5-75% of animals of all ages. In
general, it provokes respiratory distress in pigs of all ages, but it is especially
problematic when infecting pregnant sows, leading to late abortion, early farrowing
and birth of dead or weakened piglets. Although virus produce mortality in piglets,
lately, more virulent strains with an increased incidence of pig mortality have been
circulating and may also kill adult pigs (Zhou and Yang 2010).

Clinical signs of PRRS disease are variable, depending on the strain, animal age,
immune state, productive state and environment. In sows, there are reproductive
problems such as hot flashes, mummified fetuses, abortions, premature or late
births, stillbirths and weak births. The sows may stop producing milk and may have
incoordination or respiratory problems. It is also possible to observe purple col-
oration of the ears, udders and vulva. Boars tend to have decreased libido and
reductions in the quality of semen as volume, motility and spastic concentration
below the standards.

In clinically healthy piglets, the first and most frequent sign is severe respiratory
disease. Mortality can be 10-60%, or 100% in weak piglets. Other clinical signs
include swelling of the eyelids, conjunctivitis, apathy, extreme thinning, diarrhoea,
shaggy hair, purple ears, behavioural symptoms, and increased secondary infec-
tions, since generally, one pathogen acts as key agent for secondary invaders by
lowering the local and sometimes also the systemic defence mechanisms of the
host. The pathogens involved can vary considerably between different production
sites, such as Circovirus-2, Porcine epidemic diarrhea, Pneumocystis carinii f.
sp. Suis, Haemophilus and Mycoplasma (Weissenbacher-Lang et al. 2017; Schweer
et al. 2016; Palzer et al. 2015).

In weaned and fattened piglets, we can observe uneven litters, decreased
appetite, respiratory problems and redness of the skin in some parts of the body.
Mortality at this stage ranges from 10 to 20% and is a function of the sanitation
level and operation management, as mortality is closely correlated with the pres-
ence of other microorganisms in the herd (Diosdado et al. 2015).
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4 Agent

PRRSV, the causative agent of PRRS, is a small, enveloped, single-stranded,
positive-sense RNA virus belonging to the family Arteriviridae. The PRRSV
genome, with a size of approximately 15 kb, contains 10 open reading frames
(ORFs). ORFs 1a and 1b encode for non-structural proteins, and ORFs 2-7 encode
for structural proteins (Brar et al. 2015). There are two small stretches of UTRs, one
at each end of the genome (Fig. 1). Three-quarters of the genome from the 5’ end is
occupied by ORF1la and ORF1b, which encode replicative enzymes. Translation of
these ORFs produces polyprotein (pp) la and pplb, respectively. The latter is
expressed by a —1 ribosomal frameshift signal in the overlapping region of the two
ORFs, which lengthens ppla into pplab at the C terminus (Kappes and Faaberg
2015; Snijder and Meulenberg 1998).

PRSS has been divided into European genotype 1 and North American genotype
2, with Lelystad and VR-2332 as prototypical strains, respectively (Shi et al. 2010).
The viruses in the two genotypes could be further divided into different subgeno-
types according to the virus genome characteristics based on phylogenetic analysis
(Brar et al. 2015).

Genetic variability has been demonstrated among different strains of PRRSV,
due to mutation and recombination as intrinsic causes; while extrinsic factor such as
transmission dynamics, swine management practice and vaccination practices are
also involved (Brar et al. 2015). The two main genotypes (I and II) share only 50—
70% nucleotides and 50-80% similarity of amino acids (Forsberg 2005). Within
each genotype, nucleotide identity has been estimated to be 85-87.5% with a
maximum genetic distance of 21-30% (Murtaugh et al. 2010; Shi et al. 2013; Drigo
et al. 2014).

For production management and disease control strategies to keep pace with a
rapidly evolving virus, access to publicly available, high-resolution phylogenetic
knowledge linked to phenotypic information is necessary. Such resources could
help bridge the gap between known and actual diversity as well as inform the
design of studies that link variation in PRRSV genomes to variation in key phe-
notypic characteristics (Brar et al. 2015).
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Fig. 1 Schematization of the PRRsV genome Source Brar et al. (2015)
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5 Mechanisms of Infection

PRRSV has significant genetic diversity with important differences in pathogenicity
and infection patterns (Kappes and Faaberg 2015).

PRRSV mainly infects cells of monocyte and macrophage lineage, including
pulmonary alveolar macrophages. The virus has a number of complex features,
such as the ability to mutate, recombine, and suppress the immune system and
cause persistent disease. However, to date, there are several unknown aspects about
its pathogenesis and forms of dissemination (Renson et al. 2017).

Transmission occurs mainly by close contact between pigs through respiratory
secretions, saliva, urine, faeces and semen. There are also indirect routes of dis-
semination to susceptible populations, which include fomites, arthropods and
aerosols. Once in the pig, PRRSV is distributed mainly by macrophages to various
tissues. In piglets, PRRSV causes interstitial pneumonia characterized by respira-
tory distress, somnolence, lethargy, and fever. It has been hypothesized that
infection with the virus is the main cause of death, and severe microscopic lesions
were observed in the uterus and fetal placenta are not observed in infected fetus
(Novakovic et al. 2016).

The integral membrane/matrix (M) protein and the primary envelope glyco-
protein (GP5) seem to be responsible for the infection of macrophages, but cellular
tropism has not yet been demonstrated. Once the virus enters macrophages, it
replicates and kills the lymphoid tissue containing the infected macrophages. Other
targets are cells with a CD8"CD3~ phenotype in the endometrium, connective
tissue and uterine epithelium (Karniychuk et al. 2013).

Such infection allows the virus to persistently evade the host immune response
(Meulenberg et al. 2000). The ability of the virus to infect both macrophages and
dendritic cells is due to its ability to evade the response to interferon (Loving et al.
2015).

Reproductive signs due to PRRSV infection largely depend on the stage of
gestation and mainly occur in late gestation. The infection starts by respiratory
inoculation, with viremia occurring rapidly and resulting in reproductive failure and
losses in weight and size at birth. Ladinig and coworkers (2015) concluded that the
concentration of virus in systemic or lymphoid tissues has little impact on the
reproductive effects of PRRS. What does have an impact comes after systemic
infection, when the virus travels to the endometrium. There, it induces inflammation
and vasculitis with an inflammatory cell infiltrate, apoptosis and placental separa-
tion (Karniychuk et al. 2011). The mechanism by which the virus crosses the
endometrium is not well known, but transmission is tissue specific (Karniychuk and
Nauwynck 2013).

The permissive cells express adequate receptors that include heparin sulphate,
sialoadhesin or CD169, vimentin CD151 and intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN or CD209) (Zhang and Yoo 2015).
These molecules allow viral replication by adherence, entrance, uncoating, release
and budding. The expression of these molecules in macrophages and during viral
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replication causes apoptosis and death of cells around the site of replication and
often leads to the eventual death of the individual. Moreover, inter-foetal trans-
mission is associated with free virus or infected foetal cells of any type. Viral load
and foetal death are not associated with sex or foetal position (Ladinig et al. 2015).

We previously described the main mechanisms of infection and pathology when
the virus affects the reproductive system. However, as mentioned above, the virus
also affects the respiratory system. The infection starts by the oronasal route,
allowing colonization of the respiratory tract and provoking an immunomodulatory
response that decreases the response of the host to the virus and therefore allows
persistent infection (Chand et al. 2012).

The fact that the target cells of the virus are phagocytic cells allows an
unavoidable evasion of the immune response. This means that the immune system
plays a central role in infection by this virus.

Pro-inflammatory cytokines, such as interferon-alpha (IFN-ot), tumour necrosis
factor-alpha (TNF-a)) and interleukin 1 (IL-1), play a key role in disease severity.
PRRSV also induces the expression of other proinflammatory cytokines, including
IL-6 (Van Reeth et al. 1999; Liu et al. 2010). Infected macrophages influence blood
monocytes a few days after infection, promoting viral replication and exacerbating
the expression of proinflammatory cytokines such as IL1P and IL8 (Han et al.
2014). Renson and coworkers (2017) have hypothesized that the IFN-y levels
detected during a post-PRRSV infection could also originate from NK cells and
CDS8+ T cells.

6 Traditional Vaccines

PRRSYV infection induces a defective immune response with the late appearance of
neutralizing antibodies and delayed cell-mediated immunity (Lopez and Osorio
2004; Piron et al. 2014a, b). This allows the infection to be chronic and makes it
difficult to eliminate PRRSV from an infected herd.

Preventive vaccination against PRRSV has been considered as a strategy to
minimize PRRS-associated losses when pig populations become infected with
wild-type virus (Murtaugh and Genzow 2011). In fact, it has been shown that
breeding herds with a recent history of PRRSV infection (i.e., prior PRRSV
immunity) achieved stability more quickly and had smaller production impact than
those without a history of PRRSV infection (i.e., no PRRSV herd immunity).
However, immunizing breeding herds using attenuated PRRSV results in an
increased cost of production due to the commercial vaccine cost and the potential
negative impact of the attenuated replicating virus on productivity levels (Savard
et al. 2016).

Live virus immunization (LVI) has been used mainly for introducing replace-
ment gilts that enter into a positive herd. However, even if LVI has been beneficial
and could be used for eradicating PRRS from a farm, it also presents some dis-
advantages, such as causing severe disease in exposed pigs. The inoculum may
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contain adventitious agents and may also predispose the pigs to secondary bacterial
agents.

Inactivated and live attenuated vaccines are used to aid PRRS control in swine
herds, but the efficacy and/or safety of current licensed vaccines are not satisfactory
(Charerntantanakul 2012). Inactivated PRRSV vaccines induce only weak neu-
tralizing antibody responses, even against homologous isolates, and weaker to no
response against heterologous isolates (Geldhof et al. 2012). Live attenuated
PRRSV vaccines contribute to clinical protection by unknown mechanisms without
preventing infection, but a high probability of reversion to virulence is a major
safety concern. To better control PRRSV infections worldwide, it is crucial to
develop a safer and more efficacious vaccine that confers protective immunity
against diverse PRRSV isolates.

When a sow herd becomes infected, in an attempt to hasten control and eliminate
PRRSV from the breeding herd, some veterinarians have adopted a strategy called
load-close-expose, which consists of interrupting replacement gilt introductions into
the herd for several months (herd closure) and exposing the whole herd to repli-
cating PRRSV. Either a modified live virus (MLV) vaccine or field-virus inocu-
lation (FVI) is used (Corzo et al. 2010).

Vaccination with a modified live virus (MLV) vaccine is considered to be of
value for decreasing losses; however, the diversity of the virus tends to interfere
with the protection provided by vaccines. Herds that used MLV required 7 addi-
tional weeks to reach PRRSV-stability compared to herds that used FVI (Linhares
et al. 2014). However, MLV herds recovered production levels 11 weeks sooner
and had a smaller total loss of weaned pigs (advantage of 1443 pigs per 1000 sows).

Currently, the virus has 2 main genotypes, type I (European) and type I (North
American), which are genetically and antigenically different (Brar et al. 2015).
Furthermore, 4 subtypes of type I PRRSV, based on sequence analyses of open
reading frame 5 (ORF5), have been identified. Although similarities exist between
and within the type I strains, there is enough diversity that vaccines may not induce
sufficient cross-protection against heterologous strains (Goldberg et al. 2003). Pileri
et al. (2017) stated that the genetic diversity of PRRSV is such that all challenge
situations in the field could be considered heterologous. Some studies have deter-
mined that the level of genetic similarity between the vaccine strain and the chal-
lenge strain was not necessarily an accurate predictor of vaccine efficacy, whereas
others have concluded that the level of protection a vaccine provides against
PRRSV infection may depend on the degree of relatedness between the vaccine and
challenge strains (Renukaradhya et al. 2015).

Experimentally, vaccination with modified live PRRS virus decreases repro-
ductive loss after infection; therefore, many veterinarians recommend preventa-
tively vaccinating sow herds in case of infection with field virus. Vaccination has a
cost, however, and not all vaccinated herds become infected. Therefore, there is a
need to estimate the benefit/cost ratio of preventatively vaccinating a sow herd
(Linhares et al. 2015).

Bai and collaborators (2016), evaluated five commercial PRRSV modified live
vaccines that have been widely used in China for their protection against
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NADC30-like PRRS infection. This is a group of viruses that show a high similarity
with the NADC30 strain, which belongs to a North American type 2 PRRSV
isolated in 2008. The clinical symptoms and high viremia and viral load in different
tissues in vaccinated pigs after a NADC30-like PRRSV challenge suggested the
inefficacy of these vaccines (Sun et al. 2016a, b).

7 New Generation Vaccine

The persistent nature of infection, coupled with the limited efficacy of vaccines, has
made the control of PRRS particularly problematic (Chand et al. 2012). To better
control PRRSV infections worldwide, it is crucial to develop a safer and more
efficacious vaccine that confers protective immunity against diverse PRRSV iso-
lates (Chung et al. 2016).

New generation vaccines are inherently safe because no virus is present, and by
incorporating elements known to be important in immunity against PRRSV, the
vaccines could be very effective. ORF5 is commonly used, which encodes for a
major envelope glycoprotein (GP5). This is one of the key immunogenic proteins of
PRRSV and is the leading target for the development of genetically engineered
vaccines against PRRS (Kheyar et al. 2005). The modified GP5 had significantly
enhanced immunogenicity, particularly in its ability to induce neutralizing antibody
responses and cellular immune responses, compared to the native GPS5.
Consequently, this modified GP5 may be useful to facilitate the development of a
new generation of vaccines, such as DNA vaccines, live attenuated chimeric virus
vaccines, and live virus-vectored vaccines, against the highly pathogenic PRRSV
(Kheyar et al. 2005).

7.1 Oral Vaccination

Edible vaccines have been viewed as the panacea of oral vaccines in terms of their
use as an approach to control disease.

Oral vaccination has many distinct advantages over parenteral administration,
but has proven difficult to achieve thus far, as reflected by the scarcity of licensed
oral vaccines. Perhaps the most significant benefit of oral vaccination is the ability
to elicit both mucosal and systemic immunity. Oral vaccines also obviate the need
for trained medical personnel to administer them and reduce the risks of infection
associated with needles. In veterinary medicine, oral vaccination avoids difficult
management. Both of these latter aspects are important considerations for suc-
cessful vaccination campaign coverage in remote or resource-limited settings
(Specht and Mayfield 2014).
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7.2 Plant Derived Vaccines

The literature indicates several potential advantages related to plant-derived vac-
cines, for example, heat-stable formulation for storage and transport (avoiding cold
chain), which is important in tropical and subtropical areas. Other attractive benefits
are that plants serve as an inexpensive means of processing and expressing proteins
that can be quite complex to handle, as plants require only sunlight, water, and
minerals to carry out the process. There is no risk of contamination with animal
pathogens. Recombinant proteins can be expressed in non-edible plants or plant
parts and administered parenterally. They can also be expressed in edible plant parts
for oral administration, sometimes via incorporation into food (edible vaccine).
Plant-derived edible vaccines are able to promoted mucosal and systemic immune
responses (Loza-Rubio and Rojas-Anaya 2014; Saroja et al. 2011).

There are few experimental plant-derived antigen used against PRRSV. Different
plant species and tissues have been employed for the production of PRRSV vac-
cines (Table 1).

7.3 Plant Derived Antigen Against PRRSV

Tobacco. Chia et al. (2010), evaluated the immunogenicity of the GP5 of PRRSV
strain MD-001 expressed in tobacco plants. Six, 6-week-old pigs were fed four
times orally (days 0, 14, 28, and 42) with 50 g of chopped fresh GP5 transgenic

Table 1 Plant-derived vaccines against PRRSV

Type of Antigen used Total soluble Immunogenicity References
plant protein
(TSP) %

Arabidopsis Glycoproteins Immunogenic in Piron et al.

thaliana 3,4 and 5 mice and piglets (2014a, b)

Tobacco Gp5 0.011 Immunogenic in Chia et al. (2010,
pigs 2011)

Nicotiana Gp5. M, N NR Immunogenic in Uribe-Campero

sylvestris mice et al. (2015)

Potato Gp5 NR Immunogenic in Chen and Liu
mice (2011)

Banana Gp5 0.021-0.037 Immunogenic in Chan et al.
piglets (2013)

Corn M protein NR Immunogenic in Hu et al. (2012)
mice

Soybean N protein 0.65 Immunogenic in Vimolmangkang
mice et al. (2012)

NR non reported
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tobacco (GP5-T) leaves, corresponding to 5.5 pg of GP5-T protein. They collected
samples of serum, saliva, and peripheral blood mononuclear cells (PBMCs) at
different times after and leading up to the initial oral vaccination. Pigs that were fed
GP5-T developed serum neutralizing antibodies to PRRSV at a titre of 1:4—1:8 after
the 4th vaccination with 48 days post-initial oral vaccination. No detectable
anti-PRRSV antibody response or PRRSV-specific blastogenic response were seen
in non-treated pigs. This study demonstrated that pigs fed GP5-T could develop
specific mucosal and systemic humoral and cellular immune responses against
PRRSV.

Later, an Escherichia coli heat-labile enterotoxin B subunit (LTB) was used as
an adjuvant to co-administer the same antigens given orally to six-week-old
PRRSV-free pigs. In this study three consecutive doses, using same quantity of
recombinant GP5 protein (Chia et al. 2010), administered at 2-week interval and
challenged with PRRSV MDO0OI strain at 5 x 10° 50% tissue culture infection
dose (TCIDsq) at 7 weeks post-initial immunization. Pigs receiving LTB-GP5-T or
GP5-T developed PRRSV-specific antibody immunity and cell-mediated immunity
and had significantly lower viremia and tissue viral load and milder lung lesions
than those fed the wild-type tobacco plant (W-T). The LTB-GP5-T-treated group
had relatively higher immune responses than the GP5-T-treated group, although the
differences were not statistically significant (Chia et al. 2011). These results also
suggested that transgenic plants can be an effective system for oral delivery of
recombinant subunit vaccines in pigs.

Arabidopsis thaliana. Piron et al. (2014a, b), utilized GP3, GP4 and GP5 of the
European prototype PRRSV, the ‘Lelystad Virus’ (LV), in Arabidopsis thaliana. In
this study, the experimental vaccine was evaluated in target species. Three piglets
were injected twice intramuscularly with 100 pg purified each antigen Gp3, Gp4,
GP5 (300 pg antigen in total) mixed with an oil-in-water adjuvant. A fast a and
strong neutralizing antibody response after challenge was founded They concluded
that this platform would allow high production and correct folding and assembly of
the antigens and in vivo experiments these recombinant proteins showed to be a
prominent plant-derived vaccine.

Nicotiana sylvestris. To generate a plant-derived vaccine alternative against
PRRSV, Uribe-Campero and coworkers (2015) used complete ORFs of genes
encoding the major antigens of the virus (GP5, M, N), using genotype II. They
obtained VLPs expressed in N. sylvestris using the agroinfiltration method. Groups
of five 8-week old mice were immunized intraperitoneally with 34 pg of recom-
binant VLPs. They demonstrated that these purified VLPs were able to induce a
humoral immune response in immunized animals.

7.4 Edible Vaccines Against PRRSV

Potato. In this study, transgenic potatoes expressing GP5 protein of PRRSV strain
CH-1a were produced by Agrobacterium-mediated transformation. Eight mice were
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immunized with 0.3 pg of GP5 protein contained into transgenic potato extracts
generated both serum and mucosal-specific antibodies, although low levels of
neutralizing antibodies were elicited. Furthermore, IgA were detected in the
intestinal wash. This research provided a new approach for the production of
vaccines against PRRSV (Chen and Liu 2011).

Maize calluses. Hu et al. (2012), expressed PRRSV M protein strain VR-2385
in corn. Eight mice were immunized with 2.6 mg of protein contained in 30 mg of
dried transgenic corn callus powder. This edible vaccine stimulated antigen-specific
serum and mucosal antibodies and also a cellular immune response with good IFNy
production. The authors chose Matrix (M) protein because it is the most abundant
viral antigen on the viral envelope and the most conserved structural protein of the
virus, with 78-81% amino acid identity between type 1 and type 2 strains
(Dockland 2010).

Soybean. Vimolmangkang et al. (2012), designed and evaluated a
soybean-based vaccine. In this study, a construct carrying a synthesized
PRRSV-ORF7 antigen of strain VR-2332, encoding the nucleocapsid N protein of
PRRSV, was introduced into soybeans using Agrobacterium-mediated transfor-
mation. The amount of the antigenic protein accumulated in the seeds of these
transgenic lines was up to 0.65% of the total soluble protein (TSP). A significant
induction of a specific immune response, both humoral and mucosal, against
PRRSV-ORF7 was observed following intragastric immunization of eight BALB/c
female mice with 60 mg of transgenic soybean seeds powder containing 157 pg of
recombinant ORF7. These findings provide a ‘proof of concept’ and serve as a
critical step in the development of a subunit plant-based vaccine against PRRS,
although the efficacy should be evaluated through simply feeding the mice, as
intragastric immunization is not practical.

Banana. This fruit is considered an ideal host for producing edible vaccines
because it can be eaten raw without any modification. In addition, bananas are
clonally propagated through suckers and pose no risk for genetic containment.
From an ecological point of view, the transgenic banana provides an added benefit
of having low risk in the agricultural environment when used for the purpose of
pharmaceutical protein production. Chan and collaborators (2013) expressed
GP5 PRRSV strain MDO00O1 in banana and these were used to immunized
six6-week-old, PRRsV seronegative pigs using 50 g fresh leaves with 12.9 pg of
recombinant antigen per dose three times in a 2-week period. The immunized
animals were challenged intranasally with same strain of PRRSV. They demon-
strated that pigs orally immunized with transgenic bananas showed a specific
anti-GP5 response and a significant reduction in serum and tissue viral loads. Thus,
they proposed that a banana vaccine can be a potent oral vaccine.
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8 Conclusions and Perspectives

The advent of molecular farming has provided a cost-effective strategy for the
development of transgenic plants as bioreactors to produce recombinant proteins.
To better control PRRSV infections worldwide, it is crucial to develop a safer and
more efficacious vaccine that confers protective immunity against diverse PRRSV
isolates (Chung et al. 2016). Experimental PRRSV vaccines, including live atten-
uated vaccines, recombinant vectors expressing PRRSV viral proteins, DNA vac-
cines and plant-made subunit vaccines, have been developed. However, the genetic
and antigenic heterogeneity of the virus limits the value of almost all of the PRRSV
vaccines tested to date. It has been demonstrated, however, that chimeric viruses
could provide protection, and a strategy using multivalent chimeric viruses could
thus provide cross-protection against antigenically diverse PRRSV strains (Sun
et al. 2016b). However, developing a universal vaccine that can provide broad
protection against circulating PRRSV strains is still a major challenge for current
vaccine development.

It has been reported that cereals produce a large quantity of transgenic protein,
and in pigs, transformed corn is the most convenient and cost-effective system for
the production of edible vaccines.
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Abstract Upon ingestion, enterohemorrhagic Escherichia coli (EHEC) can colo-
nize intestinal mucosa and cause hemorrhaging of nearby tissue. The failure to
adequately control its contamination of food and water can consequently compro-
mise the health of a population and incur economic losses to all stages of the food
supply chain. EHEC is currently one of the foremost foodborne pathogenic threats
worldwide because of its virulence across all age groups and demographics, a low
infective dose, a relatively high resilience in diverse environments and its wide-
spread prevalence across cattle herds. EHEC primarily colonizes the bovine
digestive tract from which it can be transmitted via fecal shedding or during
slaughter. Considering its threat to food security and in accord with the ‘One
Health’ framework, the development of a bovine vaccine as a pre-harvest inter-
vention strategy to curtail the transmission of EHEC is of great interest. Although
two EHEC vaccines have already been developed using bacterial production plat-
forms, their market penetrance has been markedly low. As an alternative, pro-
duction in a plant platform may have the potential to redress the reasons for this low
penetrance by providing a better economy of scale and a more convenient mode of
delivery. This chapter summarizes the scope of the threat posed by EHEC and
discusses the prospects for developing a commercial plant-based vaccine for EHEC
within the framework of the North American beef industry.
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1 Occurrence and Disease Symptoms

1.1 Problem and Context

Diarrhea is the second leading cause of death among toddlers under the age of five
globally, with an estimated occurrence of 2.5 billion cases overall, and an estimated
mortality of 1.5 million annually (Unicef 2010). While diarrhea may be a common
symptom of a broad spectrum of gastrointestinal upsets, a relatively small handful of
micro-organisms are the primary causes for most acute diarrheal cases, including
Escherichia coli. The pathogenic E. coli strains that cause diarrheal disease in
humans, collectively known as diarrheagenic E. coli, are broadly categorized based
on clinical symptoms and virulence attributes into: enteropathogenic E. coli (EPEC),
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative
E. coli (EAEC), diffusely adherent E. coli (DAEC) and Vero toxin-producing/Shiga
toxin-producing E. coli (VTEC/STEC). The latter category is further divided into
enterohemorrhagic E. coli (EHEC) and non-enterohemorrhagic subgroups though in
practice, the terms EHEC, STEC and VTEC are often used interchangeably. As the
name suggests, the EHEC subgroup is typified by hemorrhaging of the intestines but
constitutes more than 100 different serotypes that are identifiable based on variations
of their O (somatic lipopolysaccharide), H (flagellar) and K (capsular) antigens.
While lipopolysaccharides are found in all Enterobacteriaceae, flagellar and capsular
antigens are not always present in some strains. Therefore, routine epidemiological
surveillance has conventionally screened primarily for O serogroups as the primary
biomarker, with subsequent H-subtyping if presumptive pathogenic O strains are
detected. Subtyping for the K antigen is not part of routine surveillance since few
labs are equipped for the requisite assay. The most prevalent and virulent EHEC
serotype in North America is O157:H7 and has been classified as a major food
adulterant by the United States Department of Agriculture (USDA) and Canadian
Food Inspection Agency (CFIA) for almost 20 years. Although non-O157 strains are
individually less prevalent, the collective contribution of non-O157 strains to gas-
trointestinal illness has as of late been of growing concern, particularly since recent
surveillance indicates a 41% increase in the average annual incidence of infection of
non-O157 strains over the last five years across the US (Gill and Gill 2010). Six
additional EHEC serogroups 026, 045, 0103, O111, O121 and O145, known as the
“Big Six”, generally comprise >90% of non-O157 infections of any given year and
have been traced to at least 22 human disease outbreaks in the US since 1990. In the
US, national surveillance was only recently enabled in 2012 by the USDA to
individually track non-O157 serotypes in human illness (Mathusa et al. 2010). In
2011, Canadian national surveillance by the Public Health Agency of Canada
expanded their monitoring of O157 to include all VTEC strains in agricultural,
water, retail and human health components (Public Health Agency of Canada 2015).
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1.2 Epidemiology of Human Infections

The recognition of EHEC as a discrete and important class of diarrheagenic E. coli
originally stems from two reports in 1983. The first was a clinical report detailing
two separate outbreak events in the United States of a distinctive gastrointestinal
illness, subsequently called hemorrhagic colitis (HC), characterized by severe
abdominal pain and acute watery diarrhea that later developed into bloody diarrhea
(Riley et al. 1983). In both cases, the illness was associated with consuming
undercooked hamburger meat from two fast food chains and dubbed by news media
as the “hamburger disease”. Also, stool cultures sampled from the patients both
yielded a previously unidentified E. coli strain. The second report provided strong
association between fecal cytotoxin producing E. coli and the occurrence of
hemolytic uremic syndrome (HUS) (Karmali et al. 1983). HUS is characterized by
the triad combination of acute renal failure, thrombocytopenia and microangio-
pathic hemolytic anemia, and was already known to be preceded by a bloody
diarrhea that was symptomatically similar to that observed in the two fast food
chain outbreak events. This discovered link between EHEC, its enteric disease
causing ability and its route of transmission via undercooked beef products has
subsequently prompted a series of surveillance efforts in the food industry to curtail
the outbreak potential of EHEC (Doyle et al. 2006).

Since then, EHEC, particularly the O157:H7 strain has been detected worldwide.
Based on a data mining approach of incidence studies covering 21 countries, a
review has conservatively estimated that each year VTEC causes 2,801,000 acute
illnesses, 3890 cases of HUS and 230 deaths (Majowicz et al. 2014). Based on these
estimates, on a global ranking, VTEC places behind typhoid fever, foodborne
trematodes and nontyphoidal salmonellosis in importance. EHEC is estimated to
affect approximately 230,000 people in the United States each year, with ~ 73,000
of these being caused by O157:H7 (Hale et al. 2012). In terms of most frequently
isolated overall food-borne pathogen ranking in North America, it places fourth
after Campylobacter, Salmonella spp and Shigella spp based on stool samples
collected from patients (Griffin 1995). However, if restricted to only stool samples
with visible blood then EHEC, particularly O157:H7, is the most frequently isolated
(Slutsker et al. 1997).

In the US, the national surveillance program for foodborne pathogens, FoodNet,
reported that in 2015 (most recent available report) the average incidence rate for
that year for O157 was 0.95 per 100,000 persons and for non-O157 strains was 1.65
per 100,000 persons (CDC 2017). Among the approximately 1200 EHEC infections
(out of a total sample of ~49 million), the most common serogroups were O157
(39.8%), 026 (17.6%) and 0103 (14.3%) (CDC 2017). Although surveillance for
non-O157 strains is still fairly recent, the growth in incidence over the past five
years is stark. Compared with the average annual incidence rate 2012-2014,
non-O157 incidence has increased by 41% (CDC 2017). For that same period, there
has been no significant change for O157 incidence (CDC 2017). This is possibly
because most EHEC diagnostic and control measures have historically been specific
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for O157, despite the clinical relevance of non-O157 strains. Since discovering
0157 in the 1980’s, the trend of infection has progressively shown a decreasing
incidence in North America, mirrored by a decrease in HUS (CDC 2011). Between
1996 and 2010, the incidence of infection for O157 has decreased by 44% and the
number of HUS cases has decreased by 90% (CDC 2017). There are many likely
contributing factors such as improved regulatory and biosecurity control, cleaner
slaughter methods, better microbial testing and improved food awareness by con-
sumers. In Canada, the national surveillance system for foodborne pathogens,
FoodNet Canada, reported an average incidence rate for VTEC to be 3.00 per
100,000 persons (Public Health Agency of Canada 2015). Targeted surveillance on
retail ground beef products across Ontario for 2015 indicated VTEC in 2.3% of
samples, with a similar prevalence to Salmonella (1.5%), and placing second behind
the consistent frontrunner, Listeria monocytogenes (25%) (Public Health Agency of
Canada 2015). The 10-year trend for VTEC in contamination in retail ground beef
reveals that VTEC consistently hovers around 2% positive with the exception of
2010-2011 in Ontario when incidence spiked to ~ 8% due to large scale outbreak
(Public Health Agency of Canada 2015).

Both incidence rates and occurrence of HUS are consistently highest in toddlers
<5 years compared with all other age groups. In FoodNet’s latest report (2015),
toddlers <5 had incidence rates of 3.72 and 6.76 per 100,000 for O157 and
non-0O157 strains respectively (Gill and Gill 2010). In comparison, all other age
groups ranged between 0.33-2.39 and 0.62-2.04 per 100,000 for O157 and
non-O157 strains respectively (Gill and Gill 2010). Approximately 1 in 5 toddlers
<5 years with an O157 infection will develop HUS. Out of all HUS patients, more
than 90% are due to 0157, followed by O121 (4.8%) and then O111 (2.4%) (Gill
and Gill 2010). Compared with 2006-2008, the incidence of pediatric HUS has
decreased by 32%, which likely corresponds to the 30% decrease in O157 infec-
tions (Gill and Gill 2010).

Large-scale outbreaks are rare but can affect large numbers of people and may be
transmitted from a variety of sources, though most commonly from raw foodstuff or
untreated water. For example, the five largest EHEC outbreaks worldwide were
from: radish sprouts in Japan (12,680 cases) (Fukushima et al. 1999), drinking
water in Canada (2300 cases) (Hrudey et al. 2003), well water in the US (>1000
cases) (Charatan 1999), raw beef in the US (788 cases) (Wendel et al. 2009) and
undercooked hamburger meat in the US (>700 cases) (Bell et al. 1994). In com-
parison, sporadic EHEC infections are more frequent and comprise the major
disease burden in a population. The average frequency of sporadic cases has
slightly risen over the past five years of surveillance (CDC 2017; Public Health
Agency of Canada 2015). Of these sporadic cases, the incidence is distributed
unevenly across North America, being more common in Canada and the northern
US states than the southern US states and more common in western Canada than
eastern Canada (Griffin 1995).

EHEC primarily occupies a bovine intestinal reservoir and correspondingly, its
main route of transmission is via cattle’s excretion of fecal matter carrying the
bacterium, a process known as ‘shedding’. Sporadic EHEC incidence can be
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affected by seasonality with the most common reports of EHEC shedding occurring
during the summer through fall seasons. An investigation by the USDA on the
seasonal occurrence of O157 suggests that the increased shedding of E. coli O157
during the summer season is strongly associated with an increased likelihood of
product contamination and a corresponding increase of enterohemorrhagic cases in
humans (Williams et al. 2010). Both O157 and non-O157 serogroups exhibit this
trend.

1.3 Disease Symptoms in Humans

Milder forms of EHEC infection are typically associated with watery diarrhea while
more aggressive forms may develop into HC or HUS, and in uncommon cases,
accompanied by cardiovascular or nervous system abnormalities (Griffin and Tauxe
1991). In humans, the incubation period for EHEC O157:H7 ranges from 1 to
16 days. Symptoms usually become apparent after 3—4 days, typically manifesting
as moderate to severe diarrhea. Most resolve without treatment whereas others can
progress to HC after a few days, characterized by severe, bloody diarrhea with
abdominal tenderness and cramping. Mild fevers, nausea, vomiting and dehydration
are also possible accompanying symptoms (Cleary 2004). Although this will typi-
cally resolve in approximately 1 week, 16% will develop into HUS, characterized
by the triad combination of kidney failure, hemolytic anemia and thrombocytope-
nia. In more severe cases, paresis, stroke, cerebral edema or coma are accompanying
symptoms. Although 65-85% of patients recover from HUS without permanent
injury, long term complications including hypertension, renal insufficiency and
end-stage renal failure are possible. Certain demographics of patients seem to be
more susceptible to the development of the infection into more serious symptoms.
Patients who are younger than five, older than 60 or who are immunocompromised
are significantly more likely to develop HC or HUS (Gould et al. 2009; Karmali
2004; Tuttle et al. 1999). In the elderly, a form of HUS, known as thrombocytopenia
purpura, is more common, characterized by less kidney damage but more severe
occurrence of neurologic symptoms such as stroke, seizure and central nervous
system deterioration.

1.4 Histopathology

The typical histopathology characteristic of EHEC infection includes hemorrhaging
and edema of the lamina propria (Griffin et al. 1990). Biopsy samples taken from the
colon of infected patients also show focal necrosis and neutrophil infiltration. One of
the hallmarks of EHEC infection is the attaching-and-effacing (A/E) lesion. This
histopathology is apparent by microscopy in a variety of animal models and can also
be reproduced in in vitro cell cultures (Donnenberg et al. 1993; Ismaili et al. 1995;
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Pai et al. 1986). In vitro organ culture of human endoscopic biopsy samples suggests
EHEC adhere and form lesions on the terminal ileum (Chong et al. 2007). This
distinct phenotype is caused during the EHEC colonisation phase when microvilli
become effaced and various secreted proteins enable the intimate adherence between
the EHEC pathogen and the outer membrane of the intestinal epithelium. Following
attachment, the accumulation and rearrangement of polymerized actin leads to an
altered cytoskeleton in which a pedestal-like structure protruding from the epithe-
lium emerges. These structures can extend up to 10 um in a pod-like formation upon
which the bacterium is ensconced (Moon et al. 1983).

2 Transmission

2.1 Route of Transmission

The intestines of ruminants, especially cattle, are considered the primary reservoirs
of EHEC and can transmit EHEC via excreted fecal matter or after slaughter during
processing (Beutin et al. 1993; Montenegro et al. 1990). High levels of EHEC
colonization have been reported in cattle herds from various countries, ranging
typically between 10 and 25%, but can be as high as 60%. Healthy cattle transiently
host EHEC in their gastrointestinal tract and can directly or indirectly transmit this
pathogen to humans (Rangel et al. 2005a, b). EHEC can persist in various envi-
ronments that range extensively from soil, to water to the ruminant GI tract. In North
America, most cases are caused by ingestion of contaminated food or water (Rangel
et al. 2005a, b). When shed in bovine feces, the pathogen can remain viable in the
farm environment and may contaminate nearby agricultural crops, other holding
pens and ground water (Sanderson et al. 2006). Aside from undercooked or
unpasteurized animal products and contaminated fruits and vegetables, exposure
may come from contaminated soil, such as at campgrounds or other sites grazed by
cattle, or from open water sources, such as swimming lakes or private wells that are
drainage sinks from agricultural run-off. O157:H7 has been reported to persist for up
to a year in manure-treated agricultural soil and for 21 months in non-composted
raw manure (Jiang et al. 2002). Its resilience in water especially is a major factor for
its dissemination and persistence across various transmission routes. Culturable
0157 has been demonstrated to be able to survive for at least 8 months in con-
taminated water troughs (Lejeune et al. 2001). Furthermore, O157 strains that
survived longer than 6 months still retained the capacity to colonize cattle (Lejeune
et al. 2001). EHEC’s robustness has implications for crop contamination consid-
ering that bovine manure often is used as fertilizer as well as after irrigation when
surface water containing EHEC collects in sumps. Even if the use of bovine fer-
tilizer were to be avoided, a recent report indicated that airborne transport of O157:
H7 could contaminate leafy greens that were up to 180 m away from a cattle feedlot,
particularly when pen surfaces were under arid conditions (Berry et al. 2015). A safe
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set-back distance between feedlots and crops has not yet been determined.
Additionally, EHEC requires a much lower infectious dose than other foodborne
pathogens when ingested, with fewer than 40 bacterial cells being sufficient to cause
illness (Strachan et al. 2005). To a lesser degree than contaminated food and water,
EHEC can also be transmitted from direct contact between humans as well as from
animal to human contact, likely via fecal residues (Heuvelink et al. 2002).

Although infected cattle remain asymptomatic, cattle that have been exposed to
EHEC develop a local immune response, an associated inflammatory response and
attaching-effacing (A/E) lesions suggesting not only that EHEC is an active bovine
pathogen but also that there is a limit to which the bovine host will tolerate
pathogen load and after which host resistance mechanisms may actively function to
reduce pathogen burden (Baines et al. 2008; Nart et al. 2008).

2.2 Super Shedders

Generally, there are three distinct patterns observed for EHEC carriage in cattle that
are characterized in terms of increasing severity of intestinal colonization, duration
of shedding and magnitude of shedding. First, some cattle, known as passive
shedders, lack colonization, transiently shed for only a few days and in small
numbers. Second, cattle that are colonized, shed for approximately 1-2 months
(Besser et al. 1997). Third, a small subset of cattle populations, known as “super
shedders”, are colonized for extended periods, shed EHEC for longer periods at
3-12 months and at significantly higher levels (between 10* and 10* colony
forming units/g of faeces) (Omisakin et al. 2003; Stephens et al. 2009). These super
shedders are suggested to be important hubs in a cattle population for maintaining
the penetrance of EHEC infection that perhaps would otherwise be transient and
short-lived. While there is as of yet no definitive explanation of the causes of the
super shedding phenomenon, it is thought to collectively be mediated by factors
from the EHEC pathogen, the bovine host and the environment. Hide contamina-
tion associated with super shedders rapidly resulted in the transmission of E. coli
O157:H7 among cattle housed in a common pen (Stanford et al. 2011). An
assessment of the link between shedding density and human risk suggested that
even though super shedding events were relatively rare, they dominated as the
environmental contamination source as well as the relative human risk of acquiring
illness (Matthews et al. 2013). Almost half of all EHEC shed from cattle in an
Alberta feedlot was due to super-shedders, even though these animals represent less
than a tenth of the cattle population (Stephens et al. 2009). While super-shedders
are increasingly considered to have a significant role in population-level persistence
of EHEC, this small proportion of super-shedding cattle is not a stable, consistent
subset of the population but rather varies transiently and dynamically making
quarantining of the super-shedding animal an unviable option. Consequently, tar-
geting them for interventions such as vaccination is difficult, unless applied to the
entire herd for herd immunity. However, the exception to this is if immediately
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prior to slaughter, there were tools available to quickly diagnose and identify these
super-shedders, these could be targeted for intervention to reduce the likelihood of
meat product contamination.

3 Mechanism of Infection

The ability of EHEC to successfully colonize the gastrointestinal tracts of both
humans and cattle despite peristaltic movements and resource competition with
neighboring microflora is one of the most defining features across all strains. In
particular, although all E. coli strains have some form of fimbrial structure to enable
surface adherence, EHEC strains express specific fimbrial antigens that seem to
specialize in adherence to the gut mucosa, enhancement of colonization of the
intestinal epithelium, and defining of host specificity (Vial et al. 1988). In cattle,
EHEC principally adheres to and colonizes the lymphoid follicle dense mucosa at
the terminal rectum known as the rectoanal junction, whereas in humans, it adheres
to and colonizes the follicle-associated epithelium of ileal Peyer’s patches (Lim
et al. 2007; Naylor et al. 2003; Phillips et al. 2000). Successful colonisation in both
humans and cattle will typically be marked by a canonical A/E lesion.

The mechanism of colonization by EHEC of a mucosal site in either cattle or
humans is a conserved process requiring the expression of at least 59 genes (Biittner
2012; Dziva et al. 2004). The main virulence genes cluster together on a chro-
mosomal 43-kb pathogenicity island known as the locus of enterocyte effacement
(LEE), the presence of which is both necessary and sufficient for showing the A/E
phenotype (Perna et al. 1998). The LEE contains 41 open reading frames including
genes encoding various subunit proteins that assemble to form a type III secretion
system (T3SS), the major adhesin protein known as intimin (Eae) and its cognate
Translocated intimin receptor (Tir), a lytic transglycosylase EtgA to remove glycans
near to the site of colonisation (Burkinshaw et al. 2015), various effector proteins
that are secreted through this system and various chaperones to stabilize the folding
and assembly of these proteins (Wong et al. 2011). The T3SS consists of a
syringe-like structure that permits the secretion of multiple effector proteins stored
within the bacterial cell and into the host cytosol (Jarvis and Kaper 1996).

The first step of colonization is likely through contact to an intestinal epithelial
membrane by an extended hollow, filamentous structure consisting of multiple
polymerized subunits of E. coli secreted protein A (EspA) (Delahay et al. 1999;
Knutton et al. 1989). Upon initial contact, two other LEE-encoded proteins, EspB
and EspD, are translocated via the EspA filament into the host cell where they will
assemble along with EspA to form a translocon pore stabilizing the entry point
(Fivaz and Van Der Goot 1999; Kenny and Finlay 1995; Lai et al. 1997; Warawa
et al. 1999). At least 39 other effector proteins are then secreted into the host cell,
altering a variety of host cell processes that ultimately improve the likelihood of the
bacterium’s survival and replication (Tobe et al. 2006; Wong et al. 2011). Several
of these effectors along with components of the T3SS are potential vaccine
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candidates because of their efficacy in engaging the host’s active immune response.
One of these effector proteins known as the non-Lee encoded effector A (NleA)
protein is also secreted into the host cell where it may have a role in disruption of
intestinal tight junctions and inhibition of intercellular protein trafficking
(Gruenheid et al. 2004; Kim et al. 2007). Another effector known as Tir integrates
into the host cell membrane where it allows docking of the adhesin protein, intimin
(Kenny et al. 1997). Docking enables intimate attachment of the bacterium to the
host cell and signals the recruitment and polymerization of actin at the pore
resulting in a protrusion of the membrane toward the bacterium forming the
canonical A/E lesion (Garmendia et al. 2004).

Subsequent to colonization, EHEC will produce a variety of virulence factors
including verocytotoxins, also called Shiga-like toxins (Stx) because of their sim-
ilarity to toxins produced by Shigella dysenteriae. In humans, the production of Stx
is the primary cause of the microvascular endothelial damage associated with HUS
and HC. There are two major immunologically distinct types of Shiga-like toxins,
Stx1 and Stx2, that are encoded by separate phage-derived stx genes on the bacterial
chromosome (Wagner and Waldor 2002). Although Stx1 tends to be highly con-
served across serotypes, there are many variants for Stx2. Nonetheless, all Shiga
toxins form a basic A-B5 subunit structure. Typically, the 32-kDa A subunit is
cleaved to yield an enzymatically active 28-kDa Al peptide that is bridged via a
4-kDa A2 peptide to a pentamer consisting of five 7.7-kDa B subunits. The B
subunit pentamer is able to bind to a specific glycolipid receptor, globotriaosyl-
ceramide (Gb3) that is found on the cell membrane surface of intestinal epithelial
cells. A Gb4 receptor may also be targeted by some Stx2 variants. Upon successful
binding to a receptor, the toxin is endocytosed via clathrin coated pits. The inter-
nalized toxin is then delivered to endosomes where they are primarily targeted to
lysosomes for degradation. However, a fraction can be delivered to the trans-Golgi
network, followed by retrograde transport via Golgi cisterns into the ER. Similar to
the effects of ricin, the Al peptide of the cytotoxin is an N-glycosidase that cat-
alytically removes a single adenine residue from the 28S RNA of 60S ribosomal
subunits to effectively suppress protein synthesis by preventing binding of tRNAs
to the ribosome and consequently triggering apoptosis in affected cells (Endo et al.
1988). The presence of the Gb3 receptor on the cell surface is required for Stx
toxicity (Jacewicz et al. 1995). Although Stx production occurs in both humans and
cattle, the former exhibit Stx-related pathophysiology primarily because of vascular
expression of the Gb3 receptor in intestinal epithelial cells while the latter lack
vascular Gb3 receptor expression in their GI tracts (Pruimboom-Brees et al. 2000).
Although the Gb3 receptor is expressed in the bovine brain and kidney, cells in the
recto-anal junction do not permit Stx to be endocytosed and transported across the
GI tract vasculature and consequently, the toxin is isolated from susceptible cells
(Pruimboom-Brees et al. 2000). In contrast, EHEC’s colonisation of human ileal
tissue is proximal to the intestinal epithelial cells that express Gb3. The selective
apoptosis of absorptive villus tip intestinal epithelial cells, carrying the Gb3
receptor, and the preservation of Gb3-absent secretory crypt cells may then lead
to the osmotic dysregulation that manifests as diarrhea (Kandel et al. 1989).
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The development to HUS is assumed to be based on the translocation of Stx across
the epithelial cell layer and into the bloodstream. The Gb3 receptor is abundant in
human renal tissue (Boyd and Lingwood 1989). Upon contact, Stx is cytotoxic to
the glomerular endothelial cells leading to blocking of the glomerular microvas-
culature with platelets and fibrin (Louise et al. 1997). This disrupted ability to filter
fluid through the glomerulus may lead to the acute renal failure characteristic of
HUS.

The significance of Stx in intestinal pathology can vary depending on the animal
model used. In cattle, which lack the Gb3 receptor, the occurrence of the diarrhea is
independent of the presence or absence of Stx but is rather determined by the extent
and distribution of the A/E lesions. This pattern is similar across cattle, sheep,
goats, chickens and rabbits that do not display clinical symptoms despite the for-
mation of A/E lesions in their GI tracts, presumably due to a lack of Gb3 receptors
(Best et al. 2005; La Ragione et al. 2005, 2006; Tzipori et al. 1989; Tzipori et al.
1995; Woodward et al. 2003). Overall, reports from various animal models suggest
that the occurrence of the A/E lesions is sufficient to cause non-bloody diarrhea but
the cellular entry of the Stx is essential for inducing clinically relevant symptoms
such as bloody diarrhea, HUS and HC.

4 Interventions

4.1 Pre-harvest and Post-harvest Interventions Against
EHEC

EHEC be transmitted to humans via multiple routes such as crops, water and meat
products. Towards the implementation of strategies to prevent EHEC infection of
humans, the prevailing train of thought is to curtail its colonization of cattle and to
minimize its spread from fecal shedding and at harvest. These strategies are broadly
grouped into pre-harvest and post-harvest interventions with the former typically
being adopted by beef producers and the latter by meat processors. Intervention
strategies that are most commonly used or are most promising have been sum-
marized in Table 1.

Post-harvest interventions involve removing contamination from the hide and/or
carcass with various antimicrobial agents such as organic acids, oxidizing agents,
heat exposure, irradiation or high pressure systems. Hide contamination can occur
during skinning of the animal and to a lesser degree rupturing of the intestines. As
an initial step, the carcass is often rinsed or steamed and visibly contaminated parts
removed by knife trimming. Subsequently, a combination of treatments is typically
used to reduce the contamination. Acid treatment is the most commonly employed
method in North America likely due to its cost effectiveness. Promising newer
methods such as high pressure and electron beam irradiation are twice as effective
as acid treatment and have the highest efficacy amongst known interventions,
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Table 1 A summary of intervention strategies that have been investigated in mitigating EHEC

carriage in cattle

Strategy

Description

Pre-harvest interventions

(1) Exposure reduction

Modulates rearing conditions to minimize transmission to cattle

Treatment of drinking
water

Destroys bacteria residing in drinking water, typically by
chlorination, electrolysis or ozonation

Feed strategies

Reduces ingested bacteria by change of standard grain-based feed a
few days before slaughter, usually by fasting or replacement with
forage or hay

Maintaining closed
herds

Prevents cross-contamination across herds by quarantining of cattle
herds and facilities

Pest and wildlife
management

Prevents transmission from various pests and wildlife which can
act as EHEC transmission vectors

Sanitation practices

Ensures clean pens, bedding and transport to prevent EHEC growth
in immediate environment

(2) Exclusion strategies

Alters the mucosal site of colonisation within the GI tract to either
interrupt or displace attachment and colonisation

Vaccination Engages host active mucosal immunity by immunization with an
EHEC specific antigen

Probiotics Alters the gut microbiota by a viable preparation of
microorganisms that outcompete EHEC at the ecological niche
needed for colonization

Prebiotics Enriches native competitive microbiota species by providing

selectively digestible organic compounds

Competitive exclusion

Competes for EHEC binding to sterically block EHEC access

(3) Direct
anti-pathogen strategies

Live animal treatments that specifically target and kill EHEC

Sodium chlorate

metabolized by an EHEC-specific nitrate reductase to chlorite, a
bactericidal metabolite

Antibiotics (Neomycin
sulfate)

A broad spectrum compound that binds 30S ribosomal subunit and
inhibits protein translation

Bacteriophages Viruses specific for a narrow bacterial host range that infect and
lyse the EHEC bacteria
Colicins Antimicrobial proteins that bind EHEC outer membrane receptors

and subsequently translocate to the cytoplasm where they exert
various cytotoxic effects

Post-harvest interventions

Physical removal

Removes visibly contaminated parts and rinses excess unattached
EHEC off carcass, usually by knife trimming, steam-vacuuming
and ambient temperature water washing

Acid antimicrobials

Disrupts proton motive force and substrate transport mechanisms
leading to bacteriostasis, usually acetic, citric and lactic acids

Oxidizer antimicrobials

Generates oxidative damage to a broad array of cellular structures
leading to cell death, usually by peracetic acid, acidified sodium
chlorite, ozone or hypobromous acid

(continued)
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Table 1 (continued)

Strategy Description

Heat exposure Uses heat treatment to denature bacterial enzymes and nucleic acid
degradation, usually by hot water sprays or steam pasteurization

Irradiation Uses a stream of high energy electrons or UV light to damage
bacterial genetic material leading to cell death

High pressure Uses hydrostatic pressure to damage bacterial cell membranes
causing lysis

This list is not intended to be exhaustive but describes the most commonly used or most promising
strategies currently used

though they require specialized equipment for implementation (Wheeler et al.
2014).

Pre-harvest interventions are further sub-grouped into 3 categories: (1) exposure
reduction, (2) exclusion, and (3) direct anti-pathogen strategies. Exposure reduction
strategies involve management of the rearing conditions of the herd to minimize
EHEC exposure such as by water and feed hygiene, by limiting exposure to pests,
wildlife, and other cattle herds and by sanitation of living and transport conditions.
Exclusion strategies seek to interrupt or displace attachment and colonisation of
EHEC to the GI tract by altering the site of colonisation such as by engaging active
immunity with vaccination, outcompeting niches with prebiotics and/or probiotics
or sterically hindering access with competitive exclusion. Direct anti-pathogen
strategies are live animal treatments that directly kill EHEC such as by sodium
chlorate, antibiotics, bacteriophages and colicins. Based on systematic reviews of
published reports, only three methods of pre-harvest interventions for EHEC have
been validated to be reliably efficacious in reducing colonisation in cattle—the
feeding of the probiotic combination Lactobacillus acidophilus NP51 (NPC 747)
and Propinionibacterium freudenreichii, feeding of sodium chlorate and vaccina-
tion with T3SS proteins or Siderophore Receptor and Porin proteins (SRPs)
(Sargeant et al. 2007; Snedeker et al. 2012). Meta-analysis also indicated no con-
sistent association of antimicrobials with degree of shedding, and indicated that
there are still an insufficient number of studies to confirm efficacy of other
promising interventions such as bacteriophages and colicins.

4.2 Vaccine Products that Have Reached Market

Only two vaccine products have successfully transitioned from research to market:
a T3SS formulation known as Econiche® (Bioniche Life Sciences Inc., Belleville,
Ontario, Canada) and a SRP formulation known as Epitopix® (Epitopix LLC,
Willmar Poultry Company (WPC), Minnesota, USA). EHEC secrete T3SS proteins
during colonisation and when injected directly through a host cell wall, these
secreted proteins enable a receptor-mediated bacterial adhesion event to firmly
anchor the bacterium to the site of the A/E lesion. The plausibility of using T3SS



The Benefit of a Plant-Based Cattle Vaccine for Reducing ... 297

proteins as a vaccine was first reported on by the Finlay lab which demonstrated the
secretion of extracellular proteins via a putative T3SS in both EHEC and EPEC
(Jarvis et al. 1995; Jarvis and Kaper 1996). After partnering with the Vaccine and
Infectious Diseases Organization (VIDO) in Saskatchewan, they demonstrated in a
pilot study using a bacterial production platform that these attachment proteins
reduced shedding of O157:H7 in cattle. With the intent of moving this product to
market, Bioniche Life Sciences Inc. was contacted for scale-up and commercial
manufacture of the vaccine. The product, called Econiche™" obtained full licensure
by the CFIA in 2008 after clearing safety and efficacy requirements but has since
been discontinued due to poor market penetration, likely because of the cost and the
frequency of animal handling that fell outside of regular handling schedules. The
vaccine required three doses and in Phase II and Phase III studies using about
30,000 cattle, the vaccine efficacy was demonstrated to reduce duration (by 64%)
and magnitude of shedding (2.3 log;q reduction), reduce mucosal colonization (by
98%) and reduce hide contamination (by 54%) (Smith et al. 2009a, b).

A SRP vaccine developed by Pfizer and marketed by Zoetis, known as
Epitopix '™, was granted a conditional marketing license by the USDA in 2009 and
is currently the only licensed vaccine available on the market. Siderophore receptor
proteins are highly conserved outer membrane proteins that use high affinity ferric
iron chelators, known as siderophores, to transport iron inside the bacterial cell. The
vaccine consisted of multiple types of purified SRPs, of molecular weights of about
72-96 kDa, extracted from the outer bacterial membrane. By engaging immunity
against cell-surface SRP proteins, the vaccine was suggested to possibly restrict
iron acquisition and thus competitively disadvantage the bacterium from finding a
foothold in the gut. In the initial field study using three doses, efficacy was
demonstrated to reduce fecal shedding (by 39% magnitude), reduce mucosal col-
onization (by 48%) and reduce hide contamination (by 70%). Like Econiche™,
recommended usage is for three doses applied subcutaneously over the course of 8—
10 weeks with an annual revaccination.

4.3 Plant-Based Vaccines for EHEC

Both Econiche™ and Epitopix™ vaccines when placed on the market required
three injections to the animals. This required skilled labor and handling of the
animals outside of their normal handling and vaccination schedules, which usually
are only twice per individual cow. With additional injections, the risk of infection is
also increased and the area around the injection site can sometimes become adul-
terated. A valuable advantage of plant-based vaccines is the utility of oral delivery
with edible plant tissue containing the bioactive therapeutic. The plant matrix has
been shown to confer protection against low gastric pH to recombinant proteins
stored within the cell’s interior (Kolotilin et al. 2012; Kwon et al. 2013; Pelosi et al.
2012). However, while oral immunization offers more convenience, a larger dose is
usually required to effectively generate an active immune response, requiring
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milligram to gram quantities versus the microgram quantities needed for injectable
delivery (Rybicki 2010). A viable plant-based EHEC vaccine therefore needs to be
of high yield and stability to meet these requirements. On a general level, a
plant-based method of vaccine production may be uniquely advantageous in
offering a safer and easier mode of administration, and a better cost-benefit ratio for
scaling up production. Table 2 summarizes all reports of plant-based subunit vac-
cines for EHEC to date.

While production of a SRP vaccine in plants has not yet been reported, a number
of T3SS antigens have successfully been produced in plants. Perhaps the greatest
technical hurdle at the moment for developing a plant-based T3SS vaccine is
improving accumulation. Because many of the T3SS proteins are membrane pro-
teins and partially intrinsically disordered, aggregation and solubilisation are
technical problems that need remedying. The choice of subcellular localization in
the plant cell can drastically affect the folding and accumulation of T3SS antigens
and screening is often needed to select the most optimal compartment. Recently, it
was demonstrated that co-expressing the native E. coli chaperone for recombinant
Tir improved its accumulation and its in vivo and ex vivo stability when both were
targeted to the chloroplast (Table 2) (Macdonald et al. 2017). This is of great value
because most T3SS proteins require chaperone-mediated folding inside EHEC and
suggests the possibility that post-translational regulation may be significant in
causing low accumulation of T3SS proteins in heterologous hosts. Another viable
strategy is to fuse the vaccine to another protein such as green fluorescent protein
(GFP), elastin-like polypeptide (ELP) or hydrophobin (HFBI) which can impart
added solubility, stability or accumulation and has been used effectively for EspA,
NleA and Tir (Table 2) (Macdonald et al. 2017; Miletic et al. 2017).

While Econiche™ has focused on producing a cocktail of various T3SS proteins
for immunization, higher yields in plants may be possible if production is focused
on a few individual antigens. Among the T3SS proteins, a select few have been
demonstrated to induce higher immune responses than others, namely the 24-kDa
EspA and the 37-kDa EspB proteins, and to a lesser degree, intimin. Sera taken
from HUS patients contain antibodies that react strongly to these proteins, com-
pared to control patient sera which had no reactivity (Jarvis and Kaper 1996). In
addition to reactivity from O157:H7 strains, antigens prepared from O26 strains
also show strong reactivity. Therefore, these proteins are great candidates for the
possibility of engendering multi-strain protection (Mckee and O’brien 1996).

When lyophilized plant tissue containing a 5 mg dose of a chimeric EspA
vaccine (expressed transplastomically in Nicotiana benthamiana) was administered
to sheep three times over a six week period, five of the six animals inoculated
stopped shedding O157:H7 after 48 days with about a 95% reduction in magnitude
compared to control animals which persisted in shedding. Of the plant-based EHEC
vaccines developed thus far, this chimeric EspA seems to be the most promising
candidate based on highest efficacy, yield and and has been the only candidate
tested on ruminants. Due to the recent increase in non-O157 EHEC infections,
market value of EHEC vaccines could be increased by either incorporating multi-
valency in vaccine design such as by epitope fusions as well as testing vaccine
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candidates for cross-reactivity during animal trials. Accordingly, fusions of EspA
epitopes from both O157 and non O157 strains, produced both transiently and
transplastomically in leaves of Nicotiana tabacum, show promise as multivalent
candidates (Miletic et al. 2017). Another candidate, an EspA-Intimin-Tir fusion, has
been demonstrated to accumulate in leaves of N. tabacum and seeds of Brassica
napus at about the same yield and reduce shedding when administered to a mouse
model (Amani et al. 2011). In considering B. napus as a platform, there is some
appeal as it is a much more familiar feed component than N. tabacum to producers
if oral application is to be considered. However, N. tabacum has conventionally
been the platform of choice primarily because it is neither a food- nor feed- crop
and is less likely to contaminate a food supply. On the other hand, N. tabacum cell
cultures show promise as a platform because they can be grown in a closed, sterile
system isolated from the external environment. For example, this is the platform of
choice for Protalix Biotherapeutics in their production of glucocerebrosidase in
carrot cells. Further development of a cell-culture based EHEC vaccine towards a
similar direction may be of value considering the recent trend of public attitudes
and restrictive policy making with regards to containment of genetically engineered
crops. An inactivated form of the stx2 toxin has been shown to accumulate in
N. tabacum cell cultures and when administered to mice, [gA production is triggered
and the mice have enhanced survivability against toxin challenge (Wen et al.
2006a, b). A truncated form of intimin has also been shown to accumulate in
N. tabacum cell cultures and when administered to mice, triggers both IgA and IgG
production as well as reduces the duration of EHEC colonization (Judge et al. 2004).

5 Pathways to Commercialization/Implementation
for a Plant-Based EHEC Vaccine: Learning
from Econiche’s Business Model in the Canadian
Beef Industry

Despite Econiche™ having Canada-wide availability, marketing as a robust
pre-harvest control and multiple validations of its efficacy, its adoption by the
Canadian beef industry after product launch was marginal at an estimated level of
adoption of only about 5% (Grier and Schmidt 2009). Beef producers, the primary
target market, were reluctant to adopting the product, likely because the direct
benefits are realized elsewhere along the supply chain, namely processors and
consumers. Additionally, aside from the direct cost of the product, vaccination
required extraneous labour and veterinary costs to implement. Was the Econiche™
business model flawed? Can the barriers that hampered adoption be addressed to
facilitate effective market transition for a similar product?

The economic story of the Econiche™ product in the Canadian market has
implications for the general prospects of any future EHEC vaccine to be considered
for commercialization. Following proof of concept and efficacy studies of T3SS
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proteins, Bioniche Life Sciences Inc. was contracted for scale-up and commer-
cialization (Jarvis et al. 1995; Jarvis and Kaper 1996). The project was financed via
a substantial $25 million investment sourced from the Ontario government,
Agriculture Canada, Industry Canada and the Business Development Bank of
Canada (Bioniche 2012). In a 2012 letter to shareholders prior to the release of
Econiche™, management disclosed that the company was suffering from a monthly
burn rate of $1 million per month operating on a net income loss in prior years and
that one of its foremost strategies for remedying this was from increased revenue
anticipated from its new products to be released that year, including Econiche
(Bioniche 2012). In the two years prior, revenue had stalled for the company at
approximately $27 M. Despite this, a 2012 initiating report by Eresearch, a
Canadian independent equity research corporation, recommended considerable
upside potential for Bioniche’s share price citing the release of Econiche™ as a
main reason and forecasted Econiche™-specific revenue as bringing in $1.5 M and
$3.75M in 2013 and 2014 respectively, with steady growth in later years
(Eresearch Corporation 2012). Collectively, this implies that (1) there was sub-
stantial financial capital available from multiple sources to develop the Econiche™
vaccine for market (2) Bioniche considered it a high priority revenue earner to be
developed to counter its looming burn rate and (3) market research also corrobo-
rated the belief it would do well in the market. Considering that Econiche™ was
announced as the world’s first vaccine against EHEC with full licensure by the
CFIA and provisional licensure by the USDA, its first commercial batch entered the
Canadian market in mid-2012 without competition in its market niche. Epitopix ™,
the subsequent and only rival to-date in this market niche, obtained conditional
USDA licensure a year later, and was restricted to US cattle markets. By 2014,
Bioniche decided to refocus its efforts on solely human health, putting up its
vaccine development unit up for sale, suspending operations and laying off most of
its employees. In a statement released by Michael Berendt, CEO: “While the
vaccine is an innovative and valuable product, (Bioniche) has been unable to
convince the beef or dairy industries, or the federal and provincial governments,
that vaccinating cattle to help reduce the human infection and deaths caused by
E. coli is something they should support or pay for.”

So, what went wrong? Perhaps the largest assumption could be that with full
control over their market niche, Bioniche anticipated high demand—a far-removed
prediction from its dismal 5% penetration (Grier and Schmidt 2009). The barriers to
this demand directly relate to the requirements of its target market. In North
America, vaccination needs to be done at least three months before slaughter and
for most other pathogens, is the responsibility of beef producers. Therefore, the
target market for the Econiche™ product comprises a potential total of 75,000 and
913,000 cattle/calf operations for Canada and the United States respectively
(inclusive of beef farms, ranches, feedlots and dairy operations) (Statistics Canada
2017; United States Department of Agriculture 2017). Correspondingly, there
are currently an estimated 13 million cattle in Canada and 103 million in the United
States (Statistics Canada 2017; United States Department of Agriculture 2017).
Of the 75,000 beef producers in Canada, 86.7% currently vaccinate their calves
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against some form of disease so producers are no strangers to the technology
(Ochieng’ and Hobbs 2017). However, although these producers are accustomed to
the benefits of vaccination, it is considered in many respects an insurance policy.
Most Canadian producers routinely sacrifice ~ 10% of their profit margin to ensure
against the risk that the health and productivity of their herd be diminished from the
most common bovine diseases. In most herds in Canada, this allocation usually
goes toward protecting against infectious bovine rhinotracheitis (IBR), bovine
respiratory disease (BRD), parainfluenza-3 virus (PI3V), clostridials, hemophilus
and bovine respiratory syncytial virus (BRSV). However, since cattle are asymp-
tomatic carriers of EHEC, whether or not they harbor the bacterium is independent
of their health and productivity, or risk thereof. Since EHEC does not pose a risk to
the health or viability of cattle, producers are less incentivised to purchase an EHEC
vaccine since such an investment would not provide any direct returns.

Towards addressing what were the barriers for EHEC vaccine adoption, a survey
of Canadian cattle producers indicated that only 15% of respondents believed they
bear the primary responsibility for EHEC risk reduction and only 21% of respon-
dents believed they benefited from an EHEC vaccine (Ochieng’ and Hobbs 2017).
While there were many perceived barriers to adoption that were reported by
respondents, the issues that most agreed to be relevant included: (1) uncertainty
over benefits, as indicated by 76.8% respondents, (2) meeting buyer needs, as
indicated by 71.4% respondents and (3) efficacy of the vaccine, as indicated by
68.5% respondents (Ochieng’ and Hobbs 2017). Additionally, 58% of the beef
producers surveyed had not previously heard about a EHEC vaccine (Ochieng’ and
Hobbs 2017). Given that estimated marginal effects predict an average 16.1%
increased willingness to adopt given prior awareness of an EHEC vaccine, this
suggests appropriate marketing of this product is an essential component of its
commercialization (Ochieng’ and Hobbs 2017).

Additionally, many producers were resistant to adopting Econiche™ as a
stand-alone technology which could not be easily incorporated into their routine
vaccination schedules. For example, the recommended dose regimen was two doses
in the initial year of life plus a subsequent annual dose. This required skilled labor
and handling of the animals outside of their normal handling and vaccination
schedules, which usually are only twice per individual calf. Application was also
required to be by injection, a procedure that both carries safety hazards for the
handler and the possibility of infection to the calf.

EHEC’s prevalence in retail beef products has maintained a steady 2% over the
last ten years in Canada and recalls of beef contaminated with EHEC are generally
infrequent, though quite costly to processors when they do occur. Indeed, a food
recall can sometimes lead to the closing of a meat processing plant if it fails
subsequent safety inspections. However, incorporating a vaccination program in a
market-driven economy begs the question of whether or not the cost of doing so is
worth the added insurance against meat recalls. A cost-benefit analysis of industry
adoption of Econiche™ indicated an overall approximate savings of CAD$68 M
per year comprising an estimated benefit/cost ratio of 3:1 (Grier and Schmidt 2009).
In particular, the analysis indicated a total approximate annual benefit of CAD
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$103 M including: CAD$21 M in reduced medical costs, CAD$4 M in reduced
recalls and industry costs and CAD$78 M from loss in demand. Conversely, the
annual cost to the industry was estimated at CAD$3 M, which scaled directly with
the dose regimen and herd numbers. Overall, the study suggested that with
implementation, this technology could be both socially beneficial and financially
prudent for the beef industry on a whole. Despite this, Canadian federal or
provincial sponsored incentives for EHEC pre-harvest control are low or nonex-
istent at the farm level though processors are well motivated to reduce EHEC
contamination in order to avoid recalls. Conversely, producers do not directly
benefit from lowering the chance of a food recall, despite the expectation that they
pay for vaccination.

Overall, if a similar product was to be considered for commercialization, its
success would be dependent on: (1) more availability of sufficient adoption
incentives for beef producers by government and supply chain (2) better awareness
of EHEC and vaccine technology by producers and their veterinarians (3) devel-
opment of a vaccine with a high economy of scale and that is easily accommodated
into producers’ typical vaccination schedule. Whereas the first two requirements
will need a concerted dialogue between industry and government, the requirements
of the latter can be met with technical innovation that scales well with producing
large quantities with minimal investment. In this regard, a plant-based platform for
an EHEC vaccine is arguably a competitive solution.

The production of an EHEC vaccine in plants that could be administered orally
by incorporating it into livestock feed would bypass the extraneous time and labor
that made the Econiche™ vaccines unappealing to producers. The prospect of oral
immunization offers a strategic competitive advantage for a plant-based EHEC
vaccine because of the increased safety and convenience for the producer.
However, this mode of administration may require a much larger dose than par-
enteral to be effective since much of the protein is degraded during its movement
through the animal’s gut prior to reaching cells in the distal intestinal epithelium
that can generate an immune response (Rybicki 2010). Therefore, if this selling
point were to be developed, key research targets could arguably be: (1) better yield
of the protein (2) improved protein stability to reduce the amount lost through
degradation (3) designs or formulations geared toward adjuvancy such that the
threshold required for the production of an immune response may be crossed with a
lower concentration of therapeutic. Additionally, the efficient cost scaling of the
technology lends itself well to a widespread vaccination program—which may
likely prove necessary to enable consistent herd immunity against EHEC. This
technology is still in its early development stage with major milestone requirements
before commercialization being proof of efficacy across environments and
improving yield to enable better scaling. Yet, we are optimistic that this technology
will be of value to the Canadian beef industry and toward the control of food safety.
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Abstract Foot-and-mouth disease remains one of the most feared viral diseases
affecting cloven-hoofed animals such as cattle, pigs, sheep and goats. The disease
has been successfully eradicated from some regions like North America, Western
Europe and Australia, but it is still endemic in most of the world. Although mor-
tality is generally low in adult animals, outbreaks result in devastating economic
consequences due to production losses and a major constraint to international trade
of live animals and their products. Immunization with the current inactivated
vaccine has been successfully used in many parts of the world. However, its pro-
duction process requires the growth of large amounts of infectious virus in
high-level bio-containment facilities, which is not only very expensive but carries
the risk of escape of live virus during vaccine manufacture and/or incomplete
inactivation. Because of these hazards and other limitations, such as thermal
instability, short duration of immunity and lack of cross protection, intense research
focused on the design of improved vaccines, has been developed. Important issues
concerning foot-and-mouth disease occurrence, pathogenesis and vaccine devel-
opment, are reviewed in this chapter.
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1 Disease symptoms and occurrence

1.1 Foot and Mouth Disease and geographical distribution

Foot-and-mouth disease (FMD) has been recognized as one of the most important
contagious viral diseases of cloven-hoofed livestock. Although mortality associated
with FMD is usually low, this severe disease poses a significant economic impact
worldwide, due to both direct losses because of reduced milk and meat production,
and indirect losses caused by costs of disease control and poor access to markets
(Knight-Jones and Rushton 2013).

The disease was present in almost every livestock-containing region worldwide
until the early 20th century, when it was progressively eradicated from the devel-
oped world. Since then, various major outbreaks have occurred in south-east Asia
(Japan, South Korea and Taiwan), South America (Paraguay, Argentina, Uruguay
and Brazil) and Western Europe (UK, The Netherlands, France and Ireland)
(Knowles et al. 2001; Thomson et al. 2003; Brito et al. 2015). Nowadays, North
America, most European countries, Australia, New Zealand and many island states,
are recognized as FMD-free; the disease persists in South America, most African
countries, the Middle East, and many parts of Asia, where the disease is endemic
(Thomson et al. 2003). Updated information on the incidence and distribution of
FMD as well as epidemiological reports, can be obtained from the Office
International des Epizooties (OIE) website at http://www.oie.int/en/animal-health-
in-the-world/official-disease-status, or the website of the World Reference
Laboratory for FMD at http://www.wrlfmd.org.

Currently, the OIE recognizes countries and zones to be in one of three disease
states with regard to FMD: FMD present with or without vaccination, FMD-free
with vaccination and FMD-free without vaccination (Fig. 1). It has been recently
estimated that outbreaks in FMD free countries and zones cause losses of more than
US$1.5 billion a year (Knight-Jones and Rushton 2013). Therefore, many of the
FMD-free countries, including Canada, the United States, and the UK, work hard to
maintain their current status, focusing their control policy on minimizing the risk of
virus incursion and the impact of an outbreak should one occur. In South America,
after the regional eradication plan implemented in 1988, at present most of the
countries/regions have their status recognized by the OIE as FMD-free either with
or without vaccination.

The disease affects a wide variety of species, but cloven-hoofed animals (order:
Artiodactyla) have a critical epidemiological role in maintaining the virus in the
environment. Cattle, pigs, sheep, goats and water buffalo (Bubalus bubalis) are
susceptible to viral infection and can spread the disease (Alexandersen and Mowat
2005). African buffalo (Syncerus caffer) play an important role as the natural
maintenance host in Africa (Thomson et al. 2003). They are mainly thought to
maintain the South African Territories (SAT) types of the virus, although antibodies
to other serotypes have been found in buffalo populations of west and central Africa
(Di Nardo et al. 2015).
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Fig. 1 FMD status recognized by the OIE. With the kind authorization of the World Organization
for Animal Health (OIE), www.oie.int. Map extracted from OIE website on December 2017,
available at http://www.oie.int/en/animal-health-in-the-world/official-disease-status/fmd/en-fmd-
carte

Other animals may contribute to viral transmission under certain conditions
including Indian elephants and any animal of the order Artiodactyla, like deer,
camels, llamas, and alpaca. These species do not appear to play an important role in
the wild, but they have to be considered as a potential risk when they are kept under
farmed or crowded conditions (Thomson et al. 2003; Alexandersen and Mowat
2005). Although laboratory mice, guinea pigs and rabbits are susceptible to
infection with foot-and-mouth disease virus (FMDV) under experimental condi-
tions, there is no evidence of such animals being involved in the spread of FMD in
the field (Alexandersen and Mowat 2005).

Foot-and-mouth disease virus is the aetiological agent of this infectious disease
and it was the first virus of vertebrates to be discovered (Loeffler and Frosch 1897).
Seven major viral serotypes have been described, termed O, A, C, Asia 1 and South
African Territories (SAT) 1, 2 and 3 (Grubman and Baxt 2004), and each contains
several, constantly-evolving subtype strains (Bachrach 1968). These serological
types were assigned on the basis of lack of cross-protection after infection or
vaccination. Viruses showing partial cross-protection were assigned to the same
serotype but to a different subtype (Domingo et al. 2002).

FMDV serotypes are not distributed uniformly across the world. Six of these
serotypes (O, A, C, SAT-1, SAT-2, SAT-3) have occurred in Africa, four in Asia
(O, A, C, Asia 1), and only three in South America (O, A, C) (Rweyemamu et al.
2008). A particular strain of serotype O, named PanAsia, was responsible for the
explosive pandemic across Asia, Africa and Europe from 1998 to 2001. The
PanAsia strain caused outbreaks in the Republic of Korea, Japan, Russia, Mongolia,
South Africa, the United Kingdom, Republic of Ireland, France, and the
Netherlands, countries which had last experienced FMD outbreaks decades before
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(Knowles et al. 2005). There have been sporadic incursions of serotypes SAT-1 and
SAT-2 from Africa into the Middle East, at the crossroad between Africa, Europe
and Asia (Valarcher et al. 2008). Serotype C was last detected in Kenya and Brazil
in 2004 (Sangula et al. 2011), and in Ethiopia in 2005 (Rweyemamu et al. 2008).

1.1.1 Disease symptoms

The incubation period for FMD is highly variable since it depends to a high degree
on the dose of virus received, the route of transmission and the specific strain of
FMDV (Gailiunas and Cottral 1966; Arzt et al. 2011). In cattle, the first symptoms
are high fever, anorexia, and lesions that initially present as blanched areas. These
lesions progress into vesicles, which increase in size and rupture, generating areas
of epithelial damage. They are typically located on the tongue, hard palate, dental
pad, lips, gums, muzzle, coronary band and interdigital spaces (Fig. 2), and may
also be present on teats, particularly of lactating cows (Kitching 2002). According
to the location of these vesicles, animals can present abundant secretion of foamy
saliva, drooling and lameness (Kitching 2002). Consequently, feeding, milking and
suckling become difficult, resulting in a rapid weight loss and a marked decrease in
milk production (Shahan 1962).

The disease in sheep and goats is in general clinically milder than in cattle, with
lameness being the first indication of FMD, since pain may be detected in the feet
for 1-2 days before vesicular lesions appear. Vesicles may develop in the inter-
digital cleft, on the heel bulbs, on the coronary band and in the mouth (Kitching and
Hughes 2002; Hughes et al. 2002). It has been reported that up to 25% of infected
sheep may fail to develop lesions, and an additional 20% may form only one lesion
(Hughes et al. 2002).

In pigs, clinical disease is usually severe, and the early signs include acute
lameness, reluctance to stand, depression, loss of appetite and fever (Alexandersen
et al. 2003). Vesicles around the coronary bands are the most consistent finding in
pigs, while lesions at other sites like the bulb of the heel, the interdigital space, the
snout, lower jaw and tongue, may be found less regularly depending on environ-
mental and other factors (Fig. 3) (Kitching and Alexandersen 2002; Stenfeldt et al.
2014b; Stenfeldt et al. 2016a).

Although most animals eventually recover from FMD, the disease can lead to
myocarditis and death, especially in young calves, piglets and lambs (Kitching and
Hughes 2002; Kitching 2002; Alexandersen et al. 2003; Grubman and Baxt 2004).
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Fig. 2 FMD in cattle.

a ruptured vesicle on the
tongue, b lesion in the
interdigital space of the feet.
The pictures are courtesy of
Dr. Pérez Filgueira, Instituto
de Virologia, CICVyA,
Instituto Nacional de
Tecnologia Agropecuaria
(INTA), Buenos Aires,
Argentina
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2 Mechanism of infection

2.1 The virus

FMDV is a single-stranded positive-sense RNA virus belonging to the genus
Aphthovirus in the family Picornaviridae (Bachrach 1968). The viral genome of
about 8,500 nucleotides contains a single long open reading frame (ORF) flanked
by heavily structured 5'- and 3’-untraslated regions (UTR) (Fig. 4). The 5'UTR
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Fig. 3 FMD in pigs.

a unruptured vesicles in the
coronary bands, b lesion on
the snout (reproduced from
Alexandersen and Mowat
2005)

(b)

consists of a short (S) fragment, a poly (C) tract, repeated pseudoknots (PKs), a
cis-acting replication element (cre), and an internal ribosome entry site (IRES),
which is required for viral replication and translation (Belsham 2005). Viral mRNA
translation begins at two in-frame AUG codons, rendering a polyprotein precursor
which is co-and post-translationally proteolytically processed to generate both the
intermediate and mature structural and non-structural proteins. The first mature
product of viral translation is LP™, a papain-like protease of fundamental role in
virulence (Kleina and Grubman 1992). The capsid precursor P1 is cleaved by the
3C protease to produce the structural proteins VPO, VP3, and VP1. The most
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Fig. 4 Schematic diagram of FMDV genome, processing of viral polyprotein and capsid
assembly. The 5’UTR, including the S-fragment, poly(C), pseudoknot structures (PKs), cis-acting
replication element (cre), and IRES, is adapted from Mason et al. (2003). The intermediate and
mature structural and non-structural proteins are named according to the nomenclature of Rueckert
and Wimmer (Rueckert and Wimmer 1984). The sites of the primary cleavages and the proteases
responsible are indicated

immunogenic epitope in all FMDYV serotypes is located within a highly variable
G-H loop (residues 141-160) in the VP1 protein (Borrego et al. 1995; Mateu et al.
1995). The P2 and P3 regions encode non-structural proteins (NSP), which play
critical roles in RNA replication, translation, viral assembly and maturation, and
virulence (Grubman and Baxt 2004; Belsham 2005). At the end of the ORF there is
a relatively short 3'UTR composed of two stem—loops and a poly (A) tail, both
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required for viral infectivity and known to stimulate IRES activity (Rohll et al.
1995; Serrano et al. 2006). One copy of the structural proteins VPO, VP3 and VP1
spontaneously assemble and form the 5S protomer, which subsequently assembles
into the 12S pentameric subunit. Twelve of these pentameric subunits associate to
form the icosahedral empty capsid-like particle (75S) (Belsham 1993).
Encapsidation of viral RNA to produce mature virion (146S) is accompanied by the
cleavage of VPO into VP2 and VP4. This non-enveloped icosahedral particle is
about 25-30 nm in diameter (Racaniello 2001).

2.1.1 Pathogenesis

Receptors are the major determinant factors for the tropism and pathogenesis of
viruses. Different integrin proteins have been shown to be receptors for FMDV:
avpl, avB3, avp5, avp6, and avp8; yet, avp6 has been identified as one of the
most efficient receptors for all FMDV serotypes and its expression is associated
with FMDV tropism (Jackson et al. 2000; Jackson et al. 2002; Jackson et al. 2004;
Monaghan 2005; Dicara et al. 2008). The integrin receptor recognition site involves
a highly conserve Arg-Gly-Asp (RGD) amino acid sequence motif present on the
G-H loop of the VP1 capsid protein (Fox et al. 1989; Baxt and Becker 1990;
Verdaguer et al. 1995; McKenna et al. 1995). In addition to cellular integrins,
FMDV is also able to utilize alternative membrane molecules as receptors (re-
viewed in Ruiz-Séenz et al. 2009 and Wang et al. 2015). It has been demonstrated
that in vitro cultivation of FMDV selects viruses that bind to heparan sulfate,
resulting in the attenuation of virulence in host species (Sa-Carvalho et al. 1997).

Most of the current knowledge about the pathogenesis of FMDV has been
achieved by experimental studies in cattle and pigs. Although there are numerous
reports on the subject, there is still no consensus regarding the early stages of
infection. This may be due to the fact that the efficiency of transmission under
experimental conditions varies between different serotypes and subtypes of FMDV,
which may have considerable differences in tissue tropism and virulence.
Furthermore, other factors, such as the inoculation system, the duration of exposure,
housing density and differences in sensitivity and/or specificity of virus detection
methods, may directly influence the results of experimental transmission studies
(Quan et al. 2004; Quan et al. 2009; Pacheco et al. 2012; Stenfeldt et al. 2014b;
Pacheco et al. 2016).

As has been recently reported by Stenfeldt and co-workers (2016a), although
cattle and pigs may be similarly susceptible to FMDV infection under most cir-
cumstances, there are critical differences between these two animals in FMD
pathogenesis and infection dynamics. These include variations in susceptibility of
infection by different routes of virus exposure, which lead to differences in the
mechanisms of virus transmission; variations in the amount of virus shed by
aerogenous routes, and variations in the capability of clearing infectious virus from
all tissues. Additionally, species-specific variation has been also demonstrated,
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in both systemic and cellular responses to infection (Toka and Golde 2013).
Therefore, the pathogenesis of FMDV will be analyzed in each of these species
separately.

FMD in cattle

Susceptible cattle in contact with an infected animal are most likely to be infected
via the respiratory route by aerosolized virus (Sellers and Parker 1969). Infection
can also occur through abrasions on the skin or mucous membranes, although it is
less efficient requiring almost 10,000 times more virus (Donaldson 1987). Indirect
contact with FMDV may also occur via contaminated persons, vehicles, fomites,
and wild animals. Since the virus is excreted into the milk of dairy cattle, calves can
become infected by insufflation of milk droplets as they drink (Donaldson 1997).
Under appropriate environmental conditions, spread by airborne carriage on the
wind is likely to occur, with some isolates potentially spreading up to about 300 km
by the wind (Gloster et al. 1982; Serensen et al. 2000).

Numerous studies have investigated the events occurring during and immedi-
ately following the host’s initial exposure to the virus. In cattle, FMD has been
experimentally reproduced by simulated natural methods (direct or indirect contact
with infected animals or virus aerosols from such animals), or by artificial methods
like parenteral inoculation of virus (intradermal, intravenous, subcutaneous, or
intramuscular), intranasal instillation, pulmonary inoculation or exposure to artifi-
cially created aerosols. Of these, direct introduction of virus to the respiratory tract
has been widely used since it has the advantage of simulating the natural route of
transmission, allowing the study of early events in pathogenesis (Alexandersen
et al. 2003; Sellers and Gloster 2008).

By using a controlled aerosol inoculation system, recent reports demonstrated
that after aerolization of cattle with FMDYV O1-Manisa and A24-Cruzeiro, there is a
primary replication in epithelial crypts of the nasopharynx, followed by extensive
replication in pneumocytes in the lungs and the establishment of viremia and
generalized disease (Arzt et al. 2010; Pacheco et al. 2010; Arzt et al. 2014). These
reports have changed the original notion that after initial replication in the pharynx,
FMDV is spread through the regional lymph nodes (Henderson 1948; Burrows
et al. 1981).

Once viremia is established, the virus spreads to different tissues and organs,
especially the skin and the epithelia of the tongue and mouth, where the main viral
amplification occurs. This generates the characteristic vesicles that are also present
in feet, teats and prepuce (Alexandersen and Mowat 2005; Arzt et al. 2009). During
the viraemic and clinical phase of the disease, all excretions and secretions (saliva,
nasal and lachrymal fluid, milk and expired breath) become infectious and can
contain significant titres of virus. Urine and faeces also contain virus but to a lesser
extent (Alexandersen et al. 2003).

Following the acute phase of FMDV infection, some ruminants may experience
a long asymptomatic persistent infection. This persistent infection can occur either
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after a clinical or a subclinical FMD infection, and occurs in vaccinated and in
non-vaccinated animals (Doel et al. 1994). Carrier animals are defined as those from
which infectious FMDV can be recovered from oropharyngeal fluid for more than
28 days after infection (Van Bekkum et al. 1959). The prevalence rate of carriers
depends on the species, the incidence of disease (or infection) and the immune
status of the population (Alexandersen et al. 2003). In cattle, approximately 50% of
infected animals become carriers, irrespective of their vaccination status (Moonen
and Schrijver 2000). Studies on persistently infected animals have reported that
FMDYV may persist in the dorsal surface of the soft palate and the pharynx (Burrows
1966), more specifically in epithelial cells of the pharyngeal area (Zhang and
Kitching 2001), and also in follicular dendritic cells within the germinal centres of
lymphoid follicles (Juleff et al. 2008). The role of carrier animals in the epidemi-
ology of the virus is still controversial, though there is evidence of transmission
from buffalo to cattle both experimentally (Dawe et al. 1994b) and under natural
conditions (Dawe et al. 1994a) in Africa.

FMD in pigs

Of the domestic species, pigs liberate the largest quantities of aerosolized FMDV,
reaching values up to 10°° to 10%° TCIDs, per pig per day, whereas ruminants
excrete about 10*-10° TCIDs, per day. However, pigs are less susceptible to air-
borne infection when compared to ruminants, since it has been demonstrated that
the latter can be infected by airborne exposure with only 10 TCIDs,, while more
than 10° TCIDs, are needed to infect pigs by this same route (Sellers and Parker
1969; Donaldson et al. 1970; Donaldson and Alexandersen 2001; Alexandersen
et al. 2002a; Alexandersen and Donaldson 2002).

Recent investigations have confirmed that pigs are more susceptible to FMDV
infection via exposure of the upper gastrointestinal tract (oropharynx) than through
inhalation of virus (Stenfeldt et al. 2014a; Fukai et al. 2015). By using a simulated
natural experimental system that has been previously demonstrated to efficiently
infect pigs, Stenfeldt and co-workers have identified as the primary site of FMDV
replication, segments of reticular epithelium within the paraepiglottic tonsils
(Stenfeldt et al. 2014b).

After 24 h of natural or experimental exposure, pigs become viraemic and this is
associated with increased shedding of virus via the oropharyngeal route (Murphy et al.
2010; Stenfeldt et al. 2014b; Stenfeldt et al. 2014c; Stenfeldt et al. 2016b). As has been
recently demonstrated, the tonsil of the soft palate is the only tissue in the respiratory or
gastrointestinal tract that supports substantial levels of FMDYV replication
(Alexandersen etal. 2001; Stenfeldtetal. 2014b), suggesting that this would be the best
candidate as the source of aerosolized virus derived from pigs. Since these clinically
infected pigs constitute an important source of contagion for exposed ruminants,
movement of live pigs or associated products can have substantial impact on disease
spread. Therefore, FMD control policies should be based on species-specific data and
should be adapted to account for the animal population in each region.
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Recent studies performed in domestic pigs indicate that there is a high preva-
lence of FMDV RNA and capsid antigen in lymphoid tissues for 30—60 days after
infection (Stenfeldt et al. 2014c), indicating transient persistence of FMDYV in these
animals. However, the virus could not be isolated from a large number of porcine
tissues processed, confirming that domestic pigs are not competent long-term car-
riers of FMDV (Arzt et al. 2011; Stenfeldt et al. 2014c¢).

3 Plant-made vaccines candidates

Vaccines play a vital role in FMD control, since they are used both to limit the
spread of the virus during an outbreak in FMD-free countries and to control disease
in endemic regions. Current FMD vaccine consists of binary ethyleneimine-
inactivated whole virus preparation, formulated with an oil-based adjuvant (Doel
2003). Systematic vaccination programs with this inactivated vaccine have suc-
cessfully reduced the number of disease outbreaks in enzootic areas, including
Western Europe and parts of South America where FMDV has been eliminated
with the use of this vaccine (Brown 2003). However, since there are a number of
concerns about its use (see “Inactivated FMD vaccine”), there are several strategies
that have been explored with the aim of developing recombinant FMDV vaccines
that are safer, more effective, more stable and more economical. One of these
strategies is the use of plants as bioreactors.

Most of the attempts to develop plant-based anti-FMDV vaccines have con-
centrated on the expression of capsid protein VP1 either in transgenic plants or
transiently, since this protein contains the immunodominant epitope from the virus
(summarized in Table 1) (Ruiz et al. 2015). First reports were based on the use of
chimeric plant viruses engineered to display short viral sequences of FMDV on its
surface as a safe way to produce vaccines. Cowpea mosaic virus (CPMV) was the
first plant virus used to express a VP1 epitope of FMDV on the surface of the virus
and used to infect cowpea plants, raising the possibility of producing vaccines in
plants (Usha et al. 1993). However, subsequent studies revealed that the chimera
did not spread systematically in cowpea, could not be purified in significant
quantities, and the inserted sequence was rapidly lost during serial passages in
plants, probably by a process of homologous recombination (Porta et al. 1994).
Further investigation showed that both length and isoelectric point (pI) of the
inserted sequence have profound effects on the growth of chimeras, indicating that
chimeras with inserts that are not significantly greater than 30 amino acids and have
a pl below 8.0 should give virus yields similar to those obtained with wild-type
virus (up to 1 mg per gram of infected leave tissue) (Porta et al. 2003; Montague
et al. 2011). When the pl of the FMDV insert was adjusted to be close to 7 by the
addition of acidic residues at either or both sides of the insert, the infection could be
passaged to further plants, and sequence analysis of RNA isolated from purified
virus particles indicated that no reversion or mutations had taken place following
serial virus passaging (Montague et al. 2011). A few years later, Wigdorovitz and



V. Ruiz and A. Wigdorovitz

322

(panunuod)
q ‘®900T ‘B 1R I'T B/u €T sjuefd orwojuedsuer], wnoogoy "N 1dA
2102 ‘e 1@ oey | s3id eoumnn 2100°0-1000°0 syuerd oruagsuel], paoun( ) 1dA
800C ‘Te 12 Suepm QNN 5010 syuerd oruadsuel], SISUUDING °§ 1dA
00T e 1o sojueg snq IAN 1'0-¢0°0 syuefd oruagsuely, BJeIV IdA
100C 'Te 10 O[[LLI'D IAN 10°0-00°0 syuerd oruagsuery, 018104 IdA
B6661
‘[e 19 Z31A0IOPSIM EMI yu yu syueld oruadsuel], BJ[RIIV 1dA
8661 ‘T8 19 O[[LIR) QMN Iju Iyu sjuefd oruagsuery, punipyl 'y I1dA
(sna1a 21sow ooquing)
910C 2amno
Te 10 ueApas[weyny | sSid voumn | .1°0-90°0 0S-LY uotsuadsns-[oo jueld omuogsuel], DUDIUDYIUIG "N 1dA
(sn.a1a [poriayds juaip] 21ddyy) puPIUDYIUIG "N
q Bp10T B R I B/u Iyu Iyu uorssardxa juarsuel], ‘poutnb ) 1dA
(Y-Sna1a $150.402U 0200qGO]) DUDIUDYIUIG "N
010C ‘Te 12 Sueyz QIAN | %€0-€0°0 uorssa1dxa juarsuel], 0]02UDIDUD ") 1dA
(sna1a 21sow ooquing) DUDIUDYIUIG ‘N
L00T 'Te 12 Suex uUIMS %$°0-C°0 uorssaxdxa juarsuelr], ‘poumnb ) 1dA
QuImMS (sn414 210sOUWL 022DGO])
900C ‘T 12 Suerr | Sid eoumn +0T-01 uorssa1dxa juarsuel], wnongnl ‘N IdA
QUIMS (sna1a 21souwt 0220qoJ)
q ‘800z ‘e @ np | Sid eoumnn S uorssaidxa juarsuelr], wnovgy ‘N T1dA
q ‘86661 (sna1a 21sout 022vqoJ)
‘Te 19 731A010PSIM AMA | «ST°0-S0°0 uorssardxa juarsuel], PUDIUDYIUIG “N 1dA
(sn.14 21wsour padmo))) (eadmo))
€661 ‘Te 19 eys) e/u yu yu uorssardxa juarsuer], Ipomsun pusip 1dA
fepow | L1 3/3w dSL %
SQOUAIRJOY [ewruy PIOIA wysAs uorssardxyg 150y Juelqd souo3 jo3Ie],

N J0J SourddeA paseq-jue[d | d[qel



323

Foot-and-mouth Disease

‘ureyoxd 9[qn[os [2I0L, IS

‘pakesse jou pyu ‘payiodar jou 4/u
‘onssi yea[ ysar J7.4 ‘ssewolq papuadsns jo 1yStom ysoxy /31 se passardxa st plarg,, ‘papraoid st snira duawiyo payrnd jo parx

(10109A paseq-x Smilp 0miod) as

1102 ‘Te 32 eaoueupuy | s3id eoumnn 1-L°0 uorssardxa juarsuel], puvpnupyiuaq ‘N | 0T ‘vdA ‘TdA

8007 Te 10 ueq | s31d voumn yu yu sjuefd oruadsuely, ojewo, O€Ve-1d

S00T 'Te 190 soueg sng TN 10°0-00°0 siued oruogsuer], BJeIV 2¢-dT-vild
(oou

210C ‘Te 12 Suepy QI €1°0-90°0 syued oruagsuel], eowodef) aspquoddin 1d

010T ‘Te 10 Z1ua] I 15 syueld orwojuejdsuer], wnovgny N 1dA

[epour | L'1d /3w dSL %
SOUAIYY [ewiuy PIFIA wysAs uorssardxyg 3soy Jueld souo3 jo3Ie],

(ponunuod) 1 Iqe,



324 V. Ruiz and A. Wigdorovitz

co-workers reported the expression of the complete open reading frame of VP1
using a recombinant Tobacco mosaic virus (TMV). Crude extracts of Nicotiana
benthamiana plants transiently infected with the recombinant virus were injected
intraperitoneally into mice. Animals received 5 doses of leaf extract containing
approximately 0.5-1 pg of recombinant VPlper dose. All immunized animals
developed a significant and specific immune response and were protected from the
experimental challenge with virulent FMDV. Additionally, the recombinant VP1
was synthesized in comparable quantities in both inoculated and systemic leaves
and its concentration was maintained at detectable levels for an extensive period
during the replication of the TMV vector (Wigdorovitz et al. 1999b). It is worth
noting that both guinea pigs and mice have been used extensively to study FMDV
pathogenesis and vaccine efficacy trials, and that the mouse model has successfully
predicted immune responses to FMDYV in cattle and pigs (Habiela et al. 2014).

Using the same strategy, Tobacco mosaic virus (TMV)-based expression of short
VP1 antigenic peptides of 11 or 14 amino acids, fused to the open reading frame of
TMV coat protein (CP), has also been described (Wu et al. 2003a). Both recom-
binant viruses (TMVF11 and TMVF14) systemically infected tobacco plants,
producing stable progeny particles as efficiently as wtTMV (about 5 g of purified
particles per kilo of infected leaves). Moreover, TMVF11 and TMVF14 were quite
stable and no loss of the peptide insert or degradation of the viruses was detected
even after three sequential passages in tobacco plants by mechanical transmission.
When the mixture of recombinant viruses was parenterally injected in guinea pigs
(0.6 mg total in one dose), all the animals were protected against challenge.
Preliminary tests in swine, showed that 9 pigs immunized once by parenteral
injection of 3 mg of TMVF11 were protected against FMDV challenge (Wu et al.
2003a). The same group also developed an improved TMV-based vector in which
up to six C-terminal amino acid residues could be deleted from the coat protein
subunit, allowing the expression of a longer peptide of 25 amino acids, containing
two fused epitopes (F14 and F11). Although yields of the recombinant viruses were
higher, immunity in guinea pigs and swine appears to be less efficient as previously
reported, possibly due to lack of a spacer arm between the two fused epitopes (Jiang
et al. 2006).

Chimeric Bamboo mosaic virus (BaMV) expressing T and B-cell epitopes of
VP1 was produced in C. quinoa and N. benthamiana plants, and proved to induce
not only strong humoral (as indicated by neutralizing antibodies) and cell-mediated
immune responses (as indicated by VP1-specific IFN-y production), but also full
protection against FMDV in swine even after just one inoculation of 1 mg of the
chimeric virus (Yang et al. 2007). Recently, the same group reported the innovative
development of transgenic cell-suspension cultures from N. benthamiana leaves
carrying wild-type or chimeric BaMV expression constructs encoding VP1 epitopes
(Muthamilselvan et al. 2016), providing a cost-effective and efficacious means of
producing vaccine candidates. These purified chimeric virus particles triggered the
production of specific antibodies in guinea pigs.

Tobacco necrosis virus-A (TNV-A) was engineered as a vector to express dif-
ferent peptides from FMDV VPI1. Most of the obtained chimaeras contained
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unmodified foreign peptides even after six successive passages in Chenopodium
amaranticolor and three passages in N. benthamiana, suggesting long-lasting sta-
bility. The purified chimeric virus particles could induce a strong immune response
against VP1 in mice immunized intramuscularly with three doses of 0.2 mg. Mice
immunized intranasally with 5 doses of 0.1 mg of chimeric virus particles devel-
oped both systemic and mucosal immune responses against FMDV VP1(Zhang
et al. 2010). More recently, Li et al. showed that a nine amino acid sequence from
VP1I could be expressed on the surface of apple latent spherical virus (ALSV) and
that this chimeric virus can infect N. benthamiana and Chenopodium quinoa plants.
However, the immunogenicity of this virus particles was not evaluated (Li et al.
2014a).

The expression of VP1 in transgenic plants has also been used in the develop-
ment of experimental vaccines, some of them oriented to the development of edible
vaccines. First attempts have successfully demonstrated that VP1 of FMDV can be
expressed in Arabidopsis thaliana, alfalfa and potato plants (Carrillo et al. 1998;
Wigdorovitz et al. 1999a; Carrillo et al. 2001). In these studies a binary vector
containing the Cauliflower Mosaic Virus (CaMV35S) promoter was used to direct
constitutive expression of the foreign gene. Mice parenterally immunized with 4 or
3 doses of 15-20 mg of fresh leaf tissue presented a FMDV VP1 specific antibody
response that provided 77-100% protection against challenge (Carrillo et al. 1998;
Wigdorovitz et al. 1999a; Carrillo et al. 2001). Moreover, 0.3 g of fresh leaves from
alfalfa plants were used to feed mice three times a week for 2 months. All orally
immunized mice developed a specific antibody response, and 66 to 75% of the
animals showed protection after the experimental challenge (Wigdorovitz et al.
1999a). However, since the concentration of the expressed protein was low in all
those cases (approximately, 0.005-0.01% of the total soluble protein) (Carrillo et al.
2001), the same group developed an experimental immunogen based on the
expression of VP1 fused to the glucuronidase (gus A) reporter gene, which allowed
the selection of transgenic plants expressing high levels of the recombinant protein
by the B-glucuronidase (BGUS) enzymatic activity (Dus Santos et al. 2002). By
using this alternative, authors were able to select transgenic plants of alfalfa with
expression levels 10 times higher than those observed in transgenic plants previ-
ously developed (Carrillo et al. 2001). Mice immunized intraperitoneally with the
transgenic selected plants (100 mg of fresh leaf tissue) developed a strong and
protective antibody response against virulent FMDV.

The use of transgenic plants expressing the antigen protein of FMDV as feed-
stuff additives was first reported by Wang and co-workers (Wang et al. 2008). They
produced transgenic Stylosanthes guianensis cv. Reyan Il plants expressing FMDV
VP1 protein, to levels of 0.1-0.5% total soluble protein (TSP). Mice that were
orally immunized using the transgenic hay meal developed a specific immune
response. A few years later, Rao et al. developed transgenic forage crop Crotalaria
Jjuncea expressing FMDV VP1 proteins of serotypes O and A linked in tandem, and
tested them as bivalent FMD vaccine in guinea pigs (Rao et al. 2012). Animals
were immunized twice with leaf-extracted proteins corresponding to 1 g of the leaf
material or oral fed with 1 g of leaves of the transgenic plants. Guinea pigs reacted
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to orally or parenterally applied vaccine, by humoral as well as cell-mediated
immune responses. Two of three animals (66%) were protected against challenge
with the virus of both serotypes. Guinea pigs immunized with the conventional
inactivated vaccine were fully protected against challenge, and the authors suggest
that this could be due to the presence of conformational epitopes of the capsid
proteins which can induce better immune response, than only 2 sequential epitopes
of VP1 protein.

In another approach, transgenic rice expressing the capsid precursor polypeptide
(P1) of FMDV was generated by Agrobacterium-mediated transformation.
Expression levels of the recombinant P1 protein ranged from 0.6 to 1.3 mg/g of
TSP in transgenic rice leaves, which was sufficient to induce a protective immune
response in mice after four intraperitoneal immunizations with transformed plant
extracts (containing approximately 10 pg of P1 protein). In addition, when mice
were fed with 100 pl of transformed plant extract (containing approximately 10 pg
P1 protein) five times per week for one month, FMDV-specific systemic and
mucosal immune responses were detected, as well as partial virus clearance after
challenge (Wang et al. 2012).

In order to achieve high accumulation of recombinant proteins in plants,
transplastomic technology has also been attempted. In this regard, VP1 recombinant
protein accumulated in tobacco chloroplasts to 3% of TSP (Li et al. 2006b).
Similarly, when a highly immunogenic epitope of VP1 was fused to the BGUS
protein, high accumulation of the recombinant protein was produced in tobacco
transplastomic plants, representing 51% of the soluble proteins in mature leaves
(Lentz et al. 2010). This protein was also found to be immunogenic in mice.

Generally, vaccines based on individual viral proteins rarely present epitopes in
their native conformation, making them less effective than whole virus preparations.
Therefore, this kind of subunit vaccines often require more doses of antigen as well
as adjuvanted delivery systems for immune response stimulation. In order to
improve immunogenicity of subunit vaccines, alternative strategies have been
explored, including the production of polyepitope and empty capsids. In this regard,
an anti-FMD vaccine based on a recombinant protein formed by a set of
well-studied B- and T-cell viral epitopes was developed (Andrianova et al. 2011).
For this purpose, codon-optimized genes encoding B-cell epitopes of the structural
proteins VP4 and VP1, and T-cell epitopes of nonstructural proteins 2C and 3D
were generated and cloned together divided by ‘flexible’ glycine-rich linkers G4S2
to avoid potential problems of protein folding. This recombinant polyepitope
protein (H-PE) was expressed in N. benthamiana plants using a phytovirus
expression system. A single intramuscular injection of guinea pigs with an oil
emulsion containing 120 pg of the purified protein induced the formation of
virus-neutralizing antibodies to the homologous FMD virus and no evidence of
infection was seen after challenge.

The production of recombinant FMDV empty capsids or virus-like particles
(VLPs) requires the simultaneous expression of the capsid precursor P12A and the
protease 3C. This viral protease processes the P12A precursor to generate structural
proteins (VPO, VP3 and VP1), which then self-assemble to form the viral capsid.
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The first attempt towards the production of plant-based FMDV VLPs has been the
expression of the precursor P12A and the viral protease 3C in alfalfa plants (Dus
Santos et al. 2005). Although the formation of FMD VLPs could not be reliably
demonstrated, the administration of 4 doses of 15-20 mg of fresh leaf tissue from
transgenic plants was able to evoke a strong antibody response in mice. In addition,
all animals were protected from FMDV challenge. Likewise, transgenic tomato
plants expressing P12A and 3C were produced (Pan et al. 2008). Although the
expression and processing of the capsid precursor was demonstrated, the authors
could not conclusively determine whether the capsid proteins assembled into VLPs
since an electron microscopy analysis was not performed. However, all guinea pigs
intramuscularly immunized with 3 doses of 50 mg fresh leaf tissue from transgenic
tomato plants developed a virus-specific antibody response and were protected
against challenge infection. More recently, it has been reported the expression of
the P1 precursor modified to contain a CPMV 24K protease recognition site instead
of the native 3C protease, as this is less toxic than 3C when expressed in plants
(Saunders et al. 2009). When the modified P1 precursor was co-expressed with a
CPMV 24K-containig construct in N. benthamiana leaves, the individual capsid
proteins were identified, suggesting the correct cleavage by the CPMV 24k pro-
tease. However, no VLPs were observed by electron microscopy, indicating that
either assembly or stability of FMDV capsids may not be optimal in plant cells
(Thuenemann et al. 2013). Although these reports could not conclusively demon-
strate the formation of VLPs, it is possible that other subviral structures were
present. As mentioned in sect. 2.1, capsid proteins spontaneously assemble to form
the protomer (5S), five of which subsequently form the pentamer (12S), and finally
twelve pentamers assemble into the empty capsid (75S). A critical threshold con-
centration of pentamers is required before capsid formation can occur (Zlotnick and
Stray 2003; Goodwin et al. 2009). Therefore, it is likely that recombinant pentamer
protein yield was below this threshold, or that the VLPs were actually assembled,
but due to instability problems would subsequent dissociate into more stable 12S
pentameric capsid subunits.

4 Established vaccine and alternatives

4.1 Inactivated FMD vaccine

Foot-and-mouth disease vaccines represent the largest share of sales in the veteri-
nary vaccine market worldwide, meaning 26.4% of the entire livestock biological
business (Gay et al. 2003). Routine vaccination against FMD is often applied in
countries or zones recognized as “FMD-free with vaccination” to maintain
FMD-free status, and in endemic countries to control the virus.

Currently, all FMD vaccines are produced by infecting baby hamster kidney-21
(BHK-21) cells with virulent FMDV in roller bottles or in suspension under
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biosecure conditions in large volumes. The virus is harvested, chemically
inactivated with binary ethyleneimine (BEI), concentrated by polyethylene glycol
(PEG) precipitation, and purified by ultrafiltration. Some vaccine manufacturers use
industrial scale chromatography to purify the antigens previously concentrated by
ultrafiltration (Doel 2003). For vaccine formulation, the purified antigen is diluted
with buffers and mixed with either oil or aluminum hydroxide/saponin adjuvants.
The oil-emulsion vaccines are preferred for FMD prevention as they can be used to
protect all susceptible species and are ideal for emergency vaccination, whereas
aluminum hydroxide/saponin-adjuvanted vaccines are not recommended in pigs
due to low efficacy in this species (Cao 2014).

Considering that vaccination with one serotype does not protect against other
serotypes, the antigenic composition of FMD vaccines must represent the epi-
demiological situation of the particular country or region. This is especially
important for endemic areas where several FMD viral subtypes may be circulating
and where vaccination with trivalent vaccines is needed (Parida 2009). This
highlights the importance of surveillance plans in order to know the local strains of
FMD virus circulating in a region.

As mentioned before, the use of this inactivated vaccine has proven to be a
critical component of control and eradication programs worldwide. However, there
are still some concerns and shortcomings, most of them related with the vaccine
production process. Since this process requires the growth of large volumes of
virulent virus, expensive facilities for high biological containment are required for
production. Additionally, there is a constant risk of live virus release from the
manufacturing sites or inadequate inactivation of the virus. A further problem is that
vaccines may contain traces of contaminating viral NSP; these vaccines will
therefore induce the production of antibodies against NSP in the same way as
natural infection, interfering with the NSP-based serological differentiation between
infected and vaccinated animals (DIVA). Furthermore, while inactivated FMD
vaccines are effective in preventing clinical disease, they do not necessarily prevent
viral replication in the epithelial surface of vaccinated animals, which can result in
persistent infection (Alexandersen et al. 2002b), a situation which can be very
costly in lost trade if vaccination is included in the control policy of a country or a
region normally free of FMD. Therefore, although there is no evidence that these
vaccinated carrier animals can transmit virus, their occurrence is one of the main
barriers to implement vaccination in control and eradication of disease outbreaks in
FMD-free countries(Rodriguez and Gay 2011).

Additionally, the FMD vaccine does not induce long-term protective immunity,
requiring multiple vaccinations to control the disease (Rodriguez and Gay 2011).
Other important shortcomings of the inactivated vaccine include the short shelf life,
the need of cold chain from production to delivery, and the difficulty of some
serotypes or subtypes to adapt to cell culture, hindering their production.
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4.1.1 Alternative vaccines

Intensive research has been carried out to achieve the production of alternative and
improved FMD vaccines (Robinson et al. 2016). Different approaches have been
successfully developed, based on attenuated and/or marker (DIVA) inactivated
vaccines, recombinant protein vaccines, synthetic peptide vaccines and empty
capsid vaccines. For a more in-depth review of these novel technologies, see Cao
et al. (2016) and Diaz-San Segundo et al. (2016). The most relevant advances are
summarized in this section.

In general, vaccines based in synthetic peptides or recombinant proteins with a
limited number of antigenic sites have proven poor protection against challenge in
host animals (DiMarchi et al. 1986; Taboga et al. 1997; Sobrino et al. 1999;
Rodriguez et al. 2003). However, promising results were obtained when using
dendrimeric peptides or multi-epitope proteins. A synthetic dendrimeric peptide
containing one copy of a T-cell epitope and branching out into four copies of a
B-cell epitope, elicited B- and T- cell specific immune responses and solid pro-
tection in pigs after two inoculations with 1.4 mg. Interestingly, despite the parental
administration of the peptide, immunized pigs also developed a potent anti-FMDV
immunoglobulin A response (Cubillos et al. 2008). Recently, Blanco and
co-workers reported that a reduced version of the dendrimeric peptide, bearing two
copies of a B-cell epitope from a type O isolate, induced in swine similar or higher
B- and T-cell specific responses than the tetravalent peptide (Blanco et al. 2016).
The bivalent version conferred full protection and entirely prevented virus
shedding.

The commercial company UBI has developed a commercial peptide vaccine
(UBITh® vaccine) for the prevention FMD in pigs, and licensed for use in Taiwan
(www.unitedbiomedical.com). The UBI peptide spans the entire G-H loop and
flanking sequences (amino acid positions 129-169) of VP1, has a unique consensus
sequence to confront the hypervariability of serotype O viruses, and includes an
artificial T helper (Th) site. This design, intended to improve and broaden VP1 G-H
loop peptide immunogenicity, included disulphide bonds between the cysteine
residues at positions 134 and 158 that stabilised the presentation of a flexible G-H
loop-like structure providing a better immunogen than the linear equivalent. This
peptide induced protective immunity against a Taiwanese isolate of FMDV Ol
(Wang et al. 2002). Although this vaccine is now widely used on pig farms in
China, its composition must be adjusted to extend the antigenic spectrum.
Moreover, a subsequent study in cattle revealed that neutralizing antibodies titres
induced by the UBI peptide were relatively low and failed to protect cattle fol-
lowing challenge with a serotype-O strain of FMDV at 3 weeks post-vaccination
(Rodriguez et al. 2003).

Multi-epitope vaccines have also been evaluated. Cao and co-workers developed
a series of multi-epitope proteins containing the G-H loops of three topotypes of
FMDV serotype O and promiscuous artificial Th sites. One of these proteins (B4)
showed optimal immunogenicity and cross-reactivity in a mouse model. When
this protein was co-administered with polyriboinosinic-polyribocytidylic acid
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[poly(I:C)], this vaccine elicited FMDV-specific neutralizing antibodies, IFN-o/f3 as
well as IFN-v, and offered a cross-protection against three topotypes of FMDV
serotype O in pigs (Cao et al. 2013; Cao et al. 2014). Similar results were recently
reported for a multi-epitope vaccine containing epitopes of currently circulating
strains of FMDV serotype A, using cytidine-phosphate-guanosine (CpG) DNA as
adjuvant (Cao et al. 2017). In cattle, both peptide and multi-epitope protein vac-
cines have shown limited efficacy, providing 60 % protection after a single
immunization (Zhang et al. 2015), and 80% protection when CpG DNA and
Montanide ISA-206 were used as adjuvant (Ren et al. 2011).

Protein/peptide vaccines pose no risk as they do not involve infectious virus, are
highly stable at room temperature, can be easily stored and may function as DIVA
vaccines. However, in most cases they are poorly immunogenic, especially for T
cells, requiring additional adjuvants to induce protective immune response based
both on antibodies and effector T cells.

The use of genetically engineered attenuated FMDV viruses to prepare inacti-
vated vaccines was also considered as a safer alternative. Taking into account that
viruses lacking the leader protease coding region (leaderless) are attenuated in vivo,
and that the use of these viruses after chemical inactivation proved to be as effective
as the wild-type inactivated antigen (Mason et al. 1997; Chinsangaram et al. 1998),
Uddowla et al. have reported the design of a vaccine candidate that included the
deletion of the L™, and one of the three 3B coding sequences, rendering a virus
that was attenuated in both cattle and swine. Moreover, this recombinant virus
harbours negative markers for potential DIVA capabilities, encoded in 3D alone or
in 3B and 3D (Uddowla et al. 2012). This attenuated, antigenically marked virus
was chemically inactivated and used to immunize cattle, providing 100% protection
from challenge with parental wild-type virus. Similarly, a marker vaccine with a
deletion within FMDV 3A was constructed using an infectious cDNA clone and
proved to protect pigs against challenge with homologous wild-type FMDV (Li
et al. 2014b). These attenuated viruses might provide a safer antigen for inactivated
FMDV vaccine production, but they can still produce persistent viral infections in
ruminants, and there is also the possibility of recombination of field and vaccine
viruses due to virus escape or incomplete inactivation (Park 2013). This would be
more likely if the attenuation is not stable and complete in all susceptible species.
The use of FMDV empty capsids or VLPs is a very promising alternative that has
been extensively explored. These immunogens have the entire repertoire of
immunogenic epitopes displayed in the correct conformation and in a highly
repetitive manner, enabling the induction of strong humoral and cellular immune
responses (Noad and Roy 2003; Kushnir et al. 2012). In addition, the lack of
genomic material and NSP makes them safe marker vaccines. As mentioned before,
for the production of recombinant FMD VLPs, it is necessary to express the viral
capsid proteins VPO, VP3 and VPI1. This can be achieved by expressing these
proteins individually, or co-expressing the capsid precursor (P12A) and protease
3C, which cleaves this precursor to generate the capsid proteins.

FMD VLPs can be produced in vitro by different expression systems and used as
a subunit vaccine, or they can be produced in vivo following immunization with a
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DNA vaccine or a viral vector vaccine with the genetic material needed for capsid
formation.

Many heterologous expression systems have been used for the production of
recombinant FMD VLPs. Although prokaryotic expression system would not be the
best choice since the correct assembly of FMDV empty capsids requires a
post-translational modification (myristoylation), the SUMO fusion system for the
expression of VPO, VP3 and VP1 in E. coli has been reported by different authors
(Guo et al. 2013; Xiao et al. 2016). Expression of recombinant proteins as fusions
with SUMO (small ubiquitin-like modifier) protein has significantly increased the
yield of difficult-to-express proteins in E, coli, since SUMO usually promotes
correct folding and structural stability of the fusion proteins (Lee et al. 2008). The
co-expression of VPO, VP3, and VP1 assembled successfully into VLPs in vitro,
and provided protection to both swine and cattle (Guo et al. 2013; Xiao et al. 2016).
Since the issue of myristoylation was not addressed in those reports it is unclear
how VLPs have assembled. The SUMO-modified E. coli expression system is
relatively simple and economical, but requires further steps of chromatographic
purification and proteolytic cleavage of the SUMO protein tag to ensure that
structural proteins assembled into particulate structures in vitro (Xiao et al. 2016).
These additional steps significantly reduce final yield and counteract the simplicity
of the bacterial expression system.

The baculovirus expression vector system has been extensively explored for the
production of recombinant FMD VLPs. Li and co-workers reported the use of
recombinant baculoviruses containing P12A-3C coding sequences from serotypes
Asia 1 and A, which produced VLPs in silkworm larvae (Li et al. 2008b) and pupae
(Li et al. 2012), respectively. Cattle vaccinated with these VLPs developed high
titres of FMDV-specific antibodies and were completely protected against virulent
homologous virus challenge. FMD VLPs were also expressed in recombinant
baculovirus-infected insect cells, but protein expression levels and efficiency of
capsid assembly have been highly variable in initial reports (Roosien et al. 1990;
Grubman et al. 1993; Oem et al. 2007; Li et al. 2008b). However, subsequent
studies demonstrated that the down regulation of 3C protease activity, which is
known to be toxic to cells, improved capsid protein expression levels (Porta et al.
2013b; Vivek Srinivas et al. 2016). Moreover, by mutating a single histidine in
VP2, Porta et al. were able to produce stable empty capsids of FMDV A22, that
resisted both heat and acid treatments (Porta et al. 2013a). Cattle vaccinated with
these recombinant capsids showed sustained virus neutralisation titres and protec-
tion from challenge.

Mammalian cell expression systems are the ideal choice to produce recombinant
eukaryotic proteins as they are able to introduce post-translational modifications,
proper protein folding and product assembly, which are essential for complete
biological activity. However, initial attempts to constitutively express the capsid
precursor P12A with 3C protease were unsuccessful (Abrams et al. 1995), probably
due to protease 3C toxicity. Indeed, using a vaccinia virus-based transient
expression system, it has been shown that optimal production of the processed
capsid proteins from P12A precursor (from serotypes O and A) is achieved when
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expression levels of 3C protease or its activity are reduced (Polacek et al. 2013;
Gullberg et al. 2013). Transient gene expression in serum-free suspension-growing
cells for the production of FMDV empty capsids has been recently reported
(Mignaqui et al. 2013). For this purpose, a plasmid encoding the complete cassette
P12A3C from serotype A was transiently transfected into 293-6E cells. The
recombinant proteins were expressed at levels similar to the ones achieved in the
vaccine facilities after BHK-21 infection (approximately 3 pg/ml), and assembled
into VLPs that induced protective immune response against viral challenge in mice.
The absence of serum in the cell culture diminishes the cost of the whole process,
which can be easily scaled up.

Recombinant FMD VLPs as subunit vaccines represent the alternative vaccine
most similar to the current inactivated virus, with the advantage of safe production
and DIVA characteristics.

As mentioned above, DNA vaccines and viral vector vaccines can also be used
to deliver genetic information to express FMD VLPs inside the host cells and
potentially induce both humoral and cell-mediated immune responses. So far, DNA
vaccines have not been very efficient in inducing protective immune responses,
requiring multiple immunizations, the addition of adjuvants and cytokines [e.g.,
granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin 18
(IL-18)] (Cedillo-Barrén et al. 2001; Li et al. 2006a; Mingxiao et al. 2007; Fowler
et al. 2011; Ganges et al. 2011; Borrego et al. 2011) or a prime-boost regime, using
a DNA vaccine for priming and the commercial vaccine for boosting (Li et al.
2008a). Conversely, several viral vectors have been successfully used to produce
FMD VLPs, including herpesvirus, poxvirus, alphavirus and adenovirus. The most
effective and extensively tested platform uses a replication-defective human aden-
ovirus 5 (hAd5) (Mayr et al. 1999; Mayr et al. 2001; Moraes et al. 2002; Wu et al.
2003b; Moraes et al. 2003; Santos et al. 2006; Pena et al. 2008). The use of hAd5
containing the P1 coding region of FMDV A24 and the 3C coding region of A12
(Ad5-24) was evaluated in both swine and cattle. Animals vaccinated with a single
dose of this vaccine were protected from clinical disease after direct inoculation
challenge or contact exposure as early as 7 days post-vaccination (Moraes et al.
2002; Pacheco et al. 2005). During 2012, the Ad5-FMD A24 Cruzeiro (Ad5-24)
vaccine was granted a conditional license for use in cattle in emergency situations
in the United States (Grubman et al. 2012). Since the vaccine lacks the coding
regions of most of NS proteins, vaccinated animals can be distinguished from
infected animals. Moreover, its production does not require high-level biocon-
tainment facilities, allowing its production in biosafety level-2 laboratories in the
United States. The Ad5-based FMD vaccine has been developed for other serotypes
and subtypes, and several of these candidates have successfully completed the
efficacy studies (Grubman et al. 2010). The first generation of the Ad5-O1Campos
(Ad5-01C) vaccine induced lower levels of neutralizing antibodies than Ad5-A24
in swine, and did not protect animals against homologous challenge, even with the
co-administration of porcine GM-CSF as an adjuvant (Caron et al. 2005). A second
generation of AdS5-FMD vectors, containing the full-length 2B coding region
(Ad5-FMD-2B) was constructed for O1C and A24 subtypes, in order to enhance
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the synthesis of viral capsid proteins and the efficiency and/or stability of capsid
assembly. These vaccines have shown to improve vaccine efficacy both in cattle
and swine (Moraes et al. 2011; Grubman et al. 2012).

5 Pathway to commercialization

Many efforts have been made in order to develop new FMD vaccines that meet the
requirements that would be expected for an ideal vaccine, such as safety production,
induction of rapid and long-lasting protective immunity after a single inoculation,
compatibility with DIVA principle, and cost-effectiveness. However, it is unlikely
that a single vaccine would meet all these requirements, and different strategies
could be implemented for different particular cases. For example, emergency
vaccines should be produced with simple and versatile technologies able to match
the field strain responsible for an outbreak as fast as possible, while vaccines for
endemic regions should emphasize cost-effective technologies.

In order to accelerate progress, the Global FMD Research Alliance (GFRA) was
established in 2003. The core of the GFRA is a consortium of research institutions
with the aim of developing a new generation of accessible and efficacious vaccines,
diagnostics and antiviral agents to successfully prevent, control and eradicate FMD.

It is evident that FMD remains a severe threat to the livestock industry world-
wide. Recently, it has been reported that the annual impact of this disease in terms
of production losses and vaccination in endemic regions alone amount to between
USD 6,5 and 21 billion (Knight-Jones and Rushton 2013). It has been estimated
that 2.35 billion doses of FMD vaccine are administered annually in the world, with
the main regions being China (1600 million doses), South America (500 million
doses) and India (150 million doses) (Knight-Jones and Rushton 2013).

In the past few years, favourable government initiatives to control FMD out-
breaks have significantly increased the growth of the global FMD vaccines market.
Additionally, the rising consumption of meat and dairy products across the globe
has further powered the need for FMD vaccines. According to a recent report
published by the Transparency Market Research (2015), the global foot and mouth
disease vaccines market is expected to rise from a valuation of USD 0.51 billion in
2013 to USD 0.95 billion by 2020 (http://www.transparencymarketresearch.com/
foot-mouth-disease-vaccines.html).

There is a general interest for global eradication of FMD, and vaccine-based
eradication has demonstrated to be a feasible strategy regionally that could be
expanded to global application. However, in order to achieve this goal, significant
challenges must be overcome, especially in developing countries. For example, the
need of sustainable and competent veterinary service trained to monitor vaccination
and detect outbreaks; the development of effective surveillance methods to rapidly
confirm clinical suspicions, preferably performed on-site; and vaccine production
technologies significantly less expensive and more flexible (Smith et al. 2014).
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In addition, actual FMD vaccine production has several drawbacks, specially
associated with the large amount of infectious virus that must be manipulated, the
existence of different serotypes and strains that complicates the maintenance of
vaccine stocks and the instability of the formulated vaccine (12-18 months). This
thermal instability is also problematic when vaccines are formulated from frozen
antigen concentrates in vaccine banks, since it is difficult to keep them refrigerated,
especially in poorer parts of the world. The need of expensive high-level
bio-containment facilities and the constant risk of viral escape are undoubtedly
other important disadvantages of the current vaccine production system that have
prompted different countries to prohibit the production of this vaccine in their
mainland.

In this scenario, the implementation of molecular farming for FMD vaccine
production could be easily introduced in the market since it may not require
bio-containment facilities, or these would be less stringent or less expensive.
Moreover, it favors a faster design of new immunogens in case of an eventual
introduction of exotic strains, potentially conceding the optimization of the time for
supplying the market with a product that enables the control of the outbreak.
Additionally, like any other recombinant vaccine would allow the accurate differ-
entiation between vaccinated and infected animals, guaranteeing the control of
outbreaks through sero-epidemiological surveillance programs.

Taking in mind that the immunogenicity of recombinant FMD VLPs has already
been demonstrated, this approach should be the focus in the development of a novel
vaccine against FMD. However, there is still a need to improve expression levels to
move the production of FMDV vaccines in plants closer to the development phase.
Successful commercialization of recombinant veterinary vaccines will require
cooperation with business associates, the creation of a suitable business plan, and
multiple stages of financing. Since the process from research to product registration
can take up to 7 years, the target market should be predicted well in advance, and
the ability for economical scale-up must be assessed to determine whether the
product can be produced cost-effectively at consistent quality. In the field of
plant-based vaccines, intellectual property protection and freedom to operate are
more complicated by the intricacies of the technology, and their requirements are
continually changing. While there are variations between countries in terms of how
plant-based vaccines are regulated, in general, they must be shown to be safe,
efficacious, and environmentally benign in order to gain approval (Macdonald et al.
2015).

Even when considering what was just said, the achievements and ripeness of
molecular farming, especially when large doses of vaccine are required, certainly
makes this production platform one of the most interesting options as an alternative
to the conventional FMDV vaccine.
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Abstract There are a number of diseases which are important globally in terms of
the effect they have on livestock but for which the development of recombinant
plant-produced vaccines is preliminary. For many of these diseases such as bovine
viral diarrhoea (BVD), bovine rotavirus (BRV), bovine herpes (BoH), transmissible
gastroenteritis (TGE) in pigs, infectious bronchitis (IB) in chickens, bluetongue
(BT) in sheep, Rift Valley fever (RVF) in sheep and coccidiosis in chickens,
commercially available live-attenuated or killed vaccines are available. Although
most are effective to varying degrees, there are numerous issues with manufacture
and potential reassortment of the vaccine strains. For some diseases such as bovine
papillomavirus (BPV) infections and Crimean-Congo haemorrhagic fever (CCHF),
there are no commercially available vaccines, and limited studies have been con-
ducted on their development. This chapter discusses some of the research devel-
opments in plant-produced vaccine candidates which have potential for further
development towards commercialisation.

Keywords Preliminary +- BVD - BRV - BoH - TGE - IB - BT
RVF . CCHF - BPV

1 Viral Diseases

1.1 Bovine Viral Diarrhoea (BVD) in Cattle

Bovine viral diarrhoea (BVD) is an infectious disease occurring worldwide. The
causative agent Bovine viral diarrhoea virus (BVDV) belongs to the Pestivirus
genus of the Flaviviridae family and affects mainly cattle. It is a spherical envel-
oped virus with a single-stranded RNA genome encoding at least 4 structural
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proteins: the capsid protein (C), E™ (envelope glycoprotein with RNAse) and two
external glycoproteins (E1 and E2) (Choi et al. 2004). It is persistent in cattle,
causing a range of immunosuppressive symptoms as well as affecting respiratory
functions and fertility (Lanyon et al. 2014). This leads to herd morbidity, and
subsequent financial impact on farmers and the livestock economy. A particular
variant of BVD causes ‘mucosal disease’ which can be transmitted in utero to the
foetus by an antibody-negative mother. Such antibody-negative animals are referred
to as persistently infected (PI). PI animals do not show symptoms of BVD but they
shed large amounts of virus and their young most often succumb to the disease after
making it desirable to terminate any such animal (Brock et al. 2008). Transmission
of BVDV occurs vertically and horizontally by aerosol or through the fecal/oral
route. The virus usually enters mucosal tissue lining the mouth or nose and repli-
cates in the epithelial tissue. It can then be spread via the blood stream and enters
most other types of tissue cells using this route (Lanyon et al. 2014).

Currently used vaccines comprise modified-live viruses (MLV) and killed virus
(KV). MLVs are preferred as they give a broader and longer lasting effect but there are
disadvantages to using them such as the induction of post vaccinal mucosal disease
and immunosuppression (Ridpath 2013). Immunity induced by recommended vac-
cination programmes at the herd level is effective, but problems with the heterogeneity
of the virus leading to genetic drift and subsequent variation in strains have led to the
constant demand for new vaccine strains. This in turn has led researchers to look into
the development of recombinant vaccines (Fulton 2008). Recombinant vaccines
against BVDV have focussed on E2, the major glycoprotein of the virus. E2 has been
shown to be immunogenic and induce neutralising antibodies (Ridpath 2013).
Recombinant E2, or modifications of it, provide cattle with up to 100% protection
against BVDV when produced in animal cells (Pecora et al. 2012; Thomas et al. 2009).

There has also been some work carried out on the development of recombinant
vaccine production in plants. Nelson et al. (2012) cloned a truncated version of the
immunogenic E2 protein (tE2) in N. tabacum. The proteins accumulated up to
20 pg of tE2 per gram of fresh leaves and serum from guinea pigs immunised
subcutaneously with 20 pg doses mixed with adjuvant showed the presence of
neutralizing antibodies. In addition, Aguirreburualde et al. (2013) made transgenic
alfalfa plants which produced a recombinant fusion protein [tE2 fused to a single
chain variable fragment (scFv)] that targets proteins to antigen presenting cells.
Protein yields of up to 1 pg/g fresh weight were reported. Immunogenicity eval-
uation of serum from guinea pigs immunised intramuscularly with leaf extracts
containing 0.2-0.4 pg recombinant E2 showed the induction of a strong neutral-
ising antibody response. In addition, cattle immunised intramuscularly with 3 pg
doses of the product also showed a neutralising antibody response and subsequent
complete protection against infection when challenged with live virus. Interestingly,
Gao et al. (2015) have developed transgenic ginseng hairy root cultures which
express BVDV glycoprotein E2™®. Sika deer were immunised subcutaneously with
transgenic hairy root extracts and serum was shown to contain E2-specific anti-
bodies. There was also a specific cell-mediated response induced as measured by an
increase in phytohaemagglutinin-induced lymphocyte proliferation.
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1.2 Bovine Papillomavirus (BPV) in Cattle

Bovine papillomavirus is caused by a group of double-stranded DNA bovine
papillomaviruses (BPV) belonging to the family Papillomaviridae of which there
are 13 types described to date (Munday 2014). The DNA encodes 3 viral onco-
proteins (E5, E6 and E7) as well as the two structural proteins L1 and L2 which
form the virion capsid (Chen et al. 1982). Generally, BPVs have been shown to be
specific to bovines, but BPV-1 BPV-2 and BTV-13 have been reported to infect
equids as well as bovines (Hamad et al. 2016). The virus is endemic worldwide,
causing benign or malignant tumours in infected mucosa or squamous epithelium,
or in the mesenchyme of embryos. Such symptoms can lead to loss of milk pro-
duction, infertility, and immunosuppression, causing a decline in general animal
health (Love et al. 2012). BPV is spread between cattle by direct or indirect contact
and can also be transmitted by insects. Infection is thought to occur with micro-
trauma and subsequent entry into various tissues including cutaneous and mucosal
epithelium with subsequent disruption of the cell life cycle effected by the BPV ES
protein (Munday 2014).

In 1995, Campo et al. (1995) showed that prophylactic vaccination of animals
with live BPV, stimulated the production of neutralising antibodies and provided
complete protection against live virus challenge. The same group of researchers
also showed that subunit vaccines comprising L1 and L2 antigens of BVP-2 pro-
vided effective prophylaxis and resulted in production of neutralising antibodies
and protection. Another research group describes the vaccination of calves which
induced virus neutralising antibodies and their subsequent protection from infection
when challenged (Borzacchiello and Roperto 2008). The co-expression of L1 and
L2 or L1 alone in mammalian cells results in the assembly of virus-like particles
(VLPs) which are immunogenic, stimulating neutralising antibodies and providing
protection (Kirnbauer et al. 1992). Despite this, there is no commercially available
vaccine against BPV as of yet.

The production of such a recombinant vaccine in plants would be more
appealing as it abrogates the possibilities of contamination with other animal
derived proteins as high sterility tissue culture conditions are required. Love et al.
(2012) have tested the production of BPV VLPs in plants and shown that similar L1
VLPs can be expressed transiently in N. benthamiana on infiltration with
Agrobacterium harbouring BPV-1 cloned into the pEAQ-HT plant expression
vector. Yields were reported to be up to 183 mg/kg fresh weight. Rabbits immu-
nised with 150 pg of L1 VLPs mixed with Freund’s incomplete adjuvant produced
L1-specific IgG.

1.3 Bovine Rotavirus (BRV) Group A Gastroenteritis

Rotavirus A infection of cattle is caused by a double stranded RNA virus belonging
to the Rotavirus genus, family Reoviridae and occurs worldwide. It causes acute
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gastroenteritis and diarrhoea, particularly in young animals which are 1-3 weeks
old, which progresses to increases in morbidity with severe enteritis and mortality
as well as a reduction in growth rate (Dhama et al. 2009). Together with extensive
treatment costs, these factors have lead to serious economic losses for livestock
owners and affected countries. Although clinical signs do not last long, permanent
outbreaks during certain seasons often occur as a result of viral shedding which can
last for up to 3 weeks after infection. Virions are made up of an inner core mostly of
the VP2 capsid protein, a middle layer comprised of the most abundant protein VP6
and 2 other proteins VP7 and VP4 forming the outer layer. The major capsid protein
VP6 is highly immunogenic and contains the common antigens for typing ser-
ogroups of which there are 7 (Papp et al. 2013). The virion is very stable in the
environment and is transmitted by the faecal-oral route and spread by viral shedding
through faeces and water; very low doses are required for infectivity.

Most adult cattle populations are generally BRV positive, and naturally occur-
ring passive immunisation of newborn calves is common by oral ingestion of
colostrum and milk (Saif and Fernandez 1996). However, in modern times,
intensive farming methods, exposure of animals to high concentrations of virus,
early weaning and supplementation of feed with calf concentrates which dilutes
milk antibodies has influenced and reduced the extent of immunity of the herd,
leading to the requirement for vaccines. There are currently commercially available
BRYV maternal vaccines on the market which allow for the parenteral immunisation
of females, which subsequently facilitate passive immunity in newborn calves.
These vaccines comprise of attenuated-live viral strains or inactivated virus which
have been shown to stimulate increased antibody production in mammary secre-
tions of vaccinated females, which protects feeding calves from BRV challenge.
However, limitations to attenuated-live vaccines such as the presence of adventi-
tious agents and the gradual emergence of different serotypes as well as to inacti-
vated vaccines such as alteration of the immunogenic form, make the generation of
recombinant vaccines more favourable. There has also been some development in
generating recombinant BRV vaccines in the form of VLPs. In 1991, Labbé et al.
(1991) were able to produce rotavirus VLPs consisting of the VP2 and VP6 capsid
proteins in a baculovirus expression system.

The production of BRV VLPs in plants seems to have yielded greater success
and there are several examples of research into developing recombinant
plant-produced BRV vaccines (Hammond and Nemchinov 2009; Ruiz et al. 2015).
In 2005 Dong et al. made recombinant VP6 in transgenic alfalfa and orally gavaged
mice with 24 g purified VP6 adjuvanted with CpG (Dong et al. 2005). Serum from
treated mice was shown to have anti-VP6 IgG antibodies and anti-VP6 IgA anti-
bodies isolated from homogenised small intestine, faeces and saliva. Interestingly,
pups born from the immunised mice and subsequently challenged with live rota-
virus showed reduced symptoms of diarrhoea, and reduced intensity and duration of
diarrhoea indicating that immunity had been passively transferred to the pups.

In another study recombinant rotavirus capsid protein VP6 was expressed in
Chenopodium amaranticolor as a result of infection with engineered beet black
scorch virus (BBSV) (Zhou et al. 2010). Partially purified doses of plant leaf extract
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containing 25 pg VP6 and CpG adjuvant was used to gavage mice and analysis of
their mucosal IgA and IgG titres showed high titres when compared to control mice.
Pups born from these immunised mice were challenged with rotavirus and showed a
significant reduction in incidence, severity and duration of diarrhoea indicating that
the plant-produced VP6 provided passive protection against the rotavirus.

In 2006, Saldafia et al. described the production of VP2/VP6 VLPs in transgenic
tomato (Lycopersicon esculentum L.) fruits albeit fairly low (Saldafia et al. 2006).
Serum from mice immunised with lyophilised tomato extract containing 1 pg of
rotavirus proteins and Freund’s adjuvant was shown to contain antibodies against
the proteins but no protection studies were carried out. Yang et al. (2011)
co-expressed rotavirus VP2/VP6 or VP2/VP6/VPT in transgenic tobacco plants. All
proteins were expressed in leaves and both combinations of proteins resulted in the
assembly of VLPs. Oral delivery of semi-purified preparations of VLPs adminis-
tered with CT as an adjuvant showed that although both vaccine candidates induced
raised titres of rotavirus-specific antibodies (IgA and IgG), those mice immunised
with VP2/VP6/VP7 VLPs had higher titres than VP2/VP6 VLPs.

Lentz et al. approached the rotavirus vaccine differently by testing the expression
of VP8* (Lentz et al. 2011). VP4 is one of the outermost capsid proteins and on
infection this is cleaved to produce VP8*—a N-terminal non-glycosylated sialic
acid-recognising domain—and VP5—a C-terminal fragment which remains asso-
ciated with the virion. VP8* is a major determinant of viral infectivity and one of
the neutralising antigens. VP8* was expressed in transplastomic tobacco leaves and
shown to form insoluble aggregates. Both soluble and insoluble fractions of crude
preparations containing 2 pg of VP8* and Marcol adjuvant were used to immunise
mice intraperitoneally. VP8* IgG antibody titres from mice immunised with both
samples were shown to be induced. In addition, both immunogens were shown to
induce virus neutralising antibodies. They were also shown to passively immunise
their offspring as demonstrated by the presence of high levels of IgG antibodies in
pups. Eighty to 100% of the challenged pups were protected from rotavirus chal-
lenge as determined by the absence of diarrhoea.

Wigdorovitz et al. (2004) report the expression of an immunogenic peptide
having a neutralising epitope originating from VP4—eBRV4—in transgenic alfalfa.
This was fused to B-glucuronidase serving as a carrier molecule which, when
injected intraperitoneally with 3 doses into mice as a crude extract adjuvanted with
Freund’s incomplete adjuvant containing 0.5 pg eBRV4, was shown to induce
rotavirus-specific antibodies. Moreover, when fresh leaves containing 6 ng eBRV4
were fed orally to mice once a week 8 times, rotavirus-specific antibodies were
shown to be induced and mice were protected from oral virus challenge.

Matsamura et al. (2002) have reported the expression of rotavirus capsid protein
VP6 in transgenic potato tubers. Intraperioneal immunisation of mice with 2 doses
of adjuvanted potato tuber extract containing 750 ng each of VP6 showed that
anti-VP6-specific antibodies were stimulated.

These very positive results all contribute to the feasibility of producing subunit
rotavirus vaccines in plants.
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1.4 Bovine Herpes (BoH) in Cattle

Bovine herpes virus 1 (BoHV-1) causes a worldwide disorder in cattle referred to as
infectious bovine rhinotracheitis. BHV is a double-stranded DNA virus belonging
to the Varicellovirus genus of the Herpesviridae family. It causes an extensive
range of symptoms including rhinotracheitis, infectious pustular vulvovaginitis,
enteritis, general respiratory disease, encephalitis, decreased milk production,
weight loss and abortion in pregnant cows which is why it is of great concern with
regard to causing severe economic losses (Graham 2013). It affects both adult and
young animals. BoH infects animals through the mucous membranes of either the
upper respiratory or genital tract (Muylkens et al. 2007). Transmission between
animals requires direct contact. The BoH virion encodes 10 glycoproteins, of which
glycoprotein D (gD) is responsible for permissive host cell receptor binding and this
and 3 others are responsible for cell entry.

Current vaccines employed to combat this virus consist of inactivated or mod-
ified live virus (van Drunen 2006). It has been shown that these vaccines are
efficacious in reducing symptoms of infection after challenge, but the challenge
virus can remain latent in host tissue and be re-activated and subsequently excreted,
thereby not eradicating the infection in the herd. In addition, the efficacy of these
types of vaccines in neonates is not as efficacious as in adult animals due to the
functional immaturity of their immune system and difficulty in particular in
mounting a cellular response against BoH which is essential for immunity. This
which has led to the development of recombinant vaccines. Subunit vaccines are
comprised of glycoprotein antigens as these have been shown to be excellent targets
for neutralising antibodies (Alves Dummer et al. 2014)—and have been expressed
in baculovirus, adenovirus and mammalian cell culture systems (Muylkens et al.
2007).

Perez-Filguiera et al. (2003) have expressed glycoprotein D in N. benthamiana
from a TMV-based expression vector. Mice immunised with approximately 4 pg
crude leaf extract mixed with IFA showed specific humoral responses to glyco-
protein D after a single dose. Cattle, which were immunised with approximately
100 pg crude leaf extract also showed a specific antibody response after 2 vacci-
nations. In addition analysis of lymphocytes from PBMCs indicated positive pro-
liferation indices suggesting that the cellular immune response was also stimulated
by this vaccine. Secreted nasal fluids from immunised animals which were sub-
sequently challenged with live virus showed that there were similar amounts of
virus in that of the mice, but that the period of virus shedding in the cattle was by up
to 5 days indicating that the vaccine was protective.
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1.5 Rinderpest in Cattle

Rinderpest, otherwise known as cattle plague, is caused by a single-stranded RNA
Morbillivirus from the Paramyxoviridae family. The RNA encodes the phospho-
protein (P), nucleoprotein (N) and polymerase (L) which are found on the inside of
the virion as well as the matrix protein (M) which forms the outer capsid and the
haemagglutinin neuraminidase (HN) and fusion proteins (F) which form the outer
envelope of the virion (Martin 1986). The virus is highly communicable and is
spread by direct contact, contaminated drinking water and sometimes by aerosol. It
affects mammals including man, but affects mostly ungulates. Symptoms are
characterised by fever, ocular and nasal discharges and morbidity and mortality
rates are high as these primary symptoms lead on to oral and gastrointestinal tract
ulceration, dysentery, diarrhoea, dehydration, and lymphocyte depletion which
causes protein loss and immunosuppression (Roeder et al. 2013). It is thought that
rinderpest originated in Central or South Asia and as a result of human activity,
spread to Europe and Africa. Rinderpest virus (RV) replicates very quickly and is
inactivated quite easily by heat or direct sunlight. After infection, it targets the
lymphatic system as well as the epithelial cells of the respiratory system and gas-
trointestinal tract (OIE 2008a).The virus moves very quickly and symptoms can be
seen as soon as three days post infection.

The first vaccine developed against rinderpest was an attenuated virus cultured in
bovine kidney cells (tissue culture rinderpest vaccine—TCRYV) and was extremely
successful in combatting all clades of the virus with lifelong immunity to cattle with
only a single dose (Plowright and Ferris 1962). Subsequent to that, a more tem-
perature resistant vaccine ThermoVax was developed, and this was used to finally
eradicate rinderpest by 2011 (Roeder et al. 2013). Leading up to the declaration of
final global eradication in 2011, there was some development of recombinant
vaccines against rinderpest. The envelope proteins H (haemagglutinin) and F (fu-
sion) have been expressed in cattle immunised with a disabled human adenovirus
vector Ad 5. These vectors have been shown to result in the expression of
rinderpest-specific proteins which stimulated the production of neutralising anti-
bodies and subsequently the protection of cattle from infection when challenged
with live virus (Cosby and Yamanouchi 2006).

Prior to the declaration of final eradication in 2011, Khandelwal et al. described
the generation of transgenic peanut plants (Arachis hypogea L.) expressing the
RPV H protein (Khandelwal et al. 2004). Mice immunised intraperitoneally with
10 pg H together with IFA elicited H-specific antibodies which neutralised virus
in vitro. Oral immunisation of mice elicited H-specific IgG and IgA antibodies. The
same group carried out oral immunisation of cattle with transgenic peanut leaves
expressing H protein. Serum from immunised cattle was shown to contain
H-specific antibodies as well as neutralising and cross-neutralising activity
(Khandelwal et al. 2003).

Around the same time, Sathyavathi et al. (2003) published a report on the
expression of RPV H protein in transgenic pigeon pea plants (Cajanus cajan (L.)
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Millsp.), yielding levels of 0.1-0.49% of total soluble protein. However, no
immunogenicity tests were carried out.

1.6 Transmissible Gastroenteritis (TGE) in Pigs

Transmissible gastroenteritis is a highly contagious disease causing severe acute
diarrhoea in newborn piglets which results in very high mortality rates of less than
two-week old animals (Saif et al. 1994). It is caused by transmissible gastroenteritis
virus (TGEV), a single-stranded RNA virus which belongs to the Coronavirus
genus of the family Coronaviridae. 1t is widespread, causing severe economic
losses to pig farmers. The virus infects the enterocytes of the small intestine where
it multiplies and causes enteritis (OIE 2008b). The M protein in an integral
membrane protein and the gS (spike) glycoprotein occurs on the surface of the
virion (Laude et al. 1990).

The current commercially available vaccine used to treat TGEV is a modified
live virus. The gS glycoprotein is responsible for inducing neutralising antibodies.
However, further development has progressed on recombinant vaccines produced in
mammalian expression vectors which have been shown to promote systemic and
mucosal immunity as well as passive immunity to suckling piglets (Hammond and
Nemchinov 2009).

There are also several examples of plant-produced proteins which have been
tested as vaccines against TGEV. Gomez et al. (1998) made transgenic Arabidopsis
encoding the full-length gS protein or the N-terminal domain of gS shown to be
neutralising (N-gS). Serum from mice inoculated with these proteins showed
virus-specific neutralisation and immunoprecipitation in vitro. Gémez et al. (2000)
also made transgenic potato plants expressing N-gS. Tuber extracts inoculated into
mice induced TGEV-specific IgG. Oral immunisation of mice with the same
antigen was also shown to stimulate serum antibodies specific to gS. Tuboly et al.
(2000) similarly expressed truncated TGEV protein regions expressed in transgenic
tobacco and immunised pigs which showed TGEV-specific immune responses.
Lamphear et al. (2002, 2004) describe the production of an oral TGEV vaccine
candidate produced in corn which when milled and fed to pigs, boosted antibody
levels in their serum, colostrum and milk.

1.7 Infectious Bronchitis (IB) in Chickens

Infectious bronchitis in young chickens is an acute and highly contagious respi-
ratory disease caused by infectious bronchitis virus (IBV), a gamma Coronavirus
belonging to family Coronaviridae (Jackwood 2012). Apart from affecting the
upper respiratory tract, it can also affect the reproductive tract, and some strains can
cause nephritis. Infections cause weight loss, decreased egg production, general
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poor performance of flocks and high morbidity (Bande et al. 2015). Inhaled IBV
infects the respiratory tissues and replicates mainly in the upper respiratory tract
(Raj and Jones 1997). The virus is then disseminated to other tissues and is
epitheliotropic, entering the epithelial cells of primarily respiratory organ tissue but
can move on to reproductive regions, kidneys and the intestine, causing permanent
damage and dysfunction of the infected organs. IBV consists of 3 major structural
proteins, S (spike), M (membrane) and N (nucleoprotein). The S protein is cleaved
into the S1 and S2 forms which associate to form spikes on the virus surface. This is
the protein which has been shown to be immunogenic.

IB is typically controlled with serotype-specific vaccines which are either
live-attenuated or killed (Bande et al. 2015). But the problem with IBV is that there
are more than 20 different serotypes, and even more variants, and there is little
cross-protection between the vaccines. The constant evolution of new variants can
cause the disappearance of others, requiring a constant demand for new serotype
specific vaccines. The potential risk of reversion to virulence by live-attenuated
vaccine strains and the weaker immune response and subsequent requirement for
multiple dosing schedules has led to some development of recombinant vaccines
involving expression of the S protein as this has been shown to have stimulate virus
neutralisation (Cavanagh et al. 1986). Some research being carried out on the
production of recombinant vaccines (Bande et al. 2015) include S1 protein pro-
duction using a baculovirus expression system (Song et al. 1998) as well as a
recombinant fowl adenovirus (Johnson et al. 2003) that has been shown to stimulate
virus-neutralising antibodies and provide protective immunity in chickens.

Zhou et al. (2004) have shown that 2.5-5 pg transgenic potato tuber extract
expressing the full length IBV S1 protein induced the production of virus neu-
tralising antibodies and provided up to 85% protection in chickens when challenged
with live IBV. In addition, cell mediated immunity which is considered to con-
tribute to protective immunity against IBV was also stimulated, as measured by
T-cell proliferations and an increase in chlL-2 levels.

1.8 Bluetongue (BT) Disease in Sheep

Bluetongue disease is caused by the Bluetongue virus (BTV) belonging to the
Orbivirus genus of the Reoviridae family (Sperlova and Zendulkova 2011). It is a
double-stranded RNA virus with the virion having a double capsid composed of 3
protein shells: the inner layer composed of capsid protein VP3, the intermediate
layer composed of capsid protein VP5 and the outer layer composed of capsid
protein VP2 and VP7 (Mertens et al. 2004). It is a non-contagious, infectious
disease affecting ruminants and camelids and is transmitted by midges of the
Culicoides genus. Up until 2014, 26 different serotypes had been recorded (Maan
et al. 2012) but a 27th serotype has more recently been identified and sequenced
(Jenckel et al. 2015). The presence of BTV was first recorded in South Africa at the
end of the 18th century. Traditionally it has been known to be present in a region
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spanning 40°N and 35°S which corresponded to the geographical distribution of the
midges responsible for its transmission (Carpenter et al. 2008). It has become much
more of a concern recently however, due to global warming which is thought to
have favoured the survival of the midges over the colder winter periods. Thus the
current distribution of BTV outbreaks has recently shown to extend beyond the
previously recorded region and has been predicted to broaden in Africa, Russia and
the United states with future-climate predictions (Samy and Peterson 2016).
Bluetongue affects sheep the most with acute, chronic or subclinical conditions.
Clinical signs are usually lameness, swelling, infertility and in severe cases, death.
Goats are less frequently infected, rarely showing clinical signs of the disease
although if they do, symptoms are less severe. Cattle act more as reservoir hosts and
clinical signs of infection are rare, except those infected with BTV serotype 8 which
has been reported to have caused elevated numbers of morbidity, fertility and
mortality (Elbers et al. 2009). Virus is introduced into animals through the bite of an
infected midge and directed to the lymph nodes which are the site of initial viral
replication. Virus is then circulated in the blood, infecting secondary organs
including additional lymph nodes, the spleen and lungs. Pathogenesis is charac-
terised by small blood vessel injury to the target tissues which leads to increased
vascular permeability and subsequent oedema and effusions (Maclachlan et al.
2009).

There are currently two types of vaccines available for prophylactic immuni-
sation of animals: live attenuated vaccines and inactivated vaccines. The vaccines
are serotype-specific so it is important to establish which serotype is responsible for
circulation in a specific area. Until recently, live attenuated vaccines were the only
ones available, and multivalent preparations are currently still used in regions such
as South Africa. Although these are effective, they are temperature sensitive and
show poor protection against heterologous BTV serotypes. More concerning
however, is the fact that these vaccines can result in negative clinical signs such as
bluetongue, abortion, a reduction in milk production and foetal malformation in
pregnant ewes (Bhanuprakash et al. 2009). There is also the possibility of reversion
to virulence or viral reassortment which could generate a more virulent strain virus
(Sperlova and Zendulkova 2011). Inactivated vaccines are reliable and protective
and prevent clinical disease from developing but are fairly expensive to produce
and animals require re-vaccination. They have been predominantly used in various
outbreaks experienced in Europe (Zientara et al. 2010).

Recombinant vaccines could help abrogate the use of live inactivated virus and
provide a less expensive alternative to killed vaccines. Such vaccines include
recombinant viral vector vaccines, subunit vaccines and virus-like particles (VLPs).
French et al. (1990) and Roy (1992) were able to show that co-expression of the 4
BTV capsid proteins in insect cells using a baculovirus expression system resulted
in the production of assembled VLPs, with the major immunogenic determinant
VP2 being presented on the outer shell. Inoculation of animals with these and those
representing other BTV serotypes showed that they were immunogenic and pro-
tective (Stewart et al. 2012) against BTV challenge. However, this product is not
very scalable and is fairly costly to implement.
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There has been some progress with developing the production of a BTV ser-
otype 8 VLP vaccine in plants using transient expression in N. benthamiana
(Thuenemann et al. 2013; van Zyl et al. 2016). The 4 BTV capsid proteins were
cloned into a pEAQ-HT expression vector (Sainsbury et al. 2009) and co-infiltrated
into N. benthamiana leaves using recombinant Agrobacterium. All four proteins
were expressed and TEM analysis of purified extracts from harvested leaves
showed that all 4 proteins assembled into VLPs. It was estimated that yields were
approximately 70 mg VLPs per kg fresh leaf weight. Purified preparations of the
VLPs at 50 pg per dose combined with IFA injected into sheep with a second
booster dose at 28 days post initial injection induced a strong immune response and
provided protective immunity in sheep challenged with a BTV serotype 8 strain.
However, this method of purification of VLPs (centrifugation) is not very scalable.

1.9 Rift Valley Fever (RVF) in Ruminants

Rift Valley Fever (RVF) is a zoonotic infectious disease which primarily affects
ruminants. It is caused by Rift Valley fever virus (RVFV) which was first identified
in 1930 in the Rift Valley in Kenya when it caused an outbreak of disease in
sheep. RVFV is an enveloped negative-stranded RNA virus with a tripartite gen-
ome belonging to the Phlebovirus genus in the Bunyaviridae family (Pepin et al.
2010). It has a lipid bilayer composed of glycoproteins G, and G, encapsidating
the RNA-associated ribonucleoproteins (RNPs) and RNA polymerase (L). The
virus was restricted to sub-Saharan Africa prior to the middle 1970s but has now
become endemic to parts of Africa and the Arabian Peninsula and is considered an
emerging virus. (Pepin et al. 2010). Symptoms of infection in ruminants vary
between different animal species but include the occurrence of near simultaneous
abortions in pregnant animals, high neonatal mortality, hepatic damage and
deformed young. RVFV is predominantly spread by mosquitoes although it can be
harboured by a few other vectors such as ticks and sandflies. Infections in animals
occur predominantly as a result of bites from mosquitoes carrying the virus but can
also be spread by direct contact with infected animal tissues and fluids. This is the
main route by which humans are infected, severe cases of which lead to jaundice,
neurological disease or haemorrhagic complications and possible fatalities (Pepin
et al. 2010).

The spread of RVFV can be prevented by vaccination of animals and humans
but development of safe and effective vaccines has been difficult (Bouloy and Flick
2009; Ikegami and Makino 2009). Live attenuated vaccines such as the Smithburn
strain have been used extensively for livestock vaccination programmes, but still
cause undesirable symptoms in pregnant animals and could easily revert or mutate
to a more virulent strain. Research has been carried out using inactivated viral
strains but these are expensive to produce and require multiple doses and boosters
for immunity to be maintained in animals. The formalin-inactivated vaccine
TSI-GSD-200 is only used for veterinary workers in endemic regions, high
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containment lab workers and others at high risk for contracting RVFV. It is not
commercially available, but is used for veterinarians who work in areas endemic to
RVFYV as well as for others who are at high risk of contracting the disease including
lab workers in high containment areas. Like the other live attenuated vaccines, this
vaccine is expensive, difficult to make and requires multiple doses and boosters for
efficacious immunity, making routine immunisation of animals impractical (Bouloy
and Flick 2009).

The RVFV glycoproteins G, and G,, have been shown to be the antigenic
determinants for stimulating neutralising antibodies which provide immunity to the
disease. This discovery has enabled several recombinant vaccine candidates to be
developed. Expression vectors such as the Venezuelan equine encephalitis (VEEV)
vector and the lumpy skin disease virus (LSDV) vector (Wallace et al. 2006) have
been used to generate RVFV glycoproteins which have elicited RVFV-specific
immune responses in and provided protection against RFVF challenge in animals.

RVFV virus like particles (VLPs) are also a possible candidate for vaccination
against RVF as they are stable, they may be more immunogenic than recombinant
proteins alone and they maintain their conformational epitopes which induce
neutralising antibodies. By expressing RVFV nucleocapsid (N) and glycoproteins
(G,-G) together in a dual baculovirus expression vector, (Liu et al. 2008) showed
that enveloped VLPs resembling wildtype RVFV virions could be produced. VLPs
were also produced by the dual baculovirus vector system with N and G, alone.
These VLPs were more pleomorphic than the VLPs comprised of both glycopro-
teins. Habjan et al (2009) have produced RVFV VLPs in mammalian cells by
co-expressing recombinant RVFV polymerase and nucleocapsid protein together
with a minireplicon RNA and additional expression of the viral glycoproteins
(Habjan et al. 2009). These have been shown to protect mice from a lethal challenge
of RVFV (Nislund et al. 2009).

Interestingly, De Boer et al. (2010) have shown that RVFV VLPs can be pro-
duced in a Drosophila insect cell system expressing the G, and G, proteins alone.
Furthermore, these VLPs have been shown to provide 100% protection of mice
when challenged with wildtype virus. This type of vaccine lacking the N protein is
desirable as this can help with distinguishing between infected and vaccinated
animals (DIVA) using diagnostic kits. De Boer et al. also tested the effect of soluble
G, in vaccinated mice and were able to show that full protection was afforded from
lethal challenge with RVFV.

Some preliminary studies have been carried out on the immunogenicity of
plant-produced RVFV antigens. Kalbina et al. made transgenic Arabidopsis plants
expressing RVFV G, (deletion mutant) and RVFV N (Kalbina et al. 2016). Leaves
containing these proteins were fed to mice orally and mouse serum was shown to
have elevated titres of antigen-specific IgG, suggesting that they are immunogenic.
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1.10 Crimean-Congo Haemorrhagic Fever (CCHFY)

CCHF is a zoonotic disease caused by Crimean-Congo haemorrhagic fever virus
(CCHFV) belonging to the genus Nairovirus, family Bunyaviridae (Whitehouse
2004). Similar to RVFV, it is an enveloped RNA virus with a lipid bilayer of
glycoproteins G, and G, encapsidating the RNA-associated ribonucleoproteins
(RNPs) and polymerase (L). CCHF is a highly contagious disease which infects a
large variety of vertebrates including sheep, goats, cattle, large wild herbivores,
hares and hedgehogs (Bente et al. 2013). There are also numerous bird species that
have been shown to have antibodies to CCHFV although they are refractory to
infection, as well as one instance of CCHFV antibodies found in a tortoise (reptile).
However these animals generally show no symptoms of the disease, but develop
sufficient viraemia to support transmission of the virus to uninfected ticks which
then bite and infect humans. The distribution of the disease tends to follow the
geographical range of this vector. Humans are the only host of CCHFV in which
disease is manifested except for newborn mice. Humans also become infected by
handling crushed, infected ticks and by direct contact with infected blood or tissue
of animals or humans harbouring the virus. The disease is endemic in more than 30
countries in Africa, Asia, southeast Europe and the Middle East and it has recently
emerged in areas previously free from the disease such as Turkey. CCHF is a
notifiable disease as outbreaks have epidemic potential which constitutes a public
health threat, they have a high fatality ratio, nosocomial outbreaks are extremely
prevalent, the virus is potentially a bioterrorism agent and treatment and prevention
of the disease is difficult. Ticks harbouring CCHFV bite animals and humans and
the virus is transported in the bloodstream and absorbed into permissive cells
(Bente et al. 2013).

There are currently no commercial vaccines available against CCHFV.
However, due to the desire for a vaccine which is universally acceptable for use,
and that can be used to inoculate animals which are the main carriers of the virus
and responsible for the disease outbreaks and thereby reducing the CCHFV num-
bers within their populations, some progress has been made in their development.

Initially, a formalin-inactivated vaccine which was developed in Russia in the
1960s from suckling mouse brains for humans (Hoogstraal 1979). It was shown to
induce neutralising antibodies in humans. This vaccine was licensed in Bulgaria for
prophylactic use on people who work in army units, medical workers, agricultural
workers and people living in CCHF endemic regions. Use of this vaccine is
reported to have reduced CCHF cases in Bulgaria (Christova et al. 2010) however,
this vaccine is not used in any other country in Europe due to concerns that its
production in mouse brains may induce autoimmune or allergic responses in
humans. In addition, it requires maximum containment facilities to generate virions
for inactivation, and this is costly. Another type of treatment used in Russia,
Bulgaria and several other countries is administration of anti-CCHF
immunoglobulin derived from convalescent serum by intramuscular injection or
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intravenously (Keshtkar-Jahromi et al. 2011). CCHF patients treated with conva-
lescent serum recovered from their illness.

Despite these measures of vaccination and treatment, there is currently no uni-
versally accepted method of prophylaxis against CCHF and not much work done on
the prevention of CCHFV in animals. Development of alternative vaccines has been
hampered by the lack of information on immunogenic epitopes of CCHFV as well
as the lack of a CCHF animal model to test efficacy. The use of newborn mice
which are naturally affected as models are questionable, as they are very susceptible
to a wide array of pathogens and may not be that useful as a disease model.
However, recent research in the USA has yielded 2 animal models which have the
potential for use in testing vaccines. These models are both knockout mice models
which are sensitive to CCHFV infection (Keshtkar-Jahromi et al. 2011) and should
encourage further development in the CCHFV vaccine research field.

Very little research on alternative vaccine platforms has been published. Zhou
et al. (2011) report the production of CCHF N protein virus like particles (VLPs) in
a baculovirus-insect cell expression system with the intention of testing their
immunogenicity in mice. Spik et al. (2006) have shown that a DNA vaccine
containing the CCHF M segment (encoding G, and G,) elicits neutralizing anti-
bodies in vaccinated mice as well as antibodies that are able to react with G,, and G,
proteins.

A small amount of work has been conducted on the production of CCHFV
vaccine candidates in plants. Ghiasi et al. (2012) report the production of a CCHFV
glycoprotein (G,G.) in transgenic tobacco plants. Serum from Balb/C mice which
were orally immunised with leaves or roots containing 5-20 pg of recombinant
glycoprotein combined with Freund’s adjuvant showed an increase in
anti-glycoprotein antibodies, although these are not ideal models for the disease.

1.11 Rabbit Haemorrhagic Fever (RHF)

Rabbit haemorrhagic fever is a lethal disease of rabbits caused by the virus rabbit
haemorrhagic disease virus, a member of the Lagovirus genus of the Caliciviridae
family (Abrantes et al. 2012). It is a non-enveloped RNA virus having an outer
capsid made up of the major structural protein VP60 which encapsidates several
non-structural proteins including RND dependent polymerase, helicase and a pro-
tease. The virions are extremely resistant and stable in the environment and cause
acute necrotising hepatitis, as well as haemorrhaging in other organs. Infection
causes death within 48-72 h of necrotising hepatitis. Outbreaks of this disease
consequently have a severe effect on the rabbit meat and fur industry. It enters
through the oral, nasal or conjunctival routes in animals and usually infects host
cells through the upper respiratory or digestive tracts (Abrantes et al. 2012).
Currently, rabbits can be vaccinated using formalin-inactivated liver homo-
genates of liver-infected individuals. RHV capsid protein VP60 has been shown to
be immunogenic and injection with recombinant baculovirus-produced VP60 or
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VP60 fusion proteins has been shown to protect immunised rabbits from lethal
challenge with the virus (Hammond and Nemchinov 2009).

Fernandez et al. showed that the VP60 polypeptide could be produced in
Nicotiana clevelandii using a plum pox potyvirus (PPV) based vector
(Fernandez-Fernandez et al. 2001). Rabbits injected subcutaneously with leaf
extracts containing recombinant VP60 showed an immune response and were
protected when intranasally challenged with RHDV. Castanon et al. (1999) made
transgenic potato plants expressing VP60 and immunised rabbits parenterally with
leaf extract containing 12 pg recombinant VP60 mixed with Freund’s adjuvant.
High anti-VP60 titres were measured in the rabbit serum and rabbits were fully
protected when challenged with live virus. In addition, Martin-Alonso et al. (2003)
showed that VP60 could be expressed in transgenic potato tubers yielding up to
3.5 pg VP60 per mg total soluble protein (TSP). Oral immunisation of rabbits with
Iyophilised potato extract containing up to 500 pg per dose was only partially
effective in inducing immunity and protection when rabbits were challenged with
live virus.

2 Parasitic Diseases

2.1 Coccidiosis in Chickens

Coccidiosis is a disease of chickens caused by protozoan parasites which belong to
the Eimeria genus (Shirley et al. 2005). It is a diarrhoeal disease, causing large
poultry losses, particularly in the US. Transmission of the parasite is via the
oral-faecal route. Oocysts of Eimeria are ingested by chickens and infect the gut
where they undergo asexual and sexual reproductive phases. Developing oocysts
are shed in the faeces, whereupon they undergo meiosis on contact with oxygen and
moisture, and are then re-ingested by animals for sporozoite release in the intestine
(Shirley et al. 2005).

Interestingly, infection with Eimeria has been shown to lead to lifelong
immunity to the particular species of Eimeria infecting the host. Hence, commer-
cially available live attenuated vaccines comprising specific Eimeria genera have
been developed and are routinely used in chick hatcheries (Price 2012), although
they are not cross-protective (Shirley et al. 2005). However, efficacy, stability
issues, quality control and the cost effectiveness of making live attenuated vaccine
strains have led to some developments in recombinant Eimeriid vaccines. The
highly complex nature of the Eimeriid life-cycle and the difficulty in identification
of specific antigens that protect against infection as well as the method of delivery
of the vaccine have presented problems however with the development of recom-
binant vaccines (Shirley et al. 2007). To date, the most studied recombinant vaccine
antigens have been those associated with the most motile and functionally impor-
tant parasite cycle stages. Proteins associated with the subcellular organelles
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micronemes, EtMIC1 and EtMIC2 are some of the most extensively studied
(Shivaramaiah et al. 2014).

Sathish et al. (2011) have successfully transiently expressed the E. tenella
microneme (MIC) protein EtMIC2 in N. tabacum. Immunisation of chicks with
50 pg of adjuvanted EtMIC2 with one primary and 2 boosts 2 weeks apart showed
the stimulation of high serum-specific IgG titres as well as induction of a specific
IFN-Y response. Immunised birds were also challenged and showed an increase in
weight, compared to control birds. The same group have also produced recombi-
nant EtMIC1 and tested its ability to stimulate an immune response in birds as a
monovalent vaccine as well as in combination with plant-produced EtMIC2
(Sathish et al. 2012).

Zimmerman et al. (2009) describe the development of a plant-made recombinant
antibody to be used against coccidiosis. They identified an anti-Eimeria scFv from a
mouse phage display library when panning with proteins extracted from various
developmental stages of the parasite. The scFv-encoding gene was cloned into a
vector for the generation of transgenic pea plants (Vicia faba—Fodder pea). Pea
seeds from the transgenic plants were dried, ground up and force-fed to chickens
infected with Eimeria containing 1 mg scFv in pea seed flour doses.

3 Conclusion

There are several vaccine candidates targeting domestic animals that could poten-
tially be produced in plants. Most candidates discussed in this chapter were suc-
cessful in not only producing neutralising antibodies in vaccinated animals but
protecting animals challenged with the corresponding virus, suggesting that the
plant expression route could have potential for production of vaccines, thereby
circumventing the biosafety levels required for live virus handling as well as other
problems such as reassortment.
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