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Abstract

Bluetongue virus (BTV) infects ruminants but predominantly causes severe and often fatal
haemorrhagic fever, known as Bluetongue (BT) disease, in sheep. Increasing global temperatures have
contributed to the global dissemination of BTV. This is a result of the Culicoides insect vectors which
function optimally in warm and wet climates. In South Africa, the eradication and control of BTV is
made difficult due to the circulation of 21 of the 28 known serotypes and their limited serological cross-
reactivity. Current vaccine strategies include live attenuated and inactivated vaccines. Although they
have been successful in protecting animals, there are many limitations and risks associated with these
vaccine strategies such as reversion to virulence, re-assortment and short-lasting immunity. There is
thus a need for vaccines that are safe, scalable, economically viable and effective against multiple
serotypes.

A variety of recombinant BTV vaccine strategies have been developed which address and improve
upon some of the limitations of the commercially available vaccine strategies. One of the most
promising strategies is that of the virus-like particle (VLP). BTV VLPs comprise four structural proteins,
namely VP2, VP3, VP5 and VP7. VP2 is highly immunogenic and is responsible for eliciting neutralising
antibodies against the virus. Although a number of different BTV VLPs have been produced in
traditional protein expression systems, such as insect cells, these production methods are considered
too expensive to compete with those of the commercial vaccines. This has led to the consideration of
plants as an alternative vaccine expression system. Plants are easily scaled up, upstream processes are
cost effective, they are easy to work with, and do not require sterile environments and expensive
infrastructure to maintain. A number of studies have shown that when the four major BTV structural
proteins are transiently co-expressed in Nicotiana benthamiana, they self-assemble into VLPs which
can be used as vaccines to protect animals against homologous serotypes.

The aim of this study was to develop and compare two different particulate BTV candidate vaccines
made in plants and determine their ability to elicit specific immunity in guinea pigs. The first vaccine
approach was to develop a chimeric BTV VLP vaccine. This was achieved by substituting the
immunogenic tip domain of the VP2 gene of BTV serotype 8 (BTV8) with that of the corresponding
domain of BTV serotype 1 (BTV1) generating a chimeric VP2 which, when co-expressed in plants with
the remaining BTV8 VP3, VP5 and VP7, resulted in chimeric BTV1/8 VLPs. The second approach
involved the display of the immunogenic BTV1 VP2 tip domain on a capsid protein particle. Here, the
domain was displayed on the surface of the bacteriophage AP205 particle through the application of
the SpyTag (ST)/SpyCatcher (SC) bioconjugation method. It was anticipated that these vaccine
candidates would be safe to use and allow for rapid production and scalability. Moreover, only a small
fragment of the BTV8 VP2 gene would need to be modified to allow for a VLP to be made against a
new serotype.

Chimeric BTV1/8 VLP protein expression in plants, VLP extraction, and purification protocols were
optimised using previously made homologous BTV8 VLPs for comparison. Plants were vacuum co-
infiltrated with the chimeric BTV1/8 VP2 protein and the BTV8 VP3, VP5 and VP7 proteins. Protein was
extracted from the plants and VLPs were subsequently purified by density gradient ultracentrifugation.
The VLP proteins were detected on Western blots and Coomassie-stained gels. These methods were
optimised to maximise protein yields by increasing the salt concentration of the extraction and



purification buffer, maintaining an alkaline pH throughout the extraction and maturation process and
harvesting at five days post-infiltration. Transmission electron microscopy (TEM) confirmed the
presence of a mixture of core-like particles (CLPs), assembly intermediates and fully formed VLPs.
These optimised methods were sufficient to produce high enough yields of BTV8 and BTV1/8 VLPs with
protein yields of 35mg/kg fresh leaf weight (FLW) and 34mg/kg FLW, respectively, to be used in
immunogenicity trials in guinea pigs.

The alternative vaccine strategy involved the display of the BTV1 VP2 tip domain on phage AP205
particles. We utilised the ST/SC antigen display technology for the display of the BTV1 antigenic tip
domain on the surface of the AP205 capsid. ST was fused to the N-terminal of the AP205 protein (ST-
AP205) while SC was fused to the C-terminal of the BTV1 VP2 tip domain used in the chimeric VLPs
(BTV1Tip-SC). Both components were expressed in plants and extracted and purified separately before
combining for in vitro coupling. The ST-AP205 particles were purified by density gradient
ultracentrifugation while the BTV1Tip-SC proteins were purified by nickel affinity chromatography. The
purified components were coupled in vitro in a molar ratio of 1:3 (ST-AP205:BTV1Tip-SC). The 60kDa
coupled complex was detected on Western blots and Coomassie gels with an estimated protein
concentration of approximately 0.03ug/ulL and a coupling efficiency of 44%.

Finally, since there was insufficient coupled protein product for immunisation doses, only the
immunogenicity of the plant produced chimeric BTV1/8 VLPs compared with the BTV8 VLPs were
tested. Five guinea pigs per vaccine group (BTV8 VLPs and chimeric BTV1/8 VLPs) were immunised with
15ug of the appropriate vaccine and boosted 13 days later. Serum was collected 41 days post
immunisation and used to determine whether there was an immunogenic response to the vaccines by
Western blotting and indirect enzyme-linked immunosorbent assays (ELISAs). This preliminary
immunogenicity trial found that both VLP candidate vaccines induced an immune response in guinea
pigs. While the BTV1 VP2 tip display vaccine strategy still requires further optimisation to generate
more dose-appropriate yields, the VLP vaccine strategy tested here shows great potential for further
development into a BTV vaccine candidate that is safe, scalable and has potential for multivalency.
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Chapter 1: Literature Review

1.1 Bluetongue Virus and Disease
1.1.1 Classification

Bluetongue virus (BTV) is a non-enveloped dsRNA virus that is classified as being part of the Reoviridae
family and Orbivirus genus. BTV is the type species of Orbiviruses: it has a dsSRNA genome consisting of
10 segments encapsulated by an icosahedral protein capsid (Mertens et al., 2004). It is an arthropod-
borne virus which is transmitted by haematophagous Culicoides spp. midges. This midge also transmits
the similar and economically relevant African horse sickness virus (AHSV) (Mellor, 2000).

1.1.2 Diversity of serotypes

The eradication and control of BTV is a challenge due to the existence of at least 28 different serotypes
and their limited serological cross-reactivity (Rao et al., 2017, Belbis et al., 2017, Bumbarov et al.,
2020). Serotypes are determined by the variability of segment 2 of the genome which translates into
the VP2 protein. A virus belongs to a specific serotype if the antibodies induced by said virus are able
to neutralise viruses known to belong to the specific serotype (Rao et al., 2017).

South Africa continues to have the greatest diversity of BTV with at least 21 serotypes in circulation
and approximately 3-5 serotypes involved in each seasonal outbreak. This is likely a result of changes
in herd immunity to the serotypes (Coetzee et al., 2012). Although BTV was first described in South
Africa (SA) in 1880 (Verwoerd, 2012) and was endemic there until 1943 when an outbreak was
reported in Cyprus (Rao et al., 2017), it is likely that the virus had been circulating in wild ruminants
before it was first reported. Since then the virus has spread via the Culicoides insect vector, and less
often by transported animals and meat, to all continents except Antarctica (Maclachlan, 2010).
Dispersal can also occur passively when the midges become aerial plankton in strong winds (Mellor et
al., 2000). The same serotype in different parts of the world is not necessarily identical. There are
certain geographical regions that are separated enough to allow for nucleotide sequence variation
within the genome of a serotype. These strains are called topotypes and are typically regarded as either
Western or Eastern (Maan et al., 2010).

1.1.3 Transmission

BTV distribution is dependent on that of the female Culicoides midge. Although these midges are the
smallest hematophagous flies measuring at 1-3mm in length, over 50 arboviruses have been isolated
from Culicoides species including AHSV, epizootic haemorrhagic disease (EHD) virus and BTV (Mellor
et al., 2000). Their activity levels are affected by light intensity, temperature and wind speed (Mellor
et al., 2000). Increasing global temperatures due to climate change have contributed to the global
dissemination of BTV which is explained by the capacity of the insect vectors to function optimally in
warm and wet climates (Dommergues et al., 2019, El Moustaid et al., 2021). Outbreaks of Bluetongue
disease (BT) occur seasonally, usually around late summer and autumn, when there are large
populations of the vector (Coetzee et al. 2012).

Specific vector-competent species are responsible for the transmission of BTV. The predominant
vector species differs according to region. In Africa, C. imicola is the major vector for BTV with
numerous isolations in SA, Zimbabwe, Kenya and Sudan. In South Africa the predominant vector



species include C. imicola and C. bolitinos (Coetzee et al., 2012). The presence of C. imicola in these
regions and surrounds is indicative of the presence of BTV (Mellor, 1990). However, there are regions
in Europe, for example, where C. imicola is not present and different species are responsible for
transmission (Maclachlan, 2011). C. bolitinos is a major vector found in colder regions as it more
effectively supports BTV replication at low temperatures (Venter et al., 1994).

Midges become carriers of BTV when taking a blood-meal from infected ruminants and ruminants
become infected when fed on by midges carrying BTV. When the midge takes a blood-meal, the virus
replicates both in the mesenteron cells of the gut and in the salivary glands of the insect (Mellor, 2000).
The viral concentration rises until 7-9 days post-infection after which it plateaus and remains for the
duration of the insect’s life. At this stage, the viral load is approximately 10° to 10*-fold greater than at
the day of infection. Transmission to ruminants occurs around 10-14 days post infection once the virus
has replicated within the midge’s salivary glands (Mellor, 2000).

There is evidence, however, that BTV can, under certain circumstances, spread via seminal fluid or
across the placenta. Saegerman et al. found that trans-placental infection took place in sheep naturally
infected with BTVS. Virus was found in aborted foetuses which had foetal malformations. Antibodies
for BTV8 were found in viable lambs before colostrum intake. Trans-placental infection thus could
allow for over-wintering in pregnant sheep and their lambs during the colder months when there is
low vector transmission (Saegerman et al., 2011). This kind of transmission has also been found to
occur in cattle (De Clercq et al., 2008, Menzies et al., 2008)

1.1.4 Infection

Sub-clinical infection is common amongst cattle and goats whereas sheep are more likely to develop
clinical disease that is severe and often fatal (Schwartz-Cornil et al., 2008). Cattle and several other
ruminants are considered to act as natural reservoir hosts as they often do not develop symptoms yet
have high levels and longer periods of viremia than sheep (Caporale et al., 2014). It has been found
that this is a result of the virus’s ability to persist in indentations within the cell membranes of non-
replicating lymphocytes and erythrocytes. Here the virus is not accessible to neutralising antibodies
and the virus can persist without causing major cell damage (Brewer et al., 1994, Maclachlan, 1994).
This makes it difficult to eradicate the virus completely as these animals allow overwintering to occur
and are often excluded from vaccine regimes.

Once a ruminant is infected with BTV, the virus is transported from the skin to the draining lymph
nodes in migratory dendritic cells (DCs). Here the virus undergoes primary replication. DCs can be
infected and support viral replication while simultaneously carrying out their normal function of
inducing an immune response. Thus, dissemination can occur via DCs and the virus can spread to
secondary sites of infection such as the lungs, liver and spleen (Hemati et al. 2009). In addition to DCs,
BTV primarily replicates in mononuclear phagocytes and endothelial cells and is able to persist in
erythrocytes (Schwartz-Cornil et al., 2008).

1.1.5 Symptoms

Bluetongue disease (BT) is described as a haemorrhagic fever but clinical signs can range from mild to
severe depending on the serotype of the virus and on the age and health status of the host (Schwartz-
Cornil et al., 2008). Common clinical signs include pyrexia, lethargy, haemorrhage into the lymph
nodes, heart and lungs and necrosis of oro-nasal mucosal surfaces and the alimentary organs. A



cyanotic blue tongue, from which the virus gets its name, is occasionally observed in sheep (Schwartz-
Cornil et al., 2008, Caporale et al., 2014).

1.1.6 Structure

The structure of the virus facilitates the ability to infect and replicate within specific host cells. BTV is
an icosahedral virus with three concentric capsid layers which surround the ten dsRNA segments
present in the viral core (Figure 1.1) (Nason et al. 2004).

VP2 Outer shell
P5

VP7
Middle shell

VP3
Inner shell

VPI
Polymerase

VP4

Capping
enzyme

dsRNA segments VPé6 helicase

Figure 1.1: Structure of Bluetongue virus. The viral capsid surrounds the ten dsRNA segments in the viral core.
The inner shell consists of VP3. Associated with the inner shell are the RNA-dependent RNA polymerase VP1, the
capping enzyme VP4 and the viral helicase VP6. The VP3 layer is surrounded by the VP7 middle shell. The outer
shell consists of VP2 and VP5. Reprinted by permission from Springer, Nature Reviews Microbiology, Prospects
for improved bluetongue vaccines (Roy et al., 2009).

The outer capsid (shell) is made up of the major structural proteins VP2 and VP5. The highly variable
VP2 protein determines the serotype of the virus and contains the antigenic determinants which
induce the neutralising antibody response. Its role in viral entry involves binding to cellular receptors
and initiating receptor mediated endocytosis (Forzan et al., 2004). VP5 has similar structural properties
to fusion proteins of enveloped viruses. Its major role is in membrane permeabilization, enabling the
release of the viral core into the cytoplasm of the host cell (Forzan et al., 2007).

The inner capsid structure comprises more conserved proteins: the major structural protein VP7,
forming the middle shell, VP3 forming the inner shell, and the three minor proteins VP1, VP4 and VP6
associated with the inner shell (Figure 1.1). VP3 and VP7 are important structural proteins which aid
in the assembly and stability of the viral particle while VP1, VP4 and VP6 are responsible for
transcription of the genome (Roy et al., 2009). The viral particle is approximately 73nm in diameter
with a 69nm core and the VP2 proteins which add approximately 4nm to its diameter (Hewat et al.,
1992, Grimes et al., 1997).



1.1.7 Viral entry

It has been shown that viral entry via VP2 receptor-mediated endocytosis involving clathrin-coated
pits, facilitates enclosure of the virus within an early endosome (Figure 1.2). The lower pH in the
endosome results in degradation of VP2 which exposes VP5. Progression into the late endosome and
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Figure 1.2: Replication cycle of Bluetongue virus. VP2 facilitates viral entry via sialic acid attachment
followed by clathrin mediated endocytosis. The clathrin coated pits are transported into the endosome
where the acidic pH mediates VP5 permeabilisation leading to the core particle entering the host cell
cytosol. Transcription and translation take place. NS1 forms tubules and NS2 forms the viral inclusion
body containing components for viral core assembly. Complete core particles are trafficked, by
interaction with NS3, in exocytotic vesicles during which VP5 and VP2 bind to form complete virions.
Particles exit by budding, mediated by Tsg101 and NS3, or by host cell lysis. Reprinted from Virus
Research, Volume 182, Patel, A. & Roy, P., The molecular biology of Bluetongue virus replication, pg
5-20, with permission from Elsevier (Patel et al., 2014).

a further drop in pH results in VP5 changing conformation and initiating membrane fusion and the
release of the viral core into the cytoplasm so that transcription, translation and assembly of viral
particles can occur (Forzan et al.,, 2007, Zhang et al., 2016). The non-structural (NS) proteins are
important for assisting in these processes. NS1 is a tubular protein which enhances the translation of
viral proteins. NS2 facilitates the formation of viral inclusion bodies which then recruit the components
required for genomic packaging and assembly of the core particle. Once the core is assembled, it is
released from the inclusion body and NS3 and NS3A take over. These two isoforms facilitate the final
steps of exocytosis and aid in trafficking and release of mature virions from the host cell. The Tsg101
protein interacts with NS3 to mediate the budding of the virions from the cell (Patel et al., 2014).



1.2 Global and Local Prevalence of BTV
1.2.1 Distribution of serotypes and outbreaks

The Culicoides vector has facilitated the global spread of BTV which now exists on all continents except
Antarctica (Maclachlan, 2010). In 1998 BTV spread throughout the Mediterranean basin and initiated
one of the biggest outbreaks of BTV yet and the first to occur in Europe. Over the course of the
outbreak (1998 — 2001) approximately 300 000 sheep died either from disease or because they
became infected and subsequently had to be killed to prevent further spread (Mellor et al., 2002). The
outbreak affected at least 10 countries in the Mediterranean basin, including Greece, Italy and Tunisia,
many of which had not detected BTV ever before. Regions which have not been previously affected by
BTV allow for the rapid spread of the virus and are often involved in facilitating outbreaks as they have
not implemented the necessary prevention strategies (Carpenter et al., 2009). This is one of the
reasons why there are very strict trade restrictions in these areas. Each subsequent year of the
outbreak meant further spread of the virus via the Culicoides vectors from the Greek islands where it
was initially detected in 1998. By 2001 four serotypes had been detected (BTV9, BTV4, BTV16 and
BTV2). Monovalent vaccines for each serotype were ordered from South Africa and used on both cattle
and sheep (Savini et al., 2008). The outbreak of BTV2 in Italy in 2000 resulted in the death of 90 000
sheep. This was a long and costly outbreak that made Europe more aware of the devastating effects
of this virus.

Another devastating outbreak also occurred in Europe but included the northern regions of the
continent. This outbreak began in 2006 in the Netherlands with BTV8 which was found to have a sub-
Saharan origin (Flannery et al.,, 2019). This was the first detection of BTV8 in northern Europe
(Carpenter et al., 2009). Although there was loss of livestock in 2006, the virus re-emerged in 2007 and
resulted in severe loss, including cattle. It was assumed that the virus which had not caused severe
damage in 2006 would not be able to overwinter. Only when the damage of the outbreak became
apparent in 2007, after considerable economic devastation, were prevention strategies applied. Trade
restrictions were implemented and vaccine strategies were investigated to reduce transmission. By
2009 there were only sporadic cases of BTV in Europe (Flannery et al., 2019). Despite the available
technology, an inactivated vaccine was only produced late in 2007, almost 2 years into the outbreak.
Because the virus spread to areas it had not been found before, it was difficult for authorities to
convince veterinarians to look out for early signs of the disease. It resulted in the most severe economic
damage caused by a single serotype of the virus (Zientara et al., 2013). During this time new serotypes
BTV6 and BTV11 were detected in the Netherlands and Belgium, respectively. It was thought that these
strains were derived from illegal modified live virus (MLV) vaccine strains (Zientara et al., 2013).

More recently in 2015 there was an outbreak of BTV8 in France. It progressively spread throughout
the country over two years. When compared to the 2007 outbreak, this re-emerging strain did not
spread as fast and mainly caused mild symptoms. However, it only differs from the 2007 strain by 11
amino acids. It is postulated that it is a re-emerging strain that had been circulating asymptomatically
in wildlife (Flannery et al., 2019). Its attenuation may be a result of selective pressure occurring within
the hosts during replication. Presently, BTVS is still widely prevalent in Europe with 70 outbreaks of
BTVS8 occurring in 2020 and BTV1, BTV2, BTV4 BTV9 and BTV16 also being detected (Niedbalski, 2022).
Additionally, the number of BTV serotypes is continuously expanding as a 29" BTV serotype was
recently described in China (Yang et al., 2021).



1.2.2 Economic and agricultural impact

The sheep farming industry is economically important in many countries due to the products derived
from sheep such as wool, meat, dairy products and leather. BTV causes direct economic loss as a result
of mortality and morbidity as well as trade restrictions which may have greater financial implications
than direct livestock loss. Indirect economic impact occurs through the cost of surveillance, prevention
strategies and vaccines (Caporale et al., 2010, Coetzee et al., 2012, Gethmann et al., 2020).

In order to mitigate the impact of BTV on the economy, surveillance for the disease needs to be
consistently carried out. This will allow for quicker epidemiological predictions and accelerate the
distribution of relevant serotype-specific vaccines.

1.3 Diagnostics

In the early stages of an outbreak there needs to be basic data collected about the virus and its vector
so that the epidemiology can be predicted and relevant vaccines can be developed sooner (Carpenter
et al., 2009). The diagnosis of BTV in both livestock and wild ruminants plays an important role in the
selection of appropriate vaccine strategies during an outbreak as well as determining when an area is
virus-free to allow for resumed trade. Diagnostic assays need to have the ability to identify both the
BTV serogroup amongst its close relatives as well as the specific serotypes circulating in a given region
(Rojas et al., 2019). Because BTV is antigenically related to other Orbiviruses, specifically AHSV and
EHD, diagnostic methods need to be accurate and reliable in differentiating BTV from these other
Orbiviruses (Rojas et al., 2019). Serogroup detection usually makes use of the highly conserved BTV
VP7 protein while serotype detection makes use of the highly variable VP2 protein which has the
greatest sequence variation between serotypes (Rojas et al., 2019). This is also important as most
vaccines are serotype specific and thus a diagnosis is required to determine which serotype/s need to
be included in a vaccine strategy (Maan et al., 2016). The more efficiently the diagnosis can be made,
the more rapidly the vaccine can be produced and distributed. There are a variety of different
diagnostic assays that are used commercially that have several limitations often involving expense and
accessibility for use in the field (Mohandas et al., 2015). Diagnostic strategies are grouped into two
main categories: Antigen detection and antibody detection (Rojas et al., 2019).

1.3.1 Virus isolation and characterisation

This involves the isolation of viruses from samples of blood, semen or tissue (Afshar, 1994). Once the
virus is isolated, it can then be characterised. Reverse transcription PCR (RT-PCR) is the most common
strategy used to detect the virus as well as ELISA assays in some cases.

Immunofluorescent detection is often used to determine the serogroup through the use of monoclonal
antibodies which specifically bind VP7 (Pini et al., 1966, Blacksell et al., 1993). Immunoperoxidase
strategies are used for detection in fixed cells and tissues (Wechsler et al., 1990). Competitive ELISAs
are a similar strategy which make use of multiple antibodies for detection (el Hussein et al., 1989).
Although this is highly sensitive there are commonly false negative results and cross reactivity occurs
between serotypes (Hamblin, 2004). This can result in an underestimation of the number of infected
animals (Anthony et al., 2004).

The early PCR methods made use of reverse transcription PCR. They were sensitive and specific tests
that were ideal for detecting the BTV RNA directly without the requirement of viral isolation (Anthony



et al., 2004). However, initially this test could not detect all of the BTV serotypes and had a tendency
to give false negatives (Anthony et al., 2004, Vandenbussche et al., 2010). Improvements were made
in this diagnostic method with the introduction of a multiplex system which included internal and
external control systems - for example the triplex RT-gPCR method (Vandenbussche et al., 2010). In
2014 a quantitative real-time RT-PCR assay was developed which was able to detect 26 BTV serotypes
by detection of segment 9 of the genome (Maan et al., 2015). It was shown to be a highly sensitive and
specific assay that has become a valuable diagnostic tool (Maan et al., 2015). In 2016, the same group
described a type-specific real-time RT-PCR assay which made use of a Tagman fluorescence probe.
Serotype-specific primer sets were designed for each known serotype. This method was found to be
highly specific but does, in some cases, result in false negatives and would need to be updated regularly
to ensure maintenance of sensitivity when sequences change or new isolates are reported (Maan et
al., 2016).

1.3.2 Antibody detection

Antibody detection relies on the serological response which occurs 7-14 days after infection (Stott et
al., 1985). When identifying the serogroup often an ELISA is used. Before the use of the ELISA, agar gel
immunodiffusion was used but this test has low sensitivity and specificity and is not the preferred
method (Della-porta et al., 1985). Both indirect and competitive ELISAs are used in serogroup
identification. The indirect assay is reliable and robust and, in addition to VP7, NS3 can also be used as
an antigen (Kramps et al., 2008, Barros et al., 2009a). The competitive ELISA typically makes use of the
conserved VP7 antigen to detect antibodies (Afshar et al., 1987). It is often used to determine whether
an area is virus-free in order for international trade to resume (Hamblin, 2004). Although different
variations of the ELISA have different advantages and are more appropriate under certain conditions,
epidemiological scenarios and field conditions can have an effect on the reliability and accuracy of the
test (Diaz-Cao et al., 2020). The origin of the sample, for example, can affect accuracy of a test. A
sample from a live animal will be a more reliable diagnosis than one from a dead animal that has been
through a freeze thaw cycle. When comparing the accuracy of tests these factors need to be
considered (Diaz-Cao et al., 2020).

The serum neutralisation test (SNT) is used to detect serotype specific antibodies in order to determine
the serotypes present once the serogroup has been identified. This is a highly specific test as it does
not cross-react with other Orbivirus serogroups and can specifically identify serotypes in a sample. It
can also be a good way to declare an area BTV-free or to plan eradication policies however, it is a time-
consuming and inefficient method (Anthony et al., 2004, Rojas et al., 2019).

Similar to vaccine strategies there is no one-size-fits-all approach to virus detection and diagnosis.
There are many tests that are commercially available and the test that is used in a given scenario needs
to be informed by the environment and aim of the diagnosis. Many of the tests can also be used in
combination to confirm diagnoses and increase reliability of the results.

Once virus characterisation has been completed, the appropriate control strategy can be put into
place. Vaccination is the most effective way to control BTV and prevent the devastating economic
losses that can result from a BT outbreak (Erasmus, 1975, Dungu et al., 2004). An important
consideration in both diagnostics and vaccine development is that of the ability to differentiate
infected from vaccinated animals (DIVA). DIVA compliant vaccines will allow for safe trade to occur
between countries regardless of whether BTV has affected them or not. These vaccines can facilitate



surveillance during outbreaks especially in those animals that experience sub-clinical infection (Van
Oirschot, 1999). Other important considerations include vaccines that are quick to make, effective
against multiple serotypes and affordable (van Rijn, 2019). Although there are commercially available
vaccines that have been effective, there are still improvements to be made based on the limitations of
these existing strategies.

1.4 Current Commercial Vaccine Strategies
1.4.1 Modified-live vaccines

Because BT was first described in South Africa, a number of MLV vaccines were developed locally. The
global commercially available MLV is produced by Onderstepoort Biological Products (OBP) in Pretoria,
South Africa (Feenstra et al., 2017). Attenuation of viruses is achieved by passage of the virus through
embryonated chicken eggs and thereafter in tissue culture. This allows for the selection of attenuated
or avirulent strains that have a reduced ability to infect and replicate in natural hosts (Dungu et al.,
2004).

The OBP MLV strategy includes three separate pentavalent vaccines which cumulatively include
attenuated strains of 15 serotypes (Bottle A, B and C). Each bottle contains five serotypes and is
administered 3 weeks apart. An annual booster vaccination is also required. The most attenuated
strains (Bottle A) are injected first to decrease the risk of the less attenuated strains (Bottle C) causing
disease (Feenstra et al., 2017). This vaccine strategy has been successful in South Africa (Dungu et al.,
2004) and has also helped in the control of BTV in Europe (Breard et al., 2004, Patta et al., 2004). It is
an effective strategy that is cheap, induces both humoral and cellular responses, requires a low dose
and prevents BT and circulation of the serotypes included (Feenstra et al., 2017). There are, however,
a number of limitations. MLVs have a high potential to revert back to virulence or undergo
reassortment with field strains or other vaccine strains (Batten et al., 2008, Nomikou et al., 2015). They
cannot be used in pregnant animals as they result in abortions or congenital deformities (De Clercq et
al., 2008, Savini et al., 2014). Additionally, it has been shown that the vaccine virus strains can spread
via Culicoides to unvaccinated animals (Ferrari et al., 2005). Despite the use of MLVs, imposed trade
restrictions because of outbreaks still remain, as it is impossible to differentiate between infected and
vaccinated animals (it is not DIVA compliant). Because of the numerous drawbacks of the MLV vaccine
strategy, inactivated vaccines were developed.

1.4.2 Inactivated vaccines

When severe BTV outbreaks began in Europe in 2006, there was a high demand for inactivated (whole-
killed) vaccines as MLVs were deemed too risky (Feenstra et al., 2017). Inactivation is achieved through
heat, UV radiation and most commonly via chemical methods (Mayo et al., 2017). Inactivated vaccines
consist of viral strains that are non-infectious and unable to replicate but are still recognised by the
immune system and induce an immune response. The success of these vaccines is evident by the
decrease in outbreaks in Europe after mass vaccination (Patta et al., 2004, Zientara et al., 2013).
Multiple studies have shown that these vaccines provide protection for at least a year (Wackerlin et
al., 2010, Batten et al., 2013) and that they elicit high titres of neutralising antibodies and reduce BTV
transmission (McVey et al., 2015). It has also been found that inactivated vaccines are safe for use in
gestating animals (van der Sluijs et al., 2012). The disadvantage of inactivated vaccines is that
immunogenicity is short-lasting and thus a higher and more frequent dose is required, making
vaccination more costly (Hund et al., 2012). In addition, these vaccines are relatively unstable and have



a short half-life (McVey et al., 2015). They have a greater potential for DIVA compliancy than MLVs as
there are significantly higher levels of the non-structural protein NS3 in infected, non-vaccinated
animals (Barros et al., 2009a). This, however, is not definitely indicative of an animal’s infection status.

1.5 Recombinant Vaccine Strategies
Although the current vaccine strategies have had success in decreasing circulation of BTV and

protecting animals from disease (Table 1.1), the drawbacks that accompany their use has encouraged
the development of several recombinant vaccine strategies in an attempt to overcome the limitations
associated with current commercial BTV vaccines as well as to ensure DIVA compliance.

Table 1.1: Criteria fulfilled by each of the currently available BTV vaccine strategies. ‘+’ indicates
degree of fulfillment and ‘=" means the criterion is not fulfilled. Image under the Creative Commons
Attribution (CC-BY) license (Feenstra et al., 2017).

. Onset of Duration of Animal Environmental
Vaccine . urati . ! vi DIVA Cost/dose
Immunity Immunity Safety Safety
MLV +++ +++ + - - +4++
Inactivated + ++ +++ +++ + +

1.5.1 Serotyped vaccines

The best method for creating vaccines that are easily scalable and quick to adapt to an outbreak of any
serotype, has been the use of reverse genetics for the synthesis of serotyped vaccines. Serotyped
vaccines include either the backbone of an MLV or an inactivated vaccine virus with an adjuvant. This
strategy takes advantage of the already tissue-culture-adapted backbone of a vaccine strain such as
BTV1. A study by Nunes et al. investigated the vaccine potential of 16 serotypes using the BTV1 genetic
backbone. Not all the serotypes were stable and successful but many did prevent viremia when sheep
were challenged with a homologous serotype (Nunes et al., 2014). Even more promising, a chimeric
strain of BTV1 was synthesised where part of the BTV1 VP2 sequence was replaced with part of the
BTV8 VP2 sequence. This vaccine was cross-neutralised by both BTV1 and BTV8 sheep antisera and
thus it can be speculated that there are multiple epitopes present on the VP2 protein (Nunes et al.,
2014). The same serotyped vaccine strategy has been applied using already synthesised MLV strains
known to be safe for use in vaccines (van Gennip et al., 2012, Feenstra et al., 2015).

1.5.2 Viral vector vaccines

A number of strategies involving viral vectors have proven to be promising vaccine candidates. Many
of these strategies involve viruses, such as poxviruses or adenoviruses, that do not infect ruminants
and have been attenuated and modified to express specific BTV proteins (Boone et al., 2007, Perrin et
al., 2007, Calvo-Pinilla et al., 2009, Calvo-Pinilla et al., 2012). For example, chicken embryo fibroblasts
are first infected with the wildtype virus (e.g. pox) and subsequently transfected with plasmid vectors
containing the BTV genes of interest (Li et al., 2015). The recombinant viruses, selected after plaque
assay, are then used to infect the host (Calvo-Pinilla et al., 2012, Li et al., 2015).



It has been found that priming with a DNA vaccine first and then boosting with a recombinant viral
vaccine results in good immune responses, especially T-cell mediated immunity (Li et al., 2015). The
DNA is able to deliver the antigens directly to the MHC Class | pathway to induce cytotoxic T
lymphocytes (CTLs) and the recombinant viruses induce interferon and interleukin expression and a
strong humoral response (Calvo-Pinilla et al., 2012). Martin et al. showed that using a recombinant
virus vaccine only will provide partial protection but not sterile immunity (Martin et al., 2015). A study
by Li et al. found that a DNA prime and a recombinant fowlpox virus (rFPV) boost expressing VP2 and
VP5 of BTV1 elicits a stronger immune response than either a DNA prime-boost or a recombinant
prime-boost strategy (Li et al., 2015).

Calvo-Pinilla et al. produced a viral vector vaccine from the modified vaccinia virus Ankara (MVA). They
used a DNA prime-recombinant MVA boost strategy to compare the immune responses elicited when
either VP2 and VPS5 or VP2, VPS5 and VP7 of BTV4 were included in the vaccines. IFNAR ) (knockout
for type 1 interferon receptor) mice were used as a model organism, as challenge with BTV is lethal in
these mice. When the DNA and rMVA vaccines only contained VP2 and VP5, there was partial
protection against BTV4 challenge. When VP7 was included, there was 100% survival and protection
in the mice. Although both methods induced similar levels of neutralising antibodies, when VP7 was
incorporated there was a strong humoral and T-cell response (Calvo-Pinilla et al., 2009). These results
indicate that inclusion of VP2, VP5 and VP7 in the vaccine combination was necessary to have a
complete and sterile protective effect.

In a very similar study, the same strategy was employed but instead of VP5, the non-structural protein
NS1 was included with VP2 and VP7. They found that in addition to complete protection against a
lethal dose of BTV4, the IFNAR” mice were also protected against BTV8 and BTV1 challenge (Calvo-
Pinilla et al., 2012). The NS1 protein is highly conserved across the BTV serotypes and thus elicits a
strong cellular immune response to multiple serotypes. This is a promising result which indicates that
it may be possible to have cross-protection against multiple serotypes in a single vaccine. However,
the strategy needs to be evaluated in sheep before it can be concluded that it has the same effect in
BTV’s natural hosts.

Another approach to producing multivalent vaccines is to include antigens from different serotypes in
a single dose. Rojas et al. explored this strategy by expressing VP7 of BTV8 and VP2 of BTV1 through a
recombinant replication-deficient human adenovirus (serotype 5) (Rojas et al., 2021). Mice immunised
with the vaccine were protected against both BTV1 and BTV8 and were partially protected against
heterlogous BTV4.

These vaccine strategies are a step forward from the currently available vaccines. They induce both
humoral and cellular immune responses and are able to prevent BT but still have DIVA capability as
not all proteins, such as NS3 or VP7, are included in the vaccine. There are, however, some drawbacks.
The requirement of 2 doses makes the strategy costly and it creates a risk that there is an immune
response to the viral vector. The DNA prime-recombinant vector boost method has potential to rectify
this problem.

1.5.3 DISC and DISA vaccines

Disabled Infectious Single-Cycle (DISC) vaccines are another example of live recombinant vaccines.
These include BTV strains that have deletions in key genes. The commonly used DISC vaccine lacks the
VP6 coding gene which is essential for viral replication (Matsuo et al., 2011, Celma et al., 2013). This
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vaccine can thus infect host cells at the natural sites of infection but cannot replicate and cause
viremia. The vaccine still induces an immune response and neutralising antibodies are synthesised
(Matsuo et al., 2011, Celma et al., 2013).

DISC vaccines often contain BTV1 mutants which have a BTV1 genetic backbone with a deletion of VP6
but have DNA segments S2 and S6, which code for VP2 and VP5 respectively, from a different serotype.
Matsuo et al. recovered reassortant disabled BTV1 viruses in a complimentary cell line that expresses
VP6 (BSR9). The reassortant viruses have the BTV1 mutant genetic background but express VP2 and
VP5 of BTV8. When transfected into wildtype BSR cells, structural and non-structural proteins were
detected and neutralising antibodies were produced with no viral replication or synthesis of infectious
particles. When evaluated in sheep, all vaccinated animals had detectable neutralising antibodies
seven days post vaccination with no assembly or maturation of viruses. The sheep did not develop any
clinical sighs when challenged with BTV8. This held true when only one dose was given (Matsuo et al.,
2011).

In a similar study, Celma et al. found that after a single dose there was a weak humoral response and
only after a second booster vaccine do the animals seroconvert. They also showed that if a multivalent
cocktail vaccine is made up of viruses expressing VP2 and VP5 of different serotypes, neutralising
antibodies are detected for each of the serotypes included in the vaccine (Celma et al., 2013). This
shows promise for developing multivalent vaccines. The DISC vaccine strategy allows for the rapid
production of vaccines since the same genetic backbone can be used for all serotypes. The DIVA
capability is only possible if the VP6 protein is completely deleted and there is an appropriate detection
method available.

A similar vaccine strategy is that of the Disabled Infectious Single-Animal (DISA) vaccine. These are
based on MLV strains which have been mutated to have a deletion in the non-structural proteins NS3
and NS3a. This modification means that they are able to replicate locally but cannot be released from
the infected cell (van Gennip et al., 2014). For example, a DISA vaccine consisting of a mutated BTV6
strain where the VP2 segment is exchanged for that of the BTVS8 serotype is effective. This strategy has
been tested successfully on vaccinated sheep challenged with BTV8 (Feenstra et al., 2014). The appeal
of this vaccine strategy is the lack of the NS3/NS3a proteins. This omission makes the virus avirulent,
have low levels of viremia and an inability to spread through the insect vector (Feenstra et al., 2014,
Feenstra et al., 2015). Furthermore, NS3/NS3a proteins typically supress interferon induction and thus
their absence may improve the anti-viral response. The use of NS3-based enzyme-linked
immunosorbent assays (ELISAs) makes this DIVA competent. Although these ELISAs are not yet
commercially available, a proof of concept has been developed (Tacken et al., 2015). A cocktail DISA
vaccine consisting of viruses with the same genetic backbone but different serotype specific VP2
proteins would be safe to use as there would not be a risk of reassortment. Additionally, the dose
required for protection is slightly lower than that required in MLVs (Feenstra et al., 2017). It has been
shown that a 72 amino acid deletion in the NS3 sequence is sufficient for preventing viral replication
in the insect vectors. This vacccine is safe and provides long lasting protection in cattle (van Rijn et al.,
2021).

Recently, research has focused on the inactive recombinant vaccine strategies. These vaccines include
manipulated forms of the virus consisting of specific BTV proteins.
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1.5.4 Subunit vaccines

Subunit vaccines comprise viral protein components and are a DIVA capable method of vaccination.
They only include the parts of the virus that will elicit protective immunity (Feenstra et al., 2017). These
vaccines are created by expressing specific BTV genes from plasmid vectors often via a baculovirus
expression system in Sf9 cells or via expression in Escherichia coli (E. coli). The proteins are purified
from these cells and, usually with the inclusion of an adjuvant, they are administered as a vaccine
(Anderson et al., 2013). The proteins included in the vaccine are not necessarily from the same
serotype.

Anderson et al. created a subunit vaccine constituting VP2 of BTV8 and NS1 and NS2 of BTV2 where
each protein was expressed and purified separately and added in equal concentrations to make up the
final vaccine. This vaccine was compared to a commercially available inactivated vaccine by testing the
immune response in sheep. Both vaccines induced similar neutralising antibody reponses but the
specific antibody response against each of the subunit components was greater in the subunit vaccine.
The NS1 protein elicited a specific T-cell mediated response after both vaccines. Both NS1 and NS2
induced cross-serotype immune responses (Anderson et al., 2013). Subunit vaccines thus have the
potential to be developed as multivalent vaccines. The advantage over the inactivated vaccine is the
ability to induce a stronger specific antibody response that lasts longer. Furthermore, the lack of the
VP7 protein creates DIVA compliancy.

Another subunit vaccine was developed using a similar bacterial expression system. Here,
combinations of different proteins, in addition to VP2, were tested to determine the vaccine with the
best efficacy. The inclusion of VP7 did not improve the immune response and was excluded to allow
for DIVA competancy. The presense or absence of VP5 did have a significant affect on the neutralising
antibody reponse. The interaction between VP5 and VP2 seems to enhance this response. Thus the
vaccine including VP2 and VP5 was deemed the best vaccine for protection against BTV challenge in
mice (Mohd Jaafar et al., 2014).

Legisa et al. used the baculovirus insect cell expression system to create subunit vaccines either
comprising VP2 of BTV4 alone or VP2 of BTV4 fused to an antigen presenting cell homing molecule
(APCH). These APCH-VP2 subunit vaccines target VP2 to the antigen presenting cells (APCs) to improve
the immune response. When IFNAR™") mice were challenged with BTV4, the mice vaccinated with the
APCH-VP2 vaccine had a higher titer of neutralising antibodies and a stronger CD4+ and CD8+ specific
immune repsonse than the VP2 vaccinated mice (Legisa et al., 2015). This study showed that the
attachment of an antigen to APCH can enhance the immune response and thus lower the dose of
antigen that is required as it is specifically targeted to immune cells.

A subunit vaccine consisting of a his-tagged VP2 antigen from BTV4 or BTV8 was transiently expressed
in Nicotiana benthamiana and immunised into IFNAR? mice (Fay et al., 2019). This induced VP2
serotype specific antibodies and no clinical signs were observed after challenge with the homologous
serotype. This is promising for the production of these antigens in plants and their use as a component
of a subunit vaccine or use in serological assays.

1.5.5 Virus-like particles

Virus-like particles (VLPs) are essentially a protein shell mimicking the virion which lacks viral genetic
material. VLPs cannot undergo replication or cause viremia and are thus non-infectious. They can have
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self-adjuvanting properties and are recognised readily by APCs (Crisci et al., 2012). Expression of VLPs
occurs in similar systems used for subunit vaccines. However, for the assembly of BTV VLPs, expression
of four viral proteins are required (VP2, VP3, VP5 and VP7).

Stewart et al. illustrated the success of a baculovirus expressed BTV VLP (Stewart et al., 2010). To
increase efficiency of VLP synthesis for any serotype, the highly conserved inner capsid proteins (VP3
and VP7) were pre-integrated into the baculovirus genome. Therefore only two genes need to be
manipulated. Here, the core proteins were from BTV10 (VP7) and BTV17 (VP3) and the outer layer
proteins from BTV2. Immunogenicity of purified VLPs was evaluated in sheep. Neutralising antibodies
were detected and no clinical signs or viremia were observed. The lack of non-structural proteins
makes the VLP vaccine DIVA compliant (Stewart et al., 2010). In a later study Stewart et al. showed a
similar result using a VLP for BTV1 (Stewart et al., 2012). The potential use of core-like particles (CLPs),
made from VP3 and VP7, were also investigated but there was incomplete protection (Stewart et al.,
2012).

Pérez de Diego et al. investigated a bivalent VLP vaccine strategy where BTV1 and BTV4 VLPs were
included in a single vaccine-boost strategy. Neutralising antibodies against BTV1 were higher than
those for BTV4. A BTV1 challenge in sheep vaccinated with the bivalent vaccine did not cause clinical
signs or viremia, however, when challenged with BTV4 there was not complete protection in all sheep.
It was suggested that this may be due to interference by the BTV1 VLP or individual susceptibility to
infection (Perez de Diego et al., 2011).

Despite the immunogenicity and efficacy shown by these BTV VLPs, production in the baculovirus
insect cell system is not deemed cost effective enough to compete with the commercial inactivated
vaccines (Feenstra et al., 2017). This limitation led to the investigation of BTV VLP production in plants.

1.6 Biopharmaceuticals In Plants
1.6.1 Limitations of traditional systems

Conventional protein expression systems are well-accepted and favoured by the protein
manufacturing industry as they have the ability to produce a high yield of high quality proteins at a low
cost (Schillberg et al., 2019). The gold standard systems for industrial protein production are the
Chinese hamster ovary (CHO) cells and E. coli cells (Nandi et al., 2016, Schillberg et al., 2019). E. coli, as
well as yeast-based production systems, were the earliest protein production platforms used. These
systems are ideal for producing simple proteins such as antibody fragments (Mir-Artigues et al., 2019).
They are easy to handle and allow for high production capacity while remaining low-cost (Schillberg et
al., 2019). However, the protein modifications required for certain products cannot always be carried
out in these systems. Bacteria cannot carry out post-translational modifications (Demain et al., 2009)
and although yeasts can modify proteins, these modifications are often not those required for the
eukaryotes in question (Guirimand et al., 2021). These systems also require expensive media and
infrastructure required for protein production (Nandi et al., 2016, Mir-Artigues et al., 2019). In general,
these conventional methods require high upstream operating costs. They require large bioreactors
which make it difficult to scale up production and some systems need further processing to achieve
the desired fully formed, processed and modified protein. Additionally, there is a risk of contamination
by other animal viruses and ensuring a sterile environment adds to upstream processing costs (Ahmad
et al., 2012, Moon et al., 2019, Tsekoa et al., 2020).
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1.6.2 Advantages of plant systems

Although the traditional protein production systems are the gold standard — there are a number of
ways in which plant-produced proteins have an advantage over these systems. The appeal of plant-
produced proteins is the low complexity of the upstream process and the ability to easily scale-up this
process by simply growing more plants (Moon et al., 2019). There is lower upfront investment
required, lower operating costs and no need for sterility (Marsian et al., 2016, Rybicki, 2020). Time to
market is dramatically reduced compared to the mammalian and bacterial cell systems as transient
expression in plants allows for a very short interval between transformation and expression (as little
as 3 days) (Merlin et al., 2014, Nandi et al., 2016). Plants also have the ability to carry out most post-
translational modifications required for functioning complex eukaryotic proteins (Merlin et al., 2014).
Additionally, proteins made in plants retain their ability to self-assemble (Ahmad et al., 2012).

A number of techno-economic analyses have been conducted to determine whether using a transient
plant-based platform is in fact economically viable when compared to the established and reliable
conventional methods. Most of the published data suggests that the plant-based method does have
the potential to compete commercially under certain circumstances (Nandi et al., 2016, Alam et al.,
2018, Mir-Artigues et al., 2019). Models predict that there are significant decreases in capital
investment and more than 50% reduction in cost of goods compared with published values for
traditional biomanufacturing platforms at similar production scales (Nandi et al., 2016). One study
found that plant produced proteins have a highly favourable environmental output index as there is
low risk to health and safety using this system (Alam et al., 2018). A more recent study created a
simplified model for the molecular pharming of antibodies that is universally applicable and allows
direct comparison to other models (Mir-Artigues et al., 2019). Here one can compare different
expression platforms, modes of expression and different host species. This is a valuable tool that can
and should be used when determining whether a given pharmaceutical would be suited to any
particular protein expression system or whether plant produced proteins are worth investing in for the
long-term production of pharmaceuticals in a developing or developed country.

Currently, plant-produced biopharmaceutical products are mostly used for very specific, niche
products which cannot be made using the conventional systems. These include: vaccines and
therapeutics intended for oral delivery, when there is a requirement for rapid production of high
guantities in the case of emergency vaccines (Tuse et al., 2020) or when there is a need for complex
post-translational modifications (Schillberg et al., 2019). Plant derived products can also be more
accepted by the consumer as they are considered environmentally friendly with animal-free
production methods and human pathogens cannot replicate in plants (Moustafa et al., 2016, Schillberg
et al., 2019).

There is still some resistance towards commercialising plant-derived products as there are challenges
of low vyield, inconsistent product quality and the difficult large scale downstream processing of the
proteins (Schillberg et al., 2019). Although scale-up is easier in plants and the upstream cultivation
costs are low, the pressure is then added to the downstream extraction and purification steps adding
cost to the process.

Despite the few challenges faced when producing plant-derived proteins, it is an ideal system for the
local production of protein-based therapies and vaccines in developing countries. In South Africa, and
Africa as a whole, there is a trade deficit, supply insecurity and generally poor access to vaccines and
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therapeutics required by the population. Plant molecular farming may be a suitable solution to these
problems due to the low cost, safety and efficacy of the products both for veterinary and human use
(Tsekoa et al., 2020).

1.6.3 Transient vs transgenic expression

Plants are able to manufacture recombinant proteins in two different ways. Stable transformation
results in transgenic expression in plants where the recombinant genes are integrated into the plant
genome. Although this is the cheaper method with the potential for high expression it takes many
months for transformation, regeneration and bulk-up and yield can vary (Walwyn et al., 2015). There
are also limited plant species in which stable transformation is possible (Moon et al., 2019). Proteins
are expressed transiently in leafy plants through the infiltration of transformed Agrobacteria. Here,
the transgene is transferred into the plants cells where plant machinery is used to translate the
recombinant proteins (Mir-Artigues et al., 2019). This method does not have a lag phase and protein
is expressed in a short time — just days after infiltration (Wydro et al., 2006, van Zyl et al., 2016, Moon
et al., 2019). This is a simpler method that is easy to perform and is more suited to commercialisation
(Moon et al., 2019). Although the yield can be affected by a number of factors and RNA silencing
suppressors may be necessary to ensure sufficient expression (Wydro et al.,, 2006), the rapid
expression of the protein and the simplicity of this method makes it the preferred method for protein
production in plants.

1.6.4 Nicotiana benthamiana

Although the method of transformation is an important consideration when determining how to
manufacture recombinant proteins, the plant itself also needs to be carefully considered. When it
comes to transient expression — Nicotiana benthamiana is the gold-standard. Previously alfalfa, potato
and Arabidopsis thaliana have also been used as recombinant protein expression systems but the
advantages and feasibility of using N. benthamiana has made it the ideal protein-producing plant.
These are fast-growing, leafy plants that are easy to infiltrate and which have a large biomass in terms
of yield/ha (Shakya et al., 2018). They are favoured for their ability to easily scale-up protein
production. They are versatile hosts for many virus-derived expression vectors and have a natural
ability to express heterologous gene sequences (Goulet et al., 2019, Tsekoa et al., 2020). Because
protein expression in these plants is so well established they are familiar to regulatory agencies such
as the FDA and are thus well-accepted as regulation-compliant (Alam et al., 2018). These plants, and
related Nicotiana tabacum, are accepted hosts for proteins and biopharmaceutical products which
have been administered into humans in clinical trials making these commercially relevant plant-based
protein expression systems (Tsekoa et al., 2020).

1.6.5 BTV plant-based pharmaceuticals

A recent study by Thuenemann et al. illustrated how the use of a cowpea mosaic virus-derived vector
can be used to transiently express BTV8 VLPs in N. benthamiana via Agrobacterium tumefaciens-
mediated transient expression (Thuenemann et al., 2013). Mass spectrometry showed that the
proteins were expressed in the plant cells and transmission electron microscopy showed that the
proteins self-assembled into VLPs. Immunogenicity was evaluated in sheep and serum was found to
contain antibodies, mostly against VP2 and the abundant VP7 protein. When sheep were challenged
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with BTVS, the response was comparable to that induced when an MLV was used. The sheep were
completely protected and an immune response was induced. The sheep vaccinated with the plant-
made VLP only produced neutralising antibodies after the booster, confirming the need for a second
dose (Thuenemann et al., 2013). This is a highly promising recombinant BTV vaccine. Production and
testing is rapid and the method is scalable through the use of vacuum infiltration.

Following the Thuenemann paper, another study looked into the production of a BTV8 VLP through
transient expression in N. benthamiana (van Zyl et al., 2016). They tested whether the yield of the VLPs
can be affected by manipulating the infiltration ratios of the four recombinant Agrobacterium cultures
containing the recombinant constructs. They also investigated whether targeting of the proteins to
particular organelles using the pTRA vector would affect yield. It was found that the pEAQ-HT vector
was the only vector which expressed sufficient and detectable levels of all four VLP proteins. They
showed that differentially controlling the concentration of infiltrated bacteria influenced the yield of
VLPs. A ratio of 1VP2:1VP3:2VP5:1VP7 was found to be the ideal ratio as all four VLP proteins were
detected by Western blotting and VLPs formed using this ratio were the most fully formed VLPs as
observed using electron microscopy. Targeting the proteins to the organelles did not improve yield
and it was found that when the pEAQ-HT vector is used the VLPs collect in the cytoplasm of the plant
cells (van Zyl et al., 2016).

Another plant-based method that has been investigated, is that of the production of protein body (PB)
vaccines. The same method involving A. tumefaciens and N. benthamiana is used. A particular research
group (van Zyl et al., 2017) created two PB vaccines; Zera®-VP2ep and Zera®-VP2. Zera® is a synthetic
peptide that has the ability to self-assemble into protein bodies through disulphide bonds and
hydrophobic interactions between repeat sequences. By fusing VP2 or VP2 epitopes of multiple
serotypes to Zera®, the antigen or epitopes can be presented directly to the immune system. The
Zera®-VP2ep vaccine had specific epitopes of VP2 from different serotypes fused to Zera®. The antigen
or epitopes are sequestrated in the PBs and are thus safe from proteolytic degradation. APCs favour
the uptake of PBs thus enhancing the immunogenicity of the vaccine. Zera® is also thought to have
adjuvant activity. When used in mice, PBs were successfully formed and anti-VP2 antibodies were
detected. Overall, this is a promising vaccine strategy as the PBs are highly stable when stored at 4°C
and there may be promise of a vaccine that protects against multiple serotypes. Furthermore, only a
single dose is required and it is DIVA compliant.

Chimeric VLPs have the potential to provide protection against multiple serotypes either through cross
protection by a single chimeric VLP or through a cocktail of chimeric VLPs targeting different serotypes.
This is important for geographical areas which experience multi-serotype outbreaks. A recent study by
Mokoena et al. looked at the production of a chimeric VLP vaccine (Mokoena et al., 2019). Because the
self-assembly of some monovalent BTV VLPs does not always occur in plants, this group identified the
need to explore the use of a core-like particle backbone in combination with capsid proteins of
different serotypes in order to develop potential multivalent chimeric vaccines. Here, a BTV8 backbone
(VP3 and VP7) was used to assemble single chimeras where BTV8 VP5 is expressed with BTV3 or BTV4
VP2 as well as double chimeras where the VP2 and VP5 proteins are both either from BTV3 or BTV4.
They found that the chimeric VLPs were able to self-assemble in plants and elicited seroconversion in
sheep. This is a promising study into the use of chimeric BTV VLPs which could be used in combination
with homogenous BTV VLPs to produce multivalent vaccines (Mokoena et al., 2019).
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1.7 Project Rationale And Objectives

Increasing global temperatures have contributed to the global dissemination of BTV (Dommergues et
al., 2019). Outbreaks of BTV adversely affect the sheep farming industry and agricultural economy
worldwide. Because of the wide distribution of the midges and the ability of some ruminants to act as
natural reservoirs of the virus, it is almost impossible to completely eradicate BTV in endemic regions
(Caporale et al., 2014). This means that vaccination is the best prevention method and strategy to
control the spread of BTV.

Although commercial vaccines have had success in controlling BTV, their limitations leave much to be
desired in terms of an ideal BTV vaccine. The MLV risks include reversion to virulence and reassortment
with field and vaccine strains. This makes them unsafe and some countries may deem them too risky
to be included in vaccine regimes (Batten et al., 2008, Nomikou et al., 2015). The inactivated vaccine
has a lower efficacy and requires higher doses more frequently making it expensive (Hund et al., 2012).
Many of the recombinant vaccine strategies that have been investigated elicit comparable responses
to the current vaccine strategies with additional benefits of safety, multivalent protection and DIVA
compliancy. The Biopharming Research Unit (BRU) at the University of Cape Town has previously
developed a BTV serotype 8 (BTV8) VLP vaccine produced in N. benthamiana which was shown to be
immunogenic and efficacious in protecting immunised sheep challenged with BTV8 (Thuenemann et
al., 2013, van Zyl et al., 2016). This is a promising step forward for the production of BTV VLPs in plants.
However, in South Africa, the eradication and control of BTV is made difficult due to the circulation of
21 of the 28 known serotypes and their limited serological cross-reactivity (Coetzee et al., 2012). Due
to the limitations of the currently available BTV vaccines (MLV and inactivated), there is a need for BTV
vaccines that are not only safe, scalable, and economically viable but also effective against multiple
serotypes.

The aim of this study was to develop two different types of recombinant plant made BTV vaccines and
determine their ability to elicit specific immunity in guinea pigs. The first vaccine approach is in the
form of a chimeric BTV VLP. This was generated by replacing the immunogenic tip domain of the BTV8
VP2 gene with that of the corresponding BTV1 VP2 gene to make chimeric VP2 (while the other VLP
proteins are based on BTV8). The second approach involves the display of the BTV1 VP2 immunogenic
tip domain on a capsid protein particle. Here, this domain was displayed on the surface of the AP205
particle through the application of the ST/SC bioconjugation method. These vaccine candidates would
be completely safe and would allow for rapid production and scalability. Only a portion of the BTV8
VP2 gene would have to be modified to allow for a VLP effective against a new strain to be more easily
produced.

Each chapter of this thesis addresses the following objectives:

e To optimise expression, extraction, and purification protocols for chimeric BTV1/8 VLPs with BTVS
VLPs used as a control.

e To investigate the potential for the SpyTag/SpyCatcher technology to be applied for the display of
the BTV1 antigenic domain on the surface of the AP205 VLP.

e To determine the immunogenicity of the plant produced vaccines in guinea pigs.
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Chapter 2: Transient expression and purification of chimeric BTV1/8
VLPs in Nicotiana benthamiana

2.1 Introduction

Conventional protein expression systems which include bacterial, yeast, insect and mammalian cell
systems have been tried and tested for many decades. They are often the preferred method of protein
expression as they can produce high yields of quality protein (Schillberg et al., 2019). However, these

methods can become costly due to the expensive media and infrastructure required to ensure a quality
final product. There are strict regulations in place which require expensive equipment and high levels
of sterility. Specifically, when working with live virus, high levels of biosafety and containment are
required, and only highly skilled and trained personnel can work in these spaces (Laere et al., 2016,
Huebbers et al., 2021). Additionally, the protein modifications required for certain products cannot
always be carried out in these systems. Bacteria cannot carry out post-translational modifications
(Demain et al., 2009) and although yeasts can modify proteins, these modifications are often not those
required for the eukaryotes in question (Guirimand et al., 2021). The methods involving fermentation
are also considered too slow for the rapid production of vaccines required during an outbreak or
epidemic (Tuse et al., 2020, Huebbers et al., 2021).

Plant expression systems offer a number of solutions to the limitations of the systems mentioned
above. The upstream processing is low cost and of low complexity, there is no need for sterility and it
is simple to scale up (Marsian et al., 2016, Moon et al., 2019, Rybicki, 2020). Plant systems are able to
carry out complex post-translational modifications and the proteins retain their ability to self-assemble
(Ahmad et al., 2012, Merlin et al., 2014). Transient protein expression in plants results in a faster
production time from start to finish (as little as 3 days) (Merlin et al., 2014, Nandi et al., 2016).

Transient expression is achieved through the infiltration of transformed Agrobacterium tumefaciens
into plants. These are soil bacteria which have the ability to infect plants. They possess a tumour-
inducing (Ti) plasmid which contains transfer DNA (T-DNA) that is processed and transferred into the
plant cell nucleus through the activity of virulence proteins encoded on the Ti plasmid (vir genes). The
exported region is then translated into protein using the host plant-cell machinery (Zupan et al., 2000,
Gelvin, 2003). These bacteria, in combination with an appropriate plant expression vector, facilitate
transient expression in plants.

There have been numerous investigations into the transient expression of BTV VLPs in N. benthamiana
plants via A. tumefaciens. Many of these studies make use of the pEAQ-HT vector as the primary vector
for recombinant protein expression. This 10003bp cowpea mosaic virus-derived vector has been
engineered to express high yields of protein in plants. The vector contains a P19 silencing suppressor
as well as a hyper-translatable (HT) region which both facilitate the efficient expression and optimal
yield of protein when transformed into A. tumefaciens and subsequently infiltrated into plants.
(Sainsbury et al., 2008, Sainsbury et al., 2009).

The present study makes use of both transient Agrobacterium-mediated expression as well as the
pPEAQ-HT vector to express a chimeric BTV1/8 VLP (from heron referred to as ‘chimeric VLP’). Chimeric
BTV vaccines are of particlular interest as they present potential for making multivalent vaccines. This
can be achieved through the production of chimeric particles where protection is provided against
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both serotypes included in the particle design (Nunes et al., 2014, Feenstra et al., 2015, Mokoena et
al., 2019). Alternatively a chimeric particle, where the chimeric region can be easily exchanged, can be
used in a cocktail of particles each inducing a serotype-specific response (Rojas et al., 2021, van Rijn et
al., 2021). There are a number of studies which have investigated chimeric BTV vaccines. A chimeric
disabled infectious single animal (DISA) vaccine was developed where either the entire VP2 protein
was exchanged or only part of it was exchanged with the homologous region of a different serotype
while VP3, VP5 and VP7 were based on the same serotype (Feenstra et al., 2015). This study found that
it is not always viable to exchange the entire VP2 protein as it is thought that the interaction between
VP2 and VP5 is required for, in this case, BTV rescue. The chimeric VP2 constructs that were designed
meant that the serotype of the recombinant virus was altered while still allowing the native folding
and functionality of VP2 to remain. Similarly another study developed a chimeric inactivated BTV
vaccine where a BTV1 backbone with a chimeric BTV8/1 VP2 was produced (Nunes et al., 2014). Both
of these studies found that the vaccines with chimeric VP2 proteins were neutralised by antibodies
from both serotypes included in the chimeric construct. This suggests that there are neutralising
epitopes in multiple places on the VP2 protein and chimeric vaccines could present an opportunity for
the development of bivalent or multivalent vaccines. This is of particular relevance in South Africa
where multiple serotypes can be in circulation at any given time.

In the present study, the chimeric VLP is based off the fact that the VP2 protein is the outermost
protein on the viral particle and induces the neutralising antibody response (White et al., 1990, Hwang
et al., 1993). Specifically, the tip domain of VP2 points outwards from the viral particle (Figure 2.1 A
and B) and binds to circulating antibodies, thereby inducing a serotype-specific neutralising antibody
response during infection (Zhang et al., 2010). We have replaced the approximately 220 amino acid
immunogenic tip domain of the BTV8 VP2 capsid protein with that of the corresponding region from
the BTV1 serotype (Figure 2.2). This makes a chimeric BTV1/8 VLP where VP3, VP5 and VP7 are based
on BTV8 but the VP2 sequence is that of BTV8 VP2 with the tip domain substituted with that of BTV1.
If a VLP can assemble when the established backbone of BTV8 VP3, VP5 and VP7 is co-expressed with
the BTV1/8 VP2 and induce a BTV1 specific immune response, then the chimeric VLP can potentially
be manipulated to create other serotype specific VLPs by replacement of a single domain. This would
make the vaccine design more accommodating for outbreaks where the serotypes in circulation cannot
be easily predicted before an outbreak.
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Figure 2.1: (A) A 3D model of BTV colour coded by radial position: outer-coat VP2 (magenta and cyan), inner-
coat VP5 (green), outer core VP7 (red and black), and inner core VP3 (not visible). (B) Top view of the density
map of a VP2 triskelion, with three tip domains and a hub which harbours a sialic acid binding pocket. Permission
obtained from publisher (Zhang et al., 2010).
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Figure 2.2: Schematic of chimeric BTV1/8 VP2 protein with amino acid positions indicated. BTV8 VP2 protein
(blue) with antigenic tip domain (green) substituted with that of the corresponding region of BTV1.

This study makes use of existing constructs from the Biopharming Research Unit (BRU). Sequences
encoding each BTV serotype 8 VLP structural protein (VP2, VP3, VP5 and VP7) were individually cloned
into the pEAQ-HT vector. BTV8 VLPs were assembled by co-infiltration of Agrobacterium containing
the pEAQ-HT BTV8 constructs while the chimeric VLPs were assembled through the co-expression of
the BTV8 VP3, VP5 and VP7 constructs together with the chimeric BTV1/8 VP2. Preliminary results
using these constructs showed that co-infiltration with both the BTV8 VLP constructs as well as the
modified chimeric VP2 construct resulted in the assembly of BTV8 and chimeric BTV1/8 VLPs. The VLP
proteins (VP2 111kDa, VP3 103kDa, VP5 59kDa and VP7 38kDa) were detected on Western blots and
Coomassie blue-stained gels with low intensity. Particles were visualised under the transmission
electron microscope (TEM), however many particles were sub-core like particles (SCLP) made up of the
VP3 protein alone (approximately 51nm), core-like particles (CLPs) made up of VP3 and VP7 (60-69nm)
or degraded VLPs (BRU, unpublished). BTV8 VLPs were used as a control as these particles have been
successfully expressed in plants in a previous study (van Zyl et al., 2016) .

In the present study, these pre-existing constructs and preliminary results were used to further
optimise the expression and assembly of BTV8 and BTV1/8 VLPs by comparing and improving protein
expression and purification processes to maximise VLP production. The optimised methods for
production of these VLPs were used to produce vaccine candidates of sufficient quantities for use in
animal immunogenicity trials.

A number of factors are known to affect VLP production in plants. For example, co-infiltration with a
chaperone can influence how well particles assemble and maintain their structure and stability (Mohl
et al., 2019). Additionally, pH and ionic strength of extraction and purification buffers can influence
stability of VLPs (Owen, 1964, McCarthy et al., 1998). Taking these factors into account, this chapter
explores the transient expression, extraction and purification of both BTV8 and chimeric BTV1/8 VLPs
for their optimal production in Nicotiana benthamiana plants.

2.2 Materials and Methods

2.2.1 Recombinant Agrobacterium constructs
Previous research conducted in the BRU investigated expression of the BTV8 and BTV1/8 VLPs in N.
benthamiana where genes encoding the BTV VLP structural proteins were cloned into the pEAQ-HT

vector, transformed into A. tumefaciens and infiltrated into N. benthamiana individually or in
combination. Preliminary results found that recombinant Agrobacterium cultures should be infiltrated
at an ODgoo of 0.5 each and plant material should be harvested on 4 days post-infiltration (4 dpi) for
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optimal yields (personal communication). For the present study, these methods were initially followed
to confirm previous results obtained before the continuation of optimisation experiments.

The glycerol stocks of recombinant A. tumefaciens were obtained from the culture collection of the
BRU. These constructs were originally obtained from the Thuenemann research group (John Innes
Centre, UK). These included the BTV8 VLP genes (VP2, VP3, VP5 and VP7) in pEAQ-HT in A. tumefaciens
LBA4404: pEAQ-HT.BTV8-VP2, pEAQ-HT.BTV8-VP3, pEAQ-HT.BTV8-VP5 and pEAQ-HT.BTV8-VP7. The
four genes were modified as described by Thuenemann et al. (Thuenemann et al., 2013) to facilitate
directional cloning of the genes into the Agel and Xhol sites of the pEAQ-HT vector to yield four
different constructs.

Other constructs used for this work and made previously in the BRU (see corresponding LabCollector
numbers) included: pEAQ-HT BTV1/8VP2 (#2156), pEAQ-HT-HSP90 (#2288) and pEAQ-HT (#1348) all
hosted in A. tumefaciens AGL1 (ATCC BAA-101). The chimeric pEAQ-HT BTV1/8 VP2 construct was
designed as discussed in section 2.1. The HSP90 gene sequence (GenBank accession number
AY383484) was codon optimised for equine expression and synthesised by GenScript (USA). The pEAQ-
HT vector lacking an insert (Sainsbury et al., 2009) in AGL-1 was used as a negative control for
expression in plants (Figure 2.3).

pEAQ-HT
10,003bp

LB ‘ / —

Figure 2.3: pEAQ-HT vector used for cloning. All genes used in this study were subcloned into the pEAQ-HT

vector between the Agel and Xhol restriction enzyme sites (circled in red). RB and LB: right border and left border
for T-DNA integration. CaMV Promoter: Cauliflower mosaic virus (CaMV) 35S promoter. 5° UTR and 3’UTR:
untranslated regions from Cowpea mosaic virus RNA-2. NPTII: kanamycin resistance gene.

2.2.2 Agrobacterium-mediated infiltration
Glycerol stocks were revived by inoculation into 10mL Luria Bertani (LB) broth (10g/L tryptone, 5g/L

yeast, 5g/L NaCl) supplemented with the appropriate antibiotics (50ug/mL kanamycin, 25ug/mL
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carbenicillin, 50ug/mL rifampicin). To prevent clumping of the LBA4404 cells, magnesium sulphate
(MgS0,4) was added to a final concentration of 2mM to the appropriate medium. Cultures were grown
at 27°C overnight with agitation. The 10ml cultures were then inoculated into 50mL LBB (2.5g/L
tryptone, 12.5g/L yeast, 5g/L NaCl, 1.95g/L 4-morpholineethanesulfonic acid (MES), pH5.6) containing
appropriate antibiotics. Incubation was repeated as with the 10mL cultures. The same protocol was
followed with the 50mL cultures being inoculated into 500mL LBB but lacking rifampicin and with
added acetosyringone (20uM). The 500mL overnight cultures were adjusted to the desired optical
density (ODeoo) in resuspension solution (0.975g/L MES, 2.03g/L MgCl2.6H20 pH 5.6). For co-
infiltration, each construct was adjusted to an ODggo of 0.5 in resuspension solution with the final
infiltration suspension consisting of four constructs with a total ODeg of 2 (and a final ODggo of 2.5
when HSP90 was included). The diluted cultures were supplemented with 200uM acetosyringone and
left to stand for 1 h to allow for the vir genes of the Ti plasmid to be induced. The diluted bacterial
suspensions at the desired optical densities (ODsgo) Were vacuum infiltrated into four- to six-week-old
N. benthamiana plants (grown under 16-hour light/ 8-hour dark cycles at 22°C). Plants were
submerged in the bacterial cultures and infiltrated by applying a vacuum of -100kPa which was
released to allow for complete infiltration of the bacterial suspension into the leaves. The negative
control culture was prepared for infiltration in the same way (ODego 0.5) and infiltrated into plants in
the same manner as the other bacterial cultures.

2.2.3 Protein extraction and clarification
2.2.3.1 Small scale VLP extraction

For the small-scale optimisation experiments, 2g of leaf material was harvested from each group of
infiltrated plants at 4 dpi. The plant material was homogenised using an IKA® T25 digital ULTRA-
TURRAX in two volumes of bicine buffer (50mM bicine, 50mM NaCl or 100mM NaCl, pH9) containing
1x Roche® EDTA-free complete protease inhibitor. The homogenised material was filtered through 2
layers of Miracloth™ (Merck Millipore) and centrifuged (Beckman Coulter Avanti® J25-I centrifuge) at
15344 x g for 10 min to remove plant debris. The supernatant was incubated at 4°C overnight with
agitation. A sample of each fraction was boiled in 1x sample application buffer (SAB) (from 5x SAB —
2% sodium dodecyl sulphate (SDS), 100mM Tris-Cl pH7.5, 2mM EDTA, 52% glycerol, 4.3%
mercaptoethanol, bromophenol blue) for 10 min at 95°C before analysis of protein expression by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent detection on
Western blots and Coomassie-blue stained gels (section 2.2.5). This method was also followed for the
preparation of the negative control samples used in all analyses.

2.2.3.2 Large scale VLP extraction

For the large-scale experiments, approximately 25-30g of leaf material was harvested from each group
of infiltrated plants at 4 dpi or 5 dpi. The plant material was homogenised using an IKA® T25 digital
ULTRA-TURRAX in 2 volumes of bicine buffer (50mM bicine, 20mM, 100mM or 400mM NaCl, pH9)
containing 1X Roche® EDTA-free complete protease inhibitor. The homogenised plant material was
incubated at 4°C with gentle agitation for 1 h. The extract was centrifuged (Beckman Coulter Avanti®
J25-1 centrifuge) at 25931 x g for 30 min, filtered through one layer of Miracloth™ (Merck Millipore)
and then centrifuged again at 25931 x g for 20 min. The pH of the clarified extract was corrected to
pH8.4 with 1M NaOH and incubated at 4°C with gentle agitation for approximately 48 h.
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2.2.4 VLP purification by density gradient ultracentrifugation
Large-scale purification of VLPs was achieved through a discontinuous step-gradient by

ultracentrifugation. This had also been optimised previously and the established method was followed
without alteration. The clarified plant extract was centrifuged (Beckman Coulter Avanti® J25-I
centrifuge) at 25931 x g for 20 min. The supernatant was then loaded onto a discontinuous Optiprep™
(Sigma Aldrich) iodixanol gradient (2mL 50%, 2mL 40%, 2mL 30%, 2mL 20%) diluted in the same buffer
in which the material was extracted. The clarified plant extract overlaid on the gradient was
centrifuged (Beckman Coulter Optima™ L-100 XP Ultracentrifuge) at 60973 x g (22400rpm) for 3 h at
10°C using a Beckman SW 32 Ti rotor. After centrifugation, the bottoms of the centrifuge tubes were
punctured with a syringe needle and 500uL fractions were collected in microcentrifuge tubes. A sample
of each fraction was boiled in 1x SAB for 10 min at 95°C before analysis of protein expression by SDS-
PAGE and subsequent detection on Western blots and Coomassie-blue stained gels. Clarified extract
from the plants infiltrated with the negative control construct were also purified using these methods.

2.2.5 Protein analysis
Equal volumes of samples were resolved through a 10% SDS polyacrylamide gel (Laemmli 1970) at 100

volts (V) for approximately 2 h (Bio-Rad Tetra Cell system). For Western blot analysis, a protein ladder
(ThermoScientific™ PageRuler™Plus Prestained Protein Ladder) was used as a molecular weight
marker. After gel electrophoresis, the gels were either incubated in Coomassie-blue stain (0.1% (w/v)
brilliant blue G-250; 48% v/v methanol, 15% v/v glacial acetic acid) for 1 h at 37°C and then de-stained
with de-stain solution (30% v/v methanol,10% v/v glacial acetic acid) overnight at room temperature
or transferred to a nitrocellulose membrane for Western blot analysis.

Proteins were transferred from the SDS-PAGE gel to a nitrocellulose membrane (Bio-Rad Trans-Blot®
Semi-dry transfer cell) at 15V for 1 h 30 min. Blocking buffer (50 mL/L skim milk, 100mL/L 10 x PBS,
10mL/L 10% Tween-20) was added to the nitrocellulose which was blocked for 30 min with agitation.
The membrane was probed with sheep serum (1:2000 or 1:5000 dilution in blocking buffer) containing
antibodies raised against plant-produced BTV8 VLPs (Thuenemann et al. 2013) and incubated at 4°C
overnight with gentle agitation. Thereafter the membrane was washed for 15 min in blocking buffer
four times. Following washing, the membrane was probed with a 1:10000 dilution of monoclonal
mouse anti-goat/sheep IgG-alkaline phosphatase antibody (Sigma Aldrich) for 1 h at 37°C. Finally, the
membrane was washed as before in blocking buffer lacking milk and the proteins were detected with
BCIP/NBT (SeraCare Life Sciences, Inc.).

2.2.6 Transmission electron microscopy
Carbon-coated copper grids (200 mesh size) were glow discharged and prepared with collected

fractions from density gradient purifications. Samples were adsorbed onto the grids by floating the
grids on 10ul of sample (carbon side down) for 1 min and subsequently washing them three times with
10uL sterile water. Finally, they were negatively stained for 1 min with 2% (w/v) uranyl acetate. Grids
were air-dried and samples were visualised with a FEI Tecnai G2 20 Twin transmission electron
microscope with bottom-mounted digital camera.
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2.3 Results

2.3.1 Initial results based on previous work done

To determine the baseline levels of BTV protein expression and VLP formation, the methods previously
developed in this research group were followed. BTV8 VLP proteins (BTV8 VP2, VP3, VP5, and VP7) and
chimeric BTV1/8 VLP proteins (BTV1/8 VP2, BTV8 VP3, VP5 and VP7) were expressed in N.
benthamiana plants. Each vector construct encoded the sequence for each one of the VLP proteins
cloned into the pEAQ-HT vector.

Proteins were detected on the Western blots by serum collected from sheep immunised with BTV8
VLPs. All four BTV8 VLP proteins could be detected on a Western blot (Figure 2.4 A) in the fractions
collected from the 40% and 30% Optiprep™ gradients (fractions 7-13) as indicated by the red arrows
which from top to bottom represent VP2 at 111kDa, VP3 at 103kDa, VP5 at 59kDa and VP7 at 38kDa.
All four of the chimeric VLP proteins were also detected on the Western blot (Figure 2.4 B) in the 30%
gradient fractions (9-13) indicated by the red arrows as in Figure 2.4A. The chimeric VP2 protein had a
lower band intensity than the BTV8 VP2 protein and was detected in fewer of the fractions. None of
the relevant proteins were detected in the negative control. Some bands were detected at
approximately 70kDa which do not correspond to any of the VLP proteins. This could be a result of
non-specific binding of the polyclonal primary antibody which was taken from sera collected from
sheep immunised with BTV8 VLPs.

All four BTV8 VLP proteins were visualised on the Coomassie stained gel in fractions 8 and 9 (Figure 2.4
C) however only VP3 (103kDa) and VP7 (38kDa) were visualised in the chimeric VLP fractions 7-10
(Figure 2.4 D). Red arrows indicate the BTV proteins that were detected. To confirm particle assembly,
samples were analysed by transmission electron microscopy (TEM).
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Figure 2.4: Detection of purified plant-produced BTV8 and BTV1/8 VLP proteins. BTV8 or BTV1/8 VLP proteins
(VP2, VP3, VP5 and VP7) were co-expressed in plants where each construct was infiltrated at an ODsoo of 0.5.
Plants were harvested at 4 dpi. Fractions of 500uL were collected from the bottom of the tube (Four 2mL
gradients: 50%, 40%, 30% and 20% Optiprep™). Western blots and Coomassie-stained SDS-PAGE gels detected
proteins from purified fractions from plants expressing (A and C) BTV8 VLP proteins or (B and D) chimeric BTV1/8
VLP proteins. Proteins were detected on the Western blot with sheep-produced anti-BTV8 VLP anti-serum
(1:2000) and anti-goat/sheep alkaline phosphatase-conjugated secondary antibody (1:10000). 1-16: 500ulL
fractions collected from the bottom of the tube where 1=bottom 50% fraction and 16=top 20% fraction. Red
arrows indicate VLP proteins where VP2 is 111kDa, VP3 is 103kDa, VP5 is 59kDa and VP7 is 38kDa. -ve: Negative
control pEAQ-HT vector. kDa: molecular weight marker in kilodaltons.

Purified fractions collected from the top of the 40% Optiprep™ gradients (fractions 7 and 8) were
visualised by TEM with negative staining of carbon-coated copper grids. Some particle-like structures
were visualised (Figure 2.5). There were more particles per field of view in the BTV8 fractions (Figure
2.5 A) but most seemed to be partially formed SCLPs or CLPs. CLPs (indicated by yellow arrows)
consisting of VP3 and VP7 were identified as having thin light-coloured borders and a round ‘spiky’
shape. They were smaller than VLPs measuring approximately 60-69nm in diameter. The chimeric
fractions (Figure 2.5 B) had fewer particulate structures per frame of view resembling SCLPs and CLPs
(yellow arrows).
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Figure 2.5: Transmission electron micrographs of plant-purified BTV8 and BTV1/8 particles. Plant produced
particles were purified on an Optiprep™ density gradient and adsorbed to copper grids by negative staining for
viewing under the transmission electron microscope. Micrographs of the top 40% purified fractions (fraction 7
and 8) from plants expressing (A) BTV8 VLP proteins and (B) BTV1/8 VLP proteins are represented. Yellow arrows
indicate CLPs. Scale bars represent 100nm.

2.3.2 Small-scale optimisation of VLP production
In order to optimise the expression and extraction of the VLPs based on the previous methods used, a

small-scale infiltration was conducted to determine if changes to the methods could improve signal
detection of all four VLP proteins and increase the yield of VLPs. This was assessed qualitatively by
detection of the VLP proteins on a Western blot (Figure 2.6). We used two different extraction buffers
with either 50mM or 100mM NaCl to increase the ionic strength and improve stability of the particles.
Some plants were also co-infiltrated with the HSP90 chaperone to determine whether this would
enhance particle stability and formation thereby increasing yields. Different dilutions (1:2000, 1:7000
and 1:10000) of primary antibody were tested to see if an increased dilution will prevent the smearing
effect seen on the Western blots.

The samples in lanes 4 and 5 (Figure 2.6A) which were extracted in buffer with increased NaCl
concentration (100mM) showed similar signal intensity to the samples extracted in 50mM NaCl buffer
(Figure 2.6A lane 2 and 3) with a slight increase in the detection of the proteins in the chimeric sample.

Figure 2.6 B shows the comparison of samples from plants infiltrated with or without HSP90 (lanes 2-
5). The Western blot (Figure 2.6B) showed that the band intensity for the VLP proteins was similar
regardless of whether HSP90 was included or not. There was low VP2 detection in the chimeric samples
and low VP5 detection in all samples (Figure 2.6B). The increase in dilution of the primary antibody did
not seem to make a difference in the detection of the VLP proteins suggesting the dilution can be
increased (Figure 2.6 A and B lanes 7 and 8). The negative control had no bands corresponding to VLP
proteins.

Based on the qualitative assessment of band intensity, the increased ionic strength of extraction buffer
and co-infiltration with HSP90 were investigated further through large-scale infiltration experiments.
An increase in the dilution of the primary antibody was applied to future Western blots as it was clear
from these results that an increased dilution of the antiserum did not affect its ability to detect the
VLP proteins and could thus help to decrease the smeared staining pattern observed on the Western
blots.
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Figure 2.6: Small-scale expression and crude extract analysis of VLP proteins. Plants were vacuum infiltrated
with BTV8 or BTV1/8 VLP constructs and VLP proteins were detected on a Western blot. Proteins were (A)
extracted in 50mM NacCl buffer or 100mM NaCl buffer or (B) co-infiltrated with without a HSP90 chaperone-
encoding vector. Proteins were detected with anti-BTV8 VLP sheep serum (1:2000) and anti-goat/sheep alkaline
phosphate-conjugated secondary antibody (1:10000). Blots were probed with greater dilutions of primary
antibody (1:7000 and 1:10000). -ve: Negative control pEAQ vector. kDa: molecular weight marker in kilodaltons.

2.3.3 Large scale optimisation of extraction buffer with increased salt concentration

To further investigate the effect of an increased concentration of NaCl in the extraction buffer, a large
scale infiltration experiment was conducted where plants co-infiltrated with either BTV8 VLP
constructs or chimeric BTV1/8 VLP constructs were harvested, extracted and purified in either 100mM
NaCl buffer or 400mM NaCl buffer. Having illustrated that a 100mM NaCl buffer improved detection
of the VLP proteins in the small-scale experiment, an even greater concentration of 400mM NaCl was
investigated based on work previously done in this research group (van Zyl et al., 2017) which
suggested this may increase VLP yields. Harvest day was also extended to 5 dpi as plant leaves were
not substantially necrotic at 4 dpi and it was reasoned that harvesting one day later could potentially
increase protein yields. Previously it had been observed that there was a drop in pH in the clarified
plant extract after extraction. Although the pH of the extraction buffer initially used was 9, the pH of
the clarified plant extract decreased to 7.2 after clarification. The plant extract was thus adjusted to a
pH of 8.4 with 1M NaOH before the maturation period. Samples purified from density gradient
ultracentrifugation were collected in 500uL fractions from the bottom of the 50% gradient and
analysed on Western blots and Coomassie blue-stained SDS-PAGE gels (Figure 2.7).

The Western blots with the BTV8 VLP samples (Figure 2.7 A and B) showed detection of all four VLP
proteins in both 100mM and 400mM NaCl buffers; however bands had a more intense signal in the
samples with the higher salt concentration (Figure 2.7 B). VP5 (59kDa) was barely visible in the 100mM
samples (figure 2.7 A). The four proteins were also visualised on the Coomassie gels (Figure 2.7 E and
F), specifically in fractions 7-10 (indicated by red circles) of the higher salt fractions which fall at the
interface between the 40% and 30% Optiprep™ gradients (Figure 2.7 F).

At the lower salt concentration, all four chimeric VLP proteins were detected on the Western blot in
fractions 5 and 6 (Figure 2.7 C) with a low signal whereas at the higher salt concentration all four
proteins were detected with high intensity in fractions 7-10 (Figure 2.7 D). At the low salt concentration
chimeric VP2 (111kDa) cannot be visualised on a Coomassie gel in the same fractions (Figure 2.7 G)
however at the higher salt concentration all four chimeric VLP proteins can be visualised in fractions
7-10 (indicated by red circles) (Figure 2.7 H) illustrating the fact that the higher salt concentration does
improve VLP protein signal and detection. There were no bands detected in the negative control lanes.
This experiment was repeated three times independently to validate the results.
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Figure 2.7: Optimisation of VLP extraction and purification buffer (100mM NaCl vs 400mM NacCl). BTV8 or
BTV1/8 VLP proteins (VP2, VP3, VP5 and VP7) were co-expressed where each construct was infiltrated at an ODeoo
of 0.5 and harvested at 5 days post infiltration. Fresh leaf material was homogenised, clarified and purified in
50mM bicine buffer containing either 100mM NaCl or 400mM NaCl. Purified fractions of 500ulL were collected
from the bottom of the tube. Western blots and Coomassie blue-stained SDS-PAGE gels detected purified
fractions from plants expressing BTV8 VLP proteins in 100mM NaCl buffer (A+E) or 400mM NaCl buffer (B+F) and
purified fractions from plants expressing chimeric BTV1/8 VLP proteins in 100mM NaCl buffer (C+G) or 400mM
NaCl buffer (D+H). Proteins on Western blots were detected with anti-BTV8 VLP sheep serum (1:5000) and anti-
goat/sheep alkaline phosphate-conjugated secondary antibody (1:10000). 5-12: 500uL fractions collected from
the bottom of the tube where 5=bottom 40% fraction and 12=top 30% fraction. Red circles indicate fractions
where all four VLP proteins were detected on the Coomassie blue-stained gels. Red arrows indicate VLP proteins
where VP2 is 111kDa, VP3 is 103kDa, VP5 is 59kDa and VP7 is 38kDa. -ve: Negative control pEAQ vector. kDa:
molecular weight marker in kilodaltons.

Samples from the top of the 40% Optiprep™ gradient (fractions 7 and 8) were used to prepare
negative-stain carbon-coated copper grids for visualisation under the TEM (Figure 2.8). The BTV8 VLP
samples had a similar particle density per field of view despite the variation in NaCl concentration
however the lower NaCl concentration resulted in more CLPs (yellow arrows) than VLPs (red arrows)
(Figure 2.8 A). The higher salt concentration resulted in the formation of more fully formed BTV8 VLPs
(Figure 2.8 B). The chimeric samples had lower particle density at the low salt concentration (Figure
2.8 C) which increased with the increased salt concentration (Figure 2.8 D). Both VLPs and CLPs were
observed in both samples.

200 nm

200 nm 200 nm
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Figure 2.8: Transmission electron micrographs of plant-expressed BTV8 and BTV1/8 VLPs extracted in either
100mM NaCl or 400mM NacCl bicine buffer. Plant expressed VLPs were purified on an Optiprep™ density gradient
and applied to copper grids by negative staining for viewing under the transmission electron microscope. A and
B: Micrographs of the top 40% purified fractions (fractions 7 and 8) from plants infiltrated with BTV8 VLP proteins
and extracted in (A) 100mM NaCl buffer or (B) 400mM NaCl buffer. C and D: Micrographs of the top 40% purified
fractions (fractions 7 and 8) from plants infiltrated with Chimeric BTV1/8 VLP proteins and extracted in (C)
100mM NaCl buffer or (D) 400mM NaCl buffer. Yellow arrows indicate CLPs. Red arrows indicate VLPs. Scale bars
represent 200nm.

2.3.4 Large scale optimisation of VLP production by co-infiltration with HSP90 chaperone
The literature suggests that the HSP90 chaperone can aid in the formation of BTV viral particles and
increase stability of the particles (Mohl et al.,, 2019). Here, a previously-made HSP90-encoding

construct transformed into A. tumefaciens AGL-1 was co-infiltrated with constructs encoding the four
BTV proteins at an ODeggo of 0.5. Purified samples from plants infiltrated with or without HSP90 were
analysed by Western blot and Coomassie blue-stained gels (Figure 2.9). Although the BTV8 VLP
proteins were detected on a Western blot regardless of HSP90 (Figure 2.9 A and B), signal intensity
was lower in the samples from plants co-infiltrated with HSP90, especially VP5 which was barely visible
(Figure 2.9 B). This was also observed on the corresponding Coomassie gels (Figure 2.9 E and F).
Similarly the chimeric VLP proteins were also detected regardless of HSP90 inclusion with a slightly
lower signal when it was present (Figure 2.9 C and D). Only VP3 and VP7 were clearly visualised on the
corresponding Coomasssie-stained gels (Figure 2.9 G and H) with a very faint band corresponding to
VP5. These results suggest HSP90 co-infiltration does not improve protein detection or visualisation,
and if anything it had a deleterious afffect. There were no bands detected in the negative control lanes.
This experiment was independently repeated to validate results.
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Figure 2.9: Optimisation of VLP extraction and purification with HSP90 chaperone. Co-expression of BTV8 or
BTV1/8 VLP constructs (VP2, VP3, VP5 and VP7) with or without HSP90 in plants at 5 days post-infiltration where
each construct was infiltrated at an ODeoo of 0.5. Fresh leaf material was homogenised, clarified and purified in
50mM bicine buffer containing 400mM NaCl. Clarified plant extract was purified by density gradient
centrifugation (Four 2mL gradients: 50%, 40%, 30% and 20% Optiprep™). 500ul fractions were collected from
the bottom of the tube. Western blots and Coomassie blue-stained SDS-PAGE gels detected purified fractions
from plants expressing BTV8 VLP proteins without HSP90 (A+E) or with HSP90 (B+F) and purified fractions from
plants expressing chimeric BTV1/8 VLP proteins without HSP90 (C+G) or with HSP90 (D+H). Proteins on Western
blots detected with anti-BTV8 VLP sheep serum (1:5000) and anti-goat/sheep alkaline phosphate-conjugated
secondary antibody (1:10000). 4-11: 500uL fractions collected from the bottom of the tube where 1=bottom 50%
fraction and 16=top 20% fraction. -ve: Negative control pEAQ vector. kDa: molecular weight marker in
kilodaltons.

Carbon-coated copper grids were prepared with samples from the top of the 40% gradient (fractions
7 and 8) and visualised by TEM (Figure 2.10). The BTV8 samples from leaves not infiltrated with HSP90
showed a low density of particles mostly consisting of VLPs (Figure 2.10 A) whereas in the samples
from leaves co-infiltrated with HSP90, there were more CLPs than VLPs per field of view (Figure 2.10
B). A similar phenomenon was observed in the chimeric samples (Figure 2.10 C and D). This was
consistent with what was observed on the Western blots and Coomassie-stained gels (Figure 2.9).

200 nm

200 nm

Figure 2.10: Transmission electron micrographs of plant-expressed BTV8 and BTV1/8 VLPs co-infiltrated with
or without HSP90. Plant expressed VLPs were purified on an Optiprep™ density gradient and applied to copper
grids by negative staining for viewing under the transmission electron microscope. A and B: Micrographs of the
top 40% purified fractions (fraction 7 and 8) from plants infiltrated with (A) BTV8 VLP proteins alone or (B) co-
infiltrated with HSP90. C and D: Micrographs of the top 40% purified fractions (fractions 7 and 8) from plants
infiltrated with (C) chimeric BTV1/8 VLP proteins alone or (D) co-infiltrated with HSP90. Yellow arrows indicate
CLPs. Red arrows indicate VLPs. Scale bars represent 200nm.
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2.4 Discussion

Recently there has been an increased interest in the production of BTV vaccines in plants, specifically
BTV VLP vaccines. VLPs are an ideal type of vaccine as they are presented to the immune system
similarly to the native virus, however they do not contain any genetic material which could result in
virulence. They are safe, immunogenic and antigenically similar to the live virus while having the
potential for DIVA compliance as they comprise only four structural proteins (Crisci et al., 2012). The
recent studies into BTV vaccines have helped to inform the research done in the present study. These
studies include the expression of BTV8 VLPs in N. benthamiana (Thuenemann et al., 2013, van Zyl et
al., 2016) as well as the development of chimeric BTV VLPs (Mokoena et al., 2019).

The aim of the work described in this chapter was to further optimise the expression, extraction and
purification of BTV8 and BTV1/8 VLPs expressed in N. benthamiana based on preliminary work
conducted in this research laboratory. Here we have optimised these methods through investigating
co-infiltration with the HSP90 chaperone, increasing the pH and ionic strength of the extraction buffer
and increasing harvest day post-infiltration. As a starting point, the previously established methods
were used to conduct a large-scale infiltration experiment to produce the BTV8 and BTV1/8 VLPs. This
was done to confirm that the established methods produced the expected results.

On a Western blot, all four BTV8 VLP proteins were detected in fractions corresponding to those within
the 30% and 40% Optiprep™ steps (Figure 2.4 A). This was expected based on previous studies purifying
BTV VLPs using this method (Thuenemann et al., 2013, van Zyl et al., 2016). All four BTV8 VLP proteins
could only be detected in fraction 8 and 9 on a Coomassie blue-stained gel (Figure 2.4 C). These are
the interface fractions between the 30% and 40% gradients, confirming they were particulate in
nature. VP2 (103kDa) and VP5 (59kDa) were faint but still visible in these fractions. The chimeric
BTV1/8 VLP proteins were also detected on a Western blot in fractions 9-13, mostly in the 30% gradient
fractions, with less of the chimeric VP2 protein detected compared with BTV8 VP2 (Figure 2.4 B). Only
faint bands corresponding to VP3 and VP7 could be detected on a Coomassie gel in fractions 7-10
(Figure 2.4 D). The TEM images show that mostly SCLPs and CLPs were formed in these fractions. There
was a slightly greater density of BTV8 particles but overall there were no VLPs present (Figure 2.5). This
was not the expected result as the methods that were followed have previously resulted in the
production of VLPs, although at low concentrations. The absense of VLPs could be due to a number of
reasons. Despite following the established protocol, there may have been unintended changes made
to the method by the researcher. The leaves that were harvested and used for extraction and
purification of the VLPs may have not been sufficiently infiltrated or those selected for harvesting may
have not had the same level of protein expression as previous experiments. Thuenemann et al. found
that the co-expression of the BTV8 VLP proteins in N. benthamiana results in a mixture of particle types
and up to 50% of these particles are assembly intermediates which resemble particles similar to CLPs
but not quite whole VLPs (Thuenemann et al., 2013).

Using the previously established methods for the expression and purification of the VLPs we were able
to confirm that the protocol does lead to the production of BTV8 and BTV1/8 particles. However, the
VLP proteins were not consistently detected in the purified fractions on a Western blot and the
particles themselves were not of consistent quality and were low in number per field of view. We could
detect all four VLP proteins on Western blots, in certain fractions, but not on the Coomassie-stained
gels in some of the corresponding fractions. Because we saw faint bands for BTV8 VP2 and VP5 and no
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VP2 or VP5 in the chimeric fractions, it was likely that VLPs would not be forming as a result of
insufficient VP2 or VP5. This was confirmed by TEM where only partially formed particles were
visualised. CLPs comprising VP3 and VP7 have been found to have a lower immunogenic affect than
VLPs (Stewart et al., 2012). CLPs cannot induce a neutralising antibody response and do not confer
complete protection to immunised animals (Thuenemann et al., 2013). This is explained by the fact
that the neutralising antibody epitopes are found on the VP2 protein which needs to be included for a
protective neutralising immune response to be elicited (Erasmus et al., 1981, Appleton et al., 1983,
Huismans et al., 1987).

A number of factors involved in the infiltration, harvest and extraction of the proteins could be
implicated in the low yield of proteins and VLPs. To address these inconsistencies and to determine
whether more optimal expression and extraction conditions could be determined, we made some
changes to the established methods. These changes included co-expression with the HSP90 chaperone
and increased salt concentration in the extraction buffer. These parameters were applied to a small-
scale infiltration experiment where plant crude extract was analysed on a Western blot and
Coomassie-stained gel (Figure 2.6). Results from this preliminary experiment would then inform
whether it was worth applying the changes to a large scale experiment which consumes more time
and resources.

The salt concentration and pH of the extraction buffer are both factors that need to be considered
when expressing and extracting VLPs as they can play a role in the stability of the particles. During viral
infection, the low pH of the endosome results in the degradation of the viral particles to release the
viral core and genetic material (Forzan et al., 2007). It has been found by numerous studies that BTV
can be inactivated at a pH of 6.5 and below (Owen, 1964, Verwoerd et al., 1972, Gorman, 1978). The
study by Owen found a marked loss of infectivity of BTV between pH 6.1 and pH 6.3 and found that
BTV is destroyed in meat at a pH between 5.6 and 6.3. These findings suggest a neutral or higher pH is
required for particle assembly and stability. Typically research groups use extraction buffers with a pH
of 8.4 which was also used in this study (Thuenemann et al., 2013, van Zyl, 2014, Thuenemann et al.,
2018).

Initially bicine buffer containing 50mM bicine and 20mM NaCl was used to extract the proteins as this
was commonly used in the extraction of plant VLPs in previous studies (Thuenemann et al., 2013, van
Zyl et al., 2016, Mokoena et al., 2019). It has, however, been found that ionic strength can have a
marked affect on the stability of protein structures and the assembly of VLPs (McCarthy et al., 1998).
Here we compared the VLP yields using extraction buffer containing 50mM NaCl or 100mM NacCl.
Detection of BTV8 VLP proteins on the Western blot was similar at both concentrations whereas the
chimeric samples showed a greater band intensity in the detection of the VP2 and VP5 proteins at the
higher salt concentration (Figure 2.6 A). This was explored further on a large scale (Figure 2.7).

Because the extraction buffer containing 100mM NaCl improved protein detection further (Figure 2.6
A), a large-scale infiltration experiment was conducted where extraction buffers containing either
100mM NaCl or 400mM NaCl were compared. It has been found previously that a greater NaCl
concentration (up to 400mM) can improve the stability of particles and thus result in a greater
concentration of fully formed VLPs (van Zyl et al., 2017). For example, a 400mM NaCl buffer was used
to successfully extract and purify BTV protein bodies from N. benthamiana (van Zyl et al., 2017).
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The BTV8 VLP proteins were detected on the Western blot and Coomassie gel at both salt
concentrations however at the higher salt concentration, band intensity was greater for all VLP
proteins. There was a more obvious difference in the band intensity of the chimeric VLP proteins at
the different salt concentrations. At the higher salt concentration, VP2 and VP5 were clearly detected
on the Western blot and all four VLP proteins were observed on the Coomassie gel which was not the
case at the lower NaCl concentration (Figure 2.7). These results give a strong indication that the
extraction buffer containing the higher salt concentration, 400mM NaCl, increased the stability of the
VLP proteins and thus increased the concentration of purified protein and its detection on a Western
blot and Coomassie gel.

The TEM results show correlation between what was detected on the gels and what was visualised
under the microscope. There was a greater density of BTV8 particles per field of view (Figure 2.8 A and
B) than before (Figure 2.5 A). There was a similar density of VLPs in fractions from both salt
concentrations but with more fully formed VLPs present in the fractions from the high salt samples.
The chimeric particles were at a lower density at the low salt concentration (Figure 2.8 C) however at
the higher salt concentration there was a greater density of particles per field of view and more VLPs
than at the lower concentration (Figure 2.8 D). This corresponds to what was seen in the Coomassie-
stained gels which had darker bands for the VLP proteins which indicates a greater concentration of
protein and thus an increased likelihood of VLP formation.

These results have shown that the ionic strength has an effect on the ability of particles to assemble
and remain intact. It has been found that ionic strength and salt concentration do have an effect on
electrostatic interactions which influence particle assembly (McCarthy et al., 1998). Protein stability
can be increased by improving the electrostatic interactions that occur between charged groups on
the surface of the particle (Azia et al., 2009). For example, it was found that the polyomavirus capsid
protein, VP1, contains carboxyl groups which are destabilised at a low ionic strength due to
electrsotatic repulsion. At a higher salt concentration, this repulsion is shielded and the assembly of
the capsid is stabilised in an alkaline solution (Salunke et al., 1989). Although many studies make use
of a 20mM NaCl buffer (Thuenemann et al., 2013, van Zyl, 2014, Mokoena et al., 2019), it seems for
these particular chimeric BTV1/8 VLPs a higher salt concentration was optimal, similar to results found
in the study by Van Zyl et al. where a 400mM salt buffer was used for BTV8 protein body expression
(van Zyl et al., 2017). Similar studies often add DL-dithiothreitol (DTT) reducing agent and/or N-lauroyl-
sarcosine (NLS) in their extraction buffers which may give additional stability and assembly support by
preventing unwanted intra-molecular disulphide bond formation thus only requiring a buffer with a
low salt concentration.

In addition to increased ionic strength, the presence of a chaperone has also been found to assist in
the correct folding and improved stability of assembled particles (Mohl et al., 2019). Because viral
proteins are complex and are produced quickly in large volumes during natural infection, they are
susceptible to misfolding and aggregation thus requiring stabilisation (Mohl et al., 2019). Molecular
chaperones are able to mediate folding and stabilisation of viral proteins. Mohl and Roy examined the
role of the abundant and highly conserved heat-shock chaperone, HSP90, in the viral lifecycle of BTV.
Under normal circumstances, this chaperone helps to facilitate protein binding, stabilisation and
release and it plays an important role in maintaining protein homeostsis. During BTV infection, they
found that HSP90 activity was important in virus replication through its stabilisation of BTV proteins.
Without the chaperone, protein levels (specifically VP5 and VP7) and viral titre decreased when
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expressed in infected Hela cells. They also found that HSP90 inhibited the proteosome pathway
therefore minimising viral protein degradation. This is a mechanism of action of which BTV has taken
advantage to avoid turnover via the proteosome pathway (Mohl et al., 2019). To determine if this
principle could be applied to BTV VLPs, HSP90, previously cloned into the pEAQ-HT plant expression
vector, was co-infiltrated at an ODggo of 0.5 with the BTV VLP proteins, thus resulting in a final ODggo of
2.5. Again, detection of BTV8 VLP proteins was similar regardless of HSP90 co-infiltration whereas the
band intensity of chimeric VP2 and VP5 bands were slightly greater when HSP90 was included (Figure
2.6B). Co-expression with HSP90 was explored further in a large-scale infiltration experiment (Figure
2.9).

The large-scale co-infiltration with HSP90 did not illustrate an obviously notable difference when
compared with infiltration without it. The BTV8 VLP proteins were detected regardless with a slightly
lower signal intensity in the HSP90 samples (Figure 2.9 A and B). The same result was observed for the
chimeric VLP proteins (Figure 2.9 C and D). The Coomassie gels had barely visible bands for VP2 and
VP5 in both chimeric VLP samples (Figure 2.9 G and H). The TEM results show a lower density of BTV8
particles and a greater majority of CLPs and SCLPs in the HSP90 samples (Figure 2.10 A and B). The
chimeric samples have a similar result where there were VLPs present in the fractions without HSP90
but more CLPs and incomplete particles in the HSP90 samples (Figure 2.10 C and D). These results
suggest that the co-infiltration with HSP90 does not greatly improve BTV VLP detection or full particle
assembly and thus the inclusion of HSP90 was not carried forward in future experiments. Infiltrating
the plants with an additional construct, with a final infiltration ODggo of 2.5, may put strain on the plant
cell machinery. Additionally, it decreases the chance of all five components being present in each plant
cell which is required for the VLPs to assemble. The study which found HSP90 useful in stability and
folding (Mohl et al., 2019) was investigating the effect of HSP90 on the native BTV virus which may
explain why the chaperone did not have the same effect on VLP assembly in this study. Unpublished
work from the same research group found that co-infiltration with HSP90 improved AHSV VLP
assembly. This was not observed in the case of BTV VLPs. Further investigation into the co-infiltration
conditions is required to confirm whether the inclusion of HSP90 could improve BTV VLP assembly. For
example, using differenct infiltration ratios for the VLP constructs as well as the HSP90 construct may
resultin a diffferent, potentially improved, outcome. Although it has been found that HSP70 and HSP90
are used by viruses to fold proteins and support survival under harsh host conditions, an extensive
amount of research still needs to be done to determine the usefulness of these proteins as potential
therapeutics and their ability to assist in VLP assembly (Mohl et al., 2019, Lubkowska et al., 2021).

Results from the work carried out in this chapter allowed for the establishment of optimal conditions
for infiltration and purification of constructs encoding proteins for BTV8 and chimeric BTV1/8 VLP
assembly. The optimal conditions of infiltration of an ODego 0.5, harvesting at 5 dpi and extraction using
a 400mM NaCl extraction buffer were incorporated for the further preparation of plant produced BTV8
and BTV1/8 chimeric VLPs for injection into guinea pigs to test for their immunogenicity (chapter 4).
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Chapter 3: Design and transient expression of BTV SpyVLPs in
Nicotiana benthamiana

3.1 Introduction

There has been much research into BTV VLPs which present VP2 on their surface and mimic the
conformation of the native virus. In chapter 2, we showed that we could produce chimeric VLPs,
presenting a heterologous VP2 on their surface. This vaccine strategy holds great promise for providing
protection against multiple serotypes as it is easily manipulated to target any serotype by replacement
of the chimeric tip domain region of VP2. A vaccine cocktail of these chimeric particles could therefore
be effective at providing protection against multiple BTV serotypes. However, there are other
strategies that may be equally immunogenic and effective. Antigen-display technology has taken
advantage of the fact that antigens presented to the immune system in multiple, repeating arrays
induce a strong and protective immune response (Frietze et al., 2016, Hill et al., 2018).

Some antigen display systems involve the direct linking of the antigen to the VLP. This can be done by
genetic fusion into the viral genome, for example the fusion of GFP to the c/el epitope of the
nucleocapsid of the hepatitis B virus (Kratz et al., 1999), or it can be done at the protein level, post-
translationally by chemical conjugation or non-covalent interactions (Hill et al., 2018). These methods
have a number of limitations. For example, genetic fusion can affect the folding and assembly of the
display particle which may limit the size of the antigen that can be displayed. Post-translational
conjugation can become lengthy and complex requiring multiple rounds of purification (Frietze et al.,
2016, Hill et al., 2018). An alternative to these methods is the application of a system where two
proteins have a natural affinity for one another and can thus facilitate bioconjugation of two protein
parts. This is the case for the SpyTag/SpyCatcher (ST/SC) technology which has taken advantage of the
rigidity of a bacterial protein’s internal isopeptide bond to make bioconjugation a simpler process
requiring fewer steps and avoiding the limitations of traditional bioconjugation methods (Zakeri et al.,
2012).

The fibronectin binding protein (FbaB) of the gram-positive bacterium Streptococcus pyogenes
contains an immunoglobulin-like collagen adhesion domain (CnaB2). This domain forms an
intramolecular spontaneous isopeptide bond through the nucleophilic attack of the unprotonated
amine of a lysine residue and the carbonyl carbon of an aspartate residue. This domain has been split
and engineered into two separate parts which, when mixed, will form an irreversible isopeptide bond
in minutes (Figure 3.1) (Zakeri et al., 2012). These two parts have been named the 16 amino acid
SpyTag (ST) peptide and the 138 amino acid, 15kDa SpyCatcher (SC) peptide. This reaction has been
shown to occur rapidly under diverse pH, temperature and buffering conditions with a high yield and
is not reversed by boiling or competing peptides (Zakeri et al., 2012).
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Figure 3.1: The formation of the spontaneous intermolecular isopeptide bond by the nucleophilic attack of the
unprotonated amine of a lysine residue on SpyCatcher and the carbonyl carbon of an aspartate residue on
SpyTag. Permission obtained from publisher (Zakeri et al., 2012).

This ST/SC display technology has been used for a diverse range of bioconjugation applications. Some
examples include the ‘SpyRing’ system used for cyclisation of enzymes (Schoene et al., 2014, Sun et
al., 2019), the ‘Spy&Go’ method for purifying spy-tagged proteins (Khairil Anuar et al., 2019) as well as
hydrogel formation (Sun et al., 2014, Gao et al., 2016), characterisation of protein-RNA interactions
(zhao et al., 2019), fluorescent labelling in microscopy (Hinrichsen et al., 2017, Pessino et al., 2017)
and phage display applications (Fierle et al., 2019). Most relevant however, the ST/SC system has
accelerated vaccine development and optimisation through its application to antigen display on core-
like and virus-like particles. ‘SpyVLPs’ refer to particulate proteins (VLPs) which display an antigen via
the ST/SC system. For example, SC can be fused to a capsid protein while ST is fused to an antigen to
be displayed. When mixed, the isopeptide bond will form between the ST and SC components and
result in a SpyVLP displaying the desired antigen (Figure 3.2).

The RNA Acinetobacter phage AP205 has a capsid protein (CP), CP3, which can be expressed in
heterologous systems to form VLPs (Brune et al., 2016, Thrane et al., 2016). This coat protein has both
the N- and C- termini exposed on the surface (Janitzek et al., 2019). Both termini can undergo genetic
fusion with an antigen which will then be evenly distributed on the particle surface (Janitzek et al.,
2019). Brune et. al. showed that SC can be fused to the N-terminus of AP205 CP3 and mixed with ST
fused to a variety of malarial protein antigens and cancer related peptides to form VLPs displaying the
antigen of interest (Figure 3.2) (Brune et al., 2016). Here, the AP205-SC VLPs were easily expressed in
E. coli and purified before coupling in vitro. They also showed that there was robust immunogenicity
stimulated in mice which were immunised with the VLPs displaying either CDIR or Pfs25 malarial
antigens with no need for a booster or adjuvant (Brune et al., 2016).
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Figure 3.2: Summary of ST/SC VLP assembly. SpyCatcher is genetically fused to the N terminus of the AP205

phage coat protein (AP205 CP3). SpyCatcher-VLPs form by spontaneous assembly of monomers. When mixed
together with the SpyTag-antigen, the spontaneous isopeptide bond forms with the SpyCatcher-VLPs, resulting
in particles displaying the antigen, ready for immunisation. Image under the Creative Commons Attribution (CC-
BY) license (Brune et al., 2016).

Other studies have looked at fusing the ST peptide to the AP205 CP3 particle rather than SC. Thrane et
al. explored both combinations as well as fusing ST to both the C-and N-termini of AP205 resulting in
360 binding motifs instead of 180 (Thrane et al., 2016). Again, they used ST or SC fused to malarial
antigens to determine the ability of these fusion combinations to have an immunogenic effect and
prevent parasitic development. They found that immunisation of mice resulted in a higher IgG antibody
titre with greater affinity, efficacy and longevity than the monomeric antigenic protein alone. It was
found that the VLP with 360 binding motifs is only practical for use with small proteins where steric
hindrance is not a concern (Thrane et al., 2016).

The systems discussed above have used bacterial or yeast expression systems for ST- and SC-tagged
proteins. Recently, there has been exploration into the use of plants as an expression system for these
ST/SC components. For example, the core antigen of hepatitis B (HBcAg) has been designed to display
antigens on a core-like particle (CLP) (Peyret et al., 2020). Peyret et al. investigated the expression and
conjugation of HbcAg SpyVLPs and GFP model antigen in plants. They were able to express all
recombinant proteins in Nicotiana benthamiana where conjugation occurred in vivo. This method
saves time and cost as it avoids additional extraction and purification steps of separate components
before in vitro coupling (Peyret et al., 2020). Stander et al. expressed ST-AP205 and West Nile Virus
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EDIII fused to SC (WNV-EDIII-SC) in N. benthamiana. Here they compared in vivo conjugation by co-
expression, co-extraction and in vitro conjugation. It was found that the highest yield of coupled
proteins was obtained from the co-extraction method where plants were infiltrated with the separate
components, but the leaves were harvested, extracted and purified as a mixture. After immunisation
of mice with either the SpyVLP or the antigen alone, the VLP elicited a more significant antibody titre
than the soluble antigen. Additionally, the plants were just as effective in their production of the WNV-
EDIII protein as E. coli as the immune response induced by the plant produced antigens had a similar
potency to the immune response elicited in mice immunised with five times the amount of E. coli
produced WNV-EDIII (He et al., 2014, Stander et al., 2021).

Because it has been demonstrated that the ST/SC system can be employed to assemble antigen-display
particles in plants, it was proposed to be a promising strategy to explore for developing a BTV
particulate vaccine as an alternative to the chimeric VLPs previously generated (chapter 2). Similar to
the chimeric VLPs, this method of antigen display lends itself to the development of vaccines which
are safe, easily scalable and rapidly applicable in the case of an outbreak. Both the VLP and ST/SC
methods take advantage of the fact that the majority of the vaccine components remain constant
regardless of the target serotype or antigen being displayed. The chimeric BTV1/8 VLP comprises the
BTV8 backbone where only the tip domain of VP2 needs to be replaced to change serotype targeting
and the ST/SC system has already been optimised for display of an antigen on the AP205 particle where
only the antigen conjugated to ST needs to be exchanged. These vaccines therefore have the potential
to be rapidly produced and distributed when an outbreak occurs.

This chapter investigates the potential for the ST/SC technology to be applied for the display of the
BTV1 antigenic domain on the surface of the AP205 VLP. We have described the design, cloning and
transient expression of AP205 particles displaying the BTV1 VP2 tip domain using the ST/SC system. As
discussed in chapter 2, the tip domain found on the BTV immunodominant VP2 protein is the region
known to elicit the predominant neutralising antibody response during BTV infection. Although this is
the region which is important for immunogenicity of a vaccine, when VP2 is used as an antigen alone,
itis required in much higher concentrations and often with an adjuvant to provide complete protection
(Feenstra et al., 2017). It has been found that when expressed in combination with VP5, and even more
so when expressed with all four BTV capsid proteins, a lower concentration of VP2 is required to induce
a protective neutralising antibody response (Roy et al., 1992). This is thought to be due to the
interaction of the proteins, especially VP2 and VP5, which allow for a more desirable conformation and
presentation of the neutralising epitopes. Hence, the most effective BTV vaccines display VP2 on the
surface of a particle whether that be the attenuated native virus, a VLP or some other particulate
structure.

PCR amplification and In-Fusion® cloning were conducted to construct a recombinant pEAQ-HT
plasmid encoding the BTV1 VP2 tip domain (BTV1Tip) fused to the 5’ of the SC gene sequence to
produce BTV1Tip with SCat the C terminal (BTV1Tip-SC). ST fused to the N terminal of the AP205 capsid
protein (ST-AP205) was expressed from the pEAQ-HT-ST-AP205 construct previously designed in the
BRU laboratory.
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3.2 Materials and Methods

3.2.1 In-Fusion® cloning of BTV1Tip-SC

In-Fusion® cloning was performed to insert the BTV1Tip-SC fragment into the pEAQ-HT vector. First
the SC and BTV1Tip fragments were individually amplified from vectors containing these relevant
sequences. Subsequently, the two amplified fragments were combined into one fragment (BTV1Tip-
SC) by assembly PCR and finally In-Fusion® cloning facilitated the insertion of the BTV1Tip-SC fragment
into the linearised pEAQ-HT vector (Figure 3.3).

Construct 1: BTV1 Tip Domain (BTV1Tip)

Construct 2: SpyCatcher (SC)
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Figure 3.3: Schematic representation of the steps followed to achieve In-Fusion® cloning. A: The pEAQ-HT
vectors containing the relevant sequences, BTV1Tip and SC, were amplified by PCR. B: The primers (FP1, RP1,
FP5, RP5) were used to modify and amplify the desired fragments by PCR to yield the BTV1Tip and SC fragments
with modifications (C). D: The final product, BTV1Tip-SC, was generated by assembly PCR using FP1 and RP5
primers. BTV1Tip-SC was cloned into (E), the linearised pEAQ-HT vector, by In-Fusion® cloning to form (F) the
final recombinant pEAQ-HT BTV1Tip-SC vector.

3.2.1.1 Isolation of SC and BTV1Tip fragments

E. coli glycerol stocks containing each of the relevant constructs were streaked on an LB agar plate
supplemented with 30ug/mL kanamycin and incubated at 37°C overnight. A colony from each plate
was inoculated into 10mL LB broth supplemented with 30ug/mL kanamycin and incubated at 37°C with
agitation overnight. Plasmids were isolated from the cultures using the QlAprep® Spin Miniprep kit
(Qiagen) as per manufacturer’s instructions.

The SC fragment was amplified from the pEAQ-HT AHSV5-VP2domain-SpyCatcher construct which pre-
existed in the BRU lab (Lab collector #2194, BRU laboratory). The SC sequence (version 1) is based on
that published by Zakeri et al. 2012 (Zakeri et al., 2012). PCR was performed to amplify the SC gene
which included a flexible GGS glycine linker at the 5’ end. The gene was modified by the reverse primer
to add a 15bp overlap with the pEAQ-HT vector which included an Xhol restriction enzyme site at the
3’ end. Primers (FP5 and RP5) designed by a previous BRU student were used to amplify this fragment
(Table 3.1).

The BTVI1Tip fragment was amplified from the pEAQ-HT BTV1/8VP2 construct (see 2.2.1). PCR
amplification using the primers detailed in Table 3.1 (FP1 and RP1) allowed for modification of the
BTV1Tip sequence to include a 15bp overlap with the pEAQ-HT vector, a Smal restriction enzyme site
and a double rigid EAAAK linker at the 5’ end. The 3’ end was modified to include a 30bp overlap with
the flexible GGS linker (present at the 5’ end of the SC fragment) to facilitate assembly PCR. The
amplification was designed to be in-frame with the histidine sequence (6xHis) of the pEAQ-HT vector
so that the protein could be purified by nickel affinity chromatography and detected by anti-His
antibodies.

Fragments were amplified by PCR of 5ng of the template DNA using Phusion Hot Start Il High-Fidelity
DNA polymerase (ThermoFisher Scientific) and the primers described in Table 3.1 at a concentration
of 0.5uM each. The PCR profile was as follows: one denaturing cycle at 98°C for 30 s, 35 cycles of: 98°C
denaturing for 30 s, 65°C annealing for 30 s, 72°C elongation for 30 s and one final elongation step at
72°C for 5 min. Negative controls included an empty vector (pEAQ-HT) control, no template control
and forward and reverse primer only controls.

The amplified products were visualised on a 0.8% agarose gel stained with ethidium bromide. The
O’GeneRuler™ 1kb DNA ladder (ThermoFisher Scientific) was used to confirm the size of the amplified
products. The products were purified from the agarose gel using the QIAquick® Gel Extraction kit
(Qiagen) as per manufacturer’s instructions and stored at -20°C until further use.

3.2.1.2 Assembly PCR amplification of BTV1Tip-SC fragment

Assembly PCR was performed to combine the purified SC and BTV1Tip fragments. The PCR included
10ng of each fragment and the primers described in Table 3.1 (FP1 and RP5) at a concentration of
0.5uM each. Amplification and analysis of products was carried out as in section 3.2.1.1.
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3.2.1.3 In-Fusion® reaction

The pEAQ-HT vector was linearised with Agel and Xhol restriction enzymes (ThermoFisher Scientific)
as per manufacturer’s instructions. The purified BTV1Tip-SC fragment was cloned into the linearised
pPEAQ-HT vector using the In-Fusion® HD cloning kit (Separations) as per manufacturer’s instructions.
The completed In-Fusion® reaction was transformed into Stellar™ competent E. coli cells (Clontech)
including the controls stipulated by the manufacturer’s instructions.

3.2.1.4 Colony PCR to confirm transformation into E. coli and A. tumefaciens AGL-1 cells

The transformed E. coli colonies were screened for successful transformation of the pEAQ-HT BTV1Tip-
SC construct by colony PCR using Phusion Hot Start Il High-Fidelity DNA polymerase (ThermoFisher
Scientific) and the primers described in Table 3.1 (pEAQ-HTf and pEAQ-HTr) at a concentration of
0.25uM each. The PCR profile was as follows: one denaturing cycle at 95°C for 3 min, 30 cycles of: 95°C
denaturing for 30 s, 59°C annealing for 30 s, 72°C elongation for 1 min and one final elongation step at
72°C for 5 min. The positive control colony contained the pEAQ-HT vector without an insert and the
negative control colony included an empty pUC57 vector.

Colonies confirmed to be transformed with the recombinant plasmid were inoculated into 10mL LB
broth supplemented with 50ug/mL kanamycin and incubated with gentle agitation at 37°C overnight.
The plasmid was isolated using the QlAprep® Spin Miniprep kit (Qiagen) as per manufacturer’s
instructions. The purified plasmid was verified by sequencing (Macrogen) and stored at 4°C until
further use.

3.2.1.5 Electroporation of BTV1Tip-SC into A. tumefaciens AGL-1

A 100ng concentration of the purified recombinant pEAQ-HT BTV1Tip-SC construct was added to
100pL of A. tumefaciens (AGL-1) cells made electrocompetent using the method described by Shen
and Forde (Shen et al., 1989) and added to a 0.1cm electroporation cuvette (Molecular BioProducts,
Inc.). Following a 5 min incubation on ice, the AGL-1 cells were transformed with pEAQ-HT BTV1Tip-SC
via electroporation at 1.8kV, 25uF and 200Q using a Gene Pulser (BioRad). Nine hundred microliters of
LB media (lacking antibiotics) were added to the electroporated cells, followed by incubation at 27°C
with agitation for 2 h. Thereafter the cells were plated onto LB agar supplemented with carbenicillin
(25ug/mL) and kanamycin (30ug/mL) and incubated at 27°C for 2 days. Transformed colonies were
screened by PCR as described for E. coli colony PCR above (3.2.1.4).

Colonies confirmed to be transformed with the recombinant plasmid were inoculated into 10mL LB
broth supplemented with 50ug/mL kanamycin and 25ug/mL carbenicillin and incubated with gentle
agitation at 37°C overnight. The culture was stored in 25% glycerol at -80°C until use in infiltration
experiments.
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Table 3.1: Primers used in preparation for and confirmation of In-Fusion® cloning.

Fragment . ¥ o Product , - , - Final
Purpose to amplify Primers Ta (°C) size (bp) 5’ addition 3’ addition fragment
FPS5
F t 1 EAQ-HT ly-SC-
ragmen sC 65 399 GGS linker 5bp PEAQ Gly-5
generation RP5 overlap pEAQ-HT
Fragment . FP1 15bp pEAQ-HT, 30bp EAAAI‘<—
eneration BTV1Tip 65 786 Smal, EAAAK complementary | BTV1Tip-
& RP1 linker to GGS linker Gly
Assembly SC and FP1 65 1154 i i BTV1Tip-
PCR BTV1Tip RP5 SC
PEAQ-HTf .
Co'é’”y BTV1Tip-SC 59 1401 . - BTVslcT'p
PCR PEAQ-HTF

* See primer sequences in Appendix (Figure S1)

3.2.2 Small-scale expression of BTV1Tip-SC in N. benthamiana

A. tumefaciens-mediated infiltration was carried out as described in section 2.2.2. The recombinant
AGL-1 culture containing the pEAQ-HT BTV1Tip-SC construct (see section 3.2.1.4) was supplemented
with 50ug/mL kanamycin and 25ug/mL carbenicillin and the cultures were infiltrated at an ODggo of

0.5. For small-scale extraction, 2g of leaf material was harvested from each group of infiltrated plants
at 3 and 5 dpi. The plant material was homogenised using an IKA® T25 digital ULTRA-TURRAX® (Sigma
Aldrich) in two volumes of buffer. Tris-HCI buffer (50mM Tris-HCI, 20mM NaCl, pH8.4) was used for
extraction. Leaf material was extracted in either Tris-HCI buffer without any additives or with added
8M urea or 0.5% Tween® 20. Homogenised leaf material was incubated at 4°C for 1 h with gentle
agitation. The extract was then clarified by centrifugation (Beckman Coulter Avanti® J25-I centrifuge)
at 15344 x g for 10 min. A sample of the supernatant was boiled in 1x SAB for 10 min at 95°C before
analysis of proteins by SDS-PAGE and subsequent detection on Western blots (section 2.2.5). The
BTV1Tip-SC protein was detected on a Western blot with a 1:2000 dilution of mouse anti-Histidine 1gG
primary antibody (BioRad) and 1:10 000 dilution of goat anti-mouse 1gG (H/L) (multi-species adsorbed)
secondary antibody (BioRad). This method was also followed for the preparation of the negative and
positive control samples used in all analyses. The pEAQ-HT vector without an insert was the negative
control and the positive control was a 48kDa His-tagged NS1 protein from West Nile virus (WNV),
pTRAkc-WNV-NS1-HIS-SEKDEL (Lab collector #2387, BRU laboratory), which acted as a positive control
for the anti-His antibodies used to detect purified BTV1Tip-SC on a Western blot.
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3.2.3 Large-scale expression and purification of BTV1Tip-SC by nickel affinity chromatography
For the large-scale experiments, infiltration and extraction were carried out as in 3.2.2. Here, however,

approximately 15g of leaf material was harvested from the plants infiltrated with recombinant AGL-1
at 5 dpi. The plant material was homogenised using an IKA® T25 digital ULTRA-TURRAX in 2 volumes
of 0.1M sodium phosphate buffer pH7 (39mL 0.2M NaH;P04.H,0, 61mL 0.2M Na;HPO,4, 100mL dH0)
containing 8M urea. Sodium phosphate buffer was used as suggested by the manufacturer of the nickel
affinity gel (Sigma-Aldrich). The homogenised plant material was incubated at 4°C with gentle agitation
for 1 h. The extract was centrifuged (Beckman Coulter Avanti® J25-I centrifuge) at 15344 x g for 20 min,
filtered through two layers of Miracloth™ (Merck), centrifuged again at 25931 x g for 15 min and then
filtered through four layers of Miracloth™. The resulting supernatant was then centrifuged for a final
time at 25931 x g for 10 min. The pH of the clarified extract was adjusted to 7.0. Approximately 21mL
of the clarified extract was eluted through a 2mL HIS-Select® Nickel Affinity Gel column (Sigma-Aldrich)
and collected in ImL fractions. The column was equilibrated and washed with 0.1M sodium phosphate
buffer containing 8M urea (pH7.0) and eluted with the same buffer containing 250mM imidazole
(pH7.0).

Preparation and analysis of samples was carried out as in 3.2.2. The first eight elution fractions were
analysed on Western blots and Coomassie-stained SDS polyacrylamide gels.

The fractions with the greatest band density were pooled and dialysed in sterile 0.1M sodium
phosphate buffer in 10 000 MW dialysis tubing (ThermoFisher Scientific) overnight at 4°C with stirring.
The dialysed sample was then quantified and used for in vitro coupling (3.2.5).

The FLW is determined as follows: The concentration of the protein (ug/mL) determined by
quantification is converted to mg/ml. This is then converted to mg in the sample by multiplying
according to the volume of purified extract used for quantification (volume of extract with given
concentration). To determine mg per kg FLW, this mass (mg) is multiplied depending on the mass of
leaf material harvested and clarified.

3.2.4 Expression and purification of ST-AP205 from N. benthamiana

The ST-AP205 VLPs were expressed and purified as previously optimised by Dr Sue Dennis (BRU, UCT).
The ST sequence is based on that published by Zakeri et al. 2012 (Zakeri et al., 2012). The construct
was designed so that the ST peptide was fused to the 5’ end of the AP205 capsid protein and cloned
into the pEAQ-HT vector (Dennis, 2019). The recombinant AGL-1 cultures containing the pEAQ-HT
SpyTag-AP205 construct (Lab collector #1838, BRU laboratory) were infiltrated as described in 2.2.2 at
an ODeggo of 0.25. Leaves were harvested at 4 dpi and homogenised in 2 volumes of 1 x phosphate
buffered saline (PBS) (PBS: 137mM NacCl, 2.7mM KCl, 10mM, Na,HPO4, pH7.4) using a Moulinex™ juice
extractor. The homogenised leaf material was incubated with gentle agitation at 4°C for 30 min. The

crude extract was then filtered through four layers of Miracloth™ and clarified by centrifugation at
25000 x g for 20 min at 4°C. The VLPs were purified through a discontinuous Optiprep™ density
gradient by ultracentrifugation. The 7mL step gradient consisted of 2ml 35% Optiprep, 3mL 29%
Optiprep and 2mL 23% Optiprep diluted in extraction buffer and layered under approximately 30mL
clarified plant extract. The samples were centrifuged (Beckman Coulter Optima™ L-100 XP
Ultracentrifuge) at 124436 x g (32000rpm) for 2 h at 4°C using a Beckman SW 32 Ti rotor. After
centrifugation, the bottoms of the centrifuge tubes were punctured with a syringe needle and 500uL
fractions were collected in microcentrifuge tubes. A sample of each fraction was boiled in 1x SAB for
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10 min at 95°C before analysis of protein expression by Western blots and Coomassie-blue stained SDS
polyacrylamide gels (section 2.2.5).

The ST-AP205 protein was detected on a Western blot with polyclonal rabbit anti-ST-AP205 primary
antibody (1:20 000) and 1:10 000 dilution of goat anti-rabbit IgG (whole molecule) alkaline
phosphatase conjugated antibody (Sigma-Aldrich).

3.2.5 In vitro coupling of purified BTV1-SC and ST-AP205
The purified BTV1-SC and ST-AP205 proteins were quantified by gel densitometry of a Coomassie-
stained gel using GeneTools software (Synoptics Inc.). Concentrations of the proteins were estimated

from a standard curve constructed from known concentrations of bovine serum albumin (BSA,
Separations) ranging from 0.25mg/mL to 0.01mg/mL.

Using the estimated concentrations of the proteins determined from the standard curve, molar
calculations were carried out to determine the volume needed for a 1:3, 1:5 and 1:7 (ST-AP205:BTV1-
SC) molar ratio. The coupling reactions were aliquoted and stored at room temperature (approx. 22°C)
overnight. The coupled reactions were analysed for complex formation by Western blot and
Coomassie-stained gels as described in 2.2.5. Controls included each protein (BTV1Tip-SC and ST-
AP205) electrophoresed separately. The proteins were detected on a Western blot with polyclonal
rabbit anti-ST-AP205 primary antibody (1:20 000) and 1:10 000 dilution of goat anti-rabbit IgG (whole
molecule) alkaline phosphatase conjugated antibody (Sigma Aldrich).

The coupling efficiency was calculated using the densitometric methods applied by a similar study in
our research lab (Stander et al., 2021). Coupling efficiency describes the percentage of binding sites
that are occupied on the VLP, therefore the higher the coupling efficiency, the more antigens that are
bound to particles. The absorbance readings of the anti-ST-AP205 antibody-detected bands
representing the ST-AP205 monomer (16.5kDa) and the coupled complex (60kDa) were measured
using GeneTools software (Synoptics Inc.). The coupling efficiency was calculated by dividing the
intensity value of the coupled complex band by that of the ST-AP205 monomer and multiplying it by
100.

3.3 Results

3.3.1 Preparation of BTV1Tip and SC fragments for In-Fusion® cloning
Before In-Fusion® cloning, the individual BTV1Tip and SC fragments were amplified from individual

templates using the primers listed in Table 3.1 and fused to each other before cloning into the pEAQ-
HT vector. The SC fragment containing a flexible GGS glycine linker at the 5" end was successfully
amplified to produce a fragment of 399bp (Appendix: Figure S2 A —red arrow). The BTV1Tip fragment
was amplified to include a rigid EAAAK linker at the 5’ end and a complementary region to the GGS
linker at the 3’ end was successfully amplified to produce a fragment of 786bp (Appendix: Figure S2 B
—red arrow). These products were extracted from the gel and purified.

3.3.2 Assembly of BTV1Tip-SC fragment for insertion into pEAQ-HT by In-Fusion® cloning

The purified BTV1Tip and SC fragments were successfully fused by assembly PCR, yielding a single
1154bp fragment, BTV1Tip-SC, using FP1 and RP5 primers (Table 3.1) (Appendix: Figure S3). The
amplified product was extracted from the agarose gel and purified for its use in In-Fusion® cloning into
the pEAQ-HT vector.
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3.3.3 In-Fusion® cloning of BTV1Tip-SC fragment into pEAQ-HT
The amplified BTV1Tip-SC was successfully cloned into pEAQ-HT by In-Fusion® cloning and transformed

into E. coli. Colony PCR screening of the recombinant E. coli resulted in the expected band sizes of
1401bp (Figure 3.4 red arrow).
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Figure 3.4: Colony PCR to screen E. coli colonies for successful transformation with pEAQ-HT BTV1Tip-SC
construct. Amplified products visualised on 0.8% agarose gel stained with ethidium bromide. Of the transformed
colonies, ten were selected for colony PCR. Red arrow indicates the BTV1Tip-SC product amplified by pEAQ-HT
specific primers: 1401bp. EV: empty vector control (275bp). NTC: no template control. Bp: molecular weight
marker (in base pairs).

3.3.4 Transformation of BTV1Tip-SC into A. tumefaciens for use in plant-expression

Following the screening of E. coli colonies, pEAQ-HT BTV1Tip-SC, from a selected colony, was purified
and transformed into electrocompetent A. tumefaciens AGL-1. The transformed AGL-1 cells were
screened for successful uptake of pEAQ-HT BTV1Tip-SC by colony PCR using vector-specific primers
(Table 3.1). All the colonies screened contained the plasmid encoding the BTV1Tip-SC fragment as
indicated by the bands corresponding to 1401bp (Figure 3.5 indicated by red arrow).
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Figure 3.5: Colony PCR to screen AGL-1 colonies for successful transformation with pEAQ-HT BTV1Tip-SC
construct. Of the transformed colonies, ten were selected for colony PCR. Red arrow indicates the BTV1Tip-SC
product amplified by pEAQ-HT specific primers: 1401bp. EV: empty vector control (275bp). NTC: no template
control. Bp: molecular weight marker (in base pairs).

3.3.5 Small-scale optimisation of BTV1Tip-SC extraction from N. benthamiana

To determine the optimal harvest day and extraction buffer for maximum BTV1Tip-SC protein yield, a
small-scale infiltration was conducted. Plants were infiltrated with Agrobacterium AGL-1 transformed
with pEAQ-HT BTV1Tip-SC at an ODgoo of 0.5 and harvested on 3 and 5 dpi. Three different Tris-HCI
based buffers were used to extract the protein: Tris-HCl or Tris-HCl augmented with addition of urea
or Tween™ 20. A construct containing a His-tagged NS1 gene from West Nile virus (48kDa) was used
as a positive control for detection by anti-His antibodies.

The BTV1Tip-SC protein was detected on the Western blot as a band of 43.5kDa (Figure 3.6 red arrow).
At 3 dpi, the protein was detected when all three buffers were used but band intensity of BTV1Tip-SC
extracted with Tris-HCI buffer alone and with 0.5% Tween® 20 was much lower than that of BTV1Tip-
SC extracted in Tris-HCl with 8M urea. At 5 dpi, there was a slightly greater density for sample extracted
with Tris-HCI buffer than at 3 dpi, but almost no protein was detected in the sample extracted with
0.5% Tween® 20. Based on this qualitative assessment of band intensity, it was concluded that
harvesting leaves at 5 dpi and extraction of BTV1Tip-SC with Tris-HCl buffer containing 8M urea
resulted in the highest BTV1Tip-SC protein yields. These parameters were used for further
experimentation.
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Figure 3.6: Small-scale expression of BTV1Tip-SC protein in plants. Leaves harvested on 3 and 5 dpi and protein
extracted with three Tris-HCI buffers (pH8.4): Tris-HCI (T), Tris-HCI with 8M Urea (T+U) or Tris-HCl with 0.5%
Tween 20 (T+T). Equal volumes of crude extract loaded in each lane. Protein detected by anti-Histidine antibodies
(1:2000). Red arrow indicates BTV1Tip-SC protein at 43.5kDa. Positive control for anti-His antibody (+ve): pTRAkc-
NS1-His-SEKDEL construct (48kDa). Negative control (-ve): crude leaf extract from plants infiltrated with pEAQ-
HT vector without an insert. kDa: Molecular weight marker in kilodaltons.

3.3.6 Purification of BTV1Tip-SC protein by nickel-affinity chromatography

Once harvest and extraction parameters had been optimised based on the qualitative analysis of crude
plant extracts, purification by nickel-affinity chromatography was investigated. Approximately 20g of
leaf material was harvested at 5 dpi and homogenised in 0.1M sodium phosphate buffer (suggested
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by affinity gel manufacturer, Sigma-Aldrich) containing 8M urea. The BTV1Tip-SC protein was eluted in
the same buffer containing 250mM imidazole. The elution fractions were analysed by Western blot
and Coomassie-staining of gels (Figure 3.7).

The BTV1Tip-SC protein (43.5kDa) was detected by Western blot by anti-His antibodies in elution
fractions 2-8 (Figure 3.7A red arrow). The darkest bands were observed in fractions 2 - 4 with a smaller
non-specific band of 40kDa observed in fractions 2 to 5. On the Coomassie-stained gel, BTV1Tip-SC was
observed in fractions 2-5 with the greatest band intensity in fractions 3 and 4 (Figure 3.7B red arrow).
Based on these observations, fractions 3 and 4 were deemed as having the greatest yield of protein
and were selected for dialysis to remove urea and imidazole. The concentration of BTV1Tip-SC was

then quantified by gel densitometry and found to be 52.65ug/mL which translates to 18mg/kg fresh
leaf weight (FLW).
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Figure 3.7: Purification of BTV1Tip-SC protein by nickel-affinity chromatography. Leaves harvested on 5 dpi and
extracted, equilibrated and washed in 0.1M sodium phosphate buffer containing 8M urea. Protein eluted in 0.1M
sodium phosphate buffer containing 8M urea and 250mM Imidazole. Elution fractions of 1mL each were
collected and equal volumes of eluted samples were loaded in each lane and visualised on (A) a Western blot
(elution fractions 2 to 8) and (B) Coomassie-stained SDS-PAGE gel (elution fractions 2-6). Protein detected by
anti-Histidine antibodies (1:2000). Red arrows indicate BTV1Tip-SC protein at 43.5kDa. Positive control for anti-
His antibody (+ve): pTRAkc-NS1-His-SEKDEL construct (48kDa). Negative control (-ve) crude leaf extract from
plants infiltrated with pEAQ-HT vector without an insert. kDa: Molecular weight marker in kilodaltons.

3.3.7 Extraction and purification of ST-AP205 VLPs from N. benthamiana

The AP205 SpyVLP (Thrane et al., 2016) was selected for display of the BTV1Tip protein as it has
previously been successfully assembled in and purified from N. benthamiana in our laboratory (Dennis,
2019). No optimisation was required as the established methods were followed in their entirety.
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ST-AP205 CP was detected on the Western blot in all fractions (Figure 3.8A). The monomer (16.5kDa
indicated by green arrows) was detected in all fractions while the dimer (33kDa indicated with blue
arrows) and tetramer (66kDa indicated with red arrows) were detected in all fractions except fraction
2. Band intensity increased with the decreasing Optiprep™ concentration. The monomer and dimer
were visualised on the Coomassie-stained gel in fractions 2-7 while the tetramer was visualised in
fractions 4-7 (Figure 3.8B). A band corresponding to approximately 55kDa was also visualised on the
Coomassie gel in fractions 5-7 and in the negative control which is likely the RuBisCO protein (Figure
3.8B). Fractions 4 and 5 were quantified by gel densitometry and the concentration of ST-AP205
monomers was found to be 26.37ug/mL which translates to 2mg/kg FLW.

A sample from fraction 6 was visualised by TEM. Electron micrographs showed that ST-AP205 VLPs
assembled from expressed CP in plants after agroinfiltration (Figure 3.8 C and D). The particles were
approximately 28nm in diameter and appeared to be expressed at yields similar to those previously
purified in the laboratory (Dennis, 2019). These results confirmed the successful expression, assembly
and purification of ST-AP205 VLPs in plants.
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Figure 3.8: Purification of ST-AP205 VLPs from N. benthamiana. Leaves were harvested on 4 dpi and extracted
in 1x PBS (pH7.4) buffer. Proteins were purified by ultracentrifugation through a discontinuous Optiprep™
density gradient and 500ulL fractions were collected from the bottom of the tube. Protein in purified fractions
was detected on (A) a Western blot and (B) a Coomassie-stained gel. Protein detected by anti-ST-AP205
antiserum (1:20000). Green arrows indicate the ST-AP205 monomer (16.5kDa), blue arrows the dimer (33kDa)
and red arrows the trimer (66kDa). 1-7: 500uL fractions collected from bottom of tube where 1=bottom of 35%
gradient and 7=top of 29% gradient. Negative control (-ve) crude leaf extract from plants infiltrated with pEAQ-
HT vector without an insert. kDa: Molecular weight marker in kilodaltons. C and D: Electron micrographs of
purified ST-AP205 VLPs (approximately 30nm) from fraction 6. Scale bars represent (C) 100nm and (D) 50nm.

3.3.8 In vitro coupling of purified BTV1Tip-SC and ST-AP205 VLPs

In addition to the plant-produced ST-AP205 particles, a purified E. coli-produced ST-AP205 VLP sample
provided by Phindile Ximba (BRU, UCT) and purified in 2020 was also used for coupling to BTV1Tip-SC.
The purified BTV1Tip-SC protein and ST-AP205 VLPs were quantified by gel densitometry using a BSA
standard curve. The BTV1Tip-SC protein, plant-produced ST-AP205 protein and E. coli-produced ST-
AP205 protein were estimated as having concentrations of 52.65ug/mL, 26.37ug/mL and
348.73ug/mL, respectively. For the plant-produced proteins this translated to 2mg ST-AP205 per kg
FLW and 18mg BTV1Tip-SC per kg FLW. The proteins were then coupled in vitro in a 1:3 ST-
AP205:BTV1Tip-SC molar ratio. Other molar ratios, 1:5 and 1:7, were tested to ensure that there was
an excess of BTV1Tip-SC for optimal coupling efficiency. These ratios were tested because a study in
our laboratory had used similar ratios for coupling of the HIV envelope glycoprotein gp140 to SC-AP205
(Ximba, 2021). It was determined, however, that a greater molar ratio does not increase the intensity
of the coupled protein band (results not shown) and thus a 1:3 molar ratio was used from hereon.

Protein was detected on a Western blot using the ST-AP205 antiserum. It was found that when the
same samples were probed with the anti-His antibodies, no bands were detected, neither the BTV1Tip-
SC protein nor the coupled product (data not shown). Complex formation was confirmed by a
molecular weight shift on a Western blot or Coomassie-stained gel (Figure 3.9). When coupled to the
monomeric form of ST-AP205, there was a molecular weight shift to approximately 60kDa
(16.5kDa+43.5kDa).

The Western blot (Figure 3.9A), showed detection of the monomers, dimers and tetramers of the plant
(plant ST) and E. coli (E. coli ST)-produced ST-AP205 CP alone (black arrows). In samples from the
coupled reactions with plant-made ST-AP205 VLPs, these forms were no longer detected but the
coupled complex of approximately 60kDa was detected (Figure 3.9A red arrow). In the coupled fraction
with E. coli-made ST-AP205, the monomer and multimers were still detected but at a lower signal
intensity (black asterisks) and the coupled protein was also observed at a greater signal intensity than
in the coupling reaction with plant-made ST-AP205. The coupled proteins were also visualised on the
Coomassie-stained gel (Figure 3.9B red arrow). However, the coupled complex comprising the plant
produced ST-AP205 was not visualised. It is likely that the bands corresponding to approximately
55kDa are the RuBisCO protein (black arrow heads). The dialysed sample of BTV1Tip-SC was visualised
on the Coomassie gel and seen at 43.5kDa (red asterisk).

Using the densitometric methods, the coupling efficiency for the plant-produced ST-AP205 particles
was calculated to be approximately 44%.
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Figure 3.9: Confirmation of in vitro coupling of purified ST-AP205 and BTV1Tip-SC proteins by (A) Western blot
and (B) Coomasssie-stained SDS-PAGE gel. Protein was detected by anti-AP205 antiserum (1:20000). The
coupling reactions were carried out at a molar ratio of 1:3 (ST-AP205:BTV1Tip-SC) using either plant-made (plant
couple) or E. coli-made (E. coli couple) ST-AP205 VLPs. Black arrows and black asterisks indicate the ST-AP205
monomer (16.5kDa), dimer (33kDa) and tetramer (66kDa) which were detected in the fractions containing either
the plant-made ST-AP205 VLPs (Plant ST) or E. coli-made ST-AP205 VLPs (E. coli ST), respectively. Red arrows
indicate the coupled complex at approx. 60kDa (43.5kDa+16.5kDa). Red asterisk indicates the BTV1Tip-SC protein
at 43.5kDa. Black arrow heads indicate RuBisCO at approx. 55kDa. kDa: Molecular weight marker in kilodaltons.

3.4 Discussion

Antigen display on the surface of a particulate structure is a promising approach for the development
of vaccines and therapeutics. Antigens presented in a repeating pattern on the surface of a particle
can induce a strong immune response which can include the induction of the B-cell response
(Bachmann et al., 2010, Frietze et al., 2016, Hill et al., 2018). When an antigen is expressed alone, often
a much greater concentration is required, with the addition of an adjuvant, to induce a protective
immune response (Feenstra et al., 2017). Although we showed the successful production of BTV8 and
BTV1/8 VLPs in plants in chapter 2, we also investigated a different approach to producing particulate
BTV vaccines in plants to determine whether there may be a superior method one could develop which
would compete with chimeric VLP production in terms of particle yield, immune response and DIVA
compliancy.

Antigen display technologies have become more advanced over recent years. Antigen display is no
longer limited to genetic fusion or chemical conjugation. The ST/SC technology makes use of
bioconjugation of two proteins which are engineered to form an irreversible covalent bond either in
vivo or in vitro once translated into separate proteins (Zakeri et al., 2012). This technology has a
number of advantages over other methods of bioconjugation including the versatility of the antigens
and particulate structures which can be applied as well as the stability of the reaction under a wide
range of buffer, pH and temperature conditions (Zakeri et al., 2012).
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In this study we applied the ST/SC technology to display part of the BTV1 VP2 protein on the
bacteriophage AP205 VLP. In chapter 2 we were able to produce a chimeric BTV1/8 VLP where the VP2
protein consisted of the BTV8 VP2 sequence with the 221aa immunogenic tip domain substituted with
the corresponding region of BTV1 VP2. In this study, we took the same region corresponding to the
immunogenic BTV1 VP2 tip domain (BTV1Tip) and designed a construct encoding the tip domain fused
to SC (BTV1Tip-SC). Due to time constraints, we were not able to test fusion of SC to both the N and C
BTV1Tip termini and thus SC was fused only to the C terminus as it has been found in our research
group that greater yields of SC-linked proteins are produced in plants when it is fused to this terminus.

The ST-AP205 VLPs were produced in plants using previously optimised methods (BRU, UCT). Although
both the N and C termini of the AP205 capsid protein are exposed on the surface of the AP205 particle,
it was found that the fusion of ST on the N terminus resulted in greater yields of protein and a greater
density of VLPs when expressed in plants (Dennis, 2019). This was also the case when SC was fused to
either of the bacteriophage AP205 N or C termini. The approx. 55bp RuBisCo protein is still detected
after purification. Possible methods to combat this include precipitating it out of the fraction by using
a combination of calcium ions and phytate with an appropriate pH (Krishnan et al., 2009), which could
negatively affect VLP assembly, or using size exclusion chromatography.

BTV1Tip-SC was successfully amplified by PCR and cloned into the pEAQ-HT vector by In-Fusion®
cloning. This construct was designed so that it could be easily purified and detected on a Western blot
by fusion of a His-tag to the N terminus. Primers were designed to amplify this sequence such that it
would have a rigid EAAAK linker on the 5’ end. This was done to ensure that the His-tag was sufficiently
separated from the antigen to prevent steric hindrance which may have prevented binding of the His-
tag to the nickel ions during purification and to the anti-His antibodies during detection on Western
blots as has been reported by others (Chen et al., 2013). The SC fragment was amplified from a pre-
existing construct to facilitate fusion to a flexible GGS glycine linker. The glycine linker was used for
separation of the antigen from the SC peptide so that once fused to ST on the AP205 particle, the
antigen could extend away from the VLP and have the space to fold correctly into its native
conformation without the interference of the SC-ST conjugation. The flexible linker allows slight
mobility which can accommodate proper folding so that the fusion protein can be displayed in its
biological conformation to maintain functionality (Chen et al., 2013). This was appropriate for the
separation of SC from the BTV1 tip domain. The rigid linker, however, has an a-helical conformation
which gives it a stiff structure which is more effective at ensuring separation between the two domains
(Chen et al., 2013). This is more important for the His-tag as it is a small protein which does not require
elaborate folding but simply needs to be exposed for purification and detection purposes.

The final pEAQ-HT BTV1Tip-SC recombinant plasmid was constructed through In-Fusion® cloning. This
cloning method is able to join any two pieces of DNA which have at least a 15bp overlap at their ends
in a single reaction which takes 15 minutes (Zhu et al., 2007). The pEAQ-HT BTV1Tip-SC constructs were
successfully electroporated into A. tumefaciens AGL-1 and cultured, ready for infiltration into plants.

A small-scale infiltration experiment was conducted to determine optimal day of harvest and optimal
extraction buffer for the BTV1Tip-SC protein. Leaves were harvested on day 3 and 5 post-infiltration.
The plants began to show signs of necrosis on day 5 which is an indication that the plant’s defence
response had begun to induce the expression of pathogenesis-related genes. It has been previously
shown that an accumulation of reactive oxygen species (ROS), plant proteases and other defence
responses can lead to necrosis and cell death in the region of infiltrated areas on the leaves
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(Wroblewski et al., 2005, Norkunas et al., 2018). In our case, samples were not harvested later than 5
dpi as necrosis on the leaves was beginning to affect the fresh leaf mass available for processing and
thus harvesting on a later day would mean more necrosis and less biomass for extraction of proteins.

Tris-HCl is a standard extraction buffer often used to extract SC-fused proteins (He et al., 2014, Stander
et al., 2021). Extraction with this buffer including either 8M urea, a strong chaotropic denaturant, or
0.5% Tween® 20, a moderate strength non-ionic denaturant, was also investigated. Sometimes His-
tagged proteins can form aggregates and subsequently insoluble inclusion bodies (Spriestersbach et
al., 2015). Extracting and purifying under denaturing conditions can improve the detection of protein
and efficiency of purification as it ensures the His-tag is fully exposed. It must also be noted that when
urea is heated above 37°C, carbamylation of the protein can occur which may result in the protein
having a greater molecular weight than expected (Rabilloud et al., 2007). This may explain why the
bands corresponding to the BTV1Tip-SC protein on Western blots do appear to be slightly larger than
43.5kDa as these samples were denatured at 95°C before electrophoresis. Although the BTV1Tip-SC
protein was detected in samples on all days post-infiltration and was not dependent on extraction
buffer, the signal intensity of the band representing the protein expressed in plants harvested on day
5 and extracted in buffer containing 8M urea, was the greatest and thus these conditions were applied
for further experimentation.

The large-scale expression and purification of the BTV1Tip-SC protein was achieved through nickel
affinity chromatography. Here we harvested plants on 5 dpi but changed the extraction buffer to a
0.1M sodium phosphate buffer as suggested by the manufacturer of the HIS-Select® Nickel Affinity Gel
(Sigma-Aldrich). Clarification of the plant extract was optimised to ensure that there was no ‘slime’
layer forming on top of the column during purification as was found by the first attempts at this
purification. This was to ensure the column was not disturbed during the wash or flow-through steps
so that the protein is only eluted in the final elution fractions. It is also suggested by the manufacturer
that all buffers as well as clarified plant extract should be at a pH of between 7 and 8. We therefore
extracted, equilibrated and washed samples in 0.1M sodium phosphate buffer with 8M urea (pH7.1)
and eluted protein in the same buffer but with added 250mM imidazole.

The ST-AP205 CP was successfully expressed and particles assembled in planta were purified using the
previously optimised methods (Dennis, 2019). The monomeric (16.5kDa), dimeric (33kDa) and
tetrameric (66kDa) forms of the CP were clearly detected on the Western blot using the AP205
antiserum as was observed by Stander et al. (Stander et al., 2021). A high density of particles was also
observed under the TEM (Figure 3.8).

The purified BTV1Tip-SC and ST-AP205 proteins were quantified by gel densitometry using a BSA serial
dilution for construction of a standard curve. The quantities were then used to calculate the necessary
volumes to make up in vitro coupling reactions with different molar ratios. These included 1:3, 1:5 and
1:7 ST-AP205:BTV1Tip-SC. These ratios were chosen to ensure that as much of the BTV1-SC protein
would be available for binding to the ST-presenting AP205 particles as possible. Similar studies have
also investigated different molar ratios for coupling SpyVLPs starting at a 1:1 ratio and then increasing
the concentration of the antigen (Brune et al., 2016, Yenkoidiok-Douti et al., 2019, Tan et al., 2021b).
The coupling ratios chosen for this study all resulted in the same band intensity of the coupled protein
on a Western blot and thus a 1:3 ratio was used in further experiments.
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The BTV1Tip-SC protein was either coupled to plant-produced ST-AP205 or E. coli-produced ST-AP205.
The E. coli produced ST-AP205 was included in the coupling reactions as it has been found in our case
that when detecting E. coli-produced AP205 on a Western blot, the multimers of the protein (dimer
and tetramer) are not usually observed (Thrane et al., 2016). This is unlike the case of plant-produced
ST-AP205 where bands representing the dimers and tetramers are usually observed (Stander et al.,
2021). This would mean there would be no confusion between the size of coupled protein complex
(approx. 61kDa) and the size of the tetramer (66kDa). It has been found that when proteins are
expressed in plants, during extraction and purification, there is an increased chance of cross-linking
occurring (Castells-Graells et al., 2021). However, it was found that the multimers were detected on
the Western blot (Figure 3.9). This may be due to the long storage of the sample resulting in the
aggregation and multimerization of the ST-AP205 proteins. We were able to detect the coupled
BTV1Tip-SC-ST-AP205 complex on the Western blot at the expected size (approx. 60kDa), running
slightly below the tetramer (66kDa). The same pattern was observed for both plant and E. coli-
produced ST-AP205 (Figure 3.9).

The coupling efficiency was calculated as being approximately 44%. Although the BTV1Tip-SC antigen
was present in molar excess in the coupling reaction, it is likely that due to steric hindrance, not all of
the binding motifs on the AP205 capsid could be occupied by the antigen. The AP205 VLP is made up
of 180 subunits and is between 27-30nm in diameter (270-300 angstrom) (Klovins et al., 2002, Tissot
et al., 2010). This translates to 180 potential antigen binding sites. Although it is outside of the scope
of this research, one could calculate the number of BTV1Tip antigen proteins that could bind to the
AP205 VLP by determining the size of the tip domain in angstroms and determining how many could
fit on the total surface area of the AP205 VLP. This would also be dependent on how far the STs are
extended from the particle surface. It is likely that even if there was 100% coupling efficiency, each of
the 180 potential binding sites would not be able to bind one whole BTV1Tip antigen molecule.

It has been found that larger antigens result in lower coupling efficiencies. Thrane et. al found that a
15kDa antigen coupled to ST-AP205 with 88% coupling efficiency while a 118kDa antigen coupled with
34% efficiency (Thrane et al., 2016). Additionally, Stander et al. found that the 25kDa WNV-EDIII
antigen coupled to ST-AP205 with a 51% efficiency (Stander et al., 2021). They point out that this is
likely an overestimation of coupling efficiency as the calculation does not take the uncoupled dimer
and tetramer forms of AP205 into account. Despite this, however, Stander et al. found that the AP205
particle displaying the antigen still resulted in a greater immune response than the soluble antigen
alone, further supporting the fact that display of at least some antigen on a particulate structure
increases immunogenicity of the antigen.

Although the in vitro coupling shown in this work was promising in its ability to form the desired
particulate complexes, there is still optimisation to be done. When coupled protein was probed with
the anti-His antibodies, no bands were detected; neither the BTV1Tip-SC protein nor the coupled
product. This may be due to the His-tag on the BTV1Tip-SC protein being hidden within the protein
complex. Although the rigid linker that separated the His-tag from the BTV1Tip antigenic domain did
successfully keep the His-tag exposed for purification and detection of the BTV1Tip-SC protein, it
seems that when BTV1Tip-SC was coupled to ST-AP205, the His-tag was not exposed for detection by
anti-His antibodies. It has been found that, in rare instances, the His-tag can be hidden by the tertiary
structure of a protein (Crowe et al., 1996, Block et al., 2009). Making use of an antibody other than
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anti-ST-AP205, such as anti-BTV1 VP2, would help to confirm that the band observed is in fact the
coupled protein and not a multimer of the ST-AP205 VLP.

In addition to in vitro coupling, there are two other strategies that could be used to couple the ST-
AP205 VLPs to the BTV1Tip-SC proteins. One method of coupling is known as co-expression, or co-
infiltration, which involves the SpyVLP components being co-infiltrated into the same leaves for
coupling to occur in vivo. This has been found to be successful in plants expressing the Hepatitis B core
antigen (HBcAg) and GFP (Peyret et al., 2020). The second method - co-extraction, or co-purification, -
involves the leaf material of individually infiltrated constructs being harvested together in the same
extraction buffer, and subsequently purified together. This method has also been successfully
conducted in plants (Roder et al., 2017). In vitro coupling involves each construct being individually
infiltrated into leaves, extracted and purified separately before being mixed together in vitro. This is a
lengthy process requiring complex purification methods which take time and money to carry out. The
co-extraction and co-expression methods are more feasible as they do not require each component to
be extracted and purified separately. A previous study conducted in our laboratory found that all three
methods were successful in coupling the West Nile virus EDIII protein to the ST-AP205 capsid protein
however the co-extraction method resulted in the greatest yield of coupled complexes (Stander et al.,
2021). Due to time constraints, this study could not explore these methods to the same extent as was
done for in vitro coupling, however, future work should investigate whether better coupling of
BTV1Tip-SC to ST-AP205 could be achieved using these alternative methods. At present, the in vitro
method tested here does not lend itself to commercialisation as large-scale expression and purification
would be too time-consuming and expensive.

Having investigated the production of chimeric BTV1/8 VLP and the SC/ST-based BTV1 vaccine
candidates in plants, we concluded that both approaches have the potential to be used in future
vaccine regimes. However, the ST/SC-based approach requires further optimisation to improve the
coupling efficiency and yield of the coupled complexes. We obtained yields of 2mg/kg FLW and
18mg/kg FLW of ST-AP205 and BTV1Tip-SC proteins, respectively, which are both much lower than the
34mg/kg FLW yield of chimeric VLPs measured in chapter 2. These yields would likely not be sufficient
for dosing due to their low concentration and the fact that there is a maximum dosing volume of 2mL
for subcutaneous injection of guinea pigs (Wolfensohn et al., 2008). It was thus decided that the
chimeric VLP was the more promising candidate vaccine between the two and was selected for use in
animal immunogenicity trials (chapter 4).
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Chapter 4: Evaluating the immunogenicity of plant-produced BTV8
and BTV1/8 VLPs in guinea pigs

4.1 Introduction
BTV vaccines are able to mount an immune response which induces the production of neutralising

antibodies which protect the animal from disease if they become infected with the virus against which
they were immunised. Because there is low cross-protection between BTV serotypes, the ideal vaccine
strategy should protect against more than one serotype. The commercially available vaccines for BTV
include the modified live virus (MLV) vaccine and the inactivated vaccine. Although the MLV consists
of three doses containing five serotypes each to protect against the prevalent serotypes, and the
inactivated vaccine is a safer alternative, there are a number of associated risks which are undesirable
in terms of an ideal BTV vaccine (Batten et al., 2008, Nomikou et al., 2015, Feenstra et al., 2017). The
limitations presented by risks of reassortment and reversion to virulence by the MLV and short-lived
immunogenicity of the inactivated vaccines has encouraged the development of alternative methods
which are safer, more cost-effective, efficacious, protective against multiple serotypes and DIVA
compliant. Although it is difficult to develop a vaccine which addresses every one of these concerns,
there have been a number of promising vaccine candidates which have the potential to be developed
into more desirable BTV vaccines than those currently in use.

Vaccines can be considered to be ‘multivalent’ when they protect against challenge by more than one
serotype of a given virus, where there are low levels of cross-protection (Lauer et al., 2017, He et al.,
2021). For example, multivalency can be achieved through the expression of multiple neutralising
epitopes on a single VLP where some are specific to one serotype and the others specific to another
(Nunes et al., 2014, Feenstra et al.,, 2015, Mokoena et al., 2019). Alternatively, individual VLP
preparations could be designed to elicit a single serotype-specific immune response with the vaccine
comprising a cocktail of the VLPs representing different serotypes. For example, Rojas et al.
investigated the use of recombinant adenoviruses in producing a BTV vaccine that would provide
protection against challenge by multiple BTV serotypes (Rojas et al., 2021). Their candidate vaccine
consisted of the replication-defective human adenovirus serotype 5 (Ad5) expressing VP7 of BTV8
(Ad5VP7-8) in combination with Ad5 expressing VP2 of BTV1 (Ad5VP2-1). This vaccine was able to
protect vaccinated mice against BTV1 and BTV8 challenge. However, the authors attributed this to the
cross reactive anti-BTV IgG antibody response induced by the T-cell epitopes on the more conserved
VP7 protein as there were no significant neutralising antibody titres detected. This study suggests that
the inclusion of more conserved BTV proteins, such as VP7, in a vaccine strategy is important as
protection is dependent on both the humoral and cellular immune response and T-cell immunity may
be a key component of creating multivalent vaccines. A similar strategy investigated the use of a
pentavalent DISA vaccine as a potential BTV vaccine that could provide protection against multiple
serotypes. This strategy made use of the live-attenuated viruses from five different serotypes where
there is a deletion of 72 amino acid codons in NS3/NS3a (van Rijn et al., 2021). There was only full
protection provided against BTV8 challenge and partial protection against BTV2 challenge.

Although the above vaccines have had success in providing protection against BTV, there is still a need
for multivalent BTV vaccines which provide a long-lasting protective neutralising antibody response.
VLPs are ideal vaccine candidates as they present the VP2 epitopes to the immune system in the same
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way that the native virus would during natural infection (Crisci et al., 2012). They are also completely
safe as they do not include any genetic material.

A number of BTV VLPs have been developed using the baculovirus insect cell expression system, some
of which address the need for multivalent vaccines. Stewart et al. used a standard VLP core (BTV17
VP3 and BTV10 VP7) and exchanged the outer capsid proteins (VP2 and VP5) to change the serotype
it was targeting (BTV2, BTV4 or BTV9). They found that the BTV2 VLPs (where BTV2 VP2 and VP5 were
used) induced neutralising antibodies in sheep which protected them from BTV2 challenge.
Additionally, there were no clinical signs of viremia (Stewart et al., 2010, Stewart et al., 2012). Perez
de Diego et al. took a different approach and included VLPs for BTV1 and BTV4 in a single vaccine.
Although there were neutralising antibodies produced against both VLPs, the BTV4 response was not
strong enough to provide complete protection to sheep challenged with both virus serotypes (Perez
de Diego et al., 2011). Feenstra et al. investigated chimeric DISA vaccines where either entire VP2
proteins were exchanged or just part of the VP2 protein was exchanged with the corresponding region
of another. One of the vaccines where there was a chimeric VP2 protein including parts from BTV1 and
BTV16 resulted in serotype-specific antibody production in sheep and the ability to neutralise both
serotypes (Feenstra et al., 2014).

In addition to the vaccine candidates produced in the traditional cell expression systems, there have
also been great strides made in the production of similar vaccines in plant expression systems. Some
promising plant-produced BTV VLPs include BTV8 VLPs which were able to produce serotype-specific
antibodies in sheep and provide protection against BTV8 challenge (Thuenemann et al., 2013) and
chimeric VLPs targeting serotype 3 and 4 which induced seroconversion in sheep (Mokoena et al.,
2019).

Although many of these studies provide immunogenicity data from sheep immunised with the
candidate vaccines, many of the preliminary animal work for these and similar studies make use of
small animal models to determine preliminary immunogenicity data which will determine whether
trials will continue in the target animal. The most common animal models include mice and guinea
pigs. Using small animal lab models saves time and money and is ethically beneficial as it decreases
the need for the larger animal models at the early stages of vaccine development (Denayer et al., 2014,
Perrin, 2014).

Because there is a plethora of research which demonstrates the successful induction of an immune
response in lab animal models when immunised with VLP candidate vaccines, this study investigated
the ability of the chimeric BTV1/8 VLP to induce an immune response in guinea pigs. There are
numerous studies which have shown that guinea pigs have high levels of neutralising antibodies when
immunised with BTV candidate vaccines (French et al., 1990, Loudon et al., 1991, Legisa et al., 2015).
Guinea pigs are used as they are easy to work with and are susceptible to infection while having an
immune system similar to that of humans (Vicari, 2003). They are also preferred over mice as their
larger size means that more serum can be collected and used in analyses.

In this chapter we evaluated the ability of the plant produced BTV8 and BTV1/8 VLPs to elicit an
immune response in guinea pigs by producing antibodies against the two VLP candidate vaccines. The
antisera were analysed by their ability to detect the VLP proteins on a Western blot and bind to the
VLP antigens in an indirect enzyme-linked immunosorbent assay (iELISA).
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4.2 Materials and Methods

4.2.1 Immunisation of guinea pigs
Fifteen 10—12-week-old female guinea pigs of the Hartley strain were obtained from the South African

Vaccine Producers (SAVP, Johannesburg, South Africa). They were housed in the Research Animal
Facility at the University of Cape Town (RAF, UCT) in the Large/Farm animal unit for the duration of
the study. This study was approved by the Animal Ethics Committee at UCT (AEC020-023).

The guinea pigs were acclimatised for 10 days prior to vaccination and randomly separated into three
groups of five guinea pigs each (n=5). The candidate vaccines included the plant produced BTV8 and
BTV1/8 VLPs prepared as described in chapter 2 section 2.2.3.2 and section 2.2.4. The negative control
vaccine group was immunised with a vaccine which was prepared in the same way as the VLP vaccines
but comprised purified extract from plants infiltrated with A. tumefaciens harbouring pEAQ-HT vector
lacking any insert DNA (essentially all components of the experimental vaccine except for VLP protein).
Vaccine dose details are given in Table 4.1.

Table 4.1: Details of plant produced vaccine candidates used in immunogenicity study

Vaccine Name Group Number Adjuvant Total VLP protein
dose (ug)
pEAQ-HT 1 Montanide™ ISA 50 V2 -
BTV8 VLPs 2 Montanide™ ISA 50 V2 15
BTV1/8 VLPs 3 Montanide™ ISA 50 V2 15

The purified VLP samples were quantified by gel densitometry of Coomassie-stained gels using
GeneTools software (Syngene) and a BSA standard curve. Each vaccine was 400ulL in volume and
prepared to contain 15ug protein and 5% Montanide™ ISA 50 V2 (Seppic) adjuvant. The remaining
volume was made up with bicine buffer (50mM bicine, 400mM NacCl, pH8.4).

On day 0, after 10 days of acclimatisation, 100uL of pre-immunisation sera were collected from each
guinea pig via the saphenous vein. On the same day, the first vaccine doses were administered by
injecting 100uL subcutaneously in 4 places on the back: two to the left and two to the right of the spine
(total dose of 400uL). The guinea pigs were boosted using the same method at 13 days post-
immunisation. Final bleeds were collected on day 41 post-immunisation by cardiac puncture. Serum
was separated from the blood by centrifugation and stored at -20°C. One of the guinea pigs from group
3 was terminated on day 31 due to insufficient weight gain as stipulated by the approved ethics
agreement. The animal was autopsied after collection of blood and serum was harvested as described
above and stored at -20°C.

4.2.2 Detection of VLP antigens with final bleed guinea pig serum on Western blot

To determine whether the final-bleed antisera collected from the guinea pig vaccination groups could
detect the VLP antigens on a Western blot, plant purified BTV8 and BTV1/8 VLPs were separated by
SDS-PAGE. The methods described in section 2.2.5 were followed for Western blot analysis. The serum

collected from each guinea pig in the experimental groups (BTV8 VLP and BTV1/8 VLP immunisations)
was diluted 1: 20 000 and used to probe a single lane containing the relevant antigens VP2, VP3, VP5
and VP7. The goat anti-guinea pig IgG (whole molecule) alkaline phosphatase conjugated secondary
antibody was used at a dilution of 1:30 000. The negative control lanes were probed with serum from
the guinea pigs which were immunised with the negative pEAQ-HT control and the positive control
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lanes were probed with sheep antiserum raised against BTV8 VLPs and anti-goat/sheep secondary
antibody which were used in protein detection as in section 2.2.5.

4.2.3 Indirect ELISAs to evaluate antibody response to candidate vaccines
4.2.3.1 Evaluating the post-immunised antibody response compared to pre-immunisation

To evaluate the immune response to each of the candidate vaccines, an iELISA was conducted to
compare absorbance of pre-immunised sera (day 0) to post-immunised sera (day 41). The 96-well
Maxisorp® microtitre plates (Nunc, ThermoFischer Scientific) were coated with 100ulL of 100ng plant-
produced BTV8 or BTV1/8 VLPs (purified as described in 2.2.4) diluted in coating buffer (10mM Tris,
pH8.5). The plates were incubated at 4°C overnight with gentle agitation. The plates were blocked with
200ulL blocking buffer (3% BSA in 1x TBS (50mM Tris, 150mM NaCl, pH7.5)) for 1 h at 37°C with gentle
agitation.

The pre-immunisation (day 0) and post-immunisation (day 41) sera collected from each of the five
guinea pigs in a group were pooled so that there was a single pre-immunised sample and a single post-
immunised sample for each vaccine group. The pooled serum samples were diluted to 1:10 000 in TBS
before loading 100uL into the wells containing the respective antigens against which they were raised,
and the plates were incubated at 37°C for 1 h with agitation. The pooled serum from the negative
control group was added to wells coated with the chimeric BTV1/8 VLPs. Each sample was evaluated
in technical triplicates. Blank wells with no antibody were used as a background control.

After incubation with the guinea pig antisera, the wells were washed four times with 200uL 1x TST
(0.05% Tween-20 in 1x TBS). The goat anti-guinea pig 1gG (whole molecule) alkaline phosphatase
conjugated secondary antibody was diluted to 1:30 000 in 1x TBS and 100ulL was added to each well
and plates were incubated at 37°C for 1 h with agitation. The wells were washed four times with 200uL
1x TBS (pH9.0) and subsequently, 200uL of the SIGMAFAST™ p-Nitrophenyl phosphate substrate
(pNPP, Sigma) was added to each well and the plates were developed in the dark for 30 min. The
absorbance readings were measured at 405nm using a Multiskan™ GO microplate spectrophotometer
(ThermoFisher Scientific).

4.2.3.2 Evaluating the antibody response between vaccine groups

An additional iELISA was conducted to compare the immune response between the two vaccine groups
and to conduct an antiserum titration to determine the endpoint titre. Here, the same protocol was
followed as in section 4.2.3.1 but using the antiserum of the individual guinea pigs in each vaccination
group. Antisera were diluted 4-fold in 1x TBS and used at 1:10000, 1:30000, 1:90000 and 1:270000
dilutions. The absorbance readings were used to plot a titration curve with those of 1:10 000 diluted
antiserum used to construct a graph comparing the absorbance between the vaccination groups.

4.2.4 Statistical analysis
Statistical analysis was conducted using GrapPad Prism version 9.3.1 (GraphPad, CA, USA). The error

bars on the graphs represent the mean +SEM (standard error of the mean) from three independent
experiments with technical triplicates for each group. The comparison of the response between groups
was calculated using the Student’s two-tailed t-test. The significance threshold (p-value) was set at 5%
(p=0.05) thus p < 0.05 representing a statistically significant result.
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4.3 Results

4.3.1 Detection of VLP proteins by Western blot using guinea pig post-immunisation antiserum

The BTV8 VLP antisera from all five guinea pigs (1-5) detected all four BTV8 VLP proteins (111kDa VP2,
103kDa VP3, 59kDa VP5 and 38kDa VP7) on a Western blot (Figure 4.1A indicated by red arrows). The
proteins were not detected in the negative control lane and all four proteins could be seen in the
positive control lane although VP3 was very faint. All four BTV1/8 VLP proteins were detected strongly
by the BTV1/8 VLP antisera from guinea pigs 1 and 2 and there was faint detection of the VP5 and VP7
protein in guinea pigs 4 and 5 (Figure 4.1B indicated by red arrows). Guinea pig 3 was put down early
in the experiment (31 days post-immunisation) due to liver disease and the antiserum did not detect
any of the chimeric VLP proteins. Lanes 2 and 3 of Figure 4.1A and 1 and 2 of Figure 4.1B were re-
probed with a 1:10 000 dilution of antiserum to determine if a lower dilution would improve detection
of the VLP proteins. These re-probed lanes show a higher signal detection of the proteins than the
other lanes. There was some non-specific binding by the antibodies which can be attributed to the
detection of host cell contaminants.
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Figure 4.1: Western blot to determine if guinea pig antiserum can detect plant produced BTV8 and BTV1/8 VLP
proteins. Post-immunisation antiserum (day 41) collected from each guinea pig (1-5) from the groups immunised
with BTV8 or BTV1/8 VLPs was diluted to 1:20 000 and used to detect (A) BTV8 VLP proteins or (B) BTV1/8 VLP
proteins on a standard Western blot with goat anti-guinea pig secondary antibody (1:30 000). Lanes 2 and 3 of
(A) and 1 and 2 of (B) were re-probed with a 1:10 000 dilution of antiserum. Red arrows indicate the VLP proteins
where VP2 is 111kDa, VP3 is 103kDa, VPS5 is 59kDa and VP7 is 38kDa. Negative control (-) represents proteins
detected with antiserum from guinea pigs immunised without VLP antigen (1:20 000). Positive control (+)
represents proteins detected with sheep produced anti-BTV8 VLP anti-serum (1:2000). kDa: molecular weight
marker in kilodaltons.
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4.3.2 Indirect ELISA analysis of guinea pig antiserum against BTV1 and BTV1/8 VLPs

4.3.2.1 Comparison of pre-immunisation and post-immunisation antibody responses

To determine whether there was a significant difference in the antibody response after vaccination
compared to before vaccination, an iELISA was conducted for each vaccine candidate. Wells were
coated with 100ng of either plant-produced BTV8 VLP or BTV1/8 VLP antigen and probed with a 1:10
000 dilution of the pooled sera from the corresponding vaccination groups. There was a statistically
significant difference (p<0.01) in the response between pre- and post-immunised sera collected from
guinea pigs immunised with both VLP vaccines (Groups 2 and 3) whereas there was no difference in
the response to the negative control (Group 1) before and after vaccination (Figure 4.2).
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Figure 4.2: Indirect ELISA of guinea pig serum to determine the difference in antibody response before and
after vaccination. Wells were coated with 100ng plant-produced BTV8 or BTV1/8 VLP antigen and probed with
1:10 000 dilution of pooled antiserum from each group (n=5 per group) before (pre-immunised sera) and after
(immunised sera) vaccination to investigate the presence of anti-BTV8 and anti-BTV1/8 VLP antibodies. Error
bars represent the mean +SEM from three independent experiments with technical triplicates for each group. Y-
axis represents absorbance at 405nm. X-axis shows each vaccination group where Group 1: negative control
group immunised without VLP antigen, Group 2: immunised with BTV8 VLPs, Group 3: immunised with BTV1/8
VLPs. ns: non-significant difference where p > 0.05. **: Significant difference where p < 0.01.
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4.3.2.2 Comparison of immune responses to vaccines

Having determined that there was a significant immune response to each of the VLP vaccines, an iELISA
was carried out to compare the antibody responses between the two vaccines (Figure 4.3). Here, the
post-immunisation sera from each individual guinea pig in the vaccination groups were diluted to 1:10
000 and evaluated against 100ng of plant-produced BTV8 VLP or BTV1/8 VLP antigen. The VLP
vaccination groups, group 2 and 3, both have significantly greater (at least 5-fold) mean ODgos
absorbance values, 0.997 and 0.633 respectively, than the negative control group (ODaes 0.119).
Additionally, the BTV8 VLP vaccine induced a significantly greater (1.5-fold) immune response than the
chimeric VLP group (see p-values on graph).
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Figure 4.3: Indirect ELISA of guinea pig serum to compare the post-immunisation antibody response between
the three vaccination groups. Wells were coated with 100ng plant-produced BTV8 or BTV1/8 VLP antigen and
probed with 1:10 000 dilution of post-immunisation antiserum (day 41) from each guinea pig (n=5 per group) to
investigate the difference in the response of anti-BTV8 and anti-BTV1/8 VLP antibodies. Points represent the
individual absorbance readings for each guinea pig averaged from three independent experiments with technical
triplicates for each individual. Lines represent the group means. Student’s t-test determined significance levels
(p-values indicated between groups). Y-axis represents absorbance at 405nm. X-axis shows each vaccination
group where Group 1: negative control group immunised without VLP antigen, Group 2: immunised with BTV8
VLPs, Group 3: immunised with BTV1/8 VLPs.
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4.3.2.3 Antiserum titration curve to determine endpoint titre for VLP vaccines

A four-fold titration was conducted to determine the antibody endpoint titre for the vaccines tested.
The final bleed serum of individual guinea pigs from each vaccination group was diluted 1:10 000, 1:30
000, 1:90 000 and 1:270 000 and used to probe wells containing the corresponding VLP antigen. The
OD4os absorbance values were averaged and plotted on the curve. Low, close to zero (approx. 0.11),
absorbance values were measured for the negative control antisera at all dilutions which was expected
as there should be no VLP protein-specific antibodies elicited in this vaccination group. The samples
probed with VLP antiserum diluted to 1:270 000 measure an ODa4gs absorbance reading just above that
of the negative control (0.190 for group 2 and 0.197 for group 3) (Figure 4.4). This is regarded as the
endpoint titre for both VLP vaccination groups as it represents the greatest dilution of antiserum at
which the OD4os absorbance is greater than the negative control.
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Figure 4.4: Four-fold titration of antiserum conducted by indirect ELISA to determine titration endpoint. Wells
were coated with 100ng plant-produced BTV8 or BTV1/8 VLP antigen and probed with post-immunisation
antiserum with dilutions ranging from 1:10 000 to 1:270 000 from individual guinea pigs (n=5 per group) to
determine the endpoint titre. Points represent the mean absorbance readings for each group from three
independent experiments with technical triplicates. Error bars represent the mean +SEM. Y-axis represents
absorbance at 405nm. X-axis shows the dilutions of antiserum at which absorbance was measured. Group 3:
negative control group immunised without VLP antigen, Group 1 immunised with BTV8 VLPs and Group 2
immunised with BTV1/8 VLPs.
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4.4 Discussion

Because there is no cure for BTV, vaccination is still the most effective method for controlling spread
of the virus and preventing severe symptoms of the disease. There have been numerous studies which
have investigated recombinant vaccine strategies which improve on the limitations of the current BTV
vaccines.

This study compared the immunogenicity of two plant produced BTV VLP vaccines and their ability to
induce a humoral immune response in guinea pigs. This preliminary investigation aimed to determine
whether a chimeric BTV VLP could be a potential candidate vaccine for BTV. A chimeric VLP, where a
chimeric VP2 protein has been designed, lends itself to multivalency as it is known that there are
multiple epitopes present on the VP2 protein, some of which are neutralising (White et al., 1990,
DeMaula et al., 2000, Xie et al., 2018). Thus, a chimeric VLP has the potential to provide protection
from both the serotypes included in its design (Feenstra et al., 2015, Mokoena et al., 2019). However,
in this case, the antibodies would be raised against different domains of the VP2 protein and thus the
immune response elicited by each of the two serotypes would not be completely equivalent.
Alternatively, in the case of the BTV1/8 chimeric VLP investigated in this study, the chimeric region
could be easily manipulated to target any serotype by replacing the chimeric region. We have shown
that using a BTV8 backbone results in the spontaneous assembly of stable particles in plants and thus
the serotype that the vaccine targets can be easily changed by exchanging the chimeric VP2 tip domain.
A vaccine containing a cocktail of chimeric VLPs of this nature could then be administered to protect
against multiple circulating serotypes.

Here we have investigated the plant produced BTV8 and BTV1/8 VLPs which were expressed in plants
and purified from clarified plant extract as described in chapter 2. BTV8 VLPs were used as a positive
control as these particles have been purified from plants previously and shown to induce
seroconversion in sheep providing protection against challenge with BTV8 (Thuenemann et al., 2013,
van Zyl et al., 2016). These BTV8 VLPs are expressed and purified easily in plants which makes them a
stable and reliable backbone for the chimeric BTV1/8 VLPs. This is not the case for all BTV serotypes.
Nunes et al. designed inactivated synthetic BT viruses where VP3 and VP5 were based on BTV1, and
VP2 and VP5 were based on different serotypes (Nunes et al., 2014). Not all combinations of the
exchanged VP2 and VP5 proteins were able to form the synthetic viruses with the BTV1 backbones.
Additionally, it has been found that BTV10 VLPs, for example, do not easily form stable VLPs to the
same extent that the BTV8 VLPs do (Thuenemann, 2010). Furthermore, the closely related African
horse sickness Orbiviruses have also been found to form stable VLPs by co-expression with the four
corresponding structural proteins in some cases, but not for every serotype. For example, it has been
found that AHSV serotype 7 VLPs do not assemble when the four serotype 7 structural proteins are
transiently expressed in plants (Rutkowska et al., 2019).

Guinea pigs were immunised subcutaneously with 15ug of candidate vaccine and boosted with the
same dose 13 days subsequently. Final bleed antisera collected on day 41 post immunisation were
evaluated for the presence of anti-BTV VLP protein antibodies by Western blot and iELISAs using the
respective VLPs as antigens. iELISA analysis of the pre-immunisation and final-bleed sera showed no
anti-BTV VLP protein response in the negative control serum or the pre-immunisation sera (Figure 4.2).
The final-bleed sera from both the BTV8 and BTV1/8 VLP vaccinated guinea pigs had potent antibody
responses that were significantly greater than that of the pre-immunised sera (P<0.01). This result
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confirms the successful induction of the anti-BTV humoral immune response by the plant-produced
VLP candidate vaccines.

In comparing the antibody responses between the two vaccines, both induced significant responses in
immunised animals compared to those immunised with the negative control. Additionally, the BTV8
VLP vaccine elicited a response significantly greater than the chimeric VLP vaccine. Although this was
only a 1.5-fold difference, it does suggest that the chimeric vaccine is not as potent as the BTV8 vaccine.
A strong neutralising antibody response requires the VP2 protein and its epitopes to be displayed in
the correct conformation. The chimeric nature of the VP2 protein may affect the epitope display or
the interaction of VP2 with VP5 making it less effective in inducing an antibody response (Fay et al.,
2019). Therefore, the chimeric particles may be less stable than the BTV8 VLPs as the chimeric VP2
protein may not be able to form the native folded VP2 protein with the same level of stability as the
monomeric BTV8 VLPs. If there are fewer fully formed chimeric particles, the immune response would
not be as high as the BTV8 vaccine. Because gel densitometry was used for the quantification of VLP
proteins and subsequently to determine the volume of antigen to include in the vaccine, we do not
know the concentration of fully formed particles included in the vaccine doses as this quantification
method is based on the protein concentration being measured by protein band density on a Coomassie
stained gel. Therefore, although the same concentration of BTV8 and BTV1/8 protein was included in
the vaccines, there may have been a difference in the concentration of fully formed VLPs. This may
explain the less potent immune response from the guinea pigs immunised with chimeric VLPs.
However, although this difference exists when comparing the immune response between vaccination
groups, the 4-fold titration showed that both VLP vaccines had the same endpoint titre of 1:270 000.

Additionally, it is possible that the BTV8 region of the chimeric VP2 protein induced a neutralising
antibody response via additional neutralising epitopes on the VP2 protein that were external to the
BTV1 tip domain. These may be, in part, what was visualised binding to the chimeric VP2 protein on
the Western blot. It is also possible that the BTV8 VP5 protein contributed to the humoral response as
it has been found to improve neutralising antibody responses when immunised in combination with
VP2 (Roy et al., 1990, Lobato et al., 1997). The only way to confirm if the chimeric VLPs can provide
protection against BTV1 challenge is to carry out a serum neutralisation assay with BTV1.

The BTV8 VLP antigen was detected clearly by the final-bleed anti-BTV8 VLP antiserum of all five guinea
pigs on a Western blot indicating that antibodies were raised against all four VPs of the BTV8 VLP
vaccine. The antiserum from two of the guinea pigs in the chimeric vaccine group detected all four VLP
proteins on the Western blot while serum from two of the others only detected VP5 and VP7. The
detection of the chimeric VLP proteins is not as clear as in the BTV8 group which supports what was
seen in the iELISA experiments where the absorbance values for the chimeric group were slightly lower
than those for the BTV8 group. One guinea pig in the chimeric VLP group was terminated early due to
liver disease and this antiserum could not detect any of the VLP proteins. This may be because the
immune system was weakened due to infection and could thus not mount a response to the vaccines.
It has been found that cirrhosis causes abnormalities in B-cell function which can lead to a low vaccine
response and susceptibility to bacterial infection (Doi et al., 2012). Alternatively, it is possible that
specific antibody titres had not yet reached detectable levels at day 31 and thus could not be detected
on the Western blot.
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The results from this experiment do not prove definitively that the chimeric VLPs provided protection
against both BTV1 and BTV8 viruses. Due to time constraints, there were a number of experiments
that could not be carried out for this study. Future research should investigate whether the antibodies
raised against the chimeric VLPs could bind to non-chimeric BTV8 and BTV1 VP2 proteins or
alternatively, anti-BTV1 antibodies could be used to probe the chimeric VLP proteins to determine if
there is detection of chimeric BTV1/8 VP2. This research group (BRU, UCT) has attempted to make
BTV1 VLPs previously, however there were no appropriate anti-BTV1 antibodies available which could
detect such VLPs. Because this was a preliminary study only 3 groups are guinea pigs were used (n=5).
Using a greater number of guinea pigs per group could increase reliability of the results and adding
another group immunized with BTV1 VLPs would also increase the number of analyses that could be
carried out. Ultimately, however, serum neutralisation assays (SNA) would be the only way to confirm
whether the chimeric VLP vaccines can induce an immune response that protects animals against both
BTV8 and BTV1. A number of studies have found, through SNA, that chimeric BTV vaccines, where the
VP2 protein is chimeric, are neutralised by antibodies from both serotypes included in the chimeric
construct (Nunes et al., 2014, Feenstra et al., 2015).

In conclusion, the plant produced VLP vaccines were able to induce a humoral immune response in
guinea pigs. Both the Western blots and iELISAs were able to illustrate that the antibodies raised
against the BTV8 and BTV1/8 VLP vaccines were able to bind the relevant VLP antigens. This result
suggests that these antibodies would also be able to bind to the native virus and thus have the
potential to protect animals against infection. Overall, this vaccine strategy shows great potential for
further development of a BTV vaccine candidate that is safe, scalable and has potential for
multivalency.
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Chapter 5: General discussion and concluding remarks

BTV has become a globally prevalent virus which is a challenge to mitigate due to the extensive number
of serotypes which have limited cross-reactivity and most of which cause disease. To curb the spread
of the virus and minimise fatalities, vaccine regimes have been implemented in a number of countries
which frequently experience BTV outbreaks. The currently available commercial vaccines, the MLV and
inactivated vaccine, have had success in providing protection against a number of BTV serotypes
(Dungu et al.,, 2004, Patta et al., 2004, Zientara et al., 2013, McVey et al.,, 2015). However, the
limitations of these vaccine strategies have led to the development of a number of recombinant BTV
vaccines which are safer, scalable, efficacious and potentially more economically viable, multivalent
and DIVA compliant.

BTV VLPs have become particularly promising recombinant vaccine alternatives as they are able to
mimic the conformation of the native virus. VLPs have the potential to induce a potent immune
response as they are recognised by the immune system as native viruses and have self-adjuvanting
properties (Roy et al., 2008, Crisci et al., 2012). Additionally, they have been found to not only induce
a B cell mediated immune response but also a cytotoxic T lymphocyte response (Roy et al., 2008).
Many BTV subunit and VLP vaccines are expressed in baculovirus insect cell or E. coli expression
systems where genes are often pre-integrated into the baculovirus genome (Stewart et al., 2010, Perez
de Diego et al., 2011). Although these systems have been useful for BTV VLP assembly, they are still
too costly to compete with the traditional methods of passage in embryonated chicken eggs and BHK-
21 cell culture or inactivation by heat, UV radiation or chemicals used by the current vaccine strategies
(Coetzee et al., 2012, Feenstra et al., 2017, Mayo et al., 2017).

Plants have also been used as BTV VLP vaccine expression systems. They are more favourably regarded
than conventional fermentation type expression systems as they are more cost effective, easy to work
with, and do not require sterile environments and expensive infrastructure to maintain (Merlin et al.,
2014, Marsian et al., 2016, Nandi et al., 2016, Moon et al., 2019, Fischer et al., 2020, Rybicki, 2020). A
number of BTV VLP vaccine candidates have successfully been produced in N. benthamiana and shown
to be immunogenic (Thuenemann et al., 2013, van Zyl et al., 2016, Thuenemann et al., 2018). Plant
made BTV VLPs comprising the four major structural proteins VP2, VP3, VP5 and VP7 specific for
serotype 8 were shown to be protective against BTV8 challenge in sheep. More recently there has been
investigation into the production of chimeric BTV VLPs. These VLPs are often designed so that VP2 and
VP5, or VP2 only, differ in serotype specificity to the inner capsid proteins (Stewart et al., 2010, Nunes
et al., 2014, Mokoena et al., 2019). Chimeric VLPs have the potential to provide protection against
multiple serotypes either through cross protection by a single chimeric VLP or through a cocktail of
chimeric VLPs targeting different serotypes. This is important for geographical areas which experience
multi-serotype outbreaks.

Previous investigations into chimeric BTV VLPs and the need for BTV vaccines protecting against
multiple serotypes led to the inspiration for this study. The aim was to develop and compare two
different particulate BTV candidate vaccines made in plants and determine their ability to elicit specific
immunity in guinea pigs. The first vaccine approach was to develop a chimeric BTV VLP vaccine. Unlike
many of the previously developed chimeric VLPs, where the entire VP2 protein is exchanged, here we
substituted only the immunogenic tip domain of the VP2 gene of BTV serotype 8 (BTV8) with that of
the corresponding VP2 domain of BTV serotype 1 generating a chimeric VP2 which, when co-expressed
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in plants with the remaining BTV8 VP3, VP5 and VP7, resulted in chimeric BTV1/8 VLPs. The second
approach involved the display of the same immunogenic BTV1 VP2 tip domain on the surface of a
bacteriophage AP205 particle through the application of the SpyTag (ST)/ SpyCatcher (SC)
bioconjugation method. It was anticipated that both these particulate vaccine candidates would be
safe to use and allow for rapid production and scalability. Moreover, only a small fragment of the BTV8
VP2 gene encoding the highly immunogenic epitopes would need to be modified to allow for a VLP to
be made against a new serotype.

The first part of this study addressed the optimisation of the expression and purification of chimeric
BTV1/8 VLPs. The BTV8 backbone was specifically selected as there is a well-established method for
producing BTV8 VLPs (Thuenemann et al., 2013, van Zyl et al., 2016) which are readily assembled in
plants. As a proof of concept, the VP2 tip domain of BTV1 was selected for substitution into BTV8 VP2.
Serotype 1 was selected for several reasons. Annual vaccination with the commercially available MLV
vaccine includes 3 doses, each containing five different serotypes with BTV8 and BTV1 in separate
bottles as they have low serological cross-reactivity (Feenstra et al., 2017) and different rates of
replication (Dungu et al.,, 2004). Additionally, BTV1 has been present in a number of the major
outbreaks of BTV in recent years (de Diego et al., 2014, Conte et al., 2016). Several studies have
investigated chimeric BTV vaccines where either the entire VP2 protein is of a different serotype or
only a portion is different. It has been found that when the entire VP2 protein is different, stable
particles cannot always be assembled (Feenstra et al., 2015). This is thought to be due to the
interaction of the VP2 and VP5 proteins and the importance of the correct display and conformation
of VP2. Here, we have made a chimeric particle where only the tip domain, which extends outwards
from the native virion, is different from the BTV8 backbone. We were able to improve the protein
concentration and vyield of particles by increasing the salt concentration in the extraction and
purification buffers and harvesting at five days post-infiltration. The optimised methods resulted in
BTV8 and BTV1/8 VLP protein yields of, 35mg/kg fresh leaf weight (FLW) and 34mg/kg FLW,
respectively. This was sufficient for use in immunisation of guinea pigs at doses of 15ug each. This
yield was approximately half the 70mg/kg FLW vyields of BTV8 VLPs reported by Thuenemann et al.
(Thuenemann et al., 2013) but slightly more than the 27mg/kg FLW reported by van Zyl (van Zyl, 2014)
for BTV8 VLPs. These differences in yield may be due to varied methodologies, for example there were
differences in the design of constructs and infiltration and purification techniques used by these
groups.

With further investigation into improving yields, these chimeric VLPs could become contenders for
future BTV vaccine regimes. Some of the methods used by Thuenemann et al. could be applied to
improve VLP yields. To increase the yield of VLPs over CLPs and other assembly intermediates, this
group expressed the core proteins (VP3 and VP7) from one vector and the outer capsid proteins (VP2
and VP5) from another. Additionally, they expressed VP3 from the wild-type 5’ UTR instead of the
HyperTrans mutation. There was also a two-step gradient centrifugation method to ensure the
greatest purity and quality of VLPs (Thuenemann et al., 2013). Additionally, van Zyl et al. found that
changing the infiltration ratios of the recombinant Agrobacterium harbouring the VLP constructs could
improve VLP assembly (van Zyl et al., 2016). Some further investigation is also required into the
diagnostic kits for BTV.

One of the main limitations of the above VLP approach is that it would not be able to distinguish
between infected and vaccinated animals (DIVA compliant) as the commercial diagnostic kit relies on
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detection of the VP7 protein as an indication of infection and this protein is included in the plant-made
VLPs (Hamblin, 2004, Rojas et al., 2019). An alternative test kit targeting a conserved and non-
structural BTV protein, such as NS3 for example, would need to be developed and commercialised for
the plant-produced VLPs to be considered DIVA capable (Barros et al., 2009b). However, our
alternative particulate BTV display vaccine could potentially allow for DIVA compliancy as it does not
comprise any VP7.

We used the ST/SC antigen display technology to display the BTV1 VP2 tip domain on the surface of
bacteriophage AP205 particles. Although, the use of this bioconjugation method for antigen-display is
relatively new, there are a number of studies which show the successful application of this system
(Brune et al., 2016, Thrane et al., 2016, Roder et al., 2017, Peyret et al., 2020, Stander et al., 2021).
Additionally, it was recently used in the development of particulate COVID-19 vaccines where the spike
trimer or spike receptor binding domain of the virus was displayed (Zhang et al., 2020, Tan et al.,
2021a). Similar to the chimeric VLPs, this antigen display method could provide multi-serotype
protection through the administration of a vaccine cocktail where particles displaying antigens from
different serotypes are included in a single vaccine.

There are several factors which influence yields of fully coupled vaccine products including the type of
coupling method utilised as well as the actual efficiency of coupling. Due to time constraints, we were
only able to investigate coupling by the in vitro method where the separate components were
expressed, harvested and purified separately before coupling in vitro. This is a lengthy and costly
process which does not lend itself to commercialisation. However, alternative coupling methods such
as co-expression or co-extraction of the SpyVLP components should be investigated as these methods
require fewer steps and are thus potentially more cost effective than in vitro coupling. Stander et al.
found that co-extraction resulted in the greatest yield of coupled WNV EDIII protein when compared
to the other coupling methods (Stander et al., 2021). To improve yield of the ST/SC-based BTV1
vaccine, one would need to increase the concentrations of each component through optimization of
infiltration and purification methods, in addition to investigating the other coupling methods
mentioned above. We only investigated coupling of SC to the C-terminus of BTV1Tip. Fusion to the N-
terminus could potentially improve coupling and thus yield. A greater concentration of the coupled
complex is required to carry out immunogenicity trials.

Coupling efficiency describes the percentage of binding sites that are occupied on the VLP, therefore
the higher the coupling efficiency, the more antigens that are bound to particles. This may be
influenced by the type and size of core particle used for display. There are a variety of core particles
which can be selected to suit the antigen that needs to be displayed. In addition to AP205 particles,
other studies have used the mi3 synthetic nanoparticles (Bruun et al., 2018, Tan et al., 2021a), and the
surface or core antigens of hepatitis B virus (Marini et al., 2019, Peyret et al., 2020), among others
(Roder et al., 2017, Zhang et al., 2020). In our study, coupling efficiency was estimated to be
approximately 44% which is fairly low compared to some reports. This could be due to the fact that
the AP205 VLP has 180 16.5kDa subunits and the antigen was relatively large at 43.5kDa. A particle
with larger spaces between each binding motif may be better suited to the display of the BTV1 tip
antigen. This could reduce steric hinderance, thereby increasing coupling efficiency and induce a
protective immune response, as found by Bruun et al. (Bruun et al.,, 2018). One would need to
investigate different display particles, such as the 36nm mi3 60-mer, and determine which would be
optimal for the size of the antigen that is to be displayed. Cryogenic electron microscopy could also be
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used to determine an approximate size of the antigen itself so that the exact antigen binding capacity
could be determined and help to inform the choice of display particle. There is a fine balance between
keeping the antigen small enough to accommodate maximum binding capacity while including enough
of the antigen to ensure correct folding and conformation so that the neutralising epitopes are
displayed in their native form.

Finally, the immunogenicity trials showed that the VLPs were able to induce a potent antibody
response in guinea pigs that was specific for all four BTV8 or BTV1/8 VLP proteins. Ideally, we would
have liked to have purified a high enough yield of the recombinant AP205 particles displaying the BTV1
tip domain so that the two vaccine strategies could be compared, not only in their ability to induce an
immune response, but also in their ability to produce antibodies which can neutralise native viruses.
The next step in the immunogenicity investigation of the chimeric VLPs, will be to carry out a
neutralisation assay to determine whether serum from immunised animals can neutralise BTV1 and/or
BTV8 viruses. This would give a good indication of the potential for the chimeric VLPs to be used as a
vaccine. If so, these VLPs could potentially be administered as a vaccine cocktail where serotype-
specificity could be easily manipulated by the exchange of the tip domain present on the VP2 protein.

Overall, this study was able to achieve its main aim to develop two particulate BTV vaccines in plants

by completing the following objectives:

e To optimise expression, extraction, and purification protocols for chimeric BTV1/8 VLPs with BTVS
VLPs used as a control.

e To investigate the potential for the SpyTag/SpyCatcher technology to be applied for the display of
the BTV1 antigenic domain on the surface of the AP205 VLP.

e To determine the immunogenicity of the plant produced vaccines in guinea pigs.

Immunogenicity was only investigated for the VLPs due to low vyields of display particles being
achieved; however the immunogenicity results of the chimeric particles are promising and imminent
serum neutralisation assays will enable determination of the extent of serotype-specific immunity
elicited and whether these VLPs can be considered as potential vaccine candidates for BTV.
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Appendix

FP1
5-CATCACCATCATCCCGGGGAAGCCGCTGCTAAGGAAGCCGCTGCTAAGTGTAGCCAGGAGGCCGCCTAC-3’

RP1
5’-TCCAGATCCTCCTCCAGCAGTTCCAGATCCGGAGTCAAACAGATTGATCCTGCTATAGATGTA-3’

FP5
5’- GGATCTGGAACTGCTGGAGGAGGATCTGGATCTGGAGCTATGGTTGATACTCT-3’

RPS
5’- GTTAAAGGCCTCGAGCTAAATGTGAGCATCCCCTTTTGT-3’

pEAQ-HTf
5'-TTCTTCTTCTTGCTGATTGG-3'

pEAQ-HTr
5'-CACAGAAAACCGCTCACC-3'

Figure S1: Primer sequences of primers used for preparation for and completion of InFusion® cloning of
the BTV1Tip-SC fragment. Underlined regions indicate the linkers: EAAAK linker (FP1) and GGS linker
(RP1 and FP5). Italicised regions indicate where the primer overlaps with the pEAQ-HT vector sequence.
All other regions represent the overlap with the region being amplified.

73



A . ’ > > B BTV1 > >
Linker-SC g § ,§ VP2Tip . S <
i —
- e e/
- .
¢ 100 _
p=- ———
25

C .-
-

Figure S2: PCR amplification of SC and BTV1Tip fragments to be used for In-Fusion® cloning. Amplified products
visualised on 0.8% agarose gel stained with ethidium bromide. (A): Amplification of SC fragment (Linker-SC) where
the reverse primer adds 15bp overlap with pEAQ-HT vector at the 3’ end. (B): Amplification of BTV1Tip fragment
(BTV1 VP2Tip) where the forward primer adds a rigid EAAAK linker, Smal restriction enzyme site and 15bp overlap
with pEAQ-HT at the 5’ end and a 30bp complementary sequence to the SC fragment’s flexible GGS linker on the
3’ end. Red arrows indicate the amplified products: 399bp Linker-SC fragment and 786bp BTV1 VP2Tip fragment
which were extracted from the agarose gel for purification. EV: empty pEAQ-HT vector control. NTC: no template
control. Fp only: Forward primer only control. Rp only: reverse primer only control. Bp: molecular weight marker
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Figure S3: Assembly PCR for amplification of BTV1Tip-SC construct to be used for In-Fusion® cloning. Amplified
product visualised on 0.8% agarose gel stained with ethidium bromide. PCR reaction including SC and BTV1Tip
fragments generates C terminal SC-linked fragment: BTV1Tip-SC. Final product flanked by 15bp overlapping pEAQ-
HT at 5’ and 3’ termini to facilitate In-Fusion® cloning. Red arrow indicates the amplified product: 1154bp BTV1Tip-

SC. EV: empty vector control. NTC: no template control. Fp1 only: Forward primer only control. Rp5 only: reverse

primer only control. Bp: molecular weight marker (in base pairs).

74



References

AFSHAR, A. 1994. Bluetongue: Laboratory diagnosis. Comparative Immunology, Microbiology and
Infectious Diseases

17, 221-242.

AFSHAR, A., THOMAS, F. C., WRIGHT, P. F., SHAPIRO, J. L., SHETTIGARA, P. T. & ANDERSON, J. 1987.
Comparison of competitive and indirect enzyme-linked immunosorbent assays for detection
of bluetongue virus antibodies in serum and whole blood. J Clin Microbiol, 25, 1705-10.

AHMAD, P., ASHRAF, M., YOUNIS, M., HU, X., KUMAR, A., AKRAM, N. A. & AL-QURAINY, F. 2012. Role
of transgenic plants in agriculture and biopharming. Biotechnol Adv, 30, 524-40.

ALAM, A., JIANG, L., KITTLESON, G. A., STEADMAN, K. D., NANDI, S., FUQUA, J. L., PALMER, K. E.,
TUSE, D. & MCDONALD, K. A. 2018. Technoeconomic Modeling of Plant-Based Griffithsin
Manufacturing. Front Bioeng Biotechnol, 6, 102.

ANDERSON, J., HAGGLUND, S., BREARD, E., COMTET, L., LOVGREN BENGTSSON, K., PRINGLE, J.,
ZIENTARA, S. & VALARCHER, J. F. 2013. Evaluation of the immunogenicity of an experimental
subunit vaccine that allows differentiation between infected and vaccinated animals against
bluetongue virus serotype 8 in cattle. Clin Vaccine Immunol, 20, 1115-22.

ANTHONY, S., MAAN, S., SAMUEL, A. R., MELLOR, P. S. & MERTENS, P. P. C. 2004. Differential
diagnosis of bluetongue virus using a reverse transcriptase-polymerase chain reaction for
genome segment 7. Veterinaria Italiana, 40, 546-551.

APPLETON, J. A. & LETCHWORTH, G. J. 1983. Monoclonal antibody analysis of serotype-restricted and
unrestricted bluetongue viral antigenic determinants. Virology, 124, 286-299.

AZIA, A. & LEVY, Y. 2009. Nonnative electrostatic interactions can modulate protein folding:
molecular dynamics with a grain of salt. J Mol Biol, 393, 527-42.

BACHMANN, M. F. & JENNINGS, G. T. 2010. Vaccine delivery: a matter of size, geometry, kinetics and
molecular patterns. Nat Rev Immunol, 10, 787-96.

BARROS, S. C,, CRUZ, B, LUIS, T. M., RAMOS, F., FAGULHA, T., DUARTE, M., HENRIQUES, M. &
FEVEREIRO, M. 2009a. A DIVA system based on the detection of antibodies to non-structural
protein 3 (NS3) of bluetongue virus. Vet Microbiol, 137, 252-9.

BARROS, S. C., CRUZ, B., LUIS, T. M., RAMOS, F., FAGULHA, T., DUARTE, M., HENRIQUES, M. &
FEVEREIRO, M. 2009b. A DIVA system based on the detection of antibodies to non-structural
protein 3 (NS3) of bluetongue virus. Veterinary microbiology, 137, 252-259.

BATTEN, C. A., EDWARDS, L. & OURA, C. A. 2013. Evaluation of the humoral immune responses in
adult cattle and sheep, 4 and 2.5 years post-vaccination with a bluetongue serotype 8
inactivated vaccine. Vaccine, 31, 3783-5.

BATTEN, C. A., MAAN, S., SHAW, A. E., MAAN, N. S. & MERTENS, P. P. 2008. A European field strain of
bluetongue virus derived from two parental vaccine strains by genome segment
reassortment. Virus Res, 137, 56-63.

BELBIS, G., ZIENTARA, S., BREARD, E., SAILLEAU, C., CAIGNARD, G., VITOUR, D. & ATTOUI, H. 2017.
Bluetongue Virus: From BTV-1 to BTV-27. Adv Virus Res, 99, 161-197.

BLACKSELL, S. D. & LUNT, R. A. 1993. Serotype indentification of Australian bluetongue viruses using
a rapid fluorescence inhibition test

Journal of Virological Methods, 44, 241-250.

BLOCK, H., MAERTENS, B., SPRIESTERSBACH, A., BRINKER, N., KUBICEK, J., FABIS, R., LABAHN, J. &
SCHAFER, F. 2009. Immobilized-metal affinity chromatography (IMAC): a review. Methods in
enzymology, 463, 439-473.

BOONE, J. D., BALASURIYA, U. B., KARACA, K., AUDONNET, J. C., YAO, J., HE, L., NORDGREN, R.,
MONACO, F., SAVINI, G., GARDNER, I. A. & MACLACHLAN, N. J. 2007. Recombinant canarypox

75



virus vaccine co-expressing genes encoding the VP2 and VP5 outer capsid proteins of
bluetongue virus induces high level protection in sheep. Vaccine, 25, 672-8.

BREARD, E., HAMBLIN, C., HAMMOUMI, S., SAILLEAU, C., DAUPHIN, G. & ZIENTARA, S. 2004. The
epidemiology and diagnosis of bluetongue with particular reference to Corsica. Res Vet Sci,
77, 1-8.

BREWER, A. W. & MACLACHLAN, N. J. 1994. The pathogenesis of bluetongue virus infection of bovine
blood cells in vitro: ultrastructural characterization. Arch Virol, 136, 287-98.

BRUNE, K. D., LENEGHAN, D. B., BRIAN, I. J., ISHIZUKA, A. S., BACHMANN, M. F., DRAPER, S. J.,
BISWAS, S. & HOWARTH, M. 2016. Plug-and-Display: decoration of Virus-Like Particles via
isopeptide bonds for modular immunization. Sci Rep, 6, 19234.

BRUUN, T. U. J., ANDERSSON, A. C., DRAPER, S. J. & HOWARTH, M. 2018. Engineering a Rugged
Nanoscaffold To Enhance Plug-and-Display Vaccination. ACS Nano, 12, 8855-8866.

BUMBAROV, V., GOLENDER, N., JENCKEL, M., WERNIKE, K., BEER, M., KHINICH, E., ZALESKY, O. &
ERSTER, O. 2020. Characterization of bluetongue virus serotype 28. Transbound Emerg Dis,
67,171-182.

CALVO-PINILLA, E., NAVASA, N., ANGUITA, J. & ORTEGO, J. 2012. Multiserotype protection elicited by
a combinatorial prime-boost vaccination strategy against bluetongue virus. PLoS One, 7,
e34735.

CALVO-PINILLA, E., RODRIGUEZ-CALVO, T., SEVILLA, N. & ORTEGO, J. 2009. Heterologous prime boost
vaccination with DNA and recombinant modified vaccinia virus Ankara protects IFNAR(-/-)
mice against lethal bluetongue infection. Vaccine, 28, 437-45.

CAPORALE, M., DI GIALLEONORADO, L., JANOWICZ, A., WILKIE, G., SHAW, A., SAVINI, G., VAN RIIN, P.
A., MERTENS, P., DI VENTURA, M. & PALMARINI, M. 2014. Virus and host factors affecting the
clinical outcome of bluetongue virus infection. J Virol, 88, 10399-411.

CAPORALE, V. & GIOVANNINI, A. 2010. Bluetongue control strategy, including recourse to vaccine: a
critical review. Rev Sci Tech, 29, 573-91.

CARPENTER, S., WILSON, A. & MELLOR, P. S. 2009. Culicoides and the emergence of bluetongue virus
in northern Europe. Trends Microbiol, 17, 172-8.

CASTELLS-GRAELLS, R. & LOMONOSSOFF, G. P. 2021. Plant-based production can result in covalent
cross-linking of proteins. Plant Biotechnol J, 19, 1095-1097.

CELMA, C. C., BOYCE, M., VAN RIJN, P. A., ESCHBAUMER, M., WERNIKE, K., HOFFMANN, B., BEER, M.,
HAEGEMAN, A., DE CLERCQ, K. & ROY, P. 2013. Rapid generation of replication-deficient
monovalent and multivalent vaccines for bluetongue virus: protection against virulent virus
challenge in cattle and sheep. J Virol, 87, 9856-64.

CHEN, X., ZARO, J. L. & SHEN, W. C. 2013. Fusion protein linkers: property, design and functionality.
Adv Drug Deliv Rev, 65, 1357-69.

COETZEE, P., STOKSTAD, M., VENTER, E. H., MYRMEL, M. & VAN VUUREN, M. 2012. Bluetongue: a
historical and epidemiological perspective with the emphasis on South Africa. Virol J, 9, 198.

CONTE, A., GOFFREDO, M., CANDELORO, L., CALISTRI, P., CURCI, G., COLAIUDA, V., QUAGLIA, M.,
MANCINI, G., SANTILLI, A., DI LORENZO, A., TORA, S., SAVINI, L. & SAVINI, G. 2016. Analysis of
climatic factors involved in the BTV-1 incursion in Central Italy in 2014. Vet Ital, 52, 223-229.

CRISCI, E., BARCENA, J. & MONTOYA, M. 2012. Virus-like particles: the new frontier of vaccines for
animal viral infections. Vet Immunol Immunopathol, 148, 211-25.

CROWE, J., MASONE, B. S. & RIBBE, J. 1996. One-step purification of recombinant proteins with the
6xHis tag and Ni-NTA resin. Basic DNA and RNA Protocols. Springer.

DE CLERCQ, K., DE LEEUW, I., VERHEYDEN, B., VANDEMEULEBROUCKE, E., VANBINST, T., HERR, C.,
MEROC, E., BERTELS, G., STEURBAUT, N., MIRY, C., DE BLEECKER, K., MAQUET, G., BUGHIN, J.,
SAULMONT, M., LEBRUN, M., SUSTRONCK, B., DE DEKEN, R., HOOYBERGHS, J., HOUDART, P.,
RAEMAEKERS, M., MINTIENS, K., KERKHOFS, P., GORIS, N. & VANDENBUSSCHE, F. 2008.
Transplacental infection and apparently immunotolerance induced by a wild-type
bluetongue virus serotype 8 natural infection. Transbound Emerg Dis, 55, 352-9.

76



DE DIEGO, A. C., SANCHEZ-CORDON, P. J. & SANCHEZ-VIZCAINO, J. M. 2014. Bluetongue in Spain:
from the first outbreak to 2012. Transbound Emerg Dis, 61, e1-11.

DELLA-PORTA, A. J., PARSONSON, I. M. & MCPHEE, D. A. 1985. Problems in the interpretation of
diagnostic tests due to cross-reactions between orbiviruses and broad serological responses
in animals. Progress in clinical and biological research, 178, 445-53.

DEMAIN, A. L. & VAISHNAYV, P. 2009. Production of recombinant proteins by microbes and higher
organisms. Biotechnol Adv, 27, 297-306.

DEMAULA, C. D., BONNEAU, K. R. & MACLACHLAN, N. J. 2000. Changes in the outer capsid proteins of
bluetongue virus serotype ten that abrogate neutralization by monoclonal antibodies. Virus
Research, 67, 59-66.

DENAYER, T., STOHR, T. & VAN ROY, M. 2014. Animal models in translational medicine: Validation
and prediction. New Horizons in Translational Medicine, 2, 5-11.

DENNIS, S. J. 2019. Development of plant-produced African horse sickness virus vaccines. PHD,
University of Cape Town.

DIAZ-CAO, J. M., LORCA-ORO, C., PUJOLS, J., CANO-TERRIZA, D., DE LOS ANGELES RISALDE, M.,
JIMENEZ-RUIZ, S., CABALLERO-GOMEZ, J. & GARCIA-BOCANEGRA, I. 2020. Evaluation of two
enzyme-linked immunosorbent assays for diagnosis of bluetongue virus in wild ruminants.
Comp Immunol Microbiol Infect Dis, 70, 101461.

DOI, H., IYER, T. K., CARPENTER, E., LI, H., CHANG, K. M., VONDERHEIDE, R. H. & KAPLAN, D. E. 2012.
Dysfunctional B-cell activation in cirrhosis resulting from hepatitis C infection associated with
disappearance of CD27-positive B-cell population. Hepatology, 55, 709-19.

DOMMERGUES, L., VIAROUGE, C., METRAS, R., YOUSSOUFFI, C., SAILLEAU, C., ZIENTARA, S.,
CARDINALE, E. & CETRE-SOSSAH, C. 2019. Evidence of bluetongue and Epizootic
Haemorrhagic disease circulation on the island of Mayotte. Acta Trop, 191, 24-28.

DUNGU, B., GERDES, T. & SMIT, T. 2004. The use of vaccination in the control of bluetongue in
southern Africa. Veterinaria italiana., 40, 616-622.

EL HUSSEIN, A., CALISHER, C. H., HOLBROOK, F. R., SCHOEPP, R. J. & BEATY, B. J. 1989. Detection of
Bluetongue Virus Antigens in Culicoides variipennis by Enzyme Immunoassay. J Clin
Microbiol, 27, 1320-3.

EL MOUSTAID, F., THORNTON, Z., SLAMANI, H., RYAN, S. J. & JOHNSON, L. R. 2021. Predicting
temperature-dependent transmission suitability of bluetongue virus in livestock. Parasit
Vectors, 14, 382.

ERASMUS, B. 1975. The control of bluetongue in an enzootic situation. Australian Veterinary Journal,
51, 209-210.

ERASMUS, B. & HUISMANS, H. 1981. Identification of the serotype-specific and group-specific
antigens of bluetongue virus.

FAY, P. C., ATTOUI, H., BATTEN, C., MOHD JAAFAR, F., LOMONOSSOFF, G. P., DALY, J. M. & MERTENS,
P. P. C. 2019. Bluetongue virus outer-capsid protein VP2 expressed in Nicotiana benthamiana
raises neutralising antibodies and a protective immune response in IFNAR (-/-) mice. Vaccine
X, 2, 100026.

FEENSTRA, F., MARIS-VELDHUIS, M., DAUS, F. J., TACKEN, M. G., MOORMANN, R. J., VAN GENNIP, R.
G. & VAN RIJN, P. A. 2014. VP2-serotyped live-attenuated bluetongue virus without
NS3/NS3a expression provides serotype-specific protection and enables DIVA. Vaccine, 32,
7108-14.

FEENSTRA, F., PAP, J. S. & VAN RIJN, P. A. 2015. Application of bluetongue Disabled Infectious Single
Animal (DISA) vaccine for different serotypes by VP2 exchange or incorporation of chimeric
VP2. Vaccine, 33, 812-8.

FEENSTRA, F. & VAN RIJN, P. A. 2017. Current and next-generation bluetongue vaccines:
Requirements, strategies, and prospects for different field situations. Crit Rev Microbiol, 43,
142-155.

FERRARI, G., DE LIBERATO, C., SCAVIA, G., LORENZETTI, R., ZINI, M., FARINA, F., MAGLIANO, A.,
CARDETI, G., SCHOLL, F., GUIDONI, M., SCICLUNA, M. T., AMADDEO, D., SCARAMOZZINO, P.

77



& AUTORINO, G. L. 2005. Active circulation of bluetongue vaccine virus serotype-2 among
unvaccinated cattle in central Italy. Prev Vet Med, 68, 103-13.

FIERLE, J. K., ABRAM-SALIBA, J., BRIOSCHI, M., DETIANI, M., COUKOS, G. & DUNN, S. M. 2019.
Integrating SpyCatcher/SpyTag covalent fusion technology into phage display workflows for
rapid antibody discovery. Sci Rep, 9, 12815.

FISCHER, R. & BUYEL, J. F. 2020. Molecular farming—the slope of enlightenment. Biotechnology
advances, 40, 107519.

FLANNERY, J., SANZ-BERNARDO, B., ASHBY, M., BROWN, H., CARPENTER, S., COOKE, L., CORLA, A,,
FROST, L., GUBBINS, S., HICKS, H., QURESHI, M., RAJKO-NENOW, P., SANDERS, C., TULLY, M.,
BREARD, E., SAILLEAU, C., ZIENTARA, S., DARPEL, K. & BATTEN, C. 2019. Evidence of reduced
viremia, pathogenicity and vector competence in a re-emerging European strain of
bluetongue virus serotype 8 in sheep. Transbound Emerg Dis, 66, 1177-1185.

FORZAN, M., MARSH, M. & RQY, P. 2007. Bluetongue virus entry into cells. J Virol, 81, 4819-27.

FORZAN, M., WIRBLICH, C. & ROY, P. 2004. A capsid protein of nonenveloped Bluetongue virus
exhibits membrane fusion activity. Proc Natl Acad Sci U S A, 101, 2100-5.

FRENCH, T., MARSHALL, J. & ROY, P. 1990. Assembly of double-shelled, viruslike particles of
bluetongue virus by the simultaneous expression of four structural proteins. Journal of
virology, 64, 5695-5700.

FRIETZE, K. M., PEABODY, D. S. & CHACKERIAN, B. 2016. Engineering virus-like particles as vaccine
platforms. Curr Opin Virol, 18, 44-9.

GAOQ, X., FANG, J., XUE, B., FU, L. & LI, H. 2016. Engineering Protein Hydrogels Using SpyCatcher-
SpyTag Chemistry. Biomacromolecules, 17, 2812-9.

GELVIN, S. B. 2003. Agrobacterium-mediated plant transformation: the biology behind the “gene-
jockeying” tool. Microbiology and molecular biology reviews, 67, 16-37.

GETHMANN, J., PROBST, C. & CONRATHS, F. J. 2020. Economic Impact of a Bluetongue Serotype 8
Epidemic in Germany. Front Vet Sci, 7, 65.

GORMAN, B. M. 1978. Susceptibility of orbiviruses to low pH and to organic solvents. Aust J Exp Biol
Med Sci, 56, 359-67.

GOULET, M. C., GAUDREAU, L., GAGNE, M., MALTAIS, A. M., LALIBERTE, A. C., ETHIER, G., BECHTOLD,
N., MARTEL, M., D'AQOUST, M. A,, GOSSELIN, A., PEPIN, S. & MICHAUD, D. 2019. Production of
Biopharmaceuticals in Nicotiana benthamiana-Axillary Stem Growth as a Key Determinant of
Total Protein Yield. Front Plant Sci, 10, 735.

GRIMES, J. M., JAKANA, J., GHOSH, M., BASAK, A. K., ROY, P., CHIU, W., STUART, D. I. & PRASAD, B. V.
1997. An atomic model of the outer layer of the bluetongue virus core derived from X-ray
crystallography and electron cryomicroscopy. . Structure, 5, 885-93.

GUIRIMAND, G., KULAGINA, N., PAPON, N., HASUNUMA, T. & COURDAVAULT, V. 2021. Innovative
Tools and Strategies for Optimizing Yeast Cell Factories. Trends in Biotechnology, 39, 488-
504.

HAMBLIN, C. 2004. Bluetongue virus antigen and antibody detection, and the application of
laboratory diagnostic techniques. Vet Ital, 40, 538-45.

HE, J., PENG, L., LAI, H., HURTADO, J., STAHNKE, J. & CHEN, Q. 2014. A plant-produced antigen elicits
potent immune responses against West Nile virus in mice. Biomed Res Int, 2014, 952865.

HE, X., ZHANG, M., ZHAOQ, C., ZHENG, P., ZHANG, X. & XU, J. 2021. From Monovalent to Multivalent
Vaccines, the Exploration for Potential Preventive Strategies Against Hand, Foot, and Mouth
Disease (HFMD). Virol Sin, 36, 167-175.

HEWAT, E. A., BOOTH, T. F. & ROY, P. 1992. Structure of Bluetongue Virus Particles by Cryoelectron
Microscopy. J Struct Biol, 109, 61-9.

HILL, B. D., ZAK, A., KHERA, E. & WEN, F. 2018. Engineering Virus-like Particles for Antigen and Drug
Delivery. Curr Protein Pept Sci, 19, 112-127.

HINRICHSEN, M., LENZ, M., EDWARDS, J. M., MILLER, O. K., MOCHRIE, S. G. J., SWAIN, P. S.,
SCHWARZ-LINEK, U. & REGAN, L. 2017. A new method for post-translationally labeling
proteins in live cells for fluorescence imaging and tracking. Protein Eng Des Sel, 30, 771-780.

78



HUEBBERS, J. W. & BUYEL, J. F. 2021. On the verge of the market - Plant factories for the automated
and standardized production of biopharmaceuticals. Biotechnol Adv, 46, 107681.

HUISMANS, H., VAN DER WALT, N., CLOETE, M. & ERASMUS, B. 1987. Isolation of a capsid protein of
bluetongue virus that induces a protective immune response in sheep. Virology, 157, 172-
179.

HUND, A., GOLLNICK, N., SAUTER-LOUIS, C., NEUBAUER-JURIC, A., LAHM, H. & BUTTNER, M. 2012. A
two year BTV-8 vaccination follow up: molecular diagnostics and assessment of humoral and
cellular immune reactions. Vet Microbiol, 154, 247-56.

HWANG, G.-Y. & LI, J. K.-K. 1993. Identification and localization of a serotypic neutralization
determinant on the VP2 protein of bluetongue virus 13. Virology, 195, 859-862.

JANITZEK, C. M., PEABODY, J., THRANE, S., P, H. R. C,, T, G. T., SALANTI, A., CHACKERIAN, B., M, A. N.
& SANDER, A. F. 2019. A proof-of-concept study for the design of a VLP-based combinatorial
HPV and placental malaria vaccine. Sci Rep, 9, 5260.

KHAIRIL ANUAR, I. N. A., BANERIJEE, A., KEEBLE, A. H., CARELLA, A., NIKOV, G. |. & HOWARTH, M.
2019. Spy&Go purification of SpyTag-proteins using pseudo-SpyCatcher to access an
oligomerization toolbox. Nat Commun, 10, 1734.

KLOVINS, J., OVERBEEK, G., VAN DEN WORM, S., ACKERMANN, H.-W. & VAN DUIN, J. 2002.
Nucleotide sequence of a ssRNA phage from Acinetobacter: kinship to coliphages. Journal of
general Virology, 83, 1523-1533.

KRAMPS, J. A., VAN MAANEN, K., MARS, M. H., POPMA, J. K. & VAN RIJN, P. A. 2008. Validation of a
commercial ELISA for the detection of bluetongue virus (BTV)-specific antibodies in individual
milk samples of Dutch dairy cows. Vet Microbiol, 130, 80-7.

KRATZ, P. A., BOTTCHER, B. & NASSAL, M. 1999. Native display of complete foreign protein domains
on the surface of hepatitis B virus capsids. Proceedings of the National Academy of Sciences,
96, 1915-1920.

KRISHNAN, H. B. & NATARAJAN, S. S. 2009. A rapid method for depletion of Rubisco from soybean
(Glycine max) leaf for proteomic analysis of lower abundance proteins. Phytochemistry, 70,
1958-1964.

LAERE, E., LING, A. P. K., WONG, Y. P., KOH, R. Y., MOHD LILA, M. A. & HUSSEIN, S. 2016. Plant-Based
Vaccines: Production and Challenges. Journal of Botany, 2016, 1-11.

LAUER, K. B., BORROW, R. & BLANCHARD, T. J. 2017. Multivalent and Multipathogen Viral Vector
Vaccines. Clin Vaccine Immunol, 24.

LEGISA, D. M., PEREZ AGUIRREBURUALDE, M. S., GONZALEZ, F. N., MARIN-LOPEZ, A., RUIZ, V.,
WIGDOROVITZ, A., MARTINEZ-ESCRIBANO, J. A., ORTEGO, J. & DUS SANTOS, M. J. 2015. An
experimental subunit vaccine based on Bluetongue virus 4 VP2 protein fused to an antigen-
presenting cells single chain antibody elicits cellular and humoral immune responses in
cattle, guinea pigs and IFNAR(-/-) mice. Vaccine, 33, 2614-9.

LI, J.,, YANG, T., XU, Q., SUN, E., FENG, Y., LV, S., ZHANG, Q., WANG, H. & WU, D. 2015. DNA vaccine
prime and recombinant FPV vaccine boost: an important candidate immunization strategy to
control bluetongue virus type 1. Appl Microbiol Biotechnol, 99, 8643-52.

LOBATO, Z. I, COUPAR, B. E., GRAY, C. P., LUNT, R. & ANDREW, M. E. 1997. Antibody responses and
protective immunity to recombinant vaccinia virus-expressed bluetongue virus antigens.
Veterinary immunology and immunopathology, 59, 293-309.

LOUDON, P., HIRASAWAA, T., OLDFIELD, S., MURPHY, M. & RQOY, P. 1991. Expression of the outer
capsid protein VP5 of two bluetongue viruses, and synthesis of chimeric double-shelled virus-
like particles using combinations of recombinant baculoviruses. Virology, 182, 793-801.

LUBKOWSKA, A., PLUTA, W., STRONSKA, A. & LALKO, A. 2021. Role of heat shock proteins (HSP70 and
HSP90) in viral infection. International Journal of Molecular Sciences, 22, 9366.

MAAN, N. S., MAAN, S., BELAGANAHALLI, M., PULLINGER, G., MONTES, A. J., GASPARINI, M. R.,
GUIMERA, M., NOMIKOU, K. & MERTENS, P. P. 2015. A quantitative real-time reverse
transcription PCR (qRT-PCR) assay to detect genome segment 9 of all 26 bluetongue virus
serotypes. J Virol Methods, 213, 118-26.

79



MAAN, S., MAAN, N. S., BELAGANAHALLI, M. N., POTGIETER, A. C., KUMAR, V., BATRA, K., WRIGHT, I.
M., KIRKLAND, P. D. & MERTENS, P. P. 2016. Development and Evaluation of Real Time RT-
PCR Assays for Detection and Typing of Bluetongue Virus. PLoS One, 11, e0163014.

MAAN, S., MAAN, N.S., VAN RN, P. A., VAN GENNIP, R. G., SANDERS, A., WRIGHT, I. M., BATTEN, C.,
HOFFMANN, B., ESCHBAUMER, M., OURA, C. A., POTGIETER, A. C., NOMIKOU, K. & MERTENS,
P. P. 2010. Full genome characterisation of bluetongue virus serotype 6 from the Netherlands
2008 and comparison to other field and vaccine strains. PLoS One, 5, e10323.

MACLACHLAN, N. J. 1994. The pathogenesis and immunology of bluetongue virus infection of
ruminants. Comp Immunol Microbiol Infect Dis, 17, 197-206.

MACLACHLAN, N. J. 2010. Global implications of the recent emergence of bluetongue virus in Europe.
Vet Clin North Am Food Anim Pract, 26, 163-71, table of contents.

MACLACHLAN, N. J. 2011. Bluetongue: history, global epidemiology, and pathogenesis. Prev Vet Med,
102, 107-11.

MARINI, A., ZHOU, Y., LI, Y., TAYLOR, I. J., LENEGHAN, D. B., JIN, J., ZARIC, M., MEKHAIEL, D., LONG, C.
A., MIURA, K. & BISWAS, S. 2019. A Universal Plug-and-Display Vaccine Carrier Based on
HBsAg VLP to Maximize Effective Antibody Response. Front Immunol, 10, 2931.

MARSIAN, J. & LOMONOSSOFF, G. P. 2016. Molecular pharming - VLPs made in plants. Curr Opin
Biotechnol, 37, 201-206.

MARTIN, V., PASCUAL, E., AVIA, M., PENA, L., VALCARCEL, F. & SEVILLA, N. 2015. Protective Efficacy in
Sheep of Adenovirus-Vectored Vaccines against Bluetongue Virus Is Associated with Specific
T Cell Responses. PLoS One, 10, e0143273.

MATSUO, E., CELMA, C. C., BOYCE, M., VIAROUGE, C., SAILLEAU, C., DUBOIS, E., BREARD, E., THIERY,
R., ZIENTARA, S. & ROY, P. 2011. Generation of replication-defective virus-based vaccines
that confer full protection in sheep against virulent bluetongue virus challenge. J Virol, 85,
10213-21.

MAYO, C., LEE, J., KOPANKE, J. & MACLACHLAN, N. J. 2017. A review of potential bluetongue virus
vaccine strategies. Vet Microbiol, 206, 84-90.

MCCARTHY, M. P., WHITE, W. |., PALMER-HILL, F., KOENIG, S. & SUZICH, J. A. 1998. Quantitative
disassembly and reassembly of human papillomavirus type 11 viruslike particles in vitro. J
Virol, 72, 32-41.

MCVEY, D. S. & MACLACHLAN, N. J. 2015. Vaccines for Prevention of Bluetongue and Epizootic
Hemorrhagic Disease in Livestock: A North American Perspective. Vector Borne Zoonotic Dis,
15, 385-96.

MELLOR, P. S. 1990. The replication of bluetongue virus in Culicoides vectors. Curr Top Microbiol
Immunol, 162, 143-61.

MELLOR, P. S. 2000. Replication of Arboviruses in Insect Vectors. Journal of Comparative Pathology,
123, 231-247.

MELLOR, P. S., BOORMAN, J. & BAYLIS, M. 2000. Culicoides biting midges: their role as arbovirus
vectors. Annu Rev Entomol, 45, 307-40.

MELLOR, P. S. & WITTMANN, E. J. 2002. Bluetongue virus in the Mediterranean Basin 1998-2001. Vet
J, 164, 20-37.

MENZIES, F. D., MCCULLOUGH, S. J., MCKEOWN, I. M., FORSTER, J. L., JESS, S., BATTEN, C., MURCHIE,
A. K., GLOSTER, J., FALLOWS, J. G., PELGRIM, W., MELLOR, P. S. & OURA, C. A. 2008. Evidence
for transplacental and contact transmission of bluetongue virus in cattle. Vet Rec, 163, 203-9.

MERLIN, M., GECCHELE, E., CAPALDI, S., PEZZOTTI, M. & AVESANI, L. 2014. Comparative evaluation of
recombinant protein production in different biofactories: the green perspective. Biomed Res
Int, 2014, 136419.

MERTENS, P. P., DIPROSE, J., MAAN, S., SINGH, K. P., ATTOUI, H. & SAMUEL, A. R. 2004. Bluetongue
virus replication, molecular and structural biology. Vet Ital, 40, 426-37.

MIR-ARTIGUES, P., TWYMAN, R. M., ALVAREZ, D., CERDA BENNASSER, P., BALCELLS, M., CHRISTOU, P.
& CAPELL, T. 2019. A simplified techno-economic model for the molecular pharming of
antibodies. Biotechnol Bioeng, 116, 2526-2539.

80



MOHANDAS, S. S., MUTHUCHELVAN, D., PANDEY, A. B., BISWAS, S. K., CHAND, K., VENKATESAN, G.,
CHOUDHARY, D., RAMAKRISHNAN, M. A. & MONDAL, B. 2015. Development of reverse
transcription loop mediated isothermal amplification assay for rapid detection of bluetongue
viruses. J Virol Methods, 222, 103-5.

MOHD JAAFAR, F., BELHOUCHET, M., VITOUR, D., ADAM, M., BREARD, E., ZIENTARA, S., MERTENS, P.
P. & ATTOUI, H. 2014. Immunisation with bacterial expressed VP2 and VPS5 of bluetongue
virus (BTV) protect alpha/beta interferon-receptor knock-out (IFNAR(-/-)) mice from
homologous lethal challenge. Vaccine, 32, 4059-67.

MOHL, B. P. & ROY, P. 2019. Hsp90 Chaperones Bluetongue Virus Proteins and Prevents

Proteasomal Degradation. J Virol, 93.

MOKOENA, N. B., MOETLHOA, B., RUTKOWSKA, D. A., MAMPUTHA, S., DIBAKWANE, V. S., TSEKOA, T.
L. & O'KENNEDY, M. M. 2019. Plant-produced Bluetongue chimaeric VLP vaccine candidates
elicit serotype-specific immunity in sheep. Vaccine, 37, 6068-6075.

MOON, K. B., PARK, J. S., PARK, Y. I, SONG, I. J., LEE, H. J., CHO, H. S., JEON, J. H. & KIM, H. S. 2019.
Development of Systems for the Production of Plant-Derived Biopharmaceuticals. Plants
(Basel), 9.

MOUSTAFA, K., MAKHZOUM, A. & TREMOUILLAUX-GUILLER, J. 2016. Molecular farming on rescue of
pharma industry for next generations. Critical reviews in biotechnology, 36, 840-850.

NANDI, S., KWONG, A. T., HOLTZ, B. R., ERWIN, R. L., MARCEL, S. & MCDONALD, K. A. 2016. Techno-
economic analysis of a transient plant-based platform for monoclonal antibody production.
MAbs, 8, 1456-1466.

NIEDBALSKI, W. 2022. Bluetongue virus in Europe: The current epidemiological situation. Med.
Weter, 78, 109-114.

NOMIKOU, K., HUGHES, J., WASH, R., KELLAM, P., BREARD, E., ZIENTARA, S., PALMARINI, M., BIEK, R.
& MERTENS, P. 2015. Widespread Reassortment Shapes the Evolution and Epidemiology of
Bluetongue Virus following European Invasion. PLoS Pathog, 11, e1005056.

NORKUNAS, K., HARDING, R., DALE, J. & DUGDALE, B. 2018. Improving agroinfiltration-based
transient gene expression in Nicotiana benthamiana. Plant Methods, 14, 71.

NUNES, S. F., HAMERS, C., RATINIER, M., SHAW, A., BRUNET, S., HUDELET, P. & PALMARINI, M. 2014.
A synthetic biology approach for a vaccine platform against known and newly emerging
serotypes of bluetongue virus. J Virol, 88, 12222-32.

OWEN, N. 1964. Investigations into the pH stability of bluetongue virus and its survival in mutton and
beef.

PATEL, A. & ROY, P. 2014. The molecular biology of Bluetongue virus replication. Virus Res, 182, 5-20.

PATTA, C., GIOVANNINI, A., ROLESU, S., NANNINI, D., SAVINI, G., CALISTRI, P., SANTUCCI, U. &
CAPORALE, V. 2004. Bluetongue vaccination in Europe: the Italian experience. Vet Ital, 40,
601-10.

PEREZ DE DIEGO, A. C., ATHMARAM, T. N., STEWART, M., RODRIGUEZ-SANCHEZ, B., SANCHEZ-
VIZCAINO, J. M., NOAD, R. & ROY, P. 2011. Characterization of protection afforded by a
bivalent virus-like particle vaccine against bluetongue virus serotypes 1 and 4 in sheep. PLoS
One, 6, €26666.

PERRIN, A., ALBINA, E., BREARD, E., SAILLEAU, C., PROME, S., GRILLET, C., KWIATEK, O., RUSSO, P.,
THIERY, R., ZIENTARA, S. & CETRE-SOSSAH, C. 2007. Recombinant capripoxviruses expressing
proteins of bluetongue virus: evaluation of immune responses and protection in small
ruminants. Vaccine, 25, 6774-83.

PERRIN, S. 2014. Preclinical research: Make mouse studies work. Nature, 507, 423-425.

PESSINO, V., CITRON, Y. R., FENG, S. & HUANG, B. 2017. Covalent Protein Labeling by SpyTag-
SpyCatcher in Fixed Cells for Super-Resolution Microscopy. Chembiochem, 18, 1492-1495.

PEYRET, H., PONNDORF, D., MESHCHERIAKOVA, Y., RICHARDSON, J. & LOMONOSSOFF, G. P. 2020.
Covalent protein display on Hepatitis B core-like particles in plants through the in vivo use of
the SpyTag/SpyCatcher system. Sci Rep, 10, 17095.

81



PINI, A., COACKLEY, W. & OHDER, H. 1966. Concentration of bluetongue virus in experimentally
infected sheep and virus identification by immune fluorescence technique. Arch Gesamte
Virusforsch, 18, 385-90.

RABILLOUD, T., LUCHE, S., SANTONI, V. & CHEVALLET, M. 2007. Detergents and chaotropes for
protein solubilization before two-dimensional electrophoresis. Plant proteomics. Springer.

RAO, P. P., HEGDE, N. R., SINGH, K. P., PUTTY, K., HEMADRI, D., MAAN, N. S., REDDY, Y. N., MAAN, S.
& MERTENS, P. P. C. 2017. Bluetongue: Aetiology, Epidemiology, Pathogenesis, Diagnosis and
Control. Emerging and Re-emerging Infectious Diseases of Livestock

3-54.

RODER, J., FISCHER, R. & COMMANDEUR, U. 2017. Engineering Potato Virus X Particles for a Covalent
Protein Based Attachment of Enzymes. Small, 13.

ROJAS, J. M., BARBA-MORENO, D., AVIA, M., SEVILLA, N. & MARTIN, V. 2021. Vaccination With
Recombinant Adenoviruses Expressing the Bluetongue Virus Subunits VP7 and VP2 Provides
Protection Against Heterologous Virus Challenge. Front Vet Sci, 8, 645561.

ROJAS, J. M., RODRIGUEZ-MARTIN, D., MARTIN, V. & SEVILLA, N. 2019. Diagnosing bluetongue virus
in domestic ruminants: current perspectives. Vet Med (Auckl), 10, 17-27.

ROY, P., BOYCE, M. & NOAD, R. 2009. Prospects for improved bluetongue vaccines. Nat Rev
Microbiol, 7, 120-8.

ROY, P., FRENCH, T. & ERASMUS, B. 1992. Protective efficacy of virus-like particles for bluetongue
disease. Vaccine, 10, 28-32.

ROY, P. & NOAD, R. 2008. Virus-like particles as a vaccine delivery system: myths and facts. Hum
Vaccin, 4, 5-12.

ROY, P., URAKAWA, T., VAN DIJK, A. & ERASMUS, B. 1990. Recombinant virus vaccine for bluetongue
disease in sheep. Journal of virology, 64, 1998-2003.

RUTKOWSKA, D. A.,, MOKOENA, N. B., TSEKOA, T. L., DIBAKWANE, V. S. & O'KENNEDY, M. M. 2019.
Plant-produced chimeric virus-like particles - a new generation vaccine against African horse
sickness. BMC Vet Res, 15, 432.

RYBICKI, E. P. 2020. Plant molecular farming of virus-like nanoparticles as vaccines and reagents.
Wiley Interdiscip Rev Nanomed Nanobiotechnol, 12, e1587.

SAEGERMAN, C., BOLKAERTS, B., BARICALLA, C., RAES, M., WIGGERS, L., DE LEEUW, 1.,
VANDENBUSSCHE, F., ZIMMER, J. Y., HAUBRUGE, E., CASSART, D., DE CLERCQ, K. &
KIRSCHVINK, N. 2011. The impact of naturally-occurring, trans-placental bluetongue virus
serotype-8 infection on reproductive performance in sheep. Vet J, 187, 72-80.

SAINSBURY, F. & LOMONOSSOFF, G. P. 2008. Extremely high-level and rapid transient protein
production in plants without the use of viral replication. Plant Physiol, 148, 1212-8.

SAINSBURY, F., THUENEMANN, E. C. & LOMONOSSOFF, G. P. 2009. pEAQ: versatile expression
vectors for easy and quick transient expression of heterologous proteins in plants. Plant
Biotechnol J, 7, 682-93.

SALUNKE, D., CASPAR, D. & GARCEA, R. 1989. Polymorphism in the assembly of polyomavirus capsid
protein VP1. Biophysical journal, 56, 887-900.

SAVINI, G., LORUSSO, A., PALADINI, C., MIGLIACCIO, P., DI GENNARO, A., DI PROVVIDO, A., SCACCHIA,
M. & MONACO, F. 2014. Bluetongue serotype 2 and 9 modified live vaccine viruses as
causative agents of abortion in livestock: a retrospective analysis in Italy. Transbound Emerg
Dis, 61, 69-74.

SAVINI, G., MACLACHLAN, N. J., SANCHEZ-VIZCAINO, J. M. & ZIENTARA, S. 2008. Vaccines against
bluetongue in Europe. Comp Immunol Microbiol Infect Dis, 31, 101-20.

SCHILLBERG, S., RAVEN, N., SPIEGEL, H., RASCHE, S. & BUNTRU, M. 2019. Critical Analysis of the
Commercial Potential of Plants for the Production of Recombinant Proteins. Front Plant Sci,
10, 720.

SCHOENE, C., FIERER, J. O., BENNETT, S. P. & HOWARTH, M. 2014. SpyTag/SpyCatcher cyclization
confers resilience to boiling on a mesophilic enzyme. Angew Chem Int Ed Engl, 53, 6101-4.

82



SCHWARTZ-CORNIL, I., MERTENS, P. P., CONTRERAS, V., HEMATI, B., PASCALE, F., BREARD, E.,
MELLOR, P. S., MACLACHLAN, N. J. & ZIENTARA, S. 2008. Bluetongue virus: virology,
pathogenesis and immunity. Vet Res, 39, 46.

SHAKYA, P., SHARMA, V., NAYAK, A., JOGI, J., GUPTA, V., RAI, A. & BORDOLOI, S. 2018. Plantibodies as
biopharmaceuticals: A review. Journal of Pharmacognosy and Phytochemistry, 7, 2072-2074.

SHEN, W. J. & FORDE, B. G. 1989. Efficient transformation of Agrobacterium spp. by high voltage
electroporation. Nucleic Acids Res, 17, 8385.

SPRIESTERSBACH, A., KUBICEK, J., SCHAFER, F., BLOCK, H. & MAERTENS, B. 2015. Purification of His-
Tagged Proteins. Methods Enzymol, 559, 1-15.

STANDER, J., CHABEDA, A., RYBICKI, E. P. & MEYERS, A. E. 2021. A Plant-Produced Virus-Like Particle
Displaying Envelope Protein Domain Ill Elicits an Immune Response Against West Nile Virus in
Mice. Front Plant Sci, 12, 738619.

STEWART, M., BHATIA, Y., ATHMARAN, T. N., NOAD, R., GASTALDI, C., DUBOIS, E., RUSSO, P., THIERY,
R., SAILLEAU, C., BREARD, E., ZIENTARA, S. & ROY, P. 2010. Validation of a novel approach for
the rapid production of immunogenic virus-like particles for bluetongue virus. Vaccine, 28,
3047-54.

STEWART, M., DOVAS, C. |.,, CHATZINASIOU, E., ATHMARAM, T. N., PAPANASTASSOPOULOU, M.,
PAPADOPOULQS, O. & RQOY, P. 2012. Protective efficacy of Bluetongue virus-like and
subvirus-like particles in sheep: presence of the serotype-specific VP2, independent of its
geographic lineage, is essential for protection. Vaccine, 30, 2131-9.

STOTT, J. L., BARBER, T. L. & OSBURN, B. I. 1985. Immunologic response of sheep to inactivated and
virulent bluetongue virus. Am J Vet Res, 46, 1043-9.

SUN, F., ZHANG, W. B., MAHDAVI, A., ARNOLD, F. H. & TIRRELL, D. A. 2014. Synthesis of bioactive
protein hydrogels by genetically encoded SpyTag-SpyCatcher chemistry. Proc Natl Acad Sci U
SA 111, 11269-74.

SUN, X. B., CAO, J. W., WANG, J. K., LIN, H. Z.,, GAO, D. Y., QIAN, G. Y., PARK, Y. D., CHEN, Z. F. &
WANG, Q. 2019. SpyTag/SpyCatcher molecular cyclization confers protein stability and
resilience to aggregation. N Biotechnol, 49, 28-36.

TACKEN, M. G. J., DAUS, F. J., FEENSTRA, F., VAN GENNIP, R. G. P. & VAN RIJN, P. A. 2015.
Development of a competitive ELISA for NS3 antibodies as DIVA test accompanying the novel
Disabled Infectious Single Animal (DISA) vaccine for Bluetongue. Vaccine, 33, 5539-5545.

TAN, T. K., RUAL, P., RAHIKAINEN, R., KEEBLE, A. H., SCHIMANSKI, L., HUSSAIN, S., HARVEY, R., HAYES,
J. W., EDWARDS, J. C. & MCLEAN, R. K. 2021a. A COVID-19 vaccine candidate using
SpyCatcher multimerization of the SARS-CoV-2 spike protein receptor-binding domain
induces potent neutralising antibody responses. Nature communications, 12, 1-16.

TAN, T. K., RUAL, P., RAHIKAINEN, R., KEEBLE, A. H., SCHIMANSKI, L., HUSSAIN, S., HARVEY, R., HAYES,
J. W. P., EDWARDS, J. C., MCLEAN, R. K., MARTINI, V., PEDRERA, M., THAKUR, N.,
CONCEICAO, C., DIETRICH, I., SHELTON, H., LUDI, A., WILSDEN, G., BROWNING, C., ZAGRAJEK,
A. K., BIALY, D., BHAT, S., STEVENSON-LEGGETT, P., HOLLINGHURST, P., TULLY, M., MOFFAT,
K., CHIU, C., WATERS, R., GRAY, A., AZHAR, M., MIOULET, V., NEWMAN, J., ASFOR, A. S,
BURMAN, A., CROSSLEY, S., HAMMOND, J. A., TCHILIAN, E., CHARLESTON, B., BAILEY, D.,
TUTHILL, T. J., GRAHAM, S. P., DUYVESTEYN, H. M. E., MALINAUSKAS, T., HUO, J., TREE, J. A,,
BUTTIGIEG, K. R., OWENS, R. J., CARROLL, M. W., DANIELS, R. S., MCCAULEY, J. W., STUART,
D. I., HUANG, K. A., HOWARTH, M. & TOWNSEND, A. R. 2021b. A COVID-19 vaccine candidate
using SpyCatcher multimerization of the SARS-CoV-2 spike protein receptor-binding domain
induces potent neutralising antibody responses. Nat Commun, 12, 542.

THRANE, S., JANITZEK, C. M., MATONDO, S., RESENDE, M., GUSTAVSSON, T., DE JONGH, W. A.,
CLEMMENSEN, S., ROEFFEN, W., VAN DE VEGTE-BOLMER, M., VAN GEMERT, G. J.,
SAUERWEIN, R., SCHILLER, J. T., NIELSEN, M. A., THEANDER, T. G., SALANTI, A. & SANDER, A.
F. 2016. Bacterial superglue enables easy development of efficient virus-like particle based
vaccines. J Nanobiotechnology, 14, 30.

83



THUENEMANN, E. 2010. Virus-like particle production using cowpea mosaic virus-based vectors.
University of East Anglia.

THUENEMANN, E. C. & LOMONOSSOFF, G. P. 2018. Delivering Cargo: Plant-Based Production of
Bluetongue Virus Core-Like and Virus-Like Particles Containing Fluorescent Proteins. Methods
Mol Biol, 1776, 319-334.

THUENEMANN, E. C., MEYERS, A. E., VERWEY, J., RYBICKI, E. P. & LOMONOSSOFF, G. P. 2013. A
method for rapid production of heteromultimeric protein complexes in plants: assembly of
protective bluetongue virus-like particles. Plant Biotechnol J, 11, 839-46.

TISSOT, A. C., RENHOFA, R., SCHMITZ, N., CIELENS, I., MEIJERINK, E., OSE, V., JENNINGS, G. T,
SAUDAN, P., PUMPENS, P. & BACHMANN, M. F. 2010. Versatile virus-like particle carrier for
epitope based vaccines. PloS one, 5, €9809.

TSEKOA, T. L., SINGH, A. A. & BUTHELEZI, S. G. 2020. Molecular farming for therapies and vaccines in
Africa. Curr Opin Biotechnol, 61, 89-95.

TUSE, D., NANDI, S., MCDONALD, K. A. & BUYEL, J. F. 2020. The Emergency Response Capacity of
Plant-Based Biopharmaceutical Manufacturing-What It Is and What It Could Be. Front Plant
Sci, 11, 594019.

VAN DER SLUIJS, M. T., SCHROER-JOOSTEN, D. P., FID-FOURKOUR, A., VRIJENHOEK, M. P., DEBYSER,
l., GREGG, D. A., DUFE, D. M., MOULIN, V., MOORMANN, R. J. & DE SMIT, A. J. 2012. Effect of
vaccination with an inactivated vaccine on transplacental transmission of BTV-8 in mid term
pregnant ewes and heifers. Vaccine, 30, 647-55.

VAN GENNIP, R. G., VAN DE WATER, S. G., MARIS-VELDHUIS, M. & VAN RIJN, P. A. 2012. Bluetongue
viruses based on modified-live vaccine serotype 6 with exchanged outer shell proteins confer
full protection in sheep against virulent BTVS8. PLoS One, 7, e44619.

VAN GENNIP, R. G., VAN DE WATER, S. G. & VAN RN, P. A. 2014. Bluetongue virus nonstructural
protein NS3/NS3a is not essential for virus replication. PLoS One, 9, e85788.

VAN OIRSCHQT, J. 1999. Diva vaccines that reduce virus transmission. Journal of biotechnology, 73,
195-205.

VAN RIJN, P. A. 2019. Prospects of Next-Generation Vaccines for Bluetongue. Front Vet Sci, 6, 407.

VAN RIN, P. A., MARIS-VELDHUIS, M. A. & VAN GENNIP, R. G. P. 2021. The Bluetongue Disabled
Infectious Single Animal (DISA) Vaccine Platform Based on Deletion NS3/NS3a Protein Is Safe
and Protective in Cattle and Enables DIVA. Viruses, 13.

VAN ZYL, A. R. 2014. Development of plant-produced Bluetongue virus vaccines. PhD Dissertation,
University of Cape Town.

VAN ZYL, A. R., MEYERS, A. E. & RYBICKI, E. P. 2016. Transient Bluetongue virus serotype 8 capsid
protein expression in Nicotiana benthamiana. Biotechnol Rep (Amst), 9, 15-24.

VAN ZYL, A. R., MEYERS, A. E. & RYBICKI, E. P. 2017. Development of plant-produced protein body
vaccine candidates for bluetongue virus. BMC Biotechnol, 17, 47.

VANDENBUSSCHE, F., VANDEMEULEBROUCKE, E. & DE CLERCQ, K. 2010. Simultaneous detection of
bluetongue virus RNA, internal control GAPDH mRNA, and external control synthetic RNA by
multiplex real-time PCR. Methods Mol Biol, 630, 97-108.

VENTER, G. J. & MEISWINKEL, R. 1994. The virtual absence of Culicoides imicola (Diptera:
Ceratopogonidae) in a light-trap survey of the colder, high-lying area of the eastern Orange
Free State, South Africa, and implications for the transmission of arboviruses. Onderstepoort
J Vet Res, 61, 327-40.

VERWOERD, D. W. 2012. History of Orbivirus research in South Africa. J S Afr Vet Assoc, 83, 532.

VERWOERD, D. W., ELS, H. J., DE VILLIERS, E. M. & HUISMANS, H. 1972. Structure of the bluetongue
virus capsid. J Virol, 10, 783-94.

VICARI, K. 2003. The all-purpose guinea pig. J. Neurosci, 23, 4395-4400.

WACKERLIN, R., ESCHBAUMER, M., KONIG, P., HOFFMANN, B. & BEER, M. 2010. Evaluation of
humoral response and protective efficacy of three inactivated vaccines against bluetongue
virus serotype 8 one year after vaccination of sheep and cattle. Vaccine, 28, 4348-55.

84



WALWYN, D. R., HUDDY, S. M. & RYBICKI, E. P. 2015. Techno-economic analysis of horseradish
peroxidase production using a transient expression system in Nicotiana benthamiana. App/
Biochem Biotechnol, 175, 841-54.

WECHSLER, S. J., AUSTIN, K. J. & WILSON, W. C. 1990. Limits of detection of bluetongue virus with
different assay systems. J Vet Diagn Invest, 2, 103-6.

WHITE, J. R. & EATON, B. T. 1990. Conformation of the VP2 protein of bluetongue virus (BTV)
determines the involvement in virus neutralization of highly conserved epitopes within the
BTV serogroup. Journal of General Virology, 71, 1325-1332.

WOLFENSOHN, S. & LLOYD, M. 2008. Handbook of laboratory animal management and welfare, John
Wiley & Sons.

WROBLEWSKI, T., TOMCZAK, A. & MICHELMORE, R. 2005. Optimization of Agrobacterium-mediated
transient assays of gene expression in lettuce, tomato and Arabidopsis. Plant Biotechnol J, 3,
259-73.

WYDRO, M., KOZUBEK, E. & LEHMANN, P. 2006. Optimization of transient Agrobacterium-mediated
gene expression system in leaves of Nicotiana benthamiana. Acta Biochim Pol, 53, 289-98.

XIE, S., SHI, Y., GONG, R., CUI, W., JIANG, Y., LIU, M., WANG, L., ZHOU, H., QIAO, X., LI, Y., XU, Y. &
TANG, L. 2018. Identification of antigenic epitopes of monoclonal antibodies against the VP2
protein of the 25 serotype of bluetongue virus. Vet Microbiol, 219, 136-143.

XIMBA, P. 2021. Investigation of particulate HIV-1 env vaccine candidates using Zera® and
Spytag/Spycatcher technologies. PHD, University of Cape Town.

YANG, H., GU, W., LI, Z., ZHANG, L., LIAO, D., SONG, J., SHI, B., HASIMU, J., LI, Z. & YANG, Z. 2021.
Novel putative bluetongue virus serotype 29 isolated from inapparently infected goat in
Xinjiang of China. Transboundary and Emerging Diseases, 68, 2543-2555.

YENKOIDIOK-DOUTI, L., WILLIAMS, A. E., CANEPA, G. E., MOLINA-CRUZ, A. & BARILLAS-MURY, C.
2019. Engineering a Virus-Like Particle as an Antigenic Platform for a Pfs47-Targeted Malaria
Transmission-Blocking Vaccine. Sci Rep, 9, 16833.

ZAKERI, B., FIERER, J. O., CELIK, E., CHITTOCK, E. C., SCHWARZ-LINEK, U., MOY, V. T. & HOWARTH, M.
2012. Peptide tag forming a rapid covalent bond to a protein, through engineering a bacterial
adhesin. Proc Natl Acad Sci U S A, 109, E690-7.

ZHANG, B., CHAO, C. W., TSYBOVSKY, Y., ABIONA, O. M., HUTCHINSON, G. B., MOLIVA, J. I., OLIA, A.
S., PEGU, A,, PHUNG, E. & STEWART-JONES, G. B. 2020. A platform incorporating trimeric
antigens into self-assembling nanoparticles reveals SARS-CoV-2-spike nanoparticles to elicit
substantially higher neutralizing responses than spike alone. Scientific reports, 10, 1-13.

ZHANG, X., BOYCE, M., BHATTACHARYA, B., ZHANG, X., SCHEIN, S., ROY, P. & ZHOU, Z. H. 2010.
Bluetongue virus coat protein VP2 contains sialic acid-binding domains, and VP5 resembles
enveloped virus fusion proteins. Proc Natl Acad Sci U S A, 107, 6292-7.

ZHANG, X., PATEL, A., CELMA, C. C., YU, X., ROY, P. & ZHOU, Z. H. 2016. Atomic model of a
nonenveloped virus reveals pH sensors for a coordinated process of cell entry. Nat Struct Mol
Biol, 23, 74-80.

ZHAOQ, Y., ZHANG, Y., TENG, Y., LIU, K., LIU, Y., LI, W. & WU, L. 2019. SpyCLIP: an easy-to-use and high-
throughput compatible CLIP platform for the characterization of protein-RNA interactions
with high accuracy. Nucleic Acids Res, 47, e33.

ZHU, B., CAl, G., HALL, E. O. & FREEMAN, G. J. 2007. In-fusion assembly: seamless engineering of
multidomain fusion proteins, modular vectors, and mutations. Biotechniques, 43, 354-9.

ZIENTARA, S. & SANCHEZ-VIZCAINO, J. M. 2013. Control of bluetongue in Europe. Vet Microbiol, 165,
33-7.

ZUPAN, J.,, MUTH, T. R., DRAPER, O. & ZAMBRYSKI, P. 2000. The transfer of DNA from agrobacterium
tumefaciens into plants: a feast of fundamental insights. Plant J, 23, 11-28.

85





