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Abstract

Development of West Nile virus candidate vaccines in Nicotiana benthamiana
By

Jennifer Wayland

Biopharming Research Unit
Department of Molecular and Cell Biology, Faculty of Science,

University of Cape Town, South Africa

West Nile virus (WNV) is a widely disseminated flavivirus, with a geographical range that now
includes Africa, America, Europe, the Middle East, West Asia and Australia. The virus is
vectored by Culex mosquitoes and is maintained in a bird-mosquito transmission cycle with
hundreds of bird species acting as reservoir hosts. In humans, infections can develop into
febrile illness and severe meningoencephalitis and to date, there is no treatment or vaccine
available. In horses, approximately 20% of infections are symptomatic, of which 90% of cases
involve neurological disease, with 30-40% fatality rates. Several veterinary vaccines specific
to the lineage 1 WNV strains are commercially produced in America and Europe, however,
these vaccines are not easily obtainable for low and middle-income countries (LMIC) due to
their high cost and that associated with importation as well as the need for annual vaccination.
Due to continuous global disease outbreaks in birds, humans and horse populations with no
preventative measures for humans, WNV poses a major public health threat, especially in
naive populations. The development of a vaccine that contributes to the ‘One Health’ Initiative

could be the answer to prevent the spread of the virus and control the disease.

Current veterinary vaccines are produced in expensive cell culture systems that require sterile
conditions, high-level biosafety facilities and trained personnel for their preparation. Transient
plant-based expression systems have proven to be a very cost-effective means of making
complex proteins. Plants can produce and modify proteins in a similar manner to mammalian
cells and production does not require sterile conditions or specialised facilities. We propose
that plants could be a viable means of making feasible, low-cost reagents for WNV, specifically
virus-like particles (VLPs) for use as vaccines in South Africa and other LMIC. In this study,
we set out to develop two particulate candidate vaccines based on a virulent South African

WNV strain using Nicotiana benthamiana as the expression platform.



We aimed to develop the first candidate vaccine by exploiting the virus’s ability to form non-
infectious VLPs by expressing only the WNV membrane (prM — precursor, M — matured) and
envelope (E) proteins. Infiltration of these recombinant plasmids into plants yielded no protein
expression unless co-expressed with the human chaperone protein calnexin (CNX), upon
which expression of both M and E proteins were observed. We investigated the assembly of
prM and E into VLPs by transmission electron microscopy (TEM), however, purification of

these particles proved difficult with poor reproducibility and VLP vyield.

This led to the development of an alternative candidate vaccine making use of the antigen-
display technology based on the SpyTag (ST) and SpyCatcher (SC) peptides. The
immunodominant epitope of the WNV E protein, domain Il (EdIII), was selected for antigen
display. Two constructs of the EdIll gene were generated, one with the SC peptide on the 5’-
(SC-EdIll) and the other on the 3’ end (EdIII-SC). Both SC-EdIIl and EdIII-SC proteins were
successfully expressed in the presence of the human chaperone protein calreticulin, and

purified with yields of 9 mg/kg and 69 mg/kg fresh leaf weight (FLW), respectively.

The VLP core selected for the display of the SC-linked EdIll proteins comprised the coat
protein of the bacteriophage AP205 with the ST peptide linked to its N-terminus (ST-AP205).
Spytagged-VLPs were purified by density gradient ultracentrifugation at a yield of
approximately 50 mg/kg FLW. The purified SC-linked EdIll proteins and ST-AP205 VLPs were
coupled in vitro, but successful complex formation of AP205:EdIIl was only observed between
ST-AP205 and EdIII-SC and not when the SC peptide was located on the N-terminus of EdIlI.
We further demonstrated the successful complex formation of AP205:EdIIl in vivo by co-
infiltration of the EdIII-SC and ST-AP205 constructs, as well as by extracting leaves of plants
infiltrated individually with either of the constructs. Due to the ease of purification and the high
yields of AP205:EdIIlI achieved, the co-extraction process was optimised to obtain the best
coupling yield possible by evaluating different FLW extraction ratios and the formation of VLPs
was confirmed by TEM. The optimal co-extraction process was established at a FLW ratio of
1:2 ST-AP205 to EdIII-SC yielding approximately 23 mg/kg AP205:EdIII/FLW processed.

In this study, we describe the successful production of two particulate candidate vaccines. The
first is based on the expression of the WNV prM and E genes in the presence of human CNX
and the second is based on the ST/SC antigen-display technology. These outcomes exhibit
the potential plants have of being used as biofactories for making significant pharmaceutical
products for the ‘One Health’ Initiative and could be used to address the need for their local

production in LMIC.
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Chapter 1:

Literature Review

1.1.Introduction

West Nile virus (WNV) is a member of the genus Flavivirus within the family Flaviviridae (Kuno
et al., 1998; Lindenbach et al., 2007; Gray & Webb, 2014). WNV is a zoonotic mosquito-borne
virus that was first isolated in 1937 from the blood of a local woman in the West Nile district of
Uganda (Smithburn et al., 1940). Since this first isolation, WNV has spread and become
endemic in countries across Africa, America, the Middle East, West Asia and Australia
(Castro-Jorge et al., 2019). It is hypothesized that migratory birds, which are amplifier hosts,
are responsible for the rapid dissemination of WNV (Mackenzie et al., 2004; Bakonyi et al.,
2006; Reiter, 2010). Other factors that also contribute towards virus spread include
urbanization, host-vector relationships, climate and wind patterns, and genetic changes in the
virus (Mackenzie et al., 2004).

In nature, WNV is maintained in a bird-mosquito transmission cycle and mammals are
considered accidental dead-end hosts due to low viraemia levels (De Filette et al., 2012).
Serological data has shown that many species can be infected by WNV, with the highest
incidence of infection observed in humans and horses (Marfin et al., 2001). Infections in
humans can result in febrile iliness, and less commonly neuroinvasive disease with significant
mortality and morbidity (Gray & Webb, 2014). To date, disease treatment is supportive with
no antiviral treatment and no available human vaccine. Approximately 20% of infections in
horses result in disease development of which 90% involve neurological symptoms, with 30-
40% fatality rates (Ward et al., 2006). As with humans, there is no antiviral treatment available
for horses. However, several equine West Nile vaccines that are produced in the USA (Castro-
Jorge et al., 2019) and Europe (Rebollo et al., 2018a) are licensed for use. These vaccines
can be difficult and expensive to obtain in low and middle-income countries (LMIC), with
regards to import permits, cost of the vaccines and the need for annual vaccination. Therefore,
preventative strategies tend to rely on the low-tech prevention of mosquito bites (Sule et al.,
2018). The development of a vaccine that contributes to the ‘One Health’ Initiative could be
the answer to overcoming this challenge. The ‘One Health’ Initiative is dedicated to improving
the lives of all species, both human and animal, through the integration of human and

veterinary medicine and environmental science.



WNV poses a major public health threat due to continuous disease outbreaks in both human
and horse populations globally, no available treatment and little to no surveillance. As a result,
the National Institute of Allergy and Infectious Disease (NIH) has deemed WNV a Category B
pathogen, as it is moderately easy to spread, results in medium morbidity and low mortality
rates and there is a necessity for the special development of diagnostics and enhanced

disease surveillance protocols (NIH, 2018).

1.2.West Nile virus

1.2.1. Classification of WNV

WNV is one of the 70 viruses that make up the Flavivirus genus, which is the largest genus in
the family Flaviviridae (Kuno et al., 1998; Lindenbach et al., 2007; Simmonds et al., 2017).
The genus can be divided into three clusters; mosquito-borne, tick-borne and vector-unknown
viruses (Mukhopadhyay et al., 2005). The mosquito-borne viruses can be further subdivided
into two serogroups, namely the encephalitic group, more commonly known as the Japanese
encephalitis virus (JEV) serocomplex, which includes JEV, WNV, and St. Louis encephalitis
virus (SLEV); and the haemorrhagic fever group, which includes Zika virus (ZIKV), yellow fever
virus (YFV) and dengue virus (DENV) (Castro-Jorge et al., 2019).

The phylogenetic classification of WNV is dynamic with two main lineages described and three
additional lineages suggested (Figure 1.1) (Bakonyi et al., 2005; Bondre et al., 2007). Strains
from lineage 1 and 2 are the only West Nile viruses that have been associated with disease
outbreaks in mammals (Petersen et al., 2013). Lineage 1 WNV strains have a worldwide
distribution and are the strains responsible for neuroinvasive diseases in humans, horses and
birds (Chen, 2015). The lineage can be further divided into three sublineages; 1a, 1b and 1c.
The most widely distributed WNV strains are from sublineage 1a, occurring in Africa, America,
Europe and the Middle East (Burt et al., 2002). Strains of the Kunijin virus, which is a subtype
of WNV, represents sublineage 1b that occurs in Australia, South East Asia and Papua New
Guinea (Hall et al., 2001). Sublineage 1¢c WNYV strains are only found in India, with recent

evidence suggesting that these strains form a distinct lineage 5 (Bondre et al., 2007).

Lineage 2 consisted of WNV strains predominantly from sub-Saharan Africa and Madagascar.
However, in the mid-2000s WNV strains isolated in Hungary were ascribed to lineage 2
(Bakonyi et al., 2006). Soon after, WNV strains associated with neurological disease in birds
and humans were identified as lineage 2 strains in Russia (May et al., 2011), Greece (Papa
et al., 2011) and Italy (Magurano et al., 2012).



Lineage 3 is comprised of Rabensburg virus, a WNV strain named after the nearby Austrian
town where the virus was isolated, and lineage 4 consists of a unique virus isolated from
Caucasia. These viruses have been suggested to be a new species of the JEV serocomplex
based on their genomic and antigenic diversity (Bakonyi et al., 2005).

Lineage 1a
B Lineage 1b (Kunjin) .
1 Lineage 1c (India) \

Lineage 2 N\
|- Lineage 3* (Rabensburg)
- Lineage 4* (tick isolates) ‘.'
- Lineage 5* (India) )

Spanish lineage* Q
=] Malaysian lineage*
Serological data only
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Figure 1.1. Worldwide distribution of West Nile virus. Reprinted with permission from Viruses; 9
December 2013:5. DOI: 10.3390/v5123021. (Ciota & Kramer, 2013)

1.2.2. Virus structure

The WNV genome is a positive-sense, single-stranded RNA of ~11 kb that contains one open
reading frame (ORF) encoding a single polyprotein flanked by 5 and 3’ untranslated regions
(UTRs). The 5’ UTR contains a type | m’GpppAmp cap and the 3’ UTR lacks a polyadenylated
tail. The polyprotein is co- and post-translationally processed into three structural proteins;
capsid (C), membrane (M, translated as prM, the precursor of the membrane protein) and
envelope (E) proteins, and seven non-structural (NS) proteins: NS1, NS2A/B, NS3, NS4A/B
and NS5 (Figure 1.2) (Chambers et al., 1990; Lindenbach et al., 2007). The C-prM, prM-E,
E-NS1 and NS4A-NS4B proteins are cleaved by host signal peptidases located within the
lumen of the endoplasmic reticulum (ER), whereas, the viral serine protease encoded by NS3

is responsible for the cleavage between the NS proteins (Figure 1.2B) (De Filette et al., 2012).
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Figure 1.2. Schematic diagram of the flavivirus genome and polyprotein. (A) The genome is a positive
sense RNA strand of ~11 kb and has a 5’ cap but no 3’ poly-(A) tail. (B) Membrane topology of the
polyprotein. The viral RNA is translated as a polyprotein and processed by cellular and viral proteases
(arrows). Reprinted from Current Opinion in Microbiology volume 11, Perera & Kuhn, Structural

proteomics of dengue virus, p369-377, 2008, with permission from Elsevier. (Perera & Kuhn, 2008)

The roles of the structural and NS proteins have been extensively investigated for flaviviruses.
The primary role of the C protein (12-14 kDa) in the flavivirus life cycle is the formation of the
nucleocapsid and its association with viral RNA during virion assembly (Chambers et al.,
1990). Several critical roles have been proposed for the prM protein (19-25 kDa and 7-10 kDa
for the M protein after furin cleavage): it might function as a chaperone for folding and
assembly of the E protein (Lorenz et al., 2002; Roby et al., 2015); it could play a role in the
pH-dependent conformational rearrangement of the prM-E heterodimers (Roby et al., 2015);
and it may conceal the E protein fusion loop to prevent premature fusion of the virion for

exocytosis (Chambers et al., 1990).

The E protein (~53 kDa) is the major virion surface protein and plays a role in virus entry. The
protein consists of three structurally distinct B-barrel envelope domains, namely EdlI, EdIl and
EdIll (Figure 1.3). The three domains are connected by flexible hinges that facilitate
conformational changes during virus replication. EdI, is situated on the N-terminus but is

spatially located in the middle of the E protein and therefore acts to stabilize the overall
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orientation of the protein. On the one side, EdI is flanked by EdIl that contains the fusion-loop
peptide that is involved in pH-dependent virus-mediated membrane fusion during virus entry.
EdIIl is located on the opposite side of Edl and is the immunoglobulin-like domain that induces
neutralising antibodies. EdIll is the immunodominant epitope that is highly variable among
flaviviruses. It has also been suggested that it contains the cell receptor binding sites for
infection (Mukhopadhyay et al., 2005; Zhang et al., 2017; Campos et al., 2018).

1 52 FL 132 198 282 299 400 501
- |

Figure 1.3. West Nile virus soluble E monomer structure. (A) The three E domains: domain 1 is red,
domain Il is yellow, and domain Il is blue. The fusion loop is in orange. The ectodomain is linked to a
two helix C-terminal transmembrane anchor (TM, white hatching) with a 53-residue ‘stem’ (cyan). (B-
C) The West Nile virus soluble E monomer (residue 1-406), coloured as in panel A, viewed in two
perpendicular orientations. The last ordered residue in the soluble E structure (Ser403) and the kI
hairpin which forms the putative hydrophobic ligand-binding pocket, are labelled. The glycan at Asn154
(red) and the six disulfide bonds (green) are shown in ball and stick representation. Reprinted from
Journal of Virology volume 80, Kanai et al., Crystal structure of West Nile virus envelope glycoprotein
reveals viral surface epitopes, p11000-11008, with permission from American Society of Microbiology.

(Kanai et al., 2006)



The viral NS proteins play various roles during transcription, translation and replication. NS1
(~46 kDa) acts as an essential co-factor for virus RNA replication. NS2A (~22 kDa) is a multi-
functional protein that also plays a role in virus replication, as well as virion assembly. In
addition, NS2A inhibits the interferon-B (IFN-B) response through the inhibition of IFN-B
transcription. NS2B (~14 kDa) acts as a co-factor for the virus-derived protease, NS3
(~70 kDa). NS2B and NS3 form a heterodimeric complex (NS2B-3) that is responsible for the
post-translational cleavage of the virus proteins. However, NS3 also contains helicase,
nucleoside triphosphatase and RNA triphosphatase domains. Therefore, together with the
NS5 (103 kDa) polymerase, it plays an important role in virus replication. It has been proposed
that NS4A (16 kDa) plays the role of ‘organiser’ of the replication complex (RC) of flaviviruses
and also acts as a co-factor for NS3 helicase activity. NS4B (27 kDa) together with NS4A and
NS2A plays a role in the inhibition of the host IFN-B response. Lastly, NS5 functions as a
methyltransferase, RNA-dependent RNA polymerase (Lindenbach & Rice, 2003; De Filette et
al., 2012; Valiakos et al., 2013) and major IFN antagonist (Best, 2017).

West Nile virions are enveloped spherical particles of approximately 50 nm in diameter with a
buoyant density of ~1.2 g/cm?® (Brinton, 2002; Ohtaki et al., 2010). The RNA genome is
packaged in a spherical nucleocapsid consisting of multiple copies of the C protein within a
host-derived lipid bilayer with an outer glycoprotein shell. This shell consists of 180 copies
each of the virus E and M proteins that are anchored in the host lipid bilayer (Figure 1.4)
(Lindenbach & Rice, 2003; Mukhopadhyay et al., 2003). In the absence of the viral genome
and C protein, the M and E proteins remain capable of assembling into particles of
approximately 20-30 nm. These particles are non-infectious and are termed virus-like particles
(VLPs) (Chambers et al., 1990; Takahashi et al., 2009).

Figure 1.4. Structure of West Nile virus determined by cryo-EM. (A) A surface shaded view of the virion,
with one asymmetric unit of the icosahedron shown by the triangle. The 5-fold and 3-fold icosahedral
symmetry axes are labelled. (B) A central cross-section showing the concentric layers of density. Virion
core, lipid bilayer, E and M proteins are indicated. Reprinted with permission from Science, 10 October
2003:248. DOI:10.1126/science.1089316. (Mukhopadhyay et al., 2003)



1.2.3. Virus replication

The replication cycle of WNV is a well-regulated process (Figure 1.5) (Roby et al., 2015).
During viral entry, the E protein interacts with one or more host cell receptors binding the virus
to the cell. After binding, the virus enters the cell via clathrin-mediated endocytosis
(Figure 1.5i) (Chu & Ng, 2004). The low pH of the endosome induces a conformational change
of the E protein which results in the fusion of the viral envelope with the endosome (Gollins &
Porterfield, 1986). The nucleocapsid is released into the cytoplasm of the cell, disassembles
and releases the viral RNA (Figure 1.5ii). The positive-sense RNA is translated into a single
polyprotein that is co- and post-translationally processed by viral and host proteases. RCs
form within the ER-derived vesicle packets (VPs) with subsequent replication of the genomic
RNA (Figure 1.5iii) (Valiakos et al., 2013; Roby et al., 2015). The C proteins bind and wrap
around the progeny RNA to form an icosahedral shell that is enclosed by an ER-derived
cellular membrane. The evagination into the ER lumen creates the viral envelope embedded
with 90 homodimers of the prM-E proteins that extend as 60 heterotrimeric spikes from the
envelope surface (Figure 1.5iv and 1.6A). The immature virions are transported in individual
vesicles to the trans-Golgi network (TGN) for glycan maturation (Figure 1.5v). The low pH
(~5.8-6.0) in the TGN induces the conformational rearrangement of prM-E, with the
disassociation of the heterotrimeric spike-like conformation to form 90 antiparallel homodimers
that lie flat against the viral surface (Figure 1.5vi and 1.6B). These conformational changes
drive the cleavage of the pr peptide from the M protein by furin-like proteases to generate
mature infectious virions (Figure 1.5vi and 1.6C-D). However, the furin processing of prM is
rather inefficient, resulting in the secretion of a mixture of mature and immature virions from
the cell (Figure 1.5vii) (Mukhopadhyay et al., 2005; Perera & Kuhn, 2008; Valiakos et al., 2013;
Roby et al., 2015; Campos et al., 2018).
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Figure 1.5. West Nile virus replication cycle. (i) receptor-mediated endocytosis of virus; (ii) low-pH
induced fusion of the viral envelope with the endosome and release of viral RNA into the cytoplasm;
(iii) formation of replication complex (RC) within the ER-derived vesicle packets (VPs) and subsequent
replication of RNA; (iv) the capsid protein binds and wraps around the progeny RNA and evagination
into the ER lumen creates the viral envelope embedded with prM and E proteins assembled in
heterotrimeric spikes; this process also occurs independently of the capsid protein and viral RNA to
produce empty prM-E particles (VLPs); (v) immature virions and VLPs are transported in individual
vesicles to the TGN for glycan maturation; (vi) the low pH within the TGN induces conformational
rearrangement of prM-E heterodimers and the cleavage of the pr peptide from M by host furin; (vii)
mature virions and VLPs are secreted by exocytosis from the cell and the pr peptide is released.
Republished with permission of Microbiology Society, from Post-translational regulation and
modifications of flavivirus structural proteins, Roby et al., 96, 2015; permission conveyed through
Copyright Clearance Center, Inc. (Roby et al., 2015)
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Figure 1.6. Structure of the dengue virion during maturation. (A) Cryo-EM of the immature virion at a
neutral pH, where prM-E exists as 60 heterotrimeric spikes that extend away from the virion surface.
The conformation of the E (grey) protein and ‘pr’ peptide (blue) protecting the fusion peptide of E (red)
are shown below the virion. (B) Cryo-EM reconstruction of the immature virion at a low pH encountered
in the TGN. The prM-E heterodimers disassociate from their trimeric spike-like conformation and form
90 dimers that lie flat against the virion surface resulting in a ‘smooth’ morphology. (C) Within the TGN,
the prM protein is cleaved into its ‘pr' peptide and M protein by host furin. The cleaved ‘pr’ peptide
remains in position as a ‘cap’ for the fusion peptide for the E protein. The M protein (not shown) lies
embedded in the viral membrane beneath the E protein shell. (D) Cryo-EM reconstruction of the mature
virion. Following furin cleavage, the mature virion is released into the neutral pH of the extracellular
environment and the ‘pr’ peptide disassociates. Reprinted from Current Opinion in Microbiology volume
11, Perera & Kuhn, Structural proteomics of dengue virus, p369-377, 2008, with permission from
Elsevier. (Perera & Kuhn, 2008)

1.3.West Nile disease
1.3.1. Ecology

WNYV is maintained in the environment within a bird-mosquito transmission cycle. Mosquito
vectors take up WNV when they feed on infected birds. Following a short period of virus
replication in the mosquito, it is spread to a reservoir or dead-end host after mosquito feeding.
More than 60 species of ornithophilic mosquitoes have been implicated in the transmission of
WNYV, however, the principal vector species belongs to the Culex genus (Ciota & Kramer,
2013; Castro-Jorge et al., 2019). WNYV is transmitted by different species of Culex mosquitoes

based on their prevalence in a particular geographic region (Figure 1.7) (Farajollahi et al.,
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2011). Cx. univittatus and Cx. pipiens are the principal vectors in Africa, Europe and North
America, whereas Cx. vishnui is the principal species in India (Hayes, 1989b). Another vector
considered to play a minor role in WNV transmission are hard and soft ticks since they can
become infected with WNV (Hubalek & Halouzka, 1999).

0
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Cx. quinquefasciatus

Figure 1.7. Global distribution of Cx. pipiens complex mosquitoes. Reprinted from Infection, Genetics
and Evolution volume 11, Farajollahi et al., “Bird biting” mosquitoes and human disease: A review of
the role of Culex pipiens complex mosquitoes in epidemiology, p1577-1585, 2011, with permission from
Elsevier. (Farajollahi et al., 2011)

Wild birds are the predominant amplifying hosts of WNV due to the high level of viraemia
observed during infection (Sule et al., 2018). The degree and the duration of viraemia varies
across bird species but has proven sufficient to infect feeding mosquitoes (Brinton, 2002). Bird
orders prone to disease include the Passeriformes, Charadriiformes and Falconiformes,
whereas infections in birds from the Galliformes order are subclinical (Castro-Jorge et al.,
2019).

In addition to birds, WNV can also infect reptiles and amphibians with high enough viraemia
levels to infect feeding mosquitoes (Hayes, 2005). To a lesser extent, WNV also infects
mammals which are considered to be accidental dead-end hosts due to short-lived viraemia
with insufficient levels for contagion (Brinton, 2002). Humans and horses are the predominant
mammals affected by WNV, although only ~20% of infections result in disease development
(Venter et al., 2017). In humans, there is more than one route of WNV infection. The main
route of infection is through the bite of an infected mosquito, yet, infection has also been shown

to occur from organ transplants and blood transfusions (Hayes, 2005).

10



With an influx in vector numbers, an influx of infection in reservoir and dead-end hosts are
expected (Sule et al.,, 2018), since WNV infections are seasonal as based on mosquito
populations.

1.3.2. Clinical signs

In humans, approximately 80% of infections are subclinical. In the instance of disease
development, patients usually experience symptoms after a 3 to 15 day incubation period.
When symptomatic, most patients present with West Nile fever (WNF), which is characterised
by an abrupt onset of fever, headache, malaise, fatigue, loss of appetite, nausea, muscle pain,
and weakness. In about half of symptomatic cases, a maculopapular rash will occur on the
extremities, palms, soles, and torso of individuals. In rare instances, hepatitis, myocarditis,
pancreatitis, orchitis and ocular manifestations can occur. Generally, WNF is a mild iliness
that only persists for a few days, but in some cases the iliness has persisted for weeks, causing
a debilitating illness (Mackenzie et al., 2004; Hayes et al., 2005; Sule et al., 2018; Castro-
Jorge et al., 2019).

In less than 1% of infected cases, patients will develop a neurological disease such as
meningitis, encephalitis or paralysis. WNV-associated neurological disease (WND) clinical
severity can range from mild disorientation to death, with mortality rates of about 10%. The
risk of contracting WND is greater for the elderly and immunocompromised (Mackenzie et al.,
2004; Hayes et al., 2005; Sejvar, 2014).

Horses are the most prominently infected animal of WNV. Similar to human cases, ~20% of
infected cases are symptomatic, of which 90% will involve neurological disease with a 30 to
40% fatality rate. Horses with WND may present with ataxia, rear limb paresis, muscle tremors
of the face and neck, and recumbency (Ward et al., 2006; Venter et al., 2017; Sule et al.,
2018).

1.3.3. Distribution and outbreaks

WNV was first isolated in 1937 from a woman presenting with a febrile illness in Uganda
(Smithburn et al., 1940). Data from a serosurvey conducted during 1939-1940 showed
widespread human seropositivity for WNV in Uganda, Sudan, Kenya and the current
Democratic Republic of Congo (Chancey et al., 2015). However, it was not until the 1950s that
WNV was associated with evident disease and epidemics. In 1951 WNV was isolated from

apparently healthy children in Egypt (Melnick et al., 1951); however, throughout the 1950s-
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1980s WNV was associated with several outbreaks in humans of WNF, and in Israel some
cases with encephalitis (Bernkopf et al., 1953; Marberg et al., 1956). Between 1998 and 2000
WNV was isolated from migratory birds and domestic geese in Israel, and high morbidity in
goose flocks was associated with clinical signs in goose farmers (Bin et al., 2001).

In the early 1950s and 1960s, seropositivity was found in humans throughout India (Rao,
1971), with the first paediatric fatalities of neurological disease reported in 1981 (George et
al., 1984). Since then, WNF and WN-associated encephalitis have been reported in India
throughout the 1990s, early 2000s and as recently as in 2014 (David & Abraham, 2016).

In 1954, seropositivity in humans, monkeys, domestic animals and birds was demonstrated in
South Africa, with no clinical manifestations (Kokernot et al., 1956). However, in 1974, the
largest ever WNV epidemic with tens of thousands of humans presenting with WNF was
recorded in the Karoo (MclIntosh et al., 1976). Another epizootic with more than usual human
cases was also recorded in 1984 (Jupp et al., 1986). Several human cases of WND were
recorded in 2008 (Zaayman & Venter, 2012) and seropositivity was confirmed in veterinarians
in 2011 and 2012 (van Eeden et al., 2014). During an eight-year surveillance program, from
2008-2015, several neurological disorders in horses were found to be associated with WNV
with approximately 34% fatality rates (Venter et al., 2017).

The first case of WNV detection in Europe was in 1958 in Albania, with the discovery of WNV
neutralising antibodies (NAbs) in human sera (Chancey et al., 2015). This was followed by
several cases of WNF and encephalitis in humans recorded in France from 1962-1964.
Neurological disorders in horses were also reported with a fatality rate of 25-30%. However,
since 1965 there has been no real evidence of WNV infection in France (Hayes, 1989a;
Murgue et al., 2001).

In Kenya, a serological survey conducted from 1966-1968 presented the presence of WNV in
the human population (Geser et al., 1970). Since then WNV has been continuously detected
in humans (Mease et al., 2011; Sutherland et al., 2011; Tigoi et al., 2015; Inziani et al., 2020)
and mosquito populations (Miller et al., 2000; LaBeaud et al., 2011).

WNV was isolated in the 1970s in Hungary from rodents, cattle and humans with no incidence
of disease (Bakonyi et al., 2005). In 2003, the first clinical signs of WNV infection were
observed in a Hungarian goose flock that presented with encephalitis, which resulted in 16%
fatalities. In the same study, a single incidence of neurological disease in a goshawk fledgling
that resulted in death was recorded in 2004 (Bakonyi et al., 2006). A yearly average of 6 WND
cases were diagnosed between 2003 and 2007 (Krisztalovics et al., 2008). A large outbreak

of neuroinvasive disease across Hungary was diagnosed in 2008 with 25 bird, 12 horse and
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22 human cases (Kutasi et al., 2011; Bakonyi et al., 2013). In 2017 and 2018, human and
equine WNV infections were recorded (Zana et al., 2020).

In the early 1970s, WNV antibodies were detected in healthy humans in Austria (Gresikova et
al., 1973). The first cases of WNV disease were retrospectively identified from patients in 2009
and 2010, two with neurological disease and one with WNF (Stiasny et al., 2013). Since then
WNYV disease cases have been diagnosed yearly, except during 2011-2013, up until 2018
(Aberle et al., 2018). Besides humans, WNV has also been detected in birds of prey since
2008 (Wodak et al., 2011; Kolodziejek et al., 2018). The first case of WND in horses was
recorded in 2016 and resulted in death (Kolodziejek et al., 2018).

Several serosurveys conducted in animals in 1980 in Greece detected WNV antibodies in
sheep, goats, horses, cattle, pigs and birds, and from 2001 to 2004, 4% of tested horses were
positive for WNV (Papa et al., 2010a). WNV antibodies were first detected in healthy farmers,
woodcutters and shepherds in the 1980s (Antoniadis et al., 1990), and again in 2007 from
residents in selected urban areas (Papa et al., 2010b). In 2010, the first cases of WND were
confirmed in 197 patients with 33 fatalities (Papa et al., 2010a; Danis et al., 2011). Since then,
WNV cases have been reported every year except for 2015 and 2016 (Papagiannis et al.,
2020).

Seroprevalence studies performed by Omilabu and colleagues in Nigeria in 1990 found WNV-
specific-antibodies in both humans and domestic animals that included camels, goats, cattle
and sheep (Omilabu et al., 1990). WNV antibodies were also detected in 2008 in patients
presenting with febrile illness (Baba et al., 2013). A seroprevalence study conducted on
asymptomatic horses during 2011-2012, reported WNV seroconversion (Sule et al., 2015).

In Algeria, an epidemic occurred in 1994, where 50 cases presented with WNF and
neurological symptoms. Among them, 20 were clinical cases of encephalitis of whom 8 died
(Le Guenno et al., 1996). A fatal clinical case of WND was reported in 2012, and two clinical
cases were reported between 2013 and 2014. A seroprevalence study in equids conducted in
2014 highlighted the presence of WNV (Lafri et al., 2019). Medrouh et al. conducted a
serosurvey in wild birds during 2014-2015 and published the first report of WNV circulation in
birds in Algeria (Medrouh et al., 2020).

In 1996, WNV infection in 94 equines in Morocco was recorded, of which 42 died (Murgue et
al.,, 2001). Dozens of confirmed equine cases followed in 2003 and 2010. During a
seroprevalence study in humans, WNV NAbs were detected in 2012 (El Rhaffouli et al., 2013).
In 2018, WNV was detected in Cx. pipiens mosquitoes for the first time in Morocco, together

with high seroprevalence in horses (Assaid et al., 2020).
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In Romania in 1996, 393 positive WNV infections were recorded in humans presenting with
encephalitis, meningitis and meningoencephalitis, with 17 deaths (Tsai et al., 1998).
Subsequent WNV infections associated with both WNF and WND was reported in 2010 (Sirbu
et al., 2011) and 2011 to 2013 (Dinu et al., 2015).

In 1997, 111 patients hospitalised with meningitis or meningoencephalitis in Tunisia tested
positive for WNV, of which 5 cases were fatal. These patients were predominantly over 50

years of age (Murgue et al., 2001).

WNYV was identified in 14 horses, of which 6 died, in Italy in 1998 (Murgue et al., 2001). During
2008 and 2009 several WNV cases in horses and WND cases in humans were recorded
(Macini et al., 2008; Rossini et al., 2008; Barzon et al., 2009; Rizzo et al., 2009). This was
followed by a single incidence of WNF recorded from a male in his late 50s in 2011 (Bagnarelli
et al., 2011). Most recently in 2018, 440 human cases of WNV infection were recorded, of
which 81 were neurological and 304 febrile (Sinigaglia et al., 2019), indicating the persistence
of WNV in Italy.

In 1999, a major epidemic was recorded in Russia. Eight hundred and twenty-six patients
presented with either febrile or neurological disease and serological assays confirmed 183
WNV positive cases, with 40 recorded fatalities (Platonov et al., 2001).

WNV is now endemic in the United States, with recurring outbreaks since 1999. The first
outbreak was in New York and included 59 cases of WND, which resulted in 7 deaths
(Mostashari et al., 2001). A serosurvey on birds in the same year recorded WNV NAbs in 9
species (Komar et al., 2001). By 2000, WNV had spread to New Jersey and Connecticut with
19 cases of neurological disease and 2 deaths (Centers for Disease Control and Prevention,
2001). By 2001, WNV was found in 10 states with 64 cases of neurological disease and 9
deaths, and by 2002, 4 156 WNV human cases were reported across 40 states. From these,
2 946 cases were neurological with 284 deaths (Chancey et al., 2015). A total of 1 698 equine
WNV cases were also confirmed in 2002, with 1 381 cases presenting with neurological
disease (Ward et al., 2006). In 2003, 9 862 WNV cases were reported with 2 866 represented
by neurological disease, and by 2004 WNV was detected in all 48 contiguous states. In 2006,
4 260 cases of WNV were confirmed of which 1 495 presented with neurological disease and
177 deaths. Less cases were observed in 2007 and in 2011, a total of 712 WNV cases were
reported. In 2012 however, there was a large outbreak with 2 873 cases of WND. During the
time period from 1999-2013, a total of 39 557 cases of WNV were reported, of which 17 381

were neurological diseases resulting in 1 667 deaths in the U.S. (Chancey et al., 2015).

The first detection of WNV in Canada was in 128 dead birds and 9 mosquito pools in 2001

(Sockett, 2005), and was followed by the first human cases in 2002. Since then the annual
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occurrence of WNV infection has been recorded, with the largest outbreak in 2007 of 2 215
human cases. Since 2013, the average percentage of WND cases in humans has been 49.8%,
with 13 cases in 2019. Annual WNF infection in horses has also been recorded with 6 cases
in 2019 (Government of Canada, 2019).

The first detection of WNV in Spain was also in 2001, with 12 human samples positive for
WNYV IgG (Bofill et al., 2006). The first clinical case was identified in 2004 in a 21-year-old
male presenting with meningitis (Kaptoul et al., 2007). A seroconversion study on partially
migratory birds displayed evidence for the circulation of WNV during 2004-2005 (Figuerola et
al., 2007). NAbs for WNV were detected in healthy horses in southern Spain in 2005 (Jiménez-
Clavero et al., 2007), with the first clinical case in 2010 (Garcia-Bocanegra et al., 2011). Since
then, WNV has become endemic in southern Spain in both horse and human populations
(Lépez-Ruiz et al., 2018).

In Columbia, WNV was first detected in horses in 2004 (Mattar et al., 2005). In a serosurvey
conducted from 2005-2008, healthy horses tested positive for WNV (Géez-Rivillas et al.,
2010). Another study in 2008, tested for WNV in 18 species of healthy captive birds from the
Santa Fe zoo collection in Medellin and flamingoes were the only species that tested positive
(Osorio et al., 2012).

WNV was detected for the first time in humans in Guinea (Jentes et al., 2010), Ghana (Wang
et al., 2009) and Gabon (Mandji et al., 2009), and in encephalitic brain samples of diseased
horses in Argentina (Morales et al., 2006) in 2006. However, Diaz and colleagues
retrospectively identified WNV in several bird samples from 2005, suggesting that WNV might
have been introduced into Argentina as early as 2004 (Diaz et al., 2008).

WNV was detected in healthy horses by two independent studies conducted in Brazil in 2009
(Pauvolid-Corréa et al., 2011; Silva et al., 2013). In 2014, the first human case of WNV
encephalitis was recorded in a 52-year-old man (Vieira et al., 2015). More recently, WNV was
detected in central nervous system (CNS) fragments of 4 encephalitic equids in 2018 (Silva et
al., 2019).

In Zambia, WNV antibodies were detected in 10.3% of persons tested, in a serosurvey
conducted in 2015 (Mweene-Ndumba et al., 2015). In 2016, WNV was isolated for the first
time from mosquitoes. The WNYV strains isolated from Cx. quinquefasciatus mosquitoes were

closely related to the neuroinvasive lineage 2 WNYV strain from South Africa (Orba et al., 2018).

Throughout the past few decades, WNV has spread expansively across the globe and has
caused disease in humans, equines and birds. Based on the data presented above regarding
the rapid and continuous spread of the virus, the few countries still naive to WNV are at risk

of exposure in the coming years.
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1.3.4. Disease surveillance and diagnosis

The use of sentinel birds for the surveillance of arboviruses is decades old. Since birds act as
a reservoir for maintenance of WNV, they are appropriate for use as sentinels for monitoring
WNYV prevalence. It is assumed that WNV infections in birds occur more frequently and earlier
than WNV disease in humans and horses. Therefore, these sentinels allow for the
guantification of infection rates that in turn are used for recommendations of disease
prevention in animal and public health systems (Komar, 2001). Besides birds, horses have
also been shown to be appropriate sentinels for WNV, especially for detecting new strains
present in a specific geographical region (Venter et al., 2011). Continuous surveillance
regimes of sentinel animals together with entomological surveillance of the primary mosquito

vectors are pertinent for the early identification of WNV circulation (Castro-Jorge et al., 2019).

WNYV disease cannot be diagnosed by clinical symptoms alone since flavivirus infections share
their most common symptoms which are similar to influenza symptoms. Consequently,
laboratory methods are required for the diagnosis of WNV disease. Detection of WNV-specific
immunoglobulin (Ig) M in serum or cerebrospinal fluid (CSF), 5 or 8 days after the onset of
symptoms, respectively, using the IgM antibody capture enzyme-linked immunosorbent assay
(MAC-ELISA) is the principal test for WNV diagnosis in most clinical settings. The presence
of WNV IgM in CSF confirms CNS infection as IgM cannot cross the blood-brain-barrier
(Petersen et al.,, 2013). Validation of MAC-ELISA results are commonly done by plaque-
reduction neutralisation tests (PRNT) since cross-reactivity with other flaviviruses could occur.
This assay is based on the ability of serum antibodies to neutralise live virus and requires
BSL-3 facilities and therefore is usually only available in reference laboratories (David &
Abraham, 2016).

WNYV disease can also be diagnosed by the detection of virus in serum or CSF by virus
isolation or nucleic acid-based tests. Following the isolation of WNV in cell culture or suckling
mice, the virus can be detected by indirect immunofluorescence assays using WNV-specific
monoclonal antibodies (Hayes et al., 2005; David & Abraham, 2016). Alternatively, virus can
be detected by quantitative Real-Time Polymerase Chain Reaction (RT-gPCR) amplification
during the viraemic phase of infection; however, due to short-lived viraemia, this is not

common practice (Castro-Jorge et al., 2019).

The detection of WNV RNA by molecular methods is predominantly used in the screening of
blood donors and organ donations in areas where WNV is endemic. For these screenings,
tests of great sensitivity are required to screen both healthy and asymptomatic donors.

Currently, there are two commercial nucleic acid amplification tests available, a PCR platform
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from Roche Diagnostics (Mannheim, Germany) and a transcription-mediated amplification test
from Novartis Diagnostics (Siena, Italy) (David & Abraham, 2016).

1.3.5. Disease treatment and prevention

To date, there are no licensed therapies for treating WNV infection in humans and animals.
Treatment is supportive based on patient symptoms; namely, pain control for headaches,
hydration for nausea and vomiting, monitoring of intracranial pressure and containment of
seizures if present (David & Abraham, 2016). The development of WNV antiviral therapies is
challenging due to the short-lived viraemic period and the clearing of the infection shortly after
the onset of symptoms (Castro-Jorge et al.,, 2019). Candidate antiviral therapies include

ribavirin, interferon a (IFN-a) and WNV-specific immunoglobulins.

Ribavirin is a broad-spectrum guanosine analogue with antiviral activity against many RNA
and DNA viruses. Ribavirin inhibits host-cell inosine monophosphate dehydrogenase,
depleting the intracellular guanosine pools. In cell culture, ribavirin inhibited WNV replication
and its cytopathic effect (Jordan et al., 2000), but in hamsters it resulted in increased mortality
(Morrey et al., 2004). Even though ribavirin inhibited WNV in cell culture, in vivo it exhibited
an immunosuppressive effect and therefore is not considered an appropriate therapy for the
treatment of WNV.

IFNs are naturally occurring immunoregulatory glycopeptides vital in the innate host response
to viral infections. In primate cell culture, the inhibitory effect of IFN-a2b for WNV infection was
demonstrated as both therapeutic and protective (Anderson & Rahal, 2002). IFN-a has also
been used successfully in the treatment of 2 WNV encephalitis patients (Kalil et al., 2005).
However, since IFN cannot penetrate the blood-brain barrier into the CSF, the response in
these encephalitic cases remain unexplained (Gray & Webb, 2014). Moreover, the effect of
IFN is attenuated once the virus starts replicating due to the antagonising effect NS proteins

have on the IFN signalling pathway (Lai et al., 2010; Best, 2017).

WNV-specific immunoglobulins such as monoclonal antibodies (mAbs) are another potential
therapeutic for the treatment of WNV infection. It has been suggested that neurotropic viruses
such as WNV are more sensitive to antibody-mediated immunity than cell-mediated immunity,
as clearance of these viruses is not dependent on cytolytic T cell activity (Agrawal & Petersen,
2003). Flavivirus NAbs predominantly recognise the E protein. Several studies have identified
candidate therapeutic mouse and human neutralising mAbs that localise to the E protein
(Beasley & Barrett, 2002; Oliphant et al., 2005; Goo et al., 2019). In a recent study by Goo

and colleagues, mice survived WNV infection when treated with the humanised mAb E16 or
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the human mAb WNV-86. Reduced viral load was observed in both the spinal cord and brain
of mice treated with WNV-86 post WNV infection (Goo et al., 2019), highlighting the potential
of neutralising mAbs as possible therapeutics for WNV infection.

WNV disease prevention strategies are focused on avoiding human exposure to WNV-
infected mosquitos by vector control and personal protection due to the lack of a human WNV
vaccine. Mosquito-control strategies include the elimination of breeding sites, larviciding and
the control of adult mosquito populations (Petersen et al., 2013). Personal protection
strategies include the use of insect repellent on skin and clothes, avoiding the outdoors during
peak mosquito active times such as dawn and dusk, and using bed nets and mosquito traps.
Breeding sites can also be reduced around living quarters by emptying water from flowerpots,
bird-baths, buckets, barrels, cans, swimming pool covers and other receptacles likely to collect
water (Sule et al., 2018).

With no specific antiviral treatment for WNV, there is a desperate need for the development of
a safe, effective and affordable prophylactic vaccine. To date, there is no human WNV vaccine
available, but several candidate vaccines have been published and evaluated in clinical trials
(Kaiser & Barrett, 2019). However, in the case of horses, there are four licensed vaccines
(Rebollo et al., 2018a; Castro-Jorge et al., 2019).

1.4.West Nile vaccines

The expanding epidemics of WNV across the world illustrate the need for the development of
affordable and effective vaccines. Currently, four USDA-licensed veterinary vaccines that
confer immunity for at least a year are available (Kaiser & Barrett, 2019), and three European-
licensed veterinary vaccines identical to three of the USDA-licensed vaccines (but licensed
under different names (Table 1)) are available (Rebollo et al., 2018a). Although there is no
licensed human WNV vaccine available, several different types of candidate vaccines are
under development (Martina et al., 2008; Ohtaki et al., 2010; Spohn et al., 2010; Cielens et
al., 2014; He et al., 2014; Lai et al., 2018; Quintel et al., 2019). Ideally, vaccines against WNV
should confer protection against all WNV serotypes, induce a robust neutralising immune
response, not play a role in antibody-dependent enhancement (ADE), and should be DIVA

compliant (able to differentiate between infected and vaccinated animals).

Live attenuated vaccines (LAV) or inactivated whole virus vaccines are not regarded as DIVA-
compliant since they induce antibody responses similar to those induced by wild-type
infections. The goal of DIVA strategies is to facilitate the detection of specific antibodies

induced by natural infection rather than by vaccination, therefore, enabling mass vaccination
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without compromising serological identification of natural infection. This would ensure the safe
trade of products from immunised animals (Liu et al., 2013). Therefore, recent focus has
shifted to the development of recombinant vaccines rather than conventional inactivated and

live attenuated whole virus vaccines to achieve this.

ADE is the phenomenon whereby the presence of specific virus antibodies enhance and
facilitate the entry of a different virus strain through the interaction of the Fc receptor and/or
complement system into monocytes/macrophages and granulocytes with subsequent
replication of the secondary virus. Thus, a mild infection can become life-threatening due to
the inability of pre-existing antibodies to neutralise the virus. Consequently, numerous studies
have been conducted to identify epitopes that are associated with ADE for the development
of vaccines with minimum or no ADE activity (Tirado & Yoon, 2003). In the instance of WNV,
ADE may occur between WNV and other flaviviruses such as DENV and ZIKV due to their
genetic similarity and co-circulation. Thus, WNV vaccines constructed on conserved flavivirus
epitopes will have the potential of inducing cross-reactive epitopes that can result in the
augmentation of virus entry and replication of other flaviviruses (Lai et al., 2018). For WNV,
the E protein is the principal target of virus NAbs as it predominantly makes up the virion
surface and therefore has two roles during cell entry; binding to cell receptors and membrane
fusion (Mukhopadhyay et al., 2003; Heinz & Stiasny, 2012; Lai et al., 2018). Several studies
have been conducted on NAbs that bind different epitopes across the three E protein domains
(Edl, EdIl and EdIIl) (Beasley & Barrett, 2002; Nybakken et al., 2005; Oliphant et al., 2005;
Oliphant et al., 2006; Goo et al., 2019), but data from murine mAbs suggests that EdIIl has
the highest neutralising potency (Heinz & Stiasny, 2012). Data has also shown that EdIIl does
not play a similar role in ADE in comparison to Edl and EdIl when inside cells expressing Fc
y receptors (Oliphant et al.,, 2006; Brandler & Tangy, 2013). Consequently, for the

development of recombinant vaccines, Edlll is the favoured target epitope.
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Table 1. Overview of currently commercialised West Nile vaccines.

Name Antigen Licensed Reference
WNV-Innovator (Zoetis) us (Zoetis, 2020c)
Vetera™ WNV (Boehringer ] ] (Boehringer Ingelheim, 2019)

. Whole inactivated  US
Ingelheim)

WNV
Equip® WNV (Duvaxyn WNV) EU (Zoetis, 2020b; Zoetis,
(Zoetis) 2020a)
Inactivated WNV (Merck, 2019)
Prestige® WNV (Merck) prM-Eina YF17D US
backbone

USs (Seino et al., 2007; American
Prevenile (Intervet) Veterinary Medical

. B recalled
Live WNV prM-E in ( ) Association, 2010)

a YF17D backbone
(Rebollo et al., 2018a; Merial,

Equilis® West Nile (Merial) EU
2020)
Recombitek™ equine WNV USs (Minke et al., 2004)
(Merial) WNV prM-E in a
canarypox
_ (Minke et al., 2004; Rebollo
Proteq® WNV (Merial) backbone EU

et al., 2018a)

1.4.1. Inactivated vaccines

Three inactivated whole WNV vaccines have been approved for veterinary use. The first WNV
vaccine was developed in 2001: WNV-Innovator® (Zoetis, 2020c) is a formalin-inactivated
vaccine based on the highly virulent WNV NY99 strain. The same vaccine is licensed in
Europe as Equip WNV® (Zoetis, 2020b) and as Duvaxyn® WNV for use in South Africa (Zoetis,
2020a). In a horse challenge model with severe WNV encephalitis, vaccination with WNV-

Innovator® resulted in 100% survival illustrating the efficacy of this vaccine (Seino et al., 2007).

The second licensed vaccine, Vetera® WNV (Boehringer Ingelheim, 2019), was developed in
2009. This vaccine is similar to WNV-Innovator® except that it is based on the WNV WNO02
strain. WNV WNO2 arose during 2002-2003 in America during the peak of WNV human
infections, suggesting the displacement of NY99 as the most virulent WNV strain in America.
In comparison to NY99, WNO2 has a substitution in the E protein at residue 159 from a valine
to alanine, a substitution found in many Old World strains (Davis et al., 2005; Chisenhall &

Mores, 2009). The third inactivated WNV vaccine licensed is a killed flavivirus chimaera that
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consists of a yellow fever backbone with WNV prM and E genes commercialised as Prestige®
WNV (Sterner et al., 2012; Merck, 2019).

Although the listed inactivated vaccines are effective, the drawback of using inactivated
vaccines is that a single dose only results in transient levels of induced antibodies that don’t
generate long-lasting immunity; therefore, these vaccines require a second dose in addition
to an annual booster dose (Kaiser & Barrett, 2019). The requirement of additional booster
doses significantly increases the cost of these vaccines. Other drawbacks of inactivated
vaccines are the requirement of large-scale production of the infectious pathogen which
requires specialised facilities and trained staff, and the risk of incomplete inactivation of the
pathogen (Minke et al., 2004; Chen & Lai, 2013). Additionally, inactivated vaccines run the
risk of inducing antibodies that can result in ADE, which in turn can augment the entry of

related flaviviruses into cells presenting the Fc y receptor (Lai et al., 2018).

1.4.2. Non-replicating single-cycle vaccines

Non-replicating single-cycle vaccines are under development, such as RepliVAX WN that is
based on the expression of a WNV strain with a deleted C gene. Consequently, the viral
infection cycle can be initiated producing prM-E containing VLPs in a special mammalian cell
line expressing the WNV C protein in trans producing non-infectious progeny (Widman et al.,
2008). A single immunisation with RepliVAX WN in mice and hamsters, induced strong NAbs
and protected all vaccinated animals against lethal WNV challenge (Widman et al., 2008;
Widman et al., 2009). RepliVAX WN also elicited a protective immune response in rhesus

macaques (Widman et al., 2010).

Another replication-incompetent vaccine under development is that of the complex adenovirus
(Ad)-based multiantigen WNV vaccine candidate. The vaccine consists of a WNV lineage 2
strain C, prM, E and NS1 proteins expressed by adenovirus vector: CAdVAX-WNII.
Immunisation in mice induced WNV-specific humoral and cellular responses and showed

broad neutralisation of both WNV lineage 1 and 2 strains (Schepp-Berglind et al., 2007).

1.4.3. Recombinant vaccines

The disadvantages of inactivated vaccines have led to the development and in some cases
commercialisation of recombinant WNV vaccines. Currently, there are two recombinant WNV
vaccines licensed for veterinary use: these are Recombitek™ equine WNV/Proteq® WNV

(Merial) and Equilis® West Nile (Merial). Several other candidate recombinant vaccines have
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been investigated to meet the requirements of an effective and affordable WNV vaccine. The
advantages of using recombinant vaccines include the limitation of risks associated with
inactivated vaccines such as ADE, lower production costs, single-dose vaccinations, and the
possibility of DIVA compliance.

1.4.3.1. Viral vector vaccines

Recombitek™ equine WNV/Proteq® WNV (Merial) (Minke et al., 2004; Rebollo et al., 2018a)
is a viral vector vaccine licensed for use in the US and EU, respectively, and is based on the
canarypox vector (ALVAC®) technology. These vectors undergo an abortive replication cycle
during which the transgene is expressed, stimulating both the humoral and cell-mediated
immune responses. The prM and E genes of the NY99 WNV lineage 1 strain were inserted
into the canarypox vector backbone to generate this vaccine which has been shown to induce
strong NAbs in horses (Seino et al., 2007; El Garch et al., 2008), and protected horses against
a WNYV lineage 2 strain challenge (Minke et al., 2011). Interestingly, cats and dogs immunised
with this vaccine induced NAbs that protected against WNV challenge. lllustrating the
possibility of using this vaccine for the prevention of WNV infection in domestic animals such
as cats and dogs (Karaca et al., 2005).

1.4.3.2. Chimaeric live attenuated vaccines

Equilis® West Nile (Merial, 2020) is licensed for use in the EU and Prevenile (Intervet) (Seino
et al., 2007) was licensed in the US in 2006, but in 2010 the vaccine was recalled due to
serious side effects observed in vaccinated horses (American Veterinary Medical Association,
2010; Brandler & Tangy, 2013). This chimaeric LAV was developed based on the ChimeriVax
technology which makes use of yellow fever (YF) 17D vaccine capsid and non-structural
genes for the delivery of other flaviviral structural prM and E genes, in this instance, WNV
ChimeriVax-WNO1 (Arroyo et al., 2004). Only a single dose of vaccination was required to
elicit strong NAbs in horses that protected against WNV challenge (Seino et al., 2007).
Additionally, the ChimeriVax-WNO2 vaccine was developed from the ChimeriVax-WNO1
vaccine with the addition of three mutations in the E gene (Arroyo et al., 2004) and has been
evaluated for safety and efficacy in phase | and phase Il clinical trials in healthy adult humans.
In phase | clinical trials, no differential adverse effects were observed between patients who
received the vaccine versus the placebo, and high titres of NAbs were detected in vaccinated
patients after only a single dose (Monath et al., 2006). The safety, tolerability, viraemia and

immunogenicity of ChimeriVax-WNO02 was evaluated in a phase Il clinical trial that included
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elderly patients (240 years). As in the phase | trial high seroconversion was observed and
antibody titres remained the highest at 12 months in patients aged 265 years. Reported
adverse effects post-vaccination primarily included fatigue, headache and myalgia, suggesting
the vaccine was well tolerated and safe (Biedenbender et al., 2011). A second phase Il clinical
trial in healthy adults 250 years was conducted. Three different doses of the ChimeriVax-
WNO2 vaccine or placebo was administered to a total of 473 participants. Seroconversion was
achieved on day 28 by an average of 93.6% of subjects; these results are consistent with the
two previous clinical trials. In addition, strong and durable NAbs were elicited. As with the
previous phase Il clinical trial, the ChimeriVax-WNO2 vaccine was found to be well tolerated
with no increase in incidence of adverse effects compared between the vaccine and placebo
recipients (Dayan et al., 2012). However, the sporadic and unpredictable nature of WNV
activity, along with the relative low incidence has made the demonstration of field efficacy
difficult. Therefore, the epidemiology of WNV impedes a classical licensure pathway, which

has made the continuation to a phase lll clinical trial difficult (Dayan et al., 2013).

Another chimaeric LAV candidate that has been developed using recombinant DNA
technology is WN/DEN4A30. The vaccine is based on the DENV type 4 backbone with a
30-nucleotide deletion in its 3’ non-coding region and the replacement of DENV4 prM and E
proteins with that of WNV. Vaccination in mice induced high titres of NAbs and protection
against lethal WNV challenge (Pletnev et al., 2002). Upon evaluation in non-human primates,
WN/DEN4A30 did not cause detectable viraemia even after WNV challenge and induced a
moderate titre of NAbs (Pletnev et al.,, 2003). Further evaluation of WN/DEN4A30,
demonstrated that it was non-neuroinvasive in severe combined immunodeficient mice,
indicating its high restrictiveness to access the CNS, and immunisation of non-human primates
induced high levels of serum NAbs (Pletnev et al., 2006). Two phase | clinical trials were
performed first in healthy participants 19-50 years old followed by participants 60-65 years old.
In the first trial, 75% of subjects seroconverted after a single dose vaccination, and 89% of
subjects that received two doses 6 months apart seroconverted. The vaccine was considered
well tolerated since no WNV-like or DENV-like illness was observed, and no adverse effects
in comparison to the placebo group were observed (Durbin et al., 2013). For the second phase
| clinical trial healthy adults 50-65 years old were vaccinated with two doses WN/DEN4A30
6 months apart. Following the first dose, 90% of vaccinated subjects had seroconverted by
day 90 and had high levels of NAbs. The authors concluded that a second dose may not be

required to obtain proper immunisation in an older population (Pierce et al., 2016).
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1.4.3.3. DNA vaccines

Some progress has also been made on the development of WNV DNA vaccines. Davis and
colleagues constructed a recombinant WNV plasmid, pCBWN, that expressed the WNV prM
and E genes (Davis et al., 2001). Transient transformation of COS-1 cells with pCBWN DNA
resulted in the secretion of the prM and E proteins into the culture medium and the production
of extracellular VLPs. NAbs were induced in both mice and horses vaccinated with the pCBWN
DNA. In addition, vaccinated mice and horses were protected against WNV challenge. The
vaccine was approved by the USDA for use in horses in 2006 but has not been commercially
available. The pCBWN DNA vaccine was also evaluated in a phase | clinical trial in 15 healthy
adult humans. No significant adverse effects were observed and the vaccine induced NAbs in
subjects that completed a 3 dose vaccination schedule (Martin et al., 2007). In another phase
I clinical trial in healthy subjects of 2 age groups (15-50 years and 51-65 years), the pPCBWN
DNA vaccine with a modified cytomegalovirus promoter to include the ‘R’ region derived from
human T-cell leukemia virus type 1, induced both T-cell and NAb responses in the majority of
subjects (Ledgerwood et al., 2011). These results illustrate the potential of a DNA vaccine for
human use since they are safe and can induce both T-cell and antibody responses.

In addition to the development of a conventional DNA vaccine, some work has been carried
out on the design of a chimaeric infectious DNA vaccine (iDNA) by inserting the virulent NY99
WNYV strain prM and E genes into a highly attenuated fast-growing WNV strain (Borisevich et
al., 2006; Yamshchikov, 2015). Additionally, the glycosylation site on the E gene was mutated
from a NYS—SYS which entirely eliminated the virulence of the virus isolate W1806. In
comparison to the iDNA vaccine without the glycosylation site mutation, W1806 was found to
have high immunogenicity in mice. Further attenuation of W1806 was investigated with the
introduction of 10 mutations in the E gene, similar to those found in the JEV vaccine SA14-
14-2. However, the introduction of the 10 substitutions in the E gene of W1806 resulted in the
complete loss of infectivity in mammalian cells and low immunogenicity in mice. Thus, W1806
became over-attenuated and no single reversion could restore infectivity (Yamshchikov et al.,
2016). Following this observation, the authors investigated the influence of a subset of
mutations on the attenuation level of W1806. They identified a subset of four mutations in the
E gene: E138K, K279M, K439R and G447D. These fulfilled the safety requirements while
maintaining the immunogenicity of the vaccine. However, genetic instability was observed to
be an issue and the authors propose further investigation on the effects of these mutations
(Yamshchikov et al., 2017).
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1.4.3.4. Subunit vaccines

Several WNV candidate subunit vaccines based on the E protein have been developed (Wang
et al., 2001; Ledizet et al., 2005; Watts et al., 2007). Lieberman and colleagues developed a
recombinant candidate vaccine by truncating the C terminus of the E protein and produced
the recombinant protein in a Drosophila melanogaster expression system. Upon challenge in
rhesus monkeys, the recombinant protein protected all vaccinated monkeys (Lieberman et al.,
2009). In another study, a candidate vaccine was developed from amino acid residues 1-404
of the E ectodomain and immunogenicity evaluated in mice with the saponin-based adjuvant
Matrix-M™ . The authors observed an increased IgG1 and 1gG2 response for the adjuvanted
E protein in comparison to those without. Notably, the cellular and humoral immune responses
were maintained for more than 200 days when adjuvanted with Matrix-M™ and protected mice

against lethal challenge (Magnusson et al., 2014).

Other studies have been focused on the EdIII protein of WNV as it encompasses the cellular
receptor-binding motifs and the neutralising epitopes that induce a potent immune response
with a low probability of ADE. WNV EdIII protein produced in bacteria (Martina et al., 2008)
and insect larvae (Alonso-Padilla et al., 2011) protected mice against WNV NY99 challenge
and elicited high NAD titers. Similarly, a plant produced EdlIII induced potent NAbs in mice and
protected them from a lethal challenge of WNV infection. Additionally, the authors illustrated
the safety of EdIIl as a subunit vaccine when no ADE was observed for ZIKV and DENV (He
et al., 2014, Lai et al., 2018). The drawback of these vaccines are that multiple injections
and/or strong adjuvants for the induction of NAbs are required (Martina et al., 2008; Alonso-
Padilla et al., 2011; He et al., 2014, Lai et al., 2018). This could be ascribed to the possibility
that these antigens do not display the immunogenic epitopes in their native conformation
(Chen & Lai, 2013). Moreover, the WNV EdIIl antigen is a small peptide that is susceptible to
proteolytic degradation thus limiting the extent of the immune response stimulated (Thrane et
al., 2016).

1.4.3.5. Virus-like particles (VLPs)

VLPs are composed of single or multiple recombinant proteins, that spontaneously assemble
into organized particulate structures that mimic native virions in shape and size. These
structures are non-infectious and are therefore regarded as safe, and the absence of viral
genomic material in VLPs makes them promising candidates as DIVA compliant vaccines (Liu
et al., 2013). The size of VLPs (20-200 nm) mediates optimal uptake by antigen-presenting

cells and their dense repetitive surface structures enable complement fixation and B cell
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receptor clustering (Chen & Lai, 2013; Thrane et al., 2016). These characteristics are
responsible for the activation of the innate immune system and antibody production, combining
the best attributes of whole-virus and subunit vaccines (Chen & Lai, 2013; Thrane et al., 2016).
Due to these characteristics, several candidate WNV VLP-based vaccines have been
developed in recent years.

The development of candidate vaccines based on VLPs has proven promising for several
flaviviruses that include JEV, DENV, ZIKV and YFV (Krol et al., 2019; Wong et al., 2019; Garg
etal., 2020). Flavivirus VLPs form when the prM and E proteins are co-expressed in eukaryotic
cells and assemble and bud. As seen with the viral vector vaccines, particles containing these
proteins induce strong viral NAbs. In the instance of WNV, Takahashi and colleagues
generated VLPs approximately 30 nm in size from the co-expression of the prM and E proteins
in human 293T cells (Takahashi et al., 2009). The immunogenicity of these particles was
evaluated in mice and NADb titers for mice immunised with a lower dose of VLPs were
substantial (1:320) compared to those immunised with inactivated WNV (1:1280). When the
same construct, with the addition of a blasticidin S resistant gene, was expressed in Chinese
hamster CHO-K1 cells, purified VLPs exhibited protection against WNV challenge in mice
(Ohtaki et al., 2010).

Another approach for the development of VLP-based vaccines is focused on the conjugation
or linking of relevant antigens to VLPs. This display-based approach has become popular in
recent years due to the ease of molecular and biotechnological techniques in the present
decade. Several VLP cores have been identified for use including the hepatitis B core antigen
(HBcAQ) (Gregson et al., 2008; Ding et al., 2009; Chu et al., 2016; Yang et al., 2017) and the
Acinetobacter bacteriophage AP205 coat (C) protein (Tissot et al., 2010; Hu et al., 2017).
Upon expression, these proteins self-assemble into VLPs at high concentrations, usually
regardless of the expression system used, making them ideal cores for the basis of display
technology. Additionally, it has been proposed that these particles have adjuvanting effects
since they are able to induce high antibody titres when used as an immunogen. In the instance
of AP205, a high titre of antibodies were detected following immunisation in mice of the AP205
VLP on its own (Tissot et al.,, 2010). A similar antibody response was observed when the
authors immunised mice with AP205 VLPs that displayed the N-terminal ectodomain of
Influenza A M2 protein. The mice were also protected following lethal influenza challenge.
Besides influenza, the authors demonstrated similar results for other antigens with high
antibody titres reached by day 14 following immunisation, illustrating the rapid antibody
response elicited when immunising with AP205 particles. This is specifically promising in the

instance of a pandemic, where a rapid and strong immune response needs to be mounted.
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Chen and colleagues developed a candidate WNV VLP vaccine by fusing the
immunodominant WNV EdIIl gene to the 3’ end of the HBcAg gene. Following expression in
Nicotiana benthamiana, assembly of these chimaeric VLPs was confirmed at high expression
levels and they induced potent EdIll specific B and T cell responses in mice (Chen et al.,
2011).

In contrast, Spohn et al. post-translationally linked purified WNV EdIII protein to AP205 VLPs.
Upon immunization, the EdIII-AP205 conjugate vaccine induced virus NAbs and protected
mice from WNV challenge (Spohn et al., 2010). Another group linked the EdIIlI gene to the 5°
end of the AP205 C gene to create an AP205-WNV-EdIIl cassette in a bacterial expression
vector. EdllI-display AP205 VLPs were observed by electron microscopy after expression in
and purification from Escherichia coli and Edlll-specific NAbs were induced in mice. It is
noteworthy that AP205-display derivatives can induce IgG2 antibodies as a result of the
activation of the Thl pathway. In this study, the authors showed the induction of IgG2a
antibodies by the AP205-WNV-EdIIl vaccine without adjuvants; however, when the EdIll
protein was used as an immunogen on its own without adjuvants it was unable to switch

antibody production from the IgM to the 1gG isotype (Cielens et al., 2014).

Recently, interest in the use of protein nanocages as VLP core substitutes has been
investigated for antigen-display technology. An example of this is the mi3 nanocage which
was computationally designed using the i301 nanocage which is based on the 2-keto-3-deoxy-
phoshogluconate aldolase from the Enter-Doudoroff pathway from the hyperthermophilic
bacterium Thermotoga maritima (Bruun et al., 2018; Tan et al., 2020).

1.5.SpyTag/SpyCatcher technology

Several antigen-display technologies have been developed and employed for various
applications e.g. protein cyclisation, creation of multi-component architectures such as
hydrogels (Reddington & Howarth, 2015), vaccine development (Liu et al., 2014) and protein
stabilization such as enzymes (Roéder et al., 2017). Of interest for this study is the split-intein
conjugation system named SpyTag/SpyCatcher (ST/SC). This technology is based on the
formation of spontaneous irreversible isopeptide bonds between complementary peptides, in
this instance the ST and SC peptides. The ST and SC peptides originate from the Gram-
positive bacterium Streptococcus pyogenes. The immunoglobulin-like collagen adhesion
domain (CnaBZ2) of the fibronectin-binding protein (FbaB), of this bacterium inherently contains
an isopeptide bond between the amine of Lys31 and carbonyl carbon of Asp117. The amine

of Lys31 nucleophilically attacks the carbonyl carbon of Asp117, which is catalysed by the
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neighbouring Glu77 for bond formation. Consequently, the CnaB2 domain was split into two
peptides: a 13 amino acid ST peptide containing the Asp117 residue and its complimentary
SC peptide of 116 amino acids containing the Lys31 residue (Figure 1.8). The coupling of ST
and SC by the formation of an amide bond has been demonstrated to occur at a range of
temperatures (4-37°C), pH values (5-8), buffers and in the presence of non-ionic detergents
(Zakeri et al., 2012).
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Figure 1.8. Generation of SpyTag/SpyCatcher. (A) Schematic of CnaB2 splitting into ST (red) and SC
(grey). (B) The environment of the isopeptide bond between Aspll?7 (carbons orange) and Lys31
(carbons yellow), facilitated by Glu77 (carbons grey). Article open access. (Reddington & Howarth,
2015).

Thrane and colleagues used the ST/SC technology to develop a Spy-VLP platform. This was
achieved by the genetic incorporation of the ST and SC peptides at the N-terminus of the C
gene of the AP205 bacteriophage, yielding particles of approximately 36 nm and 43 nm,
respectively, that display 180 peptide-binding motifs on the surface (Figure 1.9) (Thrane et al.,
2016). They evaluated the versatility of this platform by expressing 11 diverse vaccine
candidate antigens genetically fused to either ST or SC in E. coli. These antigens included
proteins from malaria, Mycobacterium tuberculosis and mouse proteins involved in cancer and
cardiovascular disease. The authors successfully expressed and coupled the Spy-antigens to
the Spy-AP205 VLPs in vitro and observed a mean display capacity of 65%. Immunogenicity
of the coupled products were evaluated in mice; robust IgG responses were elicited and they
observed a significant positive effect on the avidity of the humoral response against two
malaria displayed proteins. They postulated that the higher observed avidity might be due to
the ability of VLP-display to break B cell peripheral self-tolerance and activate anergic B cells.
Overall, the ability of the Spy-VLP platform to display whole antigens enables the induction of
polyclonal antibody responses that might mitigate the need for the addition of external
adjuvants. This technology has since been used to develop candidate vaccines for

Plasmodium for the improvement of antibody responses (Yenkoidiok-Douti et al., 2019;
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Harmsen et al.,, 2020). These studies have illustrated the promise of this system for the
development of VLP-based vaccines. This technology presents the possibility of ease of
candidate vaccine production in the instance of disease outbreaks as well as the opportunity
for the development of multivalent vaccines. Therefore, the Spy-VLP system could be most
favourable for candidate vaccine production for flaviviruses such as WNV due to the potential
of using EdIIl as the display epitope.

A)

SpyTag-AP205 SpyCatcher-AP205
180 binding motifs 180 binding motifs

Figure 1.9. The Spy-VLP antigen display platform. (A) ST-AP205 VLP and SC-AP205 VLP schematic
diagrams. (B) Electron micrographs of ST-AP205 and SC-AP205 VLPs. Scale bar =50 nm. Article open
access. (Thrane et al., 2016).

1.6.Plant expression systems

Plant molecular farming (PMF) — the production of recombinant proteins in plants — is
appealing due to the lower cost involved in biomass production and the infrastructure required
in comparison to cell-based expression systems (Twyman et al., 2003; Rybicki, 2009;
Egelkrout et al., 2012; Martinez et al., 2012; Schillberg et al., 2019; Fischer & Buyel, 2020). In
the past two decades, plant expression systems have gained increased popularity for use as
biofactories for the large-scale production of recombinant proteins. Plants allow for post-
translational modifications similar to their mammalian counterparts such as proper folding and
glycosylation, with the additional advantage of abolishing the risk of viral, prion and bacterial
endotoxin contamination (Ma et al., 2003; Moustafa et al., 2016; Tschofen et al., 2016;

Margolin et al., 2018). These unique qualities of PMF are particularly attractive for developing
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countries where there is a high burden of preventable diseases and limited to no resources
for pharmaceutical production (Hefferon, 2013; Rybicki et al., 2013; Cardona-Ospina et al.,
2016; Tsekoa et al., 2020).

There are various platforms used in PMF: whole plants, in vitro cultured plant cells and aquatic
plants, each of which has its own strengths and weaknesses (Xu et al., 2012; Moustafa et al.,
2016). Of focus in this study is whole plant expression systems and more specifically transient
expression. Transient expression is based on the induction of foreign protein expression
without the integration of the transgene into the host genome that is mediated by recombinant
viral vector or Agrobacterium infiltration-based systems. The promise of this system is due to
its speed, scalability and high protein yields (Rybicki, 2010; Xu et al., 2012; Schillberg et al.,
2019; Fischer & Buyel, 2020).

Agroinfiltration occurs when the plant leaf intercellular spaces are flooded with Agrobacterium
containing a recombinant plant binary vector either by syringe or vacuum infiltration (Sainsbury
& Lomonossoff, 2014; Moustafa et al., 2016). Following infiltration, the gene of interest within
the transfer-DNA (T-DNA) is transferred into the plant cells for protein transcription and
translation (Tzfira & Citovsky, 2006); this is initiated within 24 hours of infiltration and continues
for several days (Xu et al., 2012), with peak protein expression usually observed within 7 days
(Loh et al.,, 2017). Several plant binary vectors have been constructed for transient
Agrobacterium-mediated protein expression in plants that include the pTRA vector series
(Maclean et al., 2007), the pEAQ-HT vector (Sainsbury et al., 2009), the pRIC vector (Regnard
et al., 2010), the pCamGate vector series (Pereira et al., 2014), the pHREAC vector (Peyret
et al., 2019), and many others (Nakamura et al., 2010; Chen et al., 2011; Murai, 2013; Nada,
2016; Pasin et al., 2017).

Nicotiana species are well-established hosts for plant expression with the advantages of high
biomass yield, prolific seed production, rapid scalability, and versatility in hosting a wide range
of plant viruses for replication (Marsian & Lomonossoff, 2016). The predominant species used
for transient expression is N. benthamiana — a wild relative of Australian tobacco. N.
benthamiana is preferred due to its amenability to infiltration, more rapid growth rate and what
appears to be a defective RNA silencing system (Lomonossoff & D’Aoust, 2016). These
attributes together with the fact that tobacco is a non-food crop, have made tobacco the
principal candidate for large-scale pharmaceutical production (Twyman et al., 2003; Fischer
et al., 2004).

Several types of recombinant proteins have been successfully produced in Nicotiana that
include vaccine antigens, antibodies, therapeutic enzymes, industrial enzymes and

biopolymers (Xu et al., 2012; Tschofen et al., 2016; Loh et al., 2017). An example of successful
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protein expression as a candidate vaccine antigen is that of porcine circovirus type 2
(PCV-2), a single protein VLP. The C protein of PCV-2 was transiently expressed in N.
benthamiana and VLPs purified by density centrifugation. The authors also demonstrated that
PCV-2 VLPs elicited strong PCV-2 specific serum immune responses in mice (Gunter et al.,
2019). Maclean and colleagues produced human papillomavirus type 16 (HPV-16) VLPs in N.
tabacum by transiently expressing the L1 protein (Maclean et al., 2007). The plant-produced
HPV-16 VLPs induced both HPV-16 VLP-specific antibodies and NAbs in mice.

Other studies have illustrated the success of producing VLPs made up of different proteins in
the plant expression system. Van Zyl et al. transiently co-expressed the VP2, VP3, VP5 and
VP7 of bluetongue virus serotype 8 (BTV-8) in N. benthamiana to form VLPs (van Zyl et al.,
2016). Similarly, the transient co-expression of VP2, VP3, VP5 and VP7 of African horse
sickness virus serotype 5 (AHSV-5) in N. benthamiana resulted in the assembly of VLPs. NAbs
were induced in both guinea pigs (Dennis et al., 2018a) and horses (Dennis et al., 2018b)
administered with the purified AHSV-5 VLPs. These examples of VLPs produced in tobacco
from the expression of single or multiple proteins illustrate the potential of PMF for the
production of pharmaceuticals for LMIC.

As with mammalian, insect and bacterial-based expression systems, plant expression
systems also have limitations. These limitations include potential low protein yield, possibly
due to poor protein stability and downstream processing difficulties that result in inconsistent
quality (Fischer et al., 2004). Several advances have been made towards addressing protein
yield. There are two main factors that influence protein accumulation namely the rate of
synthesis and degradation. The rate of transcription and translation affects protein synthesis
and can be addressed with the use of strong plant promotors such as the constitutive
Cauliflower mosaic virus 35s (CaMV35S) promoter for dicotyledonous species (Egelkrout et
al., 2012). The vulnerability of a protein to breakdown determines the rate of degradation,
which is influenced by the location of the protein. Selection of the appropriate cellular
compartment for protein expression will therefore directly affect protein yield (Egelkrout et al.,
2012). To address this, proteins can be targeted to specific cellular compartments such as the
cytosol, apoplast, chloroplast and ER using specific peptide tags to determine the appropriate
location for optimal protein expression and processing (Maclean et al., 2007; Pereira et al.,
2014; Tschofen et al., 2016; Marques et al., 2019). Protein yield is also affected by the plant
host defences — for example small interfering RNAs (siRNAs). siRNAs play a role in the
degradation of viral messenger RNAs, known as RNA silencing. This can be overcome with
the co-expression of a plant binary vector that encodes for an RNA silencing suppressor
protein (Takeda et al., 2002; Sainsbury et al., 2009). Another approach to increase protein

yield is the optimisation of codon usage of the gene of interest to that of the expression host.
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Different species have different codon preferences that in turn correlate to their available
tRNAs (Egelkrout et al., 2012). Codon optimisation can therefore circumvent the rapid
saturation of preferred tRNAs during translation.

Techno-economic modelling of plant-based expression has also been investigated to
determine the requirements, constraints and cost drivers for the production of a target product.
With regard to emerging biomanufacturing industries, this is particularly important to provide
the tools to help companies assess the economic feasibility of their proposed processes
(Nandi et al., 2016; Alam et al., 2018; McNulty et al., 2019; Mir-Artigues et al., 2019). Nandi
and colleagues developed an online model called The Base Case SuperPro Designer® to
assist companies in their techno-economic analyses of new products. This model considers
the total capital investment (CAPEX, US dollars, USD), total annual operating costs (OPEX,
USD/year) and the unit production costs in cost of goods sold (COGS, USD/g product). These
parameters are influenced by the product expression level (g product/kg FLW) and the facility
production capacity (kg product/year) (Nandi et al., 2016). This model has been used to
evaluate the techno-economic modelling of plant-produced Griffithsin for use as HIV
microbicides (Alam et al., 2018) and antimicrobial proteins as biotic sanitisers for food safety
(McNulty et al., 2019). These studies provide evidence of the lower manufacturing cost of
specific products in plants in comparison to their production in mammalian cell systems. Based
on these advances in PMF it is hoped that plants will pave the way toward the development
of human and veterinary pharmaceuticals that are safe, effective and affordable for developing

countries.

1.7.Concluding remarks

The global distribution of WNV, its association with severe neurological disease in its avian
reservoir hosts and dead-end mammalian hosts, lack of antiviral treatment and in the case of
humans a licensed vaccine, demands for the development of an affordable and effective
vaccine. The fact that there is little to no infrastructure for the development of these
therapeutics in developing countries, the high costs associated with the importation of these
products and the difficulty associated with the regulatory procedures for the procurement of
permits, further necessitates the local development of these products. It is consequently highly
desirable to develop a WNV candidate vaccine that is DIVA compliant. The development and
production of such a vaccine using N. benthamiana as a platform for local production would
be most appropriate for working towards the ‘One Health’ Initiative — one vaccine for both

humans and horses.
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1.8.Project aims

The overall aim of this project was to develop VLP-based candidate vaccines for WNV by
Agrobacterium-mediated transient expression in N. benthamiana. Specifically, this project was
focused on developing two candidate WNV vaccine types based on a virulent South African
strain. One approach was to develop a ‘native’ VLP vaccine candidate using the virus prM and
E proteins, and the second was to develop an antigen-display based VLP vaccine candidate

using the EdIlI protein and the ST/SC platform.

The specific objectives to achieve the aims were to:

o Clone and optimise protein expression of prM and E genes (from a South African WNV

strain) in N. benthamiana.

o Purify proteins and putative VLPs and characterise VLP formation.

o Clone and express Spy-EdlIll and Spy-AP205 coat protein in N. benthamiana.

. Characterise Spy-AP205 particles and couple them to EdIll to make EdIll-display
VLPs.
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Chapter 2:

Design and transient expression of WNV prM and E genes in

Nicotiana benthamiana

2.1. Introduction

WNYV is responsible for causing disease in birds, humans and horses worldwide, that range
from febrile iliness to severe neurological disease (Castro-Jorge et al., 2019). The spread of
disease can be prevented by vaccination against WNV; however, current vaccines are only
licensed for use in horses (Rebollo et al., 2018a; Castro-Jorge et al., 2019). With WNV
endemic in most of sub-Saharan Africa (Sule et al.,, 2018), there is a need for the local

production of an inexpensive and efficient WNV vaccine.

Expression of the prM and E proteins of WNV in mammalian cells successfully form VLPs
(Takahashi et al., 2009; Ohtaki et al., 2010). However, the cost associated with the production
of VLPs in this system is significantly higher than other systems (Chen & Lai, 2013). In recent
years, researchers have begun focussing on the transient production of recombinant proteins
and their assembly into VLPs in plants due to the affordability, scalability and safety of this
expression platform (Rybicki, 2009; Schillberg et al., 2019; Fischer & Buyel, 2020).
Additionally, plants allow for post-translational modifications such as proper folding and
glycosylation of proteins (Ma et al., 2003) which is necessary for the proper assembly of VLPs.
There are currently numerous published examples of transiently produced VLPs in plants
targeting a variety of viral diseases, suggesting that the generation of WNV VLPs in plants by
co-expression of the prM and E glycoproteins may be a possibility (examples in section 1.6).

Transient production is mainly carried out by Agrobacterium-mediated gene transfer and there
are several binary plant expression vectors available which have been developed for transient
expression such as pEAQ-HT, a Cowpea mosaic virus (CPMV)-based hypertranslatable
expression vector (Sainsbury et al., 2009), and the pTRA vector series that have signal

peptides for localisation to different subcellular compartments (Maclean et al., 2007).

The plant secretory pathway plays an important role in protein folding and glycosylation and
subsequent VLP assembly; it is therefore critical to target recombinant glycoproteins to their
appropriate subcellular compartments (Margolin et al., 2018). This can be achieved by using
the appropriate signal peptides for translocation such as the virus’s native gene signal

peptides or heterologous signal peptides such as LPH — a plant-codon optimised murine
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MAB24 heavy chain signal sequence that targets proteins to the ER (Vaquero et al., 1999) or
rbscl-cTP — a chloroplast-transit peptide sequence of the potato Rubisco small subunit gene
(Maclean et al., 2007). Interestingly for WNV, Takahashi et al. observed that the number of
amino acids around the NS2B-3 cleavage site (Figure 1.2B) that is located 5’ to the native
signal peptide of prM, was important for the efficient processing and assembly of the E protein
when expressed in mammalian cells (Takahashi et al., 2009), thereby proving the critical role

signal peptides play in protein expression.

In the ER folding pathway, misfolded glycoproteins will either cycle through the pathway until
correct folding is achieved or they will be degraded. It is speculated that the poor expression
levels associated with viral glycoproteins in plants are due to the incompatibility of these
proteins with the endogenous plant chaperone machinery involved in protein folding within this
pathway (Margolin et al., 2018). Recently Margolin and colleagues provided evidence of the
difference in sequence homology between plant and human chaperone proteins (Margolin et
al., 2020). They found that the co-expression of the human chaperone proteins, calnexin
(CNX) and calreticulin (CRT) improved expression of several different glycoproteins in N.
benthamiana with HIV gp140 expression increasing by 13-fold when co-expressed with
human CRT. In addition, they demonstrated the reduction in ER stress upon co-expression
with human CRT presented as a reduction in levels of misfolded protein. In summary, the co-
expression of these human homologues of plant chaperones have shown to assist in correct
viral glycoprotein folding and thus increased protein yield as well as the reduction in ER stress

in planta.

Another process that takes place in plants that can negatively affect protein yield is post-
transcriptional gene silencing (PTGS), which leads to the degradation of mRNA transcripts
thereby reducing the expression of heterologous genes. PTGS can be overcome by the co-
expression of silencing suppressors such as p19 of tomato bushy stunt virus (TBSV) or NSs
from tomato spotted wilt virus (TSWV) (Takeda et al., 2002). These are often included in
transient expression vectors themselves such as that of pEAQ-HT (p19) (Sainsbury et al.,
2009) or constructs encoding them are co-expressed with vectors encoding the genes of
interest. Expression of these silencing suppressor proteins can prolong and amplify transient

expression of foreign proteins in N. benthamiana (Maclean et al., 2007; van Zyl et al., 2016).

This chapter describes the cloning and expression of the membrane (prM) and envelope (E)
genes of a virulent South African WNV strain in N. benthamiana. Two strategies were
employed to achieve this: i) the cloning and expression of the prM-E polyprotein since plant
cells are known to undergo similar protease activities which are required for the cleavage of
prM-E to M and E, and ii) the individual cloning of the prM and E genes and their co-

expression. Since prM and E are glycoproteins they need to be targeted to the ER for post-
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translational processing, thus the WNV native signal sequence with or without eight amino
acid residues of the C gene (Takahashi et al., 2009) and the well-established LPH signal
peptide were evaluated.

Two versions of the E protein, with and without a 6x histidine tag, were expressed with and
without the human chaperone proteins, CNX and CRT, and the NSs silencing suppressor
protein to determine the optimal expression conditions for maximisation of protein yield. Four
permutations of the prM protein regarding its signal peptide were established in the pEAQ-HT,
pTRAc and pTRAkKc-ERH plant expression vectors, and co-expression of each with the

envelope protein was evaluated.
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2.2. Materials and Methods
2.2.1. Selection of a South African WNV strain for gene synthesis

Three South African WNV strains associated with WND were compared at the amino acid
level using BioEdit (Hall, 1999) for the prM and E genes. WNV strain SPU116/89 (GenBank
accession EF429197) was isolated from a patient with fatal hepatitis, strain SA93/01
(GenBank accession EF429198) was isolated from a patient with non-fatal encephalitis and
the third strain HS101/08 (GenBank accession JN393308) was isolated from a horse with fatal
neurological disease. Due to the high level of amino acid identity between the three strains
(Appendix A: Figure 1), SPU116/89 prM and E gene sequences were selected for gene
synthesis.

A construct encoding the prM-E polyprotein gene codon optimised for N. benthamiana was
synthesised by GenScript (GenScript Biotechnologies, Piscataway, NJ, US) (Figure 2.1A).
However, since Takahashi et al. (2009) implied that the region upstream of the prM gene may
influence its expression, a second construct codon optimised for N. benthamiana encoding
the prM gene was subsequently synthesised by GenScript which included its native signal
sequence (SS) and 8 amino acids of the C protein (Cg) situated upstream of the native SS
(Figure 2.1B).

Ncol Notl Xhol

A) pCC1-prM-E
5 3

Agel Ncol Xhol

Figure 2.1. Schematic representation of synthesised WNV genes. (A) The polyprotein prM-E was
synthesised with 5’ Ncol and 3’ Notl and Xhol restriction enzyme sites for cloning into plant expression
vectors. The gene was constructed in the pCC1 vector. (B) The Cs-SS-prM fragment included a C
terminal 6x histidine tag. The 5’ terminus included Agel and Ncol and the 3’ terminus the Xhol restriction

enzyme sites for subsequent cloning into plant expression vectors.

2.2.2. PCR amplification of WNV prM and E genes

Modification of the E gene by PCR amplification of pCC1-prM-E to add appropriate restriction

enzyme (RE) sites on the 5" and 3’ termini to facilitate: i) directional cloning into the plant
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expression vector, pTRAkc-ERH (Figure 2.2C) and ii) to generate a 6x histidine (His) tagged
version of E was performed to allow for co-expression with prM. The influence of the His tag
on particle formation was unknown, therefore expression was evaluated with and without the
tag. In addition, during the preparation of the constructs, E-specific antiserum was not
available and the presence of a His tag would allow for protein detection by anti-His antiserum.

Similarly, the prM gene was further modified by PCR amplification of pUC57-SS-prM to add
appropriate RE sites on the 5’ and 3’ termini to facilitate: i) directional cloning into 3 different
plant expression vectors (pEAQ-HT, pTRAc and pTRAKkc-ERH) (Figure 2.2) and ii) the removal
of the native SS or just the Cg 5’ to the SS. The influence of the ER-targeting signal peptide
used (LPH vs WNV native SS), and the effect of the number of amino acids 5’ to the NS2B-3

cleavage site of WNV native SS was evaluated.

PCR amplification reactions consisted of 10 ng template DNA, 0.16 mM dNTPs (Kapa
Biosystems), 0.2 uM forward and reverse primer each (Table 2.1, Appendix B: Table 2),
10x Ampligon Ammonium Buffer, 2.5 U AccuPOL DNA polymerase (AMPLIQON) and dH,O
to a total volume of 50 pL. The PCR cycling conditions were carried out as per manufacturer’s

instructions with specific annealing temperatures for each primer pair described in Table 2.1.

Table 2.1. Primers used to generate prM- and E encoding-DNA fragments.

Gene Primers (;rg) ?klzt)a Signal peptide Construct
E E;f';ﬁgf;z 60 ~15 LPH pJet-E
E EEZT'S-:A;?hecl)::R 58 ~1.6 LPH pJet-E-HIS
Cs-SS-prM ;’:';I _’;?,a'_'g 61 ~0.6 LPH pJet-prM
Ce-SS-prM Ag;;':fg:;\;’fgp 64 ~0.6 Cs + native SS pJet-Ce-SS-prM
Cs-SS-prM A?(‘:g:_csr',;/ls_g': 60 ~0.6 Native SS pJet-SS-prM
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Figure 2.2. From the previous page. Flow diagram depicting the cloning strategy employed for WNV
prM and E genes. Following gene modification by PCR amplification, the amplified products were cloned
into the pJET1.2/blunt vector and subsequently excised and cloned into the plant expression vectors:
(A) pEAQ-HT, (B) pTRAC, and (C) pTRAkc-ERH. The vector elements are illustrated in the figure. (A)
PEAQ-HT is a CPMV-based hypertranslatable expression vector: RB and LB; right and left borders for
T-DNA integration, CaMV 35S promoter, 5° UTR; modified 5 UTR from CPMV RNA-2, 3’ UTR from
CPMV RNA-2, NosT; nopaline synthase terminator, pl9; TBSV silencing suppressor gene, 35S
terminator from CaMV, nptll; kanamycin resistance gene, OriV; pRK2 origin of replication for
Agrobacterium, TrfA; replication locus, and ColEl; the pBR322 E. coli origin of replication (Sainsbury et
al., 2009). (B-C) pTRAc is a cytoplasmic expression vector and pTRAkc-ERH is an ER targeting vector:
RB and LB; right and left borders for T-DNA integration, P35SS; CaMV 35S promoter with a duplicated
transcriptional enhancer, CHS; chalcone synthase 59 UTR, pA35S; CaMV 35S polyadenylation signal,
SAR; scaffold attachment region of the tobacco Rb7 gene, ColEl; origin of replication for E. coli, RK2ori;
origin of replication for Agrobacterium, bla; gene for ampicillin/carbenicillin resistance, (C) contains a
signal peptide sequence from the murine mAB24 heavy chain gene (LPH), SEKDEL; ER-retention
signal sequence, nptll; kanamycin resistance gene, and pNos/pAnos; promoter and polyadenylation

signal of the nopaline synthase gene (Maclean et al., 2007).
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2.2.3. Cloning of amplified prM and E fragments into the interim vector
pJET1.2/blunt

Amplified fragments were purified from agarose gels using the QIAquick® Gel Extraction kit
(Qiagen) following the manufacturer’s instructions. The purified DNA was ligated into the
pJET1.2/blunt vector (Thermo Scientific) according to the manufacturer’s instructions and
incubated overnight (O/N) at 4 °C.

The ligated constructs were transformed into chemically competent DH5a E. coli cells
(E. cloni™, Lucigen) as follows: 2.5 pL ligation reaction was added to 15 pL cells, incubated
on ice for 30 min then heat-shocked at 42°C for 40 s. Following heat-shock, the cells were
cooled on ice for 2 min and 800 uL of Luria Bertani (LB) broth was added to the transformation
reaction and incubated at 37°C with agitation for 1 h. The transformed cells were selected on
LB agar supplemented with 100 pg/mL ampicillin and incubated at 37°C O/N.

Colonies were screened for recombination by colony PCR using Tag 2x Master Mix
(AMPLIQON) as per manufacturer’s instructions, using specific annealing temperatures in
Table 2.1.

Positive recombinant colonies were inoculated into 10 mL LB broth supplemented with
100 pg/mL ampicillin and were incubated with agitation at 37°C O/N. Plasmids were isolated
using the QIAprep® Spin Miniprep kit (Qiagen) as per manufacturer’s instructions and stored

at -20°C for further use.

2.2.4. Sub-cloning of prM and E genes into plant expression vectors

The prM-E polyprotein and prM and E-encoding DNA fragments were subcloned into either
PEAQ-HT, pTRAc or pTRAkc-ERH (Figure 2.2, Table 2.2). A total of six constructs (Figure
2.3) were generated.

41



Table 2.2. Restriction enzymes and pJET1.2/blunt templates used for the subcloning of the prM and E
DNA fragments into pEAQ-HT, pTRAc and pTRAkc-ERH.

5 3
Destination Signal
Template Enzyme  Enzyme ) Construct
vector ) ) peptide
site site
pCC1-prM-E pTRAkc-ERH Ncol Xhol LPH -
pJet-E pTRAkc-ERH Ncol Xhol LPH pTRAkc-E
pJet-E-HIS pTRAkc-ERH Ncol Xhol LPH pTRAKc-E-HIS
pJet-prM pTRAkc-ERH Ncol Xhol LPH pTRAkc-prM
pJet-Cs-SS-prM PEAQ-HT Agel Xhol Cs + native SS PEAQ- Cs-SS-prM
pJet-Cs-SS-prM pPTRAC Ncol/Aflll Xhol Cs + native SS pPTRACc- Cs-SS-prM
pJet-SS-prM pTRAC Ncol/AfllI Xhol Native SS pTRAC-SS-prM

The prM-E polyprotein fragment was excised from the pCC1 backbone and the modified prM
and E fragments were excised from the pJET1.2/blunt backbone by using the appropriate 5’
and 3’-flanking RE sites to facilitate cloning into each respective plant expression vector
(Table 2.2). Double digestions were performed for pCC1 and all pJET1.2/blunt constructs with
Ncol and Xhol except for subcloning into pEAQ-HT, where Agel and Xhol were used. All
digestions were performed using RE from Fermentas (Thermo Scientific) as per
manufacturer’s instructions. Digested products were excised and gel purified using the

QIAquick® Gel Extraction kit (Qiagen) following the manufacturer’s instructions.

The pEAQ-HT vector was linearised with Agel and Xhol (Figure 2.2A), the pTRAc vector was
linearised with Afllll and Xhol (Figure 2.2B) and the pTRAkc-ERH vector was linearised with

Ncol and Xhol (Figure 2.2C). Linearised vector DNA was purified as described above.

Purified prM-E, prM and E DNA fragments were sub-cloned into linearised vectors to yield the
constructs listed in Figure 2.3. Ligation reactions were transformed as described in section
2.2.3 and transformed cells were selected on LB agar supplemented with either 100 pg/mL
ampicillin (pTRA vectors) or 30 pg/mL kanamycin (pEAQ-HT) incubated at 37°C O/N. Colonies
were screened for recombination by colony PCR using vector-specific primers (Appendix B:

Table 1) and recombinant plasmids isolated as described in section 2.2.3.

All constructs were verified by sequencing.
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A) pTRAkc-E LPH

B) pTRAkc-E-HIS LPH

C) pTRAkc-prM LPH

D) pEAQ-Cg-SS-prM

E) pTRAc-Cg-SS-prM

(7)) (7)) n
n (] n

F) pTRACc-SS-prM

Figure 2.3. Schematic representation of WNV prM and E gene constructs in plant expression vectors.
(A) pTRAKc-E: E gene with ER-targeting LPH signal peptide. (B) pTRAkc-E-HIS: the same construct
as pTRAkc-E with the addition of a C terminal 6x His tag. (C) pTRAkc-prM: prM gene with ER-targeting
LPH signal peptide. (D) pEAQ-Cs-SS-prM: prM gene including eight amino acids of the C gene and
WNYV native signal peptide. (E) pTRAc-Cs-SS-prM: the same construct as pEAQ-Cs-SS-prM but in the
pPTRACc vector. (F) pTRAc-SS-prM: prM gene with WNV native signal peptide.

2.2.5. Transformation of Agrobacterium tumefaciens

A. tumefaciens LBA4404 and A. tumefaciens GV3101l::pMP9ORK cells were made
electrocompetent using the method described by Shen and Forde (1989). Two-hundred to
400 ng recombinant pEAQ-HT and pTRA plasmids were electroporated into A. tumefaciens
LBA4404 and A. tumefaciens GV3101::pMP90RK cells, respectively, as described by
Maclean et al. 2007.

Recombinant cells were selected on LB agar containing 30 pg/mL kanamycin and 50 pg/mL
rifampicin for pEAQ-HT constructs with the addition of 50 pg/mL carbenicillin for pTRA
constructs and incubated at 27°C for 2-3 days. Colonies were screened for recombination by

colony PCR using vector-specific primers (Appendix B: Table 1) as described in section 2.2.3.

2.2.6. Agrobacterium tumefaciens-mediated transient expression

Ten milliliter cultures of recombinant A. tumefaciens of pEAQ-HT, pTRA, pBIN-NSs and
PEAQ-CNX or pEAQ-CRT (kindly provided by Dr Emmanuel Margolin (IDM, UCT)) were
supplemented with the relevant antibiotics (Appendix C: Table 4) and grown O/N at 27°C. The
cultures were scaled up to 500 mL in LB base (LBB) medium [2.5 g/L tryptone, 12.5 g/L yeast
extract, 5 g/L NaCl, 10 mM 2-N-morpholinoethanesulfonic acid (MES) (pH 5.6)], with 20 pM

acetosyringone supplemented during the final culture step. After cultivation, the cells were
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diluted to the required optical density (ODsoo) (Appendix D: Table 5) in infiltration medium
[10 mM MgClz, 10 mM MES (pH 5.6)].

Two six-week-old N. benthamiana plants were submerged, upside-down, in a beaker of the
bacterial culture for each co-infiltration (Appendix D: Table 5) and placed inside a vacuum
chamber. A vacuum of ~100 kPa was applied to the chamber for infiltration of the leaves. As
a negative control, pTRAkc-ERH vector lacking any gene cloned into the multiple cloning site
(empty vector) was infiltrated at an ODego 0f 0.25. The agroinfiltrated plants were returned to
the plant growth room (temperature = 22°C, light:dark photoperiod = 16:8 h,

relative humidity = 55%) until harvest.

2.2.7. Small scale protein extraction
2.2.7.1. Co-expression of E and human chaperones

Two grams of plant material was homogenised in 2 volumes 100 mM Tris.HCI (pH 7.4) using
an IKA® T-25 ULTRA-TURRAX® (Sigma-Aldrich) homogeniser. The plant homogenate was
incubated at 4°C for 30 min with gentle shaking and clarified by centrifugation at 15 000 x g
for 10 min. The pellet and supernatant were separated and the pellet resuspended in the same
volume of buffer used for extraction. Both pellet and supernatant solutions were incubated at
room temperature (RT) with gentle shaking O/N. Following maturation, pellet and supernatant

crude extracts were evaluated for protein expression.

2.2.7.2. Co-expression of prMand E

Two grams of plant material was homogenised in 2 volumes 1x phosphate buffer saline (PBS)
(pH 6.0) using an IKA® T-25 ULTRA-TURRAX® (Sigma-Aldrich) homogeniser. The plant
homogenate was incubated at 4°C for 30 min with gentle shaking and clarified by
centrifugation at 15 000 x g for 20 min. The pellet and supernatant were separated and the
pellet resuspended in the same volume and buffer used for extraction. Both pellet and
supernatant extracts were incubated at RT with gentle shaking O/N. Following maturation,

pellet and supernatant crude extracts were evaluated for protein expression

2.2.8. Protein analysis

The amount of total soluble protein (TSP) was calculated for both pellet and supernatant

extracts using the DC Protein Assay (BioRad) according to manufacturer’s instructions.
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For western blot analysis, the pellet and supernatant crude extracts were diluted in extraction
buffer to equal amounts of TSP and denatured at 95°C for 10 min in 5x sample application
buffer (SAB) [940 pL 10% sodium dodecyl sulfate (SDS), 470 pyL 1 M Tris.HCI (pH7.5), 95 pL
100 mM Ethylenediaminetetraacetic acid (EDTA), 205 pL B-mercaptoethanol, 2.45 mL 100%
glycerol, 0.2 mg bromophenol blue, 545 pL dH.O]. Equal amounts of TSP of the pellet and
supernatant were loaded in each well and separated on either 10% or 15% SDS
polyacrylamide gels (PAGE). After electrophoresis, the proteins were transferred by semi-dry
blotting onto nitrocellulose membranes at 15 volts (V) for 1 h 30 min using a Trans-blot®SD
semi-dry transfer cell (BioRad). Following the transfer, the membranes were blocked in
blocking buffer [1x PBS (pH 7.4), 0.1% Tween-20, 5% fat-free milk]. After blocking, the
membranes were probed with the appropriate antiserum diluted in blocking buffer (Appendix
E: Table 6) either at 4°C O/N or 37°C for 1 h with agitation. The membranes were washed
three times with blocking buffer for 10 min and subsequently incubated with 1:10 000 dilution
of alkaline phosphatase-conjugated polyclonal goat anti-rabbit antibody (Biocom Africa) for
1 h at 37°C or O/N at 4°C with agitation. The membranes were then washed three times in
1x PBST [1x PBS, 0.1% Tween-20 (pH 7.4)]. Detection was performed using 5-bromo-4-
chloro-3-inodyl phosphate (BCIP) and nitroblue tetrazolium (NTB) phosphatase substrate
(BCIP/NBT 1-component, KPL).

Protein expression, extraction and western blot analysis was repeated at least three times to

confirm the expression of WNV glycoproteins.
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2.3. Results
2.3.1. Verification of pJET1.2/blunt clones

Amplified prM and E DNA fragments were subcloned into pJET1.2/blunt to generate stable
constructs for downstream processing. Cloning into pJET1.2/blunt also acted as a control for

RE digestion, since RE digestion from amplified products yield indistinguishable products
between digested and undigested fragments.

The WNV prM and E genes were successfully amplified with the primers listed in Table 2.1
and cloned into the pJET1.2/blunt vector. Clones were verified by PCR amplification of the
genes with the different primer sets listed in Table 2.1 to yield the following fragments:

E; ~1.5 kb, E-HIS; ~1.6 kb, prM; ~0.6 kb, Cs.SS-prM, ~0.6 kb, and SS-prM; ~0.6 kb (Figure
2.4).
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Figure 2.4. PCR amplification of prM and E genes from pJET1.2/blunt clones visualised on agarose
gels stained with ethidium bromide. (A) pJET1.2/blunt clones containing the E gene permutations. (B)

pJET1.2/blunt clones containing the prM gene permutations. Label: MW, the molecular weight marker.

2.3.2. Sub-cloning of prM and E genes into plant expression vectors

The plant expression vectors selected as destination plasmids included pTRAkc-ERH, pTRAc
and pEAQ-HT. Since the prM and E proteins are glycoproteins they need to be targeted to the
ER for post-translational processing. Therefore, the pTRAkc-ERH vector that contains the ER-
targeting LPH signal peptide was used for the cloning of the prM-E, E (Figure 2.2A-B) and prM
(Figure 2.2C) genes. pTRAc and pEAQ-HT are cytoplasmic vectors that contain no signal
peptides and for this reason they were selected for the cloning of the prM gene with its native
SS with (Figure 2.2D-E) or without (Figure 2.2F) the Cs. Several attempts at cloning the
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prM-E polyprotein gene into pTRAkc-ERH proved unsuccessful and therefore this approach
towards protein expression was discontinued.

The prM and E gene permutations were excised from the pJET1.2/blunt backbone using
construct-specific REs listed in Table 2.2 and subsequently ligated into either pEAQ-HT or
PTRA plant expression vectors. Ligated DNA was transformed into E. coli and recombinant
cells were evaluated by colony PCR using vector-specific primers (Appendix B: Table 1).
Amplified bands of the expected size were observed for each construct: E; ~1.7 kb,
E-HIS; ~1.8 kb, prM; ~0.8 kb, Cg.SS-prM, ~0.8 kb, and SS-prM; ~0.8 kb (Figure 2.5).
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Figure 2.5. PCR amplification of prM and E gene permutations from pEAQ-HT and pTRA clones in
E. coli visualised on agarose gels stained with ethidium bromide. (A) The pTRAkc-ERH clones
containing the E gene permutations. (B) The pEAQ-HT, pTRAc and pTRAkc-ERH clones containing
the prM gene permutations. Label: MW, the molecular weight marker.

2.3.3. Confirmation of successful A. tumefaciens transformation

The recombinant pEAQ-HT construct was transformed into A. tumefaciens LBA4404 and the
recombinant pTRA constructs were transformed into A. tumefaciens GV3101::pMP90RK.
Successful transformation was confirmed by colony PCR using vector-specific primers
(Appendix B: Table 1). Amplified fragments of expected sizes were observed as described in

section 2.3.2 confirming successful transformation into Agrobacterium strains (data not
shown).
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2.3.4. Transient expression of WNV proteins in N. benthamiana
2.3.4.1. Co-expression of E and human chaperones

The influence of human chaperone proteins CNX and CRT and the NSs silencing suppressor
on the expression of the E protein (His-tagged) was investigated. The His-tagged E construct
was used for infiltration while the E-specific antiserum was being produced, so that anti-His
sera could be used for protein detection. However, by the time of protein analysis the E-

specific antiserum was available for use.

The CNX, CRT and NSs proteins were co-expressed with the E protein either alone or as a
combination (Appendix D: Table 5). Leaves were harvested 3, 4 and 5 dpi and proteins
extracted with 100 mM Tris.HCI (pH 7.4). Thirty micrograms of crude pellet (insoluble) and
supernatant (soluble) E protein extracts were evaluated by western blot using polyclonal rabbit
anti-WNV-EdIIl antiserum for detection of the E protein; ~53 kDa.

The optimal expression day for maximum expression levels was determined for the E protein
when expressed alone (Figure 2.6 — black arrow). No protein was detected 3 dpi in either the
insoluble or soluble fractions. At 4 dpi E protein was only detected in the soluble fraction and
at 5 dpi in both the insoluble and soluble fractions. Based on the band intensities, more protein
was observed in both the insoluble and soluble fractions at 5 dpi in comparison to the soluble
fraction at 4 dpi. Thus, the optimal expression day for the E protein was determined to be
5 dpi. Interestingly, in the insoluble fraction at 5 dpi a protein doublet could be observed which
suggests the presence of different E protein glycoforms; this was also observed in the

insoluble fractions when E was co-expressed with CNX, CRT and NSs (Figure 2.7B).
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Figure 2.6. Expression of the E protein with a 6x His tag for optimal harvest day determination. Proteins
were isolated 3, 4 and 5 dpi and 30 pg of TSP of pellet (p) and supernatant (s) was loaded into each
lane — black arrow indicates ~ 53 kDa E protein. The negative controls (-) are crude leaf extracts of
plants infiltrated with pTRAkc-ERH empty vector. Proteins were detected with anti-WNV-EdIII antiserum
(1:20 000). Label: MW, the molecular weight marker.

When expressed alone or in the presence of NSs, the E protein was predominantly present in
the insoluble fraction as suggested by the darker band intensities (Figure 2.7B — black arrow).
However, when co-expressed with either chaperone protein (E+CNX or E+CRT), with both
chaperone proteins (E+CNX+CRT) or in combination with the chaperone proteins and NSs
(E+CNX+NSs or E+CRT+NSs), more protein was observed in the soluble fraction in
comparison to when E was expressed alone or only with NSs (Figure 2.7A — black arrow).
These observations were made qualitatively based on the intensity of the protein bands since
equal amounts of TSP was loaded in each lane. The effect on E protein yield was augmented
when co-expressed with either of the human chaperone proteins. A slightly more intense band
was observed in the soluble fraction when E was co-expressed with CNX (E+CNX) in
comparison to co-expression with CRT (E+CRT), and in comparison to the combination co-
expressions (E+CNX+NSs, E+CRT+NSs and E+CNX+CRT) a similar band intensity was
observed (Figure 2.7A). From these observations, it was decided to select the pEAQ-CNX

construct for future co-infiltrations.
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Figure 2.7. Co-expression of the E protein with NSs, CNX, CRT or in combination as indicated above
the lanes. Proteins were isolated 5 dpi and 30 pg of TSP was loaded into each lane for both the soluble
(A) and insoluble fractions (B) — black arrow indicates ~ 53 kDa E protein. The negative controls (-) are
crude leaf extracts of plants infiltrated with pTRAkc-ERH empty vector in Agrobacterium. Proteins were
detected with anti-WNV-EdIll antiserum (1:20 000). Label: MW, the molecular weight marker.

2.3.4.2. Co-expression of prMand E

When the constructs containing the prM gene were expressed on their own, little or no protein
was detected by western blot; in addition where protein was detected it was insoluble
(Appendix F: Figure 2). Therefore, the prM constructs were co-expressed with the E protein
(Figure 2.8). The two constructs (prM and E) were co-infiltrated at an ODego 0f 0.5 each and
leaves harvested 4, 5 and 6 dpi. Protein was extracted using 1x PBS (pH 6.0) and crude
extracts containing equal amounts of TSP were evaluated by western blotting for M, prM and
E protein expression. Polyclonal rabbit anti-WNV-EdIll and anti-WNV-M antiserum (both
produced specifically for this study) were used for the detection of the E (~53 kDa — green
arrow), prM (19-25 kDa — blue arrow) and M (7-10 kDa — pink arrow) proteins, respectively.
From the co-expression of the prM and E proteins, both the M and E proteins could be detected
in all prM construct permutations. In the soluble fraction at 4 dpi for E expressed with pEAQ-
Cs-SS-prM there was a faint band of approximately 25 kDa that could be the prM protein
(Figure 2.8D — blue arrow).
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Figure 2.8. Co-expression of prM and E proteins over 6 days using different signal peptide
permutations: (A) LPH, (B) SS, and (C-D) Cs-SS. Proteins were extracted as described in section
2.2.7.2 using 1x PBS (pH 6.0) and 25 pug TSP of pellet (p) and supernatant (s) crude extracts were
loaded in each lane — green arrow indicates ~ 53 kDa E protein, pink arrow indicates ~ 10 kDa M protein
and blue arrow indicates ~ 25 kDa putative prM protein. Proteins were detected with anti-WNV-EdIII
combined with anti-WNV-M antisera (1:20 000 each). (A) pTRAkc-E + pTRAkc-prM, (B) pTRAkc-E +
pTRAc-SS-prM, (C) pTRAkc-E + pTRAc-Cs-SS prM, (D) pTRAkc-E + pEAQ-Cs-SS-prM.The negative
controls (-) are crude leaf extracts of plants infiltrated with pTRAkc-ERH empty vector. Label: dpi
denotes 4, 5 and 6 days post infiltration. p represents the insoluble fraction; pellet. s represents the
soluble fraction; supernatant. MW indicates the molecular weight marker.

Following the success of detectable yields of M protein from co-expression with the E protein,
a triple co-expression with CNX was performed since co-expression with CNX improved the
soluble yield of E (Figure 2.7). The three constructs (prM, E and CNX) were co-infiltrated at
an ODego Of 0.3 each and leaves harvested and proteins extracted as described above (Figure
2.9). The M and E proteins were detected across all days sampled for each of the four co-
expression permutations, but no prM was detected. The M protein was predominantly soluble
(s) regardless of the construct expressed (Figure 2.9A-D: bottom panels). Similar band

intensities were observed for both the soluble and insoluble fractions containing the E protein
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(Figure 2.9A-D: top panels). Based on the soluble fractions, expression of both the M and E
proteins was optimal at 4 dpi, with no observed increase in band intensities at 5 and 6 dpi.

When the E gene was co-infiltrated with either pEAQ-Cs-SS-prM or pTRACc-Cs-SS-prM, with
the increase in dpi, a decrease in M protein expression was observed (Figure 2.9C-D: bottom
panels). However, when the E gene was co-infiltrated with either pTRAkc-prM with the LPH
signal peptide (Figure 2.9A) or pTRAc-SS-prM with just the native signal peptide (Figure 2.9B)

the level of protein expression was consistent across all harvest days for both the M and E

proteins.
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Figure 2.9. Co-expression of prM and E proteins with CNX over 6 days using different signal peptide
permutations: (A) LPH, (B) SS, and (C-D) Cs-SS. The top panels represent the E protein and the bottom
panels the M protein, detected with anti-WNV-EdIIl and anti-WNV-M antiserum (1:20 000 each),
respectively. 25 pg TSP (A) pTRAkc-E + pEAQ-CNX + pTRAkc-prM, (B) pTRAkc-E + pEAQ-CNX +
PTRAC-SS-prM, (C) pTRAkKc-E + pEAQ-CNX + pTRACc-Cg-SS prM, (D) pTRAkc-E + pEAQ-CNX +
PEAQ-Cs-SS-prM was loaded in each lane. The negative controls (-) are crude leaf extracts of plants
infiltrated with pTRAkc-ERH empty vector. Label: dpi denotes 4, 5 and 6 days post infiltration. p
represents the insoluble fraction; pellet. s represents the soluble fraction; supernatant. MW indicates
the molecular weight marker. E denotes detection with anti-WNV-EdIII antiserum. M denotes detection

with anti-WNV-M antiserum.
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2.4. Discussion

The use of plants as a production platform for recombinant proteins has become popular in
recent years due to their safety, affordability, and ease of scalability (Rybicki, 2009; Rybicki,
2010; Schillberg et al., 2019; Fischer & Buyel, 2020). Several studies have illustrated the
success of producing VLPs in N. benthamiana by expression of heterologous proteins (van
Zyl et al., 2016; Dennis et al., 2018a). Due to the success of these studies, it was proposed

that WNV VLPs could be produced in N. benthamiana as a candidate vaccine.

We aimed at employing two strategies for the expression of the prM and E genes of a virulent
South African WNV strain in N. benthamiana with a view to generating VLPs. The first strategy
was focused on the expression of the prM-E polyprotein, however, sub-cloning of the prM-E
polyprotein genes from pCC1 into pTRAkc-ERH was unsuccessful after several attempts. As
an alternative, the prM-E genes were amplified from the pCC1 backbone to allow for
subcloning into the pJET1.2/blunt vector to create a stable high copy number construct, as
pCC1is alow copy number vector. Amplification of the prM-E polyprotein gene was successful
but after several failed attempts at ligation into pJET1.2/blunt, this strategy was discontinued
and focus was shifted to the co-expression of the individual prM and E genes.

The E protein was successfully amplified with and without a 6x His tag fused to it and cloned
into the commercial pJET1.2/blunt vector; this was followed by subcloning into the plant
expression vector pTRAkc-ERH that contained the essential ER-targeting signal peptide for
translocation of E to the ER. An additional prM construct was synthesised to include the native
signal peptide and 8 amino acids of the C protein. This decision was based on evidence
provided by Takahashi and colleagues who evaluated the effect additional amino acids of the
C protein at the N terminus of the prM signal peptide had on protein expression in mammalian
cells (Takahashi et al., 2009). They found that the number of amino acids around the NS2B-3
cleavage site located 5’ to the native SS, was important for the efficient processing and
assembly of the E protein. These results further support the claims of the role that the prM
protein plays as a chaperone for folding and assembly of the E protein (Lorenz et al., 2002).
Based on the observations made by Takahashi et al. it was decided to synthesize the prM
gene to include 8 amino acids of the C gene in addition to the native SS to facilitate a similar
evaluation of the effect of these residues on protein expression in planta. Consequently, we
were able to compare the effect of the Cs-SS-prM and the SS-prM construct on E protein co-
expression, which in mammalian cells resulted in an approximately 50-fold increase in E
production by the SS-prM construct compared to co-expression with the Cg-SS-prM construct
(Takahashi et al., 2009).

53



When the E protein was expressed on its own, less protein was observed in the soluble than
insoluble fraction of the crude extracts. However, when co-infiltrated with either human CNX
or CRT, protein yields in the soluble fractions increased. This could be explained by the critical
role that these chaperone proteins play in protein folding within the ER secretory pathway.
CNX and CRT are ER lectin chaperones that interact with proteins that carry N-linked glycans,
specifically binding monoglucosylated polymannose glycans (Caramelo & Parodi, 2008). By
binding to these glycoproteins, CNX and CRT provide a protective folding environment, assist
in inhibiting protein aggregation and finally prevent premature exit of proteins from the ER
(Ellgaard & Helenius, 2003). In this way these chaperones prevent the accumulation of

misfolded proteins in the ER which results in ER stress (Margolin et al., 2018).

Co-expression of E with CNX resulted in greater band intensity in the soluble fraction than
when co-expressed with CRT. This was expected as CNX preferentially interacts with nascent
proteins associated with the ER membrane as it is a type | transmembrane protein (Ellgaard
& Helenius, 2003) and the E glycoprotein has two transmembrane domains that embed within
the ER membrane (Mukhopadhyay et al., 2005) which explains protein insolubility. Therefore,
the increase in soluble E protein observed from co-expression with CNX could be attributed
to the decrease in misfolded and aggregated proteins that remain in the ER rather than being
released from the ER for further processing in the TGN.

When the prM proteins were expressed on their own and extracted with 100 mM Tris.HCI
(pH 7.4), the M protein could be detected using the pTRAc-SS-prM construct only and was
present only in the insoluble fraction. A change in extraction buffer was introduced upon co-
expression of the prM and E proteins. When extracted with 100 mM Tris.HCI (pH 7.4) the M
protein was completely insoluble and the E protein was predominantly insoluble (Appendix F:
Figure 3). The insolubility of the proteins was suspected to be a result of the maturation state
of the proteins. During replication within the cell, the immature virions are transported to the
TGN where the low pH of approximately 6.0 induces a conformational rearrangement of the
prM-E proteins that drive the cleavage of the pr peptide from the M protein by furin
(Mukhopadhyay et al., 2005; Roby et al., 2015). To mimic these conditions an extraction buffer
of 1x PBS (pH 6.0) was used and improved solubilisation of both M and E proteins were

observed.

Surprisingly, furin-like cleavage was observed upon the co-expression of the prM and E
proteins. When in the immature state, the prM protein is approximately 19-25 kDa, however
after maturation and the cleavage of the pr peptide by furin, the M protein is approximately 7-
10 kDa (Lorenz et al., 2002; Ohtaki et al., 2010; Roby et al., 2015). Western blotting of crude
extracts of co-expressed prM and E proteins extracted with either extraction buffer revealed

only a protein of ~8 kDa, with a single exception. When E was co-expressed with the
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PEAQ-Cs-SS-prM construct and proteins extracted with 100 mM Tris.HCI (pH 7.4) a protein
band of ~25 kDa was detected when developed with anti-WNV-M sera, which could represent
the prM protein before cleavage (Appendix F: Figure 3). However, when extracted with 1x
PBS (pH 6.0) only a ~8 kDa band was observed, suggesting cleavage had taken place. Chen
and colleagues have also proposed furin-like cleavage taking place in N. benthamiana when
processed M protein of the NY99 WNV strain was observed upon transient expression of the
prM and E genes (Chen & Lai, 2013).

Interestingly, expression levels of the M protein decreased with an increase of dpi when the E
protein was co-expressed with either pEAQ-Cs-SS-prM or pTRAc-Cs-SS-prM. The same trend
was not observed when E was co-expressed with pTRAkc-prM or pTRAc-SS-prM, which
suggests that the signal peptide might have played a role in this result. The reason for this
assumption is that regardless of which plant expression vector was used, pEAQ-HT or pTRACc,
in the presence of the 8 additional C terminal amino acids after 4 dpi a decrease in M protein
levels could be observed. This might be due to the improper cleavage of the Cs-SS over time.
In contrast to the results obtained by Takahashi et al. the expression of the E protein remained
consistent regardless of the prM construct and only the M protein yield decreased. In their
study, a significant decrease in the E protein was observed when the Cg-SS-prM-E polyprotein
was expressed, in comparison to when the SS-prM-E polyprotein was expressed. They
proposed that the E protein was not being properly cleaved which in turn resulted in a reduction
in the release of VLPs (Takahashi et al., 2009). However, as we did not observe a similar trend
in E protein levels, we propose that the presence of the human chaperone CNX could augment
the prM proteins’ function as a chaperone for folding and assembly of the E protein (Lorenz et
al., 2002; Margolin et al., 2018; Margolin et al., 2020).

In conclusion, the prM and E proteins were successfully expressed in N. benthamiana
suggesting that VLP assembly may be possible. Co-expression of prM and E with CNX and

extraction in a low pH buffer improved protein yield in the soluble fraction.
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Chapter 3:

Transient expression, characterisation and purification of putative
WNV VLPs

3.1.Introduction

Plants have successfully been used as bioreactors for the production of VLPs for a number of
viruses as candidate vaccines, and especially in our laboratory. Gunter and colleagues
successfully produced porcine circovirus type 2 (PCV-2) VLPs in N. benthamiana by
transiently expressing the PCV coat protein (Gunter et al., 2019). Expression of this protein
resulted in the formation of VLPs that were subsequently purified by density gradient
ultracentrifugation. Additionally, the authors showed that these plant-produced PCV-2 VLPs
elicited strong PCV-2 specific serum immune responses in mice. Similarly, human
papillomavirus (HPV) VLPs can also be made from the expression of a single virus protein.
Maclean and colleagues transiently expressed the HPV-16 L1 protein in N. tabacum and N.
benthamiana plants and successfully purified HPV VLPs that induced both HPV-16 VLP-
specific antibodies and NAbs in mice (Maclean et al., 2007). Marsian et al. demonstrated the
success of using plants for the production of Atlantic Cod nervous necraosis virus (ACNNV)
VLPs as a candidate vaccine (Marsian et al., 2019). The authors transiently expressed the
coat protein of ACNNV in N. benthamiana and purified VLPs by density gradient
ultracentrifugation with a yield of 10 mg/kg fresh weight. These VLPs were used to immunise
sea bass, and in the absence of an adjuvant conferred moderate to strong protection in virus-
challenged fish. Another example of using plants as bioreactors for the production of VLPs
from the expression of a single protein is that of Rift Valley fever virus (RVFV). Transient
expression of a chimaeric RVFV Gn gene in N. benthamiana yielded VLPs at ~57 mg/kg fresh
weight, that induced Gn-specific antibody responses in immunised mice (Mbewana et al.,
2018).

The above studies illustrate the success of using tobacco plants for the production of VLPs by
transiently expressing a single protein. However, not all VLPs assemble from a single protein
and typically several viral proteins are required for the formation of a particle. In the case of
WNV, both the prM and E proteins need to be present for VLP formation, and this has been
proven in both mammalian (Takahashi et al., 2009; Ohtaki et al., 2010; Ohtaki et al., 2011)

and insect cells (Qiao et al., 2004; Rebollo et al., 2018b). Chen and Lai reported in a review
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focused on plant-produced VLPs as candidate vaccines, that WNV VLPs have been produced
in N. benthamiana by transient expression of the prM and E proteins; however, these results
were never published (Chen & Lai, 2013).

The production of VLPs from multiple proteins in plant expression systems has been illustrated
in several studies. van Zyl and colleagues successfully assembled bluetongue virus serotype
8 (BTV-8) VLPs in N. benthamiana by transiently co-expressing the 4 proteins VP2, VP3, VP5
and VP7 (van Zyl et al., 2016). Similarly, the transient co-expression of VP2, VP3, VP5 and
VP7 of African horse sickness virus serotype 5 (AHSV-5) in N. benthamiana resulted in the
assembly of VLPs that induced NAbs in both guinea pigs (Dennis et al., 2018a) and horses
(Dennis et al.,, 2018b). In another study, Foot-and-mouth disease (FMDV) VLPs were
produced in N. benthamiana by transient expression of the P1-2A protein that was
proteolytically cleaved in planta into the three structural proteins (VPO, VP1 and VP3) required
for particle assembly (Veerapen et al., 2018). Interestingly, to achieve the same proteolytic
cleavage in mammalian and insect cells the non-structural 3C protease needs to be co-
expressed. Preliminary immunogenicity studies in mice of the plant-produced FMDV VLPs
induced FMDV-specific antibodies. These examples of VLPs produced from the expression of
single or multiple proteins and their ability to stimulate immune responses, illustrate the
potential of using plants as biofactories for the production of particulate candidate vaccines.

In the previous chapter, | described the successful expression of the WNV prM and E genes
and determined the optimal conditions for the expression of these genes. Work reported in
this chapter investigated whether the expression of these genes in planta results in VLP
assembly. Here, | describe the large scale expression of the WNV prM and E genes together
with the human chaperone protein CNX in N. benthamiana, and the optimisation of VLP

purification from infiltrated leaves by density gradient ultracentrifugation.
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3.2.Materials and Methods
3.2.1. Large scale infiltration

Recombinant A. tumefaciens of pTRAkc-E, pTRAkc-prM, pTRAc-Cs-SS-prM, pTRAC-SS-prM,
PEAQ-Cs-SS-prM and pEAQ-CNX were cultured as described in section 2.2.6. After
cultivation, the cells were diluted to ODeoo of 0.3 for each construct (Table 3.1, Appendix D:

Table 5) in infiltration medium.

Fifteen to twenty six-week-old N. benthamiana plants were co-infiltrated as described in

Table 3.1 (Appendix D: Table 5), by vacuum infiltration as described in section 2.2.6.

Table 3.1. Co-infiltration optical densities.

Co-infiltrations ODe0o Combined ODsoo
pTRAkc-E
pEAQ-CNX 0.3 each 0.9
pTRAkc-prM
pTRAKc-E
pEAQ-CNX 0.3 each 0.9

pPpTRAC-SS-prM

pTRAkc-E
pEAQ-CNX 0.3 each 0.9
pPTRAC-Cs-SS-prM

pTRAkc-E
PEAQ-CNX 0.3 each 0.9
pPEAQ-Cs.SS-prM

3.2.2. Optimisation of WNV VLP purification from N. benthamiana

Leaves co-infiltrated with pTRAkc-E, pEAQ-CNX and a prM construct (pTRAkc-prM,
PEAQ-Cs-SS-prM, pTRAC-Cs-SS-prM or pTRAcC-SS-prM) were harvested at 4 dpi and
homogenised in 2 volumes PI buffer [1x PBS (pH 6.0), 1x cOmplete™ EDTA-free protease
inhibitor (Roche)] using an IKA® T-25 ULTRA-TURRAX® (Sigma-Aldrich) homogeniser.
Figure 3.1. illustrates the different strategies employed for VLP purification. Differences in the
purification process can be observed at the maturation step (indicated in orange boxes).
Following leaf homogenisation, the plant homogenate was either matured O/N at RT or 4°C
(Figure 3.1C-D) or only incubated at 4°C for 30 min (Figure 3.1A-B, E) with gentle shaking.

The plant homogenate was then filtered through 2 layers of MiraCloth™ (Merck) and clarified
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by centrifugation at 15 000 x g for 10 min. The clarified extract was matured O/N at RT or 4°C
with gentle shaking (Figure 3.1A-B, E) for particle maturation if not already matured in the
plant homogenate state (Figure 3.1C-D). Particles were either concentrated through a 30%
sucrose cushion (2 mL; Figure 3.1A-D) by ultracentrifugation at 174 586 x g for 1 h at 4°C in
an SW32 Ti rotor (Beckman) or by precipitation during O/N maturation of the clarified extract
with 9% polyethylene glycol 6000 (PEG 6000, Sigma-Aldrich) and 2.5% NacCl, followed by
centrifugation at 10 000 x g for 30 min at 4°C (Figure 3.1E). Following the sucrose cushion or
PEG precipitation, the pellet was resuspended in ~20 mL 1x PBS (pH 6.0) and layered over a
10- or 20-60% linear sucrose density gradient (3 mL each) and ultracentrifuged at either
174 586 x g for 1 h (Figure 3.1A, B and D) or 2 h 35 min (Figure 3.1C-E). The interface between
the 30-40% (F1), 40-50% (F2) and 50-60% (F3) densities was extracted (~1 mL) using a 21

gauge needle and syringe.

Equal volumes of the collected samples were evaluated for the presence of the M, prM and E
proteins by western blot as described in section 2.2.8. Polyclonal rabbit anti-WNV-EdIIl and
polyclonal rabbit anti-WNV-M antisera (1:20 000 dilution each) were used for primary detection
and alkaline phosphatase-conjugated polyclonal goat anti-rabbit antibody (1:10 000 dilution)
(Biocom Africa) was used for secondary detection.

Collected samples were evaluated for the presence of VLPs (25-30 nm) by TEM (as described
in section 3.2.3).

3.2.3. Transmission electron microscopy

Carbon-coated copper grids (mesh size 200) were made hydrophilic by glow discharging at
25 mA for 30 s using a Model 900 SmartSet Cold Stage Controller (Electron Microscopy
Sciences). The grids were floated on 20 L of purified sample for 3 min and washed 5 times
with sterile water. The samples were negatively stained for 1 min with 2% wi/v uranyl acetate

and viewed using a Technai G2 transmission electron microscope (FEI).
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Figure 3.1. Schematic representation of strategies employed for WNV VLP purification. Sections highlighted in orange
represent the particle maturation step performed at either RT or 4°C for either the clarified extract or plant homogenate
or in combination with a PEG precipitation step. Infiltrated leaves were homogenised in 2 volumes PI buffer. (A-B) The
plant homogenate was incubated at 4°C for 30 min and clarified by filtration and centrifugation. The clarified extract was
incubated at RT (A) or 4°C (B) O/N for particle maturation, followed by concentration through a 30% sucrose cushion.
The pellet was resuspended in 1x PBS (pH 6.0) and particles purified on a discontinuous sucrose density gradient. (C-
D) The plant homogenate was incubated at RT (C) or 4°C (D) O/N for particle maturation and clarified by filtration and
centrifugation. Particles were concentrated and purified as described for B. (E) The plant homogenate was treated as
described for A and B. Following clarification, the clarified extract was incubated at 4°C O/N for particle maturation in
the presence of 9% PEG-6000 and 2.5% NaCl for particle concentration. The extract was centrifuged and the pellet
resuspended for purification of particles on a discontinuous sucrose density gradient as described for B.
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3.3.Results

The results described in Chapter 2 illustrated that the WNV proteins involved in VLP formation
could be successfully expressed in N. benthamiana. Here, | investigated whether these

proteins assembled into VLPs and if so, how to optimally purify them from N. benthamiana.

3.3.1. Particle purification with maturation of clarified extract at RT

N. benthamiana plants were co-infiltrated with pTRAkc-E, pEAQ-CNX and any one of the 4
prM constructs pTRAkc-prM, pEAQ-Cs-SS-prM, pTRAC-Cs-SS-prM  or pTRAC-SS-prM
(Figure 2.3). Leaves were harvested at 4 dpi based on previous optimisation experiments
carried out (section 2.3.4.2) and homogenised in 1x PI buffer. The plant homogenates were
clarified and putative particles were matured O/N at RT, based on small scale purification of
the M and E proteins (section 2.2.7), and subsequently concentrated through a 30% sucrose
cushion, followed by purification on a 10-60% discontinuous sucrose density gradient
(Figure 3.1A and 3.2). The 30/40%, 40/50% and 50/60% interfaces were collected (F1, F2 and
F3 respectively), evaluated for the presence of WNV M (7-10 kDa — pink arrow),
prM (19-25 kDa — blue arrow) and E (53 kDa — green arrow) proteins by western blot and
VLPs (25-30 nm) by transmission electron microscopy (TEM, Figure 3.2).

Each of the 4 co-infiltration permutations resulted in similar density gradient profiles after
ultracentrifugation (Figure 3.2 — Gradient), with white bands evident at the 30/40%, 40/50%
and 50/60% interfaces. Based on the literature, WNV VLPs have an expected density of ~1.11-
1.16 g/cm? (Qiao et al., 2004; Takahashi et al., 2009; Ohtaki et al., 2010) which corresponds
to ~25-40% sucrose; therefore, these interface-bands were collected. All three proteins (M,
prM and E) were observed on western blots for the permutations where pEAQ-Cs-SS-prM
(Figure 3.2B) or pTRAkc-prM (Figure 3.2F) were used. However, only the E protein was
detected when co-infiltrating with pTRAc-Cs-SS-prM (Figure 3.2D) and faint prM and E
proteins were detected when co-infiltrating with pTRAc-SS-prM (Figure 3.2E). Particles within
the expected range of 25-30 nm were observed by TEM (Figure 3.2 — TEM) for all 4 co-
infiltration permutations in at least one of the collected fractions within the expected 25-40%
sucrose density range (F1 or F2). However, duplication of these results proved difficult as
western blot and TEM results were inconsistent. The lack of reproducibility rendered this

purification process ineffectual and a different approach was considered.
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Construct Western blot TEM
F1
F1
A) PEAQ-HT >
- empty vector control e
F1
B)* pEAQ-Cg-SS-prM
F1
C) pTRAkc-ERH
— empty vector control
F2
pTRAke prM-E
Fi F2 F3 F1 F2 F3
e _ = -
D)* PTRAc-Cg-SS-prM
F2
PTRAke prM-E

E)* pTRAc-SS-prM

[ =

MW F1 F2 F3 F1 F2 F3

F)* pTRAkc-prM

*Co-infiltrations were performed with pTRAkc-E, pEAQ-CNX and the prM construct as listed in the Construct column (B, D-F).
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Figure 3.2. From the previous page. Putative WNV VLP purification from plants co-infiltrated with WNV
E and prM (with different signal peptides) recombinant plasmids and the human chaperone CNX.
Particles were purified as depicted in Figure 3.1A with maturation of the clarified extract at RT and the
30/40%, 40/50% and 50/60% interfaces were sampled (F1, F2 and F3 respectively). The presence of
M (7-10 kDa -pink arrow), prM (19-25 kDa — blue arrow) and E (53 kDa — green arrow) proteins were
evaluated by western blot using anti-WNV-EdIII combined with anti-WNV-M antiserum (1:20 000 each)
and the presence of VLPs (25-30 nm — pink arrows) was determined by TEM (scale bar = 100 nm).
MW, the molecular weight marker. The negative controls were purified extracts from leaves infiltrated
with either empty pEAQ-HT or pTRAkc-ERH vector.
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3.3.2. Particle purification with maturation of clarified extract at 4°C

It was considered that although an O/N incubation step is required for protein and particle
maturation, performing this step at RT could potentially result in protein and/or particle
degradation, which in turn could explain the inconsistency previously observed in the results
for repeat experiments. Based on these postulations, | evaluated whether performing the
maturation step at 4°C (Figure 3.1B) instead of RT might resolve this problem. To simplify this
evaluation, only a single prM construct was selected for the continued optimisation of particle
purification. The selection was based on the western blot and TEM results obtained from the
purification as described and depicted in Figure 3.2. The construct selected for co-expression
with the E gene and CNX was pTRAkc-prM (membrane protein with the LPH signal peptide)
since the M, prM and E proteins were successfully detected at least once by western blot and

several VLPs of the expected size were observed by TEM (Figure 3.2F).

N. benthamiana plants were co-infiltrated with pTRAkc-E, pEAQ-CNX and pTRAkc-prM, and
leaves harvested at 4 dpi, homogenised in 1x PI buffer and clarified. Putative particles were
matured O/N at 4°C and subsequently concentrated through a 30% sucrose cushion, the pellet
resuspended and purified on a 20-60% discontinuous sucrose density gradient (Figure 3.1B).
The 30/40%, 40/50% and 50/60% interfaces were collected (Figure 3.3A-B; F1, F2 and F3
respectively) and evaluated for the presence of WNV M, prM and E proteins by western blot
(Figure 3.3C) and VLPs by TEM (Figure 3.3D-E).

Similar density gradient profiles, following ultracentrifugation, were observed for both the
vector-only control (pTRAkc-ERH) and prM-E (Figure 3.3A-B) samples and were also
comparable to those obtained when the clarified extract was matured at RT (Figure 3.2C and
F). However, unlike these samples, western blot analysis resulted in the detection of only faint
E protein bands and no M or prM proteins (Figure 3.3C). Electron microscopy analysis of
collected fractions revealed several particles of 25-30 nm in size for F3 (Figure 3.3E), yet this
was only observed for a single experiment. Once more, the lack of reproducibility led us to
investigate another purification approach by reconsidering the maturation step of the

purification process.
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Figure 3.3. Putative WNV VLP purification from plants co-infiltrated with WNV E and prM (pTRAkc-

prM) recombinant plasmids and the human chaperone CNX. Particles were purified as depicted in
Figure 3.1B with maturation of the clarified extract at 4°C. (A) pTRAkc-ERH and (B) prM-E gradient
profiles following ultracentrifugation. The 30/40%, 40/50% and 50/60% interfaces were collected (F1,
F2 and F3 respectively). (C) Western blot analysis of collected fractions for the presence of M (7-10
kDa), prM (19-25 kDa) and E (53 kDa — green arrow) proteins using anti-WNV-EdIIl combined with anti-
WNV-M antiserum (1:20 000 each). Electron micrographs of F3 of (D) pTRAkc-ERH and (E) prM-E.
VLPs of ~30 nm are indicated by pink arrows (scale bars = 100 nm or 50 nm). MW, the molecular weight

marker.

3.3.3. Particle purification with maturation of plant homogenate at RT

Since performing the maturation of the clarified extract at 4°C did not improve on the results
observed when the clarified extract was matured at RT, | speculated that besides temperature,
the initial plant extract conditions might play a role in protein and/or particle yield and stability.
Therefore, | investigated the effect of performing maturation of the plant homogenate instead
of the clarified extract at both RT (Figure 3.1C) and 4°C (section 3.3.4, Figure 3.1D).
Additionally, I increased the ultracentrifugation time to match what has previously been used
for purification in other expression platforms (Ohtaki et al., 2010).
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N. benthamiana plants were co-infiltrated with pTRAkc-E, pEAQ-CNX and pTRAkc-prM, the
leaves were harvested at 4 dpi and homogenised in 1x PI buffer. Putative particles were
matured O/N at RT from the plant homogenate, clarified on the following day and subsequently
concentrated through a 30% sucrose cushion. The pellet was resuspended followed by
purification on a 20-60% discontinuous sucrose density gradient for 2 h 35 min (Figure 3.1C).
The 30/40%, 40/50% and 50/60% interfaces were collected (Figure 3.4A-B; F1, F2 and F3
respectively) and evaluated for the presence of WNV M, prM and E proteins by western blot
(Figure 3.4C) and VLPs by TEM.

Similar density gradient profiles were observed for both the vector-only control (pTRAkc-ERH)
and prM-E (Figure 3.4A-B) samples, which were in contrast to the corresponding previous
gradient profiles observed (Figure 3.2 and 3.3). A distinct green band at the 40/50% interface
was observed whereas maturation of the clarified extract had a white band at this interface
(specifically comparing pTRAkc-ERH and prM-E co-infiltrations with pTRAkc-prM). Evaluation
of these fractions by western blot resulted in the detection of many non-specific bands in both
the vector-only and the prM-E fractions (Figure 3.4C). However, no WNV-associated proteins
were detected from the prM-E fractions, which was supported by the absence of particles
visualised by TEM (data not shown). Based on this initial result, this purification process was
not repeated. Simultaneously, however, | evaluated the effect of performing maturation of the
plant homogenate instead of the clarified extract at 4°C (Figure 3.1D) and of which results

were much more promising (section 3.3.4).
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Figure 3.4. Putative WNV VLP purification from plants co-infiltrated with WNV E and prM recombinant

plasmids and the human chaperone CNX. Particles were purified as depicted in Figure 3.1C with
maturation of the plant homogenate at RT. (A) pTRAkc-ERH and (B) prM-E gradient profiles following
ultracentrifugation. The 30/40%, 40/50% and 50/60% interfaces were collected (F1, F2 and F3
respectively). (C) Western blot analysis of collected fractions for the presence of M (7-10 kDa), prM (19-
25 kDa) and E (53 kDa) proteins using anti-WNV-EdIll combined with anti-WNV-M antiserum (1:20 000
each). MW, the molecular weight marker.

3.3.4. Particle purification with maturation of plant homogenate at 4°C

As described previously, N. benthamiana plants were co-infiltrated with pTRAkc-E, pEAQ-
CNX and pTRAkc-prM and the leaves were harvested at 4 dpi and homogenised in 1x PI
buffer. Putative particles were matured O/N at 4°C in the plant homogenate, clarified on the
following day and subsequently concentrated through a 30% sucrose cushion. The pellet was
resuspended in a smaller volume and purified on a 20-60% discontinuous sucrose density
gradient for 2 h 35 min (Figure 3.1D). The 30/40%, 40/50% and 50/60% interfaces were
collected (Figure 3.5A-B; F1, F2 and F3 respectively), and evaluated for the presence of WNV
M, prM and E proteins by western blot (Figure 3.5C) and VLPs by TEM (Figure 3.5D-E).

The density profiles for the vector-only control (pTRAkc-ERH) and prM-E differed in
appearance (Figure 3.5A-B). As was observed in the purifications where the clarified extract
was matured (Figure 3.2A and 3.3A), white bands were present at the gradient interfaces for
the vector-only control (Figure 3.5A). In contrast, the prM-E interface bands were green with
an increase in the intensity of the colour from F1 to F3 (Figure 3.5B). Western blot analysis of
these fractions revealed dark E protein bands (Figure 3.5C — green arrow), faint prM protein
bands (Figure 3.5C — blue arrow) and protein smears of the expected size for the M protein
(Figure 3.5C — pink arrow). Electron microscopy of F1 revealed a mixture of pleomorphic

particles of the expected size (~30 nm; Figure 3.5E — patrticles indicated by pink arrows) and
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protein/particle aggregates. The western blot and TEM results were the most consistent
between repeat purifications following this protocol. The E protein was consistently detected
by western blot with variation in the detection of the prM and M proteins, and particles of
~30 nm, in the presence of protein/particle aggregates, were consistently visualised by TEM
in F1 (30/40% interface).
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F1 F2 F3 MW F1 F2 F3

A)  pTRAkc-ERH B) prM-E pTRAkc-E _ 0
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sults of putative WNV VLP purification from plants co-infiltrated with WNV

o

Figure 3.5. presentative re
E and prM recombinant plasmids and the human chaperone CNX. Particles were purified as depicted
in Figure 3.1D with maturation of the plant homogenate at 4°C. (A) pTRAkc-ERH and (B) prM-E gradient
profiles following ultracentrifugation. The 30/40%, 40/50% and 50/60% interfaces were collected (F1,
F2 and F3 respectively). (C) Western blot analysis of collected fractions for the presence of
M (7-10 kDa — pink arrow), prM (19-25 kDa — blue arrow) and E (53 kDa — green arrow) proteins using
anti-WNV-EdIll combined with anti-WNV-M antiserum (1:20 000 each). Electron micrographs of F1 of
(D) pTRAkc-ERH and (E) prM-E. VLPs of ~30 nm are indicated by pink arrows (scale bars = 100 nm or

50 nm). MW, the molecular weight marker.
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3.3.5. Particle purification by PEG precipitation

| also investigated if it was possible to precipitate the particles using PEG (Figure 3.1E) for the
removal of any free proteins prior to density gradient ultracentrifugation. | theorised that an
additional PEG precipitation step could result in a cleaner preparation of VLPs, free of protein

aggregates as seen when the plant homogenate was matured at 4°C (Figure 3.5C).

N. benthamiana plants were co-infiltrated with pTRAkc-E, pEAQ-CNX and pTRAkc-prM and
the leaves were harvested at 4 dpi and homogenised in 1x PI buffer. The plant homogenate
was clarified and PEG precipitated O/N at 4°C. The precipitate was collected by centrifugation,
the pellet resuspended and subsequently purified on a 20-60% discontinuous sucrose density
gradient for 2 h 35 min (Figure 3.1E). The 30/40%, 40/50% and 50/60% interfaces were
collected (Figure 3.6A-B; F1, F2 and F3 respectively), and evaluated for the presence of WNV
M, prM and E proteins by western blot (Figure 3.6C) and VLPs by TEM.

The vector-only control (pTRAkc-ERH) and prM-E samples had similar density profiles
(Figure 3.6A-B) following ultracentrifugation. Faint white bands were visible for 30/40% and
40/50% interfaces. No WNV proteins were detected by western blot (Figure 3.6C) despite
repeated purification using this method and no particles were observed by TEM (data not

shown).
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Figure 3.6. Putative WNV VLP purification from plants co-infiltrated with WNV E and prM recombinant
plasmids and the human chaperone CNX. Particles were purified as depicted in Figure 3.1E by PEG
precipitation. (A) pTRAkc-ERH and (B) prM-E gradient profiles following ultracentrifugation. The
30/40%, 40/50% and 50/60% interfaces were collected (F1, F2 and F3 respectively). (C) Western blot
analysis of collected fractions for the presence of M (7-10 kDa), prM (19-25 kDa) and E (53 kDa)
proteins using anti-WNV-EdIIl combined with anti-WNV-M antiserum (1:20 000 each). MW, the

molecular weight marker.
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3.4.Discussion

West Nile VLPs are small non-infectious particles that assemble from the expression of the
prM and E genes, and as such are highly favourable as vaccine candidates. These particles
have been successfully produced in insect (Qiao et al., 2004; Rebollo et al., 2018b) and
mammalian cells (Hanna et al., 2005; Takahashi et al., 2009; Ohtaki et al., 2010; Ohtaki et al.,
2011; Taylor et al., 2016). Additionally, the protective efficacy of WNV VLPs produced in insect
cells has been demonstrated in immunised mice against WNV challenge (Qiao et al., 2004)
and VLPs produced in mammalian cells induced NAbs in immunised mice (Takahashi et al.,
2009) and protected them against lethal WNV infection (Ohtaki et al., 2010). Although the
immunogenicity results of these studies illustrate the potential of using these VLPs as
candidate vaccines for WNV, they are not commercially available. However, the cost
associated with the establishment, maintenance and running of cell-based expression
systems does not make this a viable production option for LMIC. Plant production platforms
are more favourable due to the lower cost involved in establishing facilities and their running
costs, in addition to their safety and ease of scalability (Twyman et al., 2003; Rybicki, 2009;
Egelkrout et al., 2012; Martinez et al., 2012; Schillberg et al., 2019; Fischer & Buyel, 2020).
Several studies have illustrated the success of producing VLPs in N. benthamiana by
expression of heterologous proteins (Maclean et al., 2007; van Zyl et al., 2016; Dennis et al.,
2018a; Mbewana et al., 2018; Veerapen et al., 2018; Gunter et al., 2019; Marsian et al., 2019)
and due to the success of these studies, | proposed that the development of a method for the

production of WNV VLPs in N. benthamiana could yield a potentially viable candidate vaccine.

The successful expression of the prM and E genes of a virulent South African WNV strain
(components of WN VLPs) was demonstrated in chapter 2. Here, | investigated whether the
co-expression of these genes led to the formation of VLPs in planta. Since all prM
permutations expressed well on 4 dpi, | decided to evaluate all of them for VLP formation in
case the potential structural difference between these permutations (SS or plant expression

vector used) may influenced particle assembly.

As optimised in chapter 2, the pTRAkc-E, pEAQ-CNX and a prM construct (pTRAKc-prM,
PEAQ-Cs-SS-prM, pTRAC-Cg-SS-prM  or pTRAc-SS-prM)  were  co-infiltrated  into
N. benthamiana and leaves harvested and homogenised, the plant extract was clarified and
the proteins/particles matured O/N at RT. VLPs produced in insect and mammalian cells were
observed to have buoyant densities of ~1.11-1.16 g/cm? (Qiao et al., 2004; Hanna et al., 2005;
Takahashi et al., 2009; Ohtaki et al., 2010) which corresponds to ~25-40% sucrose. Therefore,
to concentrate the matured clarified extract | decided to pellet the particles through a 30%

sucrose cushion followed by purification of the concentrated precipitate on a discontinuous
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sucrose density gradient. Following ultracentrifugation, distinct bands at the 30/40%, 40/50%
and 50/60% interfaces were observed, collected and evaluated for the presence of proteins
and particles. Interestingly, protein detection for the different prM construct permutations used
was not identical. All three proteins were observed for the permutations where
PEAQ-Cs-SS-prM and pTRAKc-prM were used. Faint prM and E proteins were detected when
co-infiltrated with pTRAc-SS-prM and only the E protein was detected when co-infiltrated with
pTRACc-Cs-SS-prM. This could be as a result of the signal peptide used (LPH vs native SS with
8 amino acids of the C protein vs the native SS only) (Takahashi et al., 2009), yet only the E
protein was detected for the permutation where pTRAc-Cg-SS-prM was used and M, prM and
E were detected when pEAQ-Cs-SS-prM was used, which suggests that the expression vector
also plays a role in expression. A similar result was observed during optimisation (Chapter 2).
A similar phenomenon was reported by Mbewana et al. who did not observe any RVFV
chimaeric Gn protein when they infiltrated leaves with the chimaeric gene in the pTRAkc-ERH
plant expression vector, but when they infiltrated the same chimaeric gene in the pEAQ-HT

vector, protein expression was observed (Mbewana et al., 2018).

Regardless of protein detection, fractions 1 and 2 of each co-infiltration permutation were
evaluated for the presence of particles by TEM. VLPs of ~25-30 nm were observed for each
of the permutations in at least one of these fractions, and were visually comparable to those
produced in insect (Qiao et al., 2004) and mammalian cells (Takahashi et al., 2009; Ohtaki et
al., 2010). It has been suggested that the downstream translocation and topology of the
prM-E polyprotein is affected by the signal domain in regulating the processing of the
polyprotein and as such facilitating in the assembly, maturation and release of VLPs
(Takahashi et al., 2009). Takahashi and colleagues investigated the effect an extended or
truncated signal sequence upstream or downstream of the NS2B-3 cleavage site would have
on polyprotein processing (Takahashi et al., 2009). The authors hypothesised that the
construct containing the authentic signal sequence (in our study pTRAc-SS-prM) should result
in the best vyields regarding production, assembly, processing and secretion of VLPs.
Interestingly, however, a mutant construct N-terminally truncated by three residues was the
optimal producer of VLPs in mammalian cells. Similarly, based on our initial VLP purification
the optimal producer of VLPs seemed to be the construct with the LPH signal peptide
(pTRAkc-prM) and not the one with the native signal peptide (pTRAc-SS-prM). The LPH signal
peptide is a plant-codon optimised murine mAB24 heavy chain signal sequence that targets
proteins to the ER (Vaquero et al., 1999), and has previously been shown to work well in plants
(Maclean et al., 2007; Margolin et al., 2020). Reproducibility of the results for all co-infiltration

permutations proved difficult, with inconsistent protein and particle observation.
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Generally, structural viral proteins accumulate at modest levels when expressed in plants,
however, viral glycoproteins express poorly and even below the threshold of detection in
plants, for reasons not yet fully understood. Margolin and colleagues have hypothesised that
one of the factors responsible for the poor expression could be the protein incompatibility with
the endogenous plant chaperone proteins (Margolin et al., 2018). To overcome this bottleneck,
the authors have shown the effect that appropriate chaperones have on protein expression
(Margolin et al., 2020). No protein expression for several glycoproteins was observed from
N. benthamiana; however, upon co-expression with either human chaperone CNX or CRT,
detectable levels of proteins were observed by western blot. These results illustrate the
importance of correct protein folding within the plant and the important role that these
chaperones play in the secretory pathway. In conjunction with protein folding, correct protein
glycosylation is also important. Hanna et al., found that when they removed the glycosylation
sites from either the prM or E proteins of WNV, there was a decrease in the release of VLPs
in mammalian cells in comparison to when these proteins were glycosylated (Hanna et al.,
2005). In this study, the authors demonstrated the important impact N-linked carbohydrate
structures have on particle assembly and release. Taking this into consideration, | believe that
the poor reproducibility of our results may be due to poor protein stability. | established in
chapter 2 that optimal protein expression for the E protein was in the presence of the human
chaperone CNX. As | was co-infiltrating both these constructs with a membrane construct, |
expected that the proteins were folding correctly; however, | do not know their glycosylation

state.

In addition to protein folding and glycosylation, plant proteases also play a role in the stability
of purified proteins. The recent annotation of N. benthamiana’s core proteome has predicted
that it contains 1243 putative proteases that include 165 aspartic proteases, 307 cysteine
proteases, 498 serine proteases, 66 threonine proteases and 207 metalloproteases (Jutras et
al., 2020). Not all proteases are expressed in leaves but the most abundant leaf proteases are
the papain-like cysteine proteases, subtilisins and pepsin-like aspartic proteases and these
seem to affect recombinant proteins the most (Jutras et al., 2020). Recombinant proteins
expressed in plants are regularly targeted by these plant proteases and therefore result in
complete or partial hydrolysis of recombinant proteins which affect their stability. To prevent
further proteolytic activity following protein extraction from the leaf tissue | included 1x
cOmplete™ EDTA-free protease inhibitor (Roche) in the extraction buffer. This protease
inhibitor specifically inhibits serine and cysteine proteases; however, any proteases present
in the leaf extract during maturation not inhibited by this protease inhibitor may still hydrolyse

the WNV proteins, contributing to the instability of our purified product.
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Given that | was performing the protein/particle maturation steps at room temperature, |
considered that temperature could be responsible for protein and/or particle degradation and
in turn, be responsible for the inconsistency in protein and particle detection due to their
instability. Therefore, | theorised that performing the maturation step at 4°C instead of RT
might resolve the problems | was facing regarding reproducibility specifically in increasing the
life-span of the protease inhibitor activity. To simplify the process of optimising VLP
purification, a single prM construct was selected for co-infiltration instead of continuing with
four co-infiltration permutations. The pTRAkc-prM construct was selected based on the results
observed for the first purification method, where western blot analysis showed the detection
of the M, prM and E proteins and TEM revealed several VLPs. Although co-infiltration with
PEAQ-Cs-SS-prM yielded similar results, more non-specific bands were detected by western
blot and fewer particles were observed per frame of view than when co-infiltrated with
pTRAKc-prM.

Purification of VLPs from plants co-infiltrated with pTRAkc-E, pEAQ-CNX and pTRAkc-prM
was performed with the maturation step at 4°C instead of RT and following ultracentrifugation,
the same fractions were collected as before. Once more, duplication of these results was
inconsistent, with only the E protein being detected for one purification round and the M and
prM proteins remained undetected for all purification repeats. Moreover, particles of the
expected 25-30 nm size were only observed for a single purification experiment, once again

rendering this purification process unreliable due to the lack of reproducibility.

Next, | considered whether the physiological conditions of the plant extract could be affecting
the protein and/or particle stability since maturation of the clarified extract at 4°C did not
improve VLP purification but rather seemed to be less effective than maturation of the clarified
extract at RT. Consequently, | investigated the effect of performing the maturation on the plant
homogenate instead of the clarified extract at both RT and 4°C and adjusted the discontinuous
gradient ultracentrifugation time from 1 h to 2h 35 min to correspond with the conditions of
Ohtaki et al. (2010).

The conditions between the clarified extract and plant homogenate are expected to be
different: as all the plant material is removed for the clarified extract there should be fewer
plant proteins and proteases present than in the plant homogenate, where the homogenised
plant material is present. The disruption of the plant cells during homogenisation results in the
release of the WNV target proteins, plant proteins and proteolytic enzymes from the different
compartments of the host cell. During the clarification of the homogenised extract, most of
these contaminants are removed; however, it has been shown that some proteases might co-
purify with the target protein (Schiermeyer, 2020). However, the presence of the homogenised

plant material in the plant homogenate extract could allow for the secretion of insoluble WNV
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proteins from the plant material during the maturation step, while this is not possible for the
clarified extract. A possible step to include for the reduction of the plant proteins and
inactivation of proteases is a short heat treatment prior to the homogenisation of the leaf tissue
(Schiermeyer, 2020), which | could explore in future purifications.

Apart from the centrifugation time, the maturation state (plant homogenate) and the maturation
temperatures (RT vs 4°C), the purification process was performed as before. When the plant
homogenate was matured at RT, no WNV proteins were detected by western blot and no
VLPs were observed by TEM. The maturation of the plant homogenate at 4°C, however, had
comparable results to when the clarified extract was matured at RT. Western blot analysis
revealed the presence of the M, prM and E proteins and when the purification was repeated
both the prM and E proteins were detected. Repeat purifications also presented similar TEM
results of pleomorphic VLPs of 25-30 nm in F1 with the addition of protein/particle aggregates.
With an increase in the fraction densities (F2 and F3) less individual particles were present
with an increase in aggregates (data not shown). Takahashi and colleagues observed a similar
effect when they purified WNV VLPs from mammalian cells (Takahashi et al., 2009). Following
density gradient ultracentrifugation, VLPs of ~30 nm were visualised at a density of 1.11 g/cm?®
and in a lower fraction with a density of 1.16 g/cm?® they observed irregularly shaped particles
(~20 nm) that also seemed to aggregate and they proposed that these consist of E protein
aggregates. The authors stated that it is possible that the VLPs may be damaged during the
purification process and as such convert into aggregates of the E protein, which is possibly
what | observed. Interestingly, VLPs produced from maturation of the plant homogenate at
4°C more closely resembled those of DENV VLPs produced in N. benthamiana with their
‘fuzzy’ circular shape (Ponndorf et al., 2020), than those produced in insect (Qiao et al., 2004;
Rebollo et al., 2018b) and mammalian cells (Takahashi et al., 2009; Ohtaki et al., 2010; Ohtaki

et al., 2011) with their clear regular shape.

The purification of WNV VLPs from N. benthamiana was most consistent when matured in the
plant homogenate at 4°C. Once a reproducible purification process was established where
both WNV proteins and VLPs were regularly observed, | investigated whether | could refine
the process for the removal of the protein/particle aggregates to obtain a purer VLP sample.
A PEG precipitation step was performed followed by density gradient ultracentrifugation for
further purification of the precipitate. Unexpectedly, the addition of the PEG precipitation step
resulted in no protein or particle detection. Since the PEG precipitation was performed on the
clarified extract overnight at 4°C, the lack of WNV proteins or particles could be because the
maturation step was not performed in the plant homogenate first and subsequently followed

by a PEG precipitation step. This is a strategy to investigate in future studies.
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Various non-enveloped VLPs have been successfully produced in plants (Maclean et al.,
2007; Thuenemann et al., 2013; Peyret et al., 2015; van Zyl et al., 2016; Dennis et al., 2018a;
Dennis et al., 2018b; Veerapen et al., 2018; Gunter et al., 2019; Marsian et al., 2019). In the
case of enveloped VLPs, however, there is a limited number of plant-produced examples.
These include Influenza virus (D’Aoust et al., 2008; Lomonossoff & D’Aoust, 2016), Rift valley
fever virus (Mbewana et al., 2018) and most recently, dengue virus (Ponndorf et al., 2020).
The few published studies of enveloped VLPs produced in planta suggests that these are
inherently more difficult to produce than non-enveloped VLPs, which could explain the difficulty

| experienced in the purification of WNV VLPs.

In conclusion, | demonstrated that WNV VLPs can be produced in N. benthamiana from the
co-expression of the WNV prM and E genes in the presence of the human chaperone protein
calnexin, and determined a moderately reproducible purification process for the isolation of
these particles. However, the difficulties experienced during the optimisation of this purification
process and the extremely low VLP yields obtained could potentially lead to difficulties with
scaling up for commercialisation purposes. | considered an alternative approach for the
development of a candidate vaccine, based on antigen-display technology. This approach,
which may be more amenable to yielding immunogenic WNV proteins in tobacco, is described
in Chapter 4.
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Chapter 4:

Design, transient expression and characterisation of Spy-VLPs

4.1.Introduction

The WNV envelope protein monomer consists of three structurally distinct domains: these are
Edl, EdIl and EdIIl (Figure 1.3). EdI is the central unit that acts to stabilise the overall
orientation of the E protein and plays a role in its conformational changes; EdIl contains the
fusion-loop peptide involved in virus-membrane fusion during virus entry, and EdIIl is the
immunodominant epitope that induces NAbs (Mukhopadhyay et al., 2005; Zhang et al., 2017;
Campos et al., 2018). Numerous studies have been performed on WNV NADbs that bind to
different epitopes across EdI, EdIl and EdIII (Beasley & Barrett, 2002; Nybakken et al., 2005;
Oliphant et al., 2005; Oliphant et al., 2006; Goo et al., 2019), but data from murine mAbs
suggests that Edlll is the best target for NAbs (Heinz & Stiasny, 2012). In addition, it has been
shown that EdIll does not play a role in antibody-dependent enhancement (ADE) when inside
cells expressing Fc y receptors, in comparison to Edl and EdII, which do (Oliphant et al., 2006;
Brandler & Tangy, 2013). Consequently, EdlIIl is a favoured target domain for the development
of recombinant vaccines (Martina et al., 2008; Alonso-Padilla et al., 2011).

He et al. produced WNV EdIIl in N. benthamiana by transient expression (He et al., 2014).
They observed the highest levels of EdIIl expression when it was targeted to the ER rather
than when targeted to the cytosol or chloroplast, and they could easily purify EdIIl by pH
precipitation and nickel affinity chromatography, with an average accumulation of ~73 ug/g
FLW. Immunogenicity studies in mice showed that plant-produced Edlll elicited an equivalent
potency humoral response against WNV compared with E. coli-produced EdIII. In a follow-up
study, the authors illustrated that plant-produced EdIII elicited potent neutralisation against
WNV, with a 44-70% reduction in WNV infection in mice treated with serum from mice
immunised with plant-produced EdIll. In addition to the plant-produced EdIll protecting mice
against lethal challenge, no ADE was observed for ZIKV and DENV (Lai et al., 2018).

Vaccines based on epitopes have the drawback that multiple injections and/or strong
adjuvants are required for the induction of NAbs (Martina et al., 2008; Alonso-Padilla et al.,
2011; He et al., 2014; Lai et al., 2018). Furthermore, the WNV EdIIl antigen is a small
polypeptide that is susceptible to proteolytic degradation, thus limiting the extent of the

immune response stimulated (Thrane et al., 2016). However, this could be resolved with the
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use of antigen-display technology (section 1.4.3.5), by linking the EdIIl antigen to VLPs, which
are suited to stimulating a broad immune response due to the multiple arrays of antigen
presented to the immune system. Chen and colleagues fused WNV Edlll to the 3’ end of the
hepatitis B surface antigen (HBcAg) gene and transiently expressed HBcAg VLPs displaying
WNV EdIll in N. benthamiana (Chen et al., 2011). Assembly of these chimaeric VLPs was
confirmed, with high expression levels and they induced potent Edlll specific B and T cell
responses in mice. Besides genetic linking, antigens can also be post-translationally linked to
VLPs as demonstrated by Spon and colleagues who conjugated purified WNV EdIII protein to
purified AP205 VLPs (Spohn et al., 2010). Upon immunization, the EdIII-AP205 conjugate

candidate vaccine induced virus NAbs and protected mice from WNV challenge.

The above examples demonstrate the direct linking of antigen to VLPs at either the genetic or
protein level. Another approach to achieve conjugation is the use of peptides that have the
affinity to form bonds with each other, such as the SpyTag/SpyCatcher (ST/SC) system
(section 1.5). The ST/SC system is based on the affinity of the ST and SC peptides to
spontaneously form an irreversible isopeptide bond (Figure 1.8). The coupling of ST and SC
by the formation of an amide bond has been demonstrated to occur at a range of temperatures
(4-37°C), pH values (5-8), buffers and in the presence of non-ionic detergents (Zakeri et al.,
2012), demonstrating the versatility of this system (Reddington & Howarth, 2015; Brune &
Howarth, 2018).

Thrane et al. used the ST/SC technology to develop a Spy-VLP platform (section 1.5,
Figure 1.9) (Thrane et al., 2016). They fused the ST and SC peptides at the N terminus of the
bacteriophage AP205 C gene which, upon expression, yields particles of ~ 36 nm and ~ 43nm,
respectively, that display 180 ST/SC peptides on their surface. They successfully coupled 11
different antigens genetically fused to either ST or SC, to the Spy-VLPs in vitro that were
produced in insect and bacterial cells and observed an average display capacity of 65%. This
technology has also been used for the development of candidate vaccines for malaria (Brune
et al., 2016; Janitzek et al., 2016; Singh et al., 2017; Yenkoidiok-Douti et al., 2019; Harmsen
et al., 2020) and breast cancer (Palladini et al., 2018) predominantly produced in bacterial and
insect cells. Janitzek et al. demonstrated the potential of this Spy-VLP system for the
development of a combinatorial vaccine (Janitzek et al., 2019). The authors genetically fused
the L2 gene of HPV and the SC peptide at the 5 and 3’ ends of the AP205 C gene,
respectively, and the ST peptide to the N terminus of the VAR2CSA P. falciparum protein.
These constructs were expressed in E. coli and the purified products were coupled in vitro
which resulted in the formation of VLPs that displayed both the HPV L2 and VAR2CSA
antigens at high density. High levels of anti-L2 and anti-VAR2CSA IgGs were elicited in mice

vaccinated with the combinatorial vaccines.
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These studies illustrate the promise of this system for the development of VLP-based
vaccines. This technology presents the possibility for quick candidate vaccine production in
the instance of disease outbreaks as well as the opportunity for the development of multivalent
vaccines. | propose that the Spy-VLP system is a promising platform for the production of
candidate vaccines for flaviviruses such as WNV due to the potential of using EdIll as the

display antigen.

This chapter describes the design, cloning, transient plant expression and coupling of WNV-
Edlll to Spy-VLPs. Two SC-linked EdIll constructs were generated; one with the SC peptide
at the N- and the other at the C-terminus of the EdIll gene in the plant expression vector
pTRAKc-ERH. SC-linked EdIII protein expression was optimised by co-expression with human
chaperones (CNX and CRT), and protein extraction with the evaluation of various extraction
buffers. Finally, large scale protein purification was conducted as described by He et al. 2014.
Spy-VLPs were produced from pEAQ-ST-AP205 as optimised by Dr Sue Dennis (BRU, UCT).
Coupling of the ST-AP205 particles with SC-linked EdIIl was tested using 3 different

approaches.
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4.2.Materials and Methods
4.2.1. In-Fusion® cloning of SC-linked EdlIII
4.2.1.1. Fragment generation

The E gene was modified by amplification for: i) the isolation of the EdIll domain region, ii) the
fusion of a 6x His tag and 15 bp overlap with the pTRAkc-ERH vector on the one terminus
and, iii) the fusion of a GGGGS GGGGS flexible linker (Gly-linker) on the other terminus of
EdIII (Figure 4.1).

Gly-linker |20prdHI

P 3 s Gly-linker Edlll 6x His | pTRAkc
A) N terminus : _ ’ :> ¥ | |

20bp Edil | 6x His |15bppTRAkc

15bppTRAkc| 6x His |20prdHI

i , ) pTRAkc 6x His Edlll Gly-linker
B) C terminus 5 _ 3 |:> 5 | | ,

20bpEdlll | Gly-linker

Figure 4.1. Schematic representation of In-fusion EdIll fragment generation by PCR amplification.
(A) EdIll intermediate fragment for the attachment of the SC peptide to the N terminus. (B) EdIll
intermediate fragment for the attachment of the SC peptide to the C terminus. Purple arrows represent
forward primers and blue arrows represent reverse primers to be used. Generated fragments are

illustrated after the black arrow.

The SC peptide was amplified from the pEAQ-SC-AP205 construct (available in BRU library)
and then modified by amplification for i) the fusion of a 15 bp overlap with the pTRAkc-ERH

vector or, ii) the fusion of a Gly-linker (Figure 4.2).

79



15bp pTRAke

A) N terminus 5

Gly-linker

B) C terminus 5

20bp SC

SpyCatcher

3

20bp SC |Gly-linker

20bpSC

SpyCatcher

3

20bpSC | 15bp pTRAke

—

pTRAkc SpyCatcher

5 Gly-linker SpyCatcher

Gly-linker
—— 3

pTRAkc
—— 3

Figure 4.2. Schematic representation of In-fusion SC fragment generation by PCR amplification.

(A) SC intermediate fragment for the attachment to the N terminus of EdIIl. (B) SC intermediate

fragment for the attachment to the C terminus of EdIIl. Yellow arrows represent forward primers and

red arrows represent reverse primers to be used. Generated fragments are illustrated after the black

arrow.

Fragments illustrated in Figure 4.1 and 4.2 were generated by PCR amplification of 10 ng

template DNA with primers specified in Table 4.1 (Appendix B: Table 3) using Phusion Hot

Start 1l High-fidelity DNA Polymerase (Thermo Scientific) according to manufacturer’s

instructions. Amplified fragments were purified from agarose gels using the Macherey-Nagel™

NucleoSpin™ Gel and PCR Clean-up kit (Macherey-Nagel™) per manufacturer’s instructions

and stored at -20°C until further use.

Table 4.1. Primers used to generate EdIll and SC DNA fragments.

. Ta Size
Gene Primers 5’ addition 3’ addition Fragment
() (bp) J
Fpl _ pTRAkc-ERH Gly-linker .
E Rp1 65 360 6x His pTRAkc-His-EdIII-Gly
sc ;E; 65  -400  Gly-linker ~ PTRAKC-ERH Gly-SC-pTRAKC
Fp4 _ . pTRAkc-ERH .
E Rp4 65 360 Gly-linker 6 His Gly-EdIll-His-pTRAkc
sc ;';2 65  ~400 pTRAKc-ERH Gly-linker PTRAKc-SC-Gly
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4.2.1.2. Fragment assembly
EdIIl and SC DNA fragments generated (section 4.2.1.2) were assembled (Figure 4.3) for In-
Fusion® cloning into the pTRAkc-ERH plant expression vector.

Fragments were assembled as detailed in Table 4.2 by PCR amplification and gel purification
of generated fragments as described in section 4.2.1.1. Assembled fractions were stored at

-20°C until further use.

Table 4.2. Primers used for fragment assembly of SC and EdlIII.

SC . Ta Size
terminus Fragments Primers C) (bp) Assembled Fragment
N Gly-Edlll-His-pTRAkc Fp4
pTRAKc-SC-Gly Rp3 65 ~730 pTRAkc-SC-Gly-Edlll-His-pTRAkc
C pTRAkc-His-EdIII-Gly Fpl
Gly-SC-pTRAKC Rp2 65 ~730 pTRAkc-His-EdIlI-Gly-SC-pTRAkc

4.2.1.3. In-Fusion® reaction

Assembled fragments illustrated in Figure 4.3 and listed in Table 4.2 were ligated into
linearised pTRAKc-ERH (section 2.2.4) and transformed in Stellar™ competent E. coli cells
(Clontech) using the In-Fusion® HD Cloning kit (Separations) as per manufacturer’s

instructions (Figure 4.4).

E. coli colonies were screened for recombination by colony PCR using primers listed in
Table 4.2 and recombinant plasmids were isolated as described in section 2.2.3 and all
constructs verified by sequencing. Recombinant pTRAkc-ERH plasmids were electroporated
into A. tumefaciens GV3101::pMP90RK cells and recombinant colonies screened as
described in section 2.2.5.

81



A) N terminus

GIy-Iinker| 20bp Edlll
p4

GIy-Iinkerl Edll | 6xHis| pTRAke
5
+ |::> pTRAkc SpyCatcher I GIy-Iinkerl Edlll | Bx Hisl pTRAke
5 3
pTRAke | SpyCatcher I Gly-linker
5 ¥
- Rp3

20bp SC | Gly-linker

B) C terminus

15bppTRAkc| 6x His |20prdIII
Fp1 »

’ pTRAke | 6x His | Edlll | Gly-linker
+ |:> 5 pTRAke | Bx His | Edlll | GIy-Iinkerl SpyCatcher pTRAKc
GIy-Iinkerl SpyCatcher I pTRAkc
5

< Rp2
20bp SC | 15bp pTRAkKc

Figure 4.3. Schematic representation of In-fusion® fragment assembly by PCR amplification. (A) Assembly of SC and EdlIl fragments to generate EdIII-SC N
terminal fragment using primers; Fp4 and Rp3. (B) Assembly of SC and EdIll fragments to generate SC-EdIII C terminal fragment using primers; Fp1 and Rp2.

Generated fragments are illustrated to the right of the black arrow
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A) pTRAkc-SC-EdIll

Figure 4.4. Schematic representation of SC-linked EdIIl constructs in plant expression vector
pTRAkc-ERH. (A) pTRAkc-SC-EdIll: EdIll with the SC peptide on the N terminus.
(B) pTRAKc-EdIII-SC: EdIIl with the SC peptide on the C terminus.

4.2.2. Small scale expression of SC-linked EdIIl in N. benthamiana

A. tumefaciens-mediated transient small scale expression was performed as described in

section 2.2.6 at optical densities as described in Appendix D: Table 5.

4.2.2.1. SC-linked EdIIl expression

A. tumefaciens pTRAkc-SC-EdIIl and pTRAkc-EdIII-SC constructs were each infiltrated at two
ODsoo: 0.25 and 0.5. Infiltrated leaves were harvested 4, 5 and 6 dpi and protein extracted as
described in section 2.2.7.1 using 1x PBS (pH 7.4). Following maturation, pellet and
supernatant crude extracts were evaluated for protein expression by western blot as described
in section 2.2.8.

4.2.2.2. Co-expression of SC-EdIIl with the human chaperone CNX

A. tumefaciens pTRAkc-SC-EdIl was infiltrated with and without pEAQ-CNX at an ODggo 0.5
each. Infiltrated leaves were harvested 4, 5 and 6 dpi, and protein extracted and evaluated by

western blot as described in section 4.2.2.1.

4.2.2.3. Optimal extraction buffer determination

A. tumefaciens pTRAkc-SC-EdIIl and pTRAkc-EdIII-SC constructs were each co-infiltrated
with pEAQ-CNX each at an ODggo 0.5. Infiltrated leaves were harvested at 4 dpi and protein
extracted as described in section 2.2.7.1 comparing buffers: 1x PBS (pH 7.4),
1X PBS (pH 6.0) and Tris buffer [100 mM Tris.HCI (pH 8.0), 150 mM NacCl, 1x cOmplete™
EDTA-free protease inhibitor (Roche)]. Extracted protein was evaluated by western blot as

described in section 2.2.8.
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4.2.2.4. CNXvs CRT co-expression with SC-linked EdIII

A. tumefaciens pTRAkc-SC-EdIIl and pTRAkc-EdIII-SC constructs were each co-infiltrated
with pEAQ-CNX and pEAQ-CRT each at an ODeo 0.5. Infiltrated leaves were harvested at
4 dpi and protein extracted as described in section 2.2.7.1 using Tris buffer. Extracted protein

was evaluated by western blot as described in section 2.2.8.

4.2.3. Large scale expression and purification of SC-linked EdIIlI from N.

benthamiana

Large scale infiltration was performed as described in section 3.2.1. pTRAkc-SC-EdIll and
pTRAkc-EdIII-SC were co-infiltrated with pEAQ-CRT each at an ODsoo 0.5 and leaves
harvested at 4 dpi. Proteins were purified as described by He et al. (2014) with modifications.
Leaves were homogenised in 2 volumes of Tris buffer using an IKA® T-25 ULTRA-TURRAX®
(Sigma-Aldrich) homogeniser. Crude extracts were matured O/N at 4°C with agitation and
filtered through 2 layers of MiraCloth™ (Merck). The filtered extract was clarified by
centrifugation at 18 000 x g for 30 min at 4°C. The pH of the clarified extract was adjusted to
5.0 and the extract centrifuged at 18 000 x g for 30 min at 4°C and the supernatant recovered.
The pH of the recovered supernatant was adjusted back to 8.0 and subjected to another
centrifugation. The supernatant was recovered, filtered through a 0.45 uM filter and then
loaded on a 5 mL nickel affinity column (HisTrap™ HP, GE Healthcare) and purified with an
automated fast protein liquid chromatography (FPLC) system (AKTA Explorer™, GE-
Healthcare). The column was equilibrated with binding buffer [L00 mM Tris.HCI (pH 8.0), 0.5
M NacCl] and SC-linked EdIII protein was eluted with elution buffer [L00 mM Tris.HCI (pH 8.0),
0.5 M NacCl, 0.5 M imidazole). Five mililiter fractions were collected with a fraction collector
and an absorbance reading at 280 nm determined for each fraction.

The purity of SC-linked EdIII proteins was determined and quantified by Coomassie blue-
staining [0.1% Coomassie Brilliant Blue R-250, 50% methanol and 10% glacial acetic acid] of
bands separated by SDS-PAGE. Quantification of SC-linked EdIll protein bands was
performed using GeneTools software (Synoptics Inc.) as determined from a standard bovine
serum albumin [(BSA) Separations] curve constructed from various concentrations (0.5 —

0.016 pg/uL). Purified fractions were stored at 4°C for further analysis.
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4.2.4. ST-AP205 VLP purification from N. benthamiana

AP205 VLPs were generated and purified according to methods previously optimised by Dr
Sue Dennis (BRU, UCT). pEAQ-ST-AP205 was infiltrated at an ODeggo 0.25 and large scale
infiltration was performed as described in section 3.2.1. Leaves were harvested at 4 dpi and
homogenised in 2 volumes of 1x PBS (pH 7.4) using a Moulinex™ juice extractor. The leaf
pulp was incubated with the extracted juice at 4°C for 30 min with agitation. The crude extract
was filtered through 4 layers of MiraCloth™ (Merck) and clarified by centrifugation at
25 000 x g for 20 min at 4°C.

ST-AP205 VLPs were purified by ultracentrifugation through a discontinuous iodixanol
(Optiprep™, Sigma Aldrich) density gradient. A 7 mL step gradient consisting of 23%, 29%
and 35% iodixanol densities (2, 3 and 2 mL respectively) diluted in extraction buffer was
layered under ~30 mL clarified plant extract and centrifuged at 174 586 x g for 2 h at 4°C in
an SW32 Ti rotor (Beckman). Five-hundred microliter fractions were collected from the bottom
of the tube and 30 pL of each was evaluated by western blot and Coomassie blue-stained
SDS-PAGE. VLP proteins were quantified by gel densitometry and particles (~30 nm)
visualised by TEM as described in section 3.2.3.

4.2.5. In vitro coupling of purified ST-AP205 VLPs and SC-linked EdIlI

Purified ST-AP205 VLPs and SC-linked EdIII proteins stored at 4°C, were coupled at 1:1, 1:2,
1:5 and 1:10 molar ratios, respectively O/N at 4°C. ST-AP205 VLPs and SC-linked Edlll
antigens were mixed with 1x cOmplete™ EDTA-free protease inhibitor (Roche) and coupling
buffer [0.05 M MES, 0.05 M NaCl, 2.7 mM KCI, 10 mM NaH;PO., 1.8 mM KH.PO4 (pH 6.4)].
Coupling controls included individual ST-AP205, SC-EdIIl and EdIII-SC reactions. Reactions

were evaluated for complex formation by Coomassie blue-stained SDS-PAGE.

Purified ST-AP205 VLPs and EdIII-SC proteins were coupled as described above with molar
ratios of 1:1, 1.5:1, 2:1, 1:1.5 and 1:2 ST-AP205:EdIlI-SC. Reactions were evaluated for
complex formation by western blot with polyclonal rabbit anti-ST-AP205 and polyclonal rabbit
anti-WNV-EdIII sera (Appendix E: Table 6).

4.2.6. ST-AP205 and EdIII-SC co-expression

PEAQ-ST-AP205, pTRAkc-EdIII-SC and pEAQ-CRT were co-infiltrated at ODeoo 0.3 each as
described in section 3.2.1. Leaves were harvested 5 dpi and VLPs purified as described in

section 4.2.4 with a single modification. Homogenised leaf pulp and juice were incubated at
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4°C for 1 h with agitation before clarification. Collected fractions were analysed by western
blot with polyclonal rabbit anti-ST-AP205 and polyclonal rabbit anti-WNV-EdIII sera.

Total EdIIl protein was quantified for fractions 6-9 by indirect ELISA. Ninety-six-well Maxisorpe
microtitre plates (Nunc) were coated in triplicate with 100 pL/well 20 ng, 10 ng, 5 ng, 2.5 ng
and 1.25 ng E. coli-produced WNV EdIII protein diluted in coating buffer [LO mM Tris (pH 8.5)]
to generate a standard curve. The same was done for fractions 6-9 and the plate incubated
O/N at 4°C. The plate was blocked with TBS blocking buffer [3% BSA in 1x TBS (50 mM Tris,
150 mM NacCl, pH 7.5)] for 1 h at 37°C after which it was washed four times with 1x TST
[1x TBS (pH 7.5), 0.05% Tween®20]. Polyclonal rabbit anti-WNV-EdIIl serum was diluted to
1:5000 in TBS blocking buffer and 100 uL added to each well and the plate incubated for 1 h
at 37°C. Blank wells containing no antibody were included as a background control. The plate
was washed as before and 100 pL of goat anti-rabbit IgG alkaline phosphatase conjugate
(Sigma) diluted to 1:10 000 in blocking buffer was added to each well and incubated at 37°C
for 1 h. Following incubation, the plate was washed four times with 1x TBS (pH 9) buffer and
200 pL SIGMAFAST™ p-Nitrophenyl phosphate (pNPP, Sigma) was added per well. The plate
was developed in the dark for 30 min after which the absorbance was measured at 405 nm
on a BIO-TEKe Powerwave XS microtitre plate reader.

Equal amounts of EdIII protein in fractions 6-9 was evaluated by western blot with polyclonal
rabbit anti-ST-AP205 and polyclonal rabbit anti-WNV-EdIII sera.

4.2.7. ST-AP205 and EdIII-SC co-extraction

PEAQ-ST-AP205 and pTRAKkc-EdIII-SC were infiltrated as described in sections 4.2.4 and
4.2.3, respectively. Leaves were harvested 5 dpi and a 1:1 ratio of FLW was combined for

homogenisation, purification and quantification as described in section 4.2.6.

4.2.8. ST-AP205 and EdIII-SC co-extraction optimisation
4.2.8.1. Density gradient ultracentrifugation

PEAQ-ST-AP205 and pTRAKkc-EdIII-SC were infiltrated as described in sections 4.2.4 and
4.2.3, respectively. Leaves were harvested 4 dpi and 1:2 FLW ST-AP205/EdIII-SC were
homogenised in 2 volumes of 1x PBS (pH 7.4) using a Moulinex™ juice extractor. The leaf
pulp was incubated with the extracted juice at 4°C O/N with agitation to allow for coupling to
occur. The crude extract was filtered through 4 layers of MiraCloth™ (Merck) and clarified by

centrifugation at 25 000 x g for 20 min at 4°C. Spy-VLPs were purified by ultracentrifugation
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as described in section 4.2.4, the 29% fraction collected, diluted to 10 mL in 1x PBS (pH 7.4)
and layered over a 10-40% linear iodixanol (Optiprep™, Sigma Aldrich) density gradient and
centrifuged as before. One milliliter fractions were collected from the bottom of the tube and
25 pL of each was evaluated by western blot.

4.2.8.2. Extraction ratios

PEAQ-ST-AP205 and pTRAKc-EdIII-SC were infiltrated as described in sections 4.2.4 and
4.2.3, respectively. Leaves were harvested 4 dpi and 1:1, 1:2, 1:3 and 1.4 FLW
ST-AP205/EdIII-SC were homogenised in 2 volumes of 1x PBS (pH 7.4) using a Moulinex™
juice extractor. The leaf pulp was incubated with the extracted juice at 4°C O/N with agitation
to allow for coupling. Spy-VLPs were purified as described in section 4.2.4. and 1 mL fractions
collected from the bottom of the tube. Total EdIll protein in fractions 3-5 was determined by
indirect ELISA as described in section 4.2.6 and evaluated by western blot with polyclonal
rabbit anti-ST-AP205 and polyclonal rabbit anti-WNV-EdIII sera; VLPs were visualised by TEM
as described in 3.2.3.

The coupling efficiencies (percentage occupancy of a whole VLP’s binding sites — assuming
that coupling occurs at the same rate for every peptide-motif) were estimated by densitometric
analysis of anti-ST-AP205 western blots using GeneTools software (Synoptics Inc.). The
intensity value of the AP205:EdIll complex protein band (41.5 kDa) was divided by the intensity
value of the ST-AP205 protein band (16.5 kDa) before isopeptide formation with EdIII-SC and

multiplied by 100 to estimate the percentage coupling efficiency.

% Counli . _ AP205: EdllI intensity value 100
o Coupling ef ficiency = ST AP205 monomer intensity value before coupling

The antigen-display capacity (number antigens/VLP) was estimated by multiplying the
coupling efficiency with 180.

Antigen display capacity = coupling ef ficieny X 180

The yield of coupled AP205:EdIll was determined by densitometric analysis of anti-WNV-EdIlI
western blots using GeneTools software (Synoptics Inc.) with an E. coli produced EdIII protein

standard.

87



4.3.Results
4.3.1. Confirmation of SC-linked EdIll In-Fusion® constructs

The In-Fusion® cloning process was performed in three steps: i) generation of EdIll
(Figure 4.1) and SC (Figure 4.2) fragments, ii) assembly of fragments to generate SC-linked
Edlll fragments (Figure 4.3) and iii) In-Fusion® cloning of assembled fragments into linearised
pTRAKc-ERH plant expression vector (Figure 4.4) to yield pTRAkc-SC-Gly-EdllI-His-pTRAkc
and pTRAkc-His-EdIII-Gly-SC-pTRAKkc.

The EdIll and SC fragments were successfully amplified with the primers listed in Table 4.1
for the incorporation of a 6x His tag, Gly-linker and 15 bp overlapping fragments of the
pTRAkc-ERH vector (Figure 4.1 and 4.2) on the 5 or 3’ termini. Amplification yielded the
following fragments: pTRAkc-His-EdIlI-Gly; ~360 bp, Gly-SC-pTRAkc; ~400 bp, pTRAkc-SC-
Gly: ~400 bp, and Gly-EdIlI-His-pTRAkc; ~360 bp (Figure 4.5A).

Following the EdIIl and SC fragment generation, the fragments were assembled to allow for
the construction of an N and C terminal SC-linked EdIII fragment (Figure 4.3). EdIll and SC
fragments were successfully assembled by PCR amplification with primers listed in Table 4.2

to yield fragments of ~730 bp each (Figure 4.5B).
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Figure 4.5. Generation of EdIll and SC fragments by PCR amplification and assembly of EdIIl and SC
fragments for In-Fusion® cloning visualised on agarose gels stained with ethidium bromide. (A) PCR
amplification for isolation of EdIll and SC fragments for the addition of a 6x His tag, Gly-linker and 15
bp overlap of the pTRAkc-ERH vector to either terminus of EdIIl, and the addition of a Gly-linker and
15 bp overlap of the pTRAkc-ERH vector to either terminus of SC. (B) Assembly of EdIll and SC
fragments for the construction of SC-linked EdlIIl constructs. An N terminal SC-linked fragment: SC-Gly-
EdllI-His, and a C terminal SC-linked fragment: His-EdIlI-Gly-SC were generated. Both assembled
fragments were flanked by 15 bp overlapping pTRAkc-ERH regions at the 5’ and 3’ termini to allow for

In-Fusion® cloning. MW, the molecular weight marker. NT, no template control.
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In-Fusion® cloning was performed following fragment assembly (Figure 4.5B) for the insertion
of the assembled fragments into linearised pTRAkc-ERH (Figure 4.4) vyielding
pTRAkc-SC-EdIll and pTRAkc-EdIII-SC. Transformed E. coli cells were screened by colony
PCR to yield products of ~730 bp (Figure 4.6A) as expected. The recombinant constructs were
transformed into A. tumefaciens GV3101::pMP90ORK. Successful transformation was
confirmed by colony PCR using vector-specific primers (Appendix B: Table 1) to yield
fragments of ~930 bp (Figure 4.6B).
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Figure 4.6. Verification of In-Fusion® clones by PCR amplification from transformed E. coli cells (A) and
transformed A. tumefaciens GV3101::pMP90RK cells (B) visualised on agarose gels stained with
ethidium bromide. Two pTRAkc-ERH constructs were generated resulting in SC being fused to EdlIll on
the N or the C terminus. MW, the molecular weight marker. NT, no template control.

4.3.2. Small scale expression of SC-linked EdIIl in N. benthamiana
4.3.2.1. SC-linked EdIIl expression

Two optical densities of Agrobacterium harbouring pTRAkc-SC-EdIIl and pTRAkc-EdIII-SC
were evaluated to determine the optimal ODege for maximum SC-Edlll and EdIII-SC
expression. TSP amounts were determined for the insoluble (pellet) and soluble (supernatant)
fractions of crude extracts harvested from leaves at 4, 5 and 6 dpi for each infiltration
permutation. Twenty-five micrograms of crude insoluble and soluble SC-linked EdIII protein
extracts were evaluated by western blot using polyclonal rabbit anti-WNV-EdIIl antiserum for
the detection of SC-EdIIl and EdIlI-SC proteins of ~25 kDa in size.

No protein of the expected size was observed in either of the insoluble or soluble fractions for
all harvest days for each infiltration permutation (ODego 0.25 and 0.5) (Figure 4.7). However,
a non-specific band of ~28 kDa was observed in the insoluble fractions (p), including the

negative control for all infiltration permutations.
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Figure 4.7. Expression of the SC-linked EdIIl proteins at ODeoo 0.25 and 0.5. Proteins were isolated 4,
5and 6 dpi and 25 pg of TSP of pellet (p) and supernatant (s) were loaded into each lane. The negative
controls (-) are crude leaf extracts of plants infiltrated with pTRAkc-ERH empty vector. Proteins were
detected with anti-WNV-EdIIl antiserum (1:20 000). MW, the molecular weight marker.

4.3.2.2. Co-expression of SC-EdIIl with the human chaperone CNX

Since no SC-linked EdIll protein was detected when the constructs were expressed on their
own, it was decided to co-express them with the human chaperone protein CNX due to the
enhanced yields previously observed for E protein co-expression with CNX (Figure 2.7). Thus,
pTRAkc-SC-EdIll was infiltrated with and without pEAQ-CNX at an ODsoo 0.5 each and leaves
harvested 4, 5 and 6 dpi. Equal amounts of TSP of the crude insoluble and soluble fractions
was evaluated by western blot using polyclonal rabbit anti-WNV-EdIll antiserum for the
detection of SC-EdIII protein; ~25 kDa (Figure 4.8).

When SC-EdIll was expressed on its own, no 25 kDa SC-EdlIIl protein was observed in both
the insoluble and soluble fractions across all harvest days (Figure 4.8A) confirming previous
observations (Figure 4.7). However, when SC-EdIIl was co-expressed with CNX, a ~25 kDa
band was observed in the soluble fractions across all harvest days (Figure 4.8B — indicated
by the black arrow). The highest level of protein expression was observed at 4 dpi, based on
band intensities. Two non-specific bands approximately 27 and 30 kDa were present in all
fractions across all days with or without the co-expression of CNX, except for the soluble

fractions where SC-EdIIl protein was detected.

Based on these results | concluded that for SC-linked EdlIIl protein expression to be detected,
co-expression with a human chaperone protein is necessary. When co-expressed with CNX

the SC-EdIII protein was soluble and the highest protein yield was observed at 4 dpi.
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Figure 4.8. Expression of the SC-EdIII protein without (A) and with (B) CNX. Proteins were isolated 4,
5and 6 dpi and 25 pg of TSP of pellet (p) and supernatant (s) was loaded into each lane. Proteins were
detected with anti-WNV-EdIIl antiserum (1:20 000). Black arrow indicates SC-EdIII protein (~25 kDa)
(A) Expression of pTRAkc-SC-EdIll on its own. (B) Co-Expression of pTRAkc-SC-EdIll and pEAQ-CNX.
The negative controls (-) are crude leaf extracts of plants infiltrated with pTRAkc-ERH empty vector.

MW, the molecular weight marker.

4.3.2.3. Optimal extraction buffer determination

Since extraction buffer components can potentially influence protein yields, three extraction
buffers were compared to determine the optimal buffer for extraction of maximum amounts of
SC-Edlll and EdIII-SC. pTRAkc-SC-EdIll and pTRAkc-EdIII-SC were each co-infiltrated with
PEAQ-CNX at an ODsoo 0Of 0.5 each. Leaves were harvested and protein extracted at 4 dpi.
Protein was extracted using 1x PBS (pH 7.4); the standard buffer used for previous SC-linked
extractions, 1x PBS (pH 6.0) selected based on the success observed previously when used
for extraction of the prM and E proteins (Figure 2.9); and, Tris buffer described by He et al.
(2014) who used this buffer for the extraction of EdIIlI protein from N. benthamiana. Equal
amounts of TSP in insoluble and soluble fractions from crude extracts were evaluated by
western blot using polyclonal rabbit anti-WNV-EdIII antiserum for the detection of SC-linked
EdIII proteins; ~25 kDa (Figure 4.9).

Across all buffers tested, similar non-specific bands (~22, 24, 27 and 30 kDa) were observed
for all samples including the negative control in the insoluble fractions (Figure 2.9A). SC-linked
EdIll protein was detected in the insoluble fraction (pellet) for EdIII-SC, present in all buffer
extracts, but no SC-EdIll was detected (Figure 2.9A — indicated by the red arrow). Both

SC-EdIll and EdIII-SC proteins were detected in the soluble fraction (supernatant) for all
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extraction buffers used (Figure 2.9B — indicated by the blue and red arrows respectively),
however, SC-EdIll proteins were slightly smaller in size than EdIII-SC proteins but were
expected to be the same size. Based on band intensity for both SC-linked EdIII proteins, more
protein was isolated using the Tris extraction buffer in comparison to 1x PBS at pH 6.0 and
pH 7.4 (Figure 2.9B). In the instance of EdIII-SC, when extracted with the Tris buffer no
additional protein bands were detected in the soluble fraction compared to the other buffers.
Overall, less non-specific protein bands were detected in the soluble fractions compared to

the insoluble fractions.

Based on these observations | concluded that the SC-linked EdIIl proteins are primarily soluble
regardless of extraction buffer used. However, extraction with the Tris buffer resulted in higher

SC-linked EdlIll protein yields than when using 1x PBS regardless of the pH.
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Figure 4.9. Extraction of SC-linked EdIIl proteins with three buffers: 1x PBS (pH 6.0), 1x PBS (pH 7.4)
and Tris buffer. Proteins were isolated 4 dpi and 25 pg of TSP of pellet (A) and supernatant (B) was
loaded into each lane. Proteins were detected with anti-WNV-EdIIl antiserum (1:20 000). The blue arrow
indicates the SC-EdIII protein and the red arrows indicate EdIII-SC protein. (A) Insoluble fractions of
crude protein extracts. (B) Soluble fractions of crude protein extracts. The negative controls are crude
leaf extracts of plants infiltrated with pTRAkc-ERH empty vector. MW, the molecular weight marker. 6.0,
1x PBS (pH 6.0). 7.4, 1x PBS (pH 7.4). Tris, Tris buffer (pH 8.0).

4.3.2.4. CNXvs CRT co-expression with SC-linked EdIII

When the SC-linked EdIII proteins were co-expressed with CNX the proteins were primarily
soluble. Therefore, co-expression with CNX and CRT were compared since these chaperones
associate with insoluble and soluble proteins, respectively, to determine the best co-
expression combination for each SC-linked EdIII protein.
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pTRAkc-SC-EdIll and pTRAKkc-EdIII-SC were each co-infiltrated with pEAQ-CNX and
PEAQ-CRT at an ODego 0.5 each. Leaves were harvested and protein extracted at 4 dpi using
the Tris buffer. Equal amounts of TSP of crude extracts from insoluble and soluble fractions
were evaluated by western blot using polyclonal rabbit anti-WNV-EdIII antiserum for the
detection of SC-linked EdIIl proteins; ~25 kDa (Figure 4.10).

As observed in Figure 4.9, only EdIII-SC protein was detected in the insoluble fraction (Figure
4.10A - indicated by the red arrow). No protein was observed for SC-EdIIl in the insoluble
fraction irrespective of the chaperone protein used for co-expression. However, both SC-
linked EdIII proteins were observed in the soluble fraction for both co-expression permutations
(Figure 4.10B), demonstrating that these proteins are highly soluble. For both EdIlI-SC and

SC-EdIll proteins, more protein was observed when co-expressed with CRT than CNX.

Based on these results, future co-expression was performed with CRT for optimal protein

yields.
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Figure 4.10. Co-expression of SC-linked EdIll proteins with human chaperone proteins, CNX and CRT.
Proteins were isolated 4 dpi and 25 ug of TSP of pellet (A) and supernatant (B) was loaded into each
lane. Proteins were detected with anti-WNV-EdIIl antiserum (1:20 000). The blue arrow indicates the
SC-EdIll protein and the red arrows indicate EdIII-SC protein. (A) Insoluble fractions of crude protein
extracts. (B) Soluble fractions of crude protein extracts. The negative controls are crude leaf extracts
of plants infiltrated with pTRAkc-ERH empty vector. MW, the molecular weight marker. CNX, co-
expression with CNX. CRT, co-expression with CRT.
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4.3.3. Large scale expression and purification of SC-linked EdIIl from N.

benthamiana

Approximately 70 g of leaves were homogenised for large scale purification of both SC-EdIII
and EdIII-SC proteins. Following pH precipitation for the removal of plant proteins
(Appendix F: Figure 4), the SC-linked EdIIl proteins were further purified by nickel affinity
chromatography (Appendix G: Figure 5). Protein elution fractions were evaluated for SC-linked
Edlll proteins by western blot using polyclonal rabbit anti-WNV-EdIII antiserum; ~25 kDa
(Figure 4.11A and C) and the purity of collected fractions was evaluated by Coomassie blue-
stained SDS-PAGE (Figure 4.11B and D).

A protein elution peak was observed in F18-24 (Appendix G: Figure 5A) for SC-EdIIl and
subsequently, protein was detected in the crude (c) extract and F19-23 by western blot
(Figure 4.11A), and F20-23 by Coomassie blue-stained gels (Figure 4.11B). The most intense
protein bands were observed in F21-23 and these fractions had the least number of plant

contaminating proteins.

For EdIII-SC, an elution peak was observed in F18-26 (Appendix G: Figure 5B) and protein
was detected in the crude (c) extract and F18-25 by western blot (Figure 4.11C) and
Coomassie Blue-stained gels (Figure 4.11D); ~25 kDa. The EdIII-SC protein band in F25 was

the most intense of all the evaluated fractions, with no contaminating plant proteins.
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Figure 4.11. Purification of SC-linked EdIII proteins using nickel affinity chromatography following pH
precipitation. Equal volumes of clarified crude plant extract and elution fractions were loaded in each
lane. F15 represented an unbound fraction. Proteins were detected with anti-WNV-EdIIl antiserum
(1:20 000) for western blots. (A) SC-EdIII fractions analysed by western blot and (B) Coomassie blue-
stained gel. (C) EdIII-SC fractions analysed by western blot and (D) Coomassie blue-stained gel. MW,

the molecular weight marker. C, clarified crude plant extract. F, fraction collected.

Based on the intensity of the protein bands observed in F23 and F25 of SC-EdIll and
EdIII-SC, respectively, and that the elution peaks spanned F18-24 (Appendix G: Figure 5) it
was concluded that these fractions contained most of the desired protein. Therefore, F23 and
F24 of SC-EdIll and F24 and F25 of EdIlI-SC were quantified by gel densitometry
(Figure 4.12). F23 and F24 of SC-EdIII had similar protein concentrations of 0.013 pg/uL and
0.011 pg/pL respectively (Figure 4.12A). Higher concentrations were observed for EdIII-SC
with ~0.1 pg/pL for F24 and 0.15 pg/uL for F25 (Figure 4.12B).
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Figure 4.12. Quantification of purified SC-linked EdIIl proteins by gel densitometry using a BSA
standard. (A) Quantification of SC-EdIIl protein fractions collected after purification by nickel affinity
chromatography. F23 = 0.013 pg/uL and F24 = 0.011 pg/uL. (B) Quantification of EdIII-SC protein
fractions collected after purification by nickel affinity chromatography. F24 = 0.1 pg/uL and
F25 = 0.15 pg/uL. MW, the molecular weight marker.

4.3.4. ST-AP205 VLP purification from N. benthamiana

The Spy-VLP system (ST-AP205) developed by Thrane et al. (2016) was selected as the VLP
core for the display of the EdIIl protein of WNV. This system was selected due to the
successful expression and purification of the ST-AP205 VLPs in high vyields from

N. benthamiana as demonstrated previously by Dr Sue Dennis (BRU, UCT).

The pEAQ-ST-AP205 construct was infiltrated at an ODeoo 0f 0.25 and leaves harvested at
4 dpi. ST-AP205 VLPs were purified by discontinuous iodixanol density gradient
ultracentrifugation and 30 pL of collected fractions were evaluated for ST-AP205 protein
(Figure 4.13A) and quantified (Figure 4.13B) by Coomassie blue-stained SDS-PAGE and
VLPs (~30 nm) visualised by TEM (Figure 4.13C and D).

ST-AP205 protein was observed in fractions 1-6 (Figure 4.13A). In all fractions, a monomer of
16.5 kDa, a dimer of 33 kDa and a tetramer of ~66 kDa was present (as previously shown by
Dr Sue Dennis during her PhD) with an increase in band intensity corresponding with a
decrease in iodixanol density (F5-6). A band of approximately 55 kDa in size representing the

RuBisCO large subunit was also visible in the negative control and all purified fractions.

Purified fractions were stored at 4°C for several days before protein quantification was
performed. Upon protein quantification, a faint monomeric ST-AP205 coat protein band was

observed for fraction 4 and 5 (Figure 4.13B) as a result of protein degradation occurring during
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storage. Protein concentrations were determined from a BSA standard as F4 = 0.027 pg/uL
and F5 = 0.044 pg/uL.

Electron micrographs of fraction 6 showed numerous particles with a diameter of
approximately 30 nm, indicating that the ST-AP205 protein purified from plants forms VLPs
(Figure 4.13C and D).
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Figure 4.13. Purification of ST-AP205 VLPs from N. benthamiana. (A) Coomassie blue-stained SDS-PAGE of collected fractions following ultracentrifugation through a
discontinuous iodixanol density gradient. Arrows indicate a ST-AP205 protein monomer (16.5 kDa), dimer (33 kDa) and tetramer (66 kDa). The negative control is crude leaf
extracts of plants infiltrated with pTRAkc-ERH empty vector. MW, molecular weight marker. (B) Quantification of purified ST-AP205 protein fractions 4 and 5 by gel densitometry
using a BSA standard. Arrow indicates the quantified bands: F4 = 0.027 pg/pL and F5 = 0.044 pg/pL. MW, molecular weight marker. (C-D) Electron micrograph of purified
ST-AP205 VLPs (~30 nm) from fraction 6. Scale bars (C) 100 nm and (D) 50 nm.
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4.3.5. In vitro coupling of purified ST-AP205 VLPs and SC-linked EdIII

The purified ST-AP205 VLPs (section 4.3.4) were coupled in vitro with purified SC-linked EdIII
proteins (section 4.3.3). Complex formation between ST-AP205 and the SC-linked EdlIIl
proteins is confirmed by a molecular weight shift (Figure 4.14). Since | showed that the AP205
coat protein can exist in multimeric forms, it is possible that at least 2 different-sized complexes
may be detected: 16.5 kDa ST-AP205 monomer + 25 kDa SC-linked EdIIl = 41.5 kDa
AP205:EdIll monomeric product; and 33 kDa ST-AP205 dimer + 25 kDa SC-linked EdIII =
58 kDa AP205:EdIll dimeric product.

Purified ST-AP205 VLPs and SC-linked EdIll proteins were coupled at various molar ratios
O/N at 4°C and evaluated for complex formation by Coomassie blue-stained SDS-PAGE or

by western blot (Figure 4.15).

A) 5@

Coupling

Figure 4.14. Schematic representation of ST-AP205 VLP and SC-linked EdIll coupling. (A) SC-linked
Edlll protein (yellow lightning bolt represents the 6x His tag) and ST-AP205 VLPs with 180 binding
motifs (as each AP205 VLP is composed of 180 coat protein subunits) are added together to allow for
isopeptide bond formation between the ST and SC peptides located on the EdIll antigen and AP205
VLP, respectively. (B) Following incubation of the coupling reaction an AP205:EdIll complex forms,
where the EdIll antigen is displayed on the AP205 VLP surface. This complex formation is detected by

a molecular weight shift from the two single components’ size in kDa to the sum of them.

Coupling reactions with ST-AP205 and SC-EdIll did not result in any detectable molecular
weight shifts for any of the coupling ratios tested (Figure 4.15A). Only monomeric ST-AP205
protein (red arrow) and SC-EdIl protein (blue arrow) were visualised in the Coomassie blue-
stained SDS polyacrylamide gel. However, complex formation was observed when EdIII-SC
was coupled with ST-AP205 (Figure 4.15B). In addition to the 16.5 kDa (red arrow) and
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25 kDa (blue arrow) sized bands of ST-AP205 and EdIII-SC, respectively, a protein band of
~41.5 kDa (black arrow) representing a ST-AP205 monomer coupled to EdIII-SC was
visualised in all 4 coupling reactions carried out. However, no corresponding increase in
coupled product yield (black arrow) with an increase in the amount of EdIII-SC included in the

coupling reaction was observed.

The influence of different molar ratios of ST-AP205 and EdIII-SC on AP205:EdIIl coupled
product yield was investigated by varying both ST-AP205 and EdIII-SC ratios (Figure 4.15C).
In this case, both monomeric and dimeric AP205:EdIII coupled products (black arrows) were

observed for all 5 coupling molar ratios tested with similar yields regardless of the molar ratios

(black arrows).
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Figure 4.15. Analysis of ST-AP205 and SC-linked EdlIll complex formation by Coomassie blue-stained
SDS-PAGE (A-B) and by western blot using anti-ST-AP205 combined with anti-WNV-EdIIl sera (1:20
000 each) (C). Coupling reactions were performed at molar ratios of 1:1, 1:2, 1:5 and 1:10 ST-
AP205:SC-linked EdIll (A-B) and 1:1, 1.5:1, 2:1, 1:1.5 and 1:2 ST-AP205:EdIII-SC (C). Red arrows
indicate ST-AP205 proteins (monomer = 16.5 kDa, dimer = 33 kDa, tetramer = 66 kDa), blue arrows
indicated the SC-linked EdIIl proteins (~25 kDa) and black arrows indicate the complex formation
(AP205:EdIll) revealed by a molecular weight shift to 41.5 kDa (16.5 kDa + 25 kDa) as a monomer and
58 kDa (33 kDa + 25 kDa) as a dimer. (A) Coupling analysis of ST-AP205 and SC-EdIIl. (B-C) Coupling
analysis of ST-AP205 and EdIII-SC. MW, molecular weight marker. SC-EdIIl, SC-EdIII protein only
control. ST-AP205, ST-AP205 only control. EdIII-SC, EdIII-SC protein only control.
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4.3.6. ST-AP205 and EdIII-SC co-expression vs co-extraction

Following the success of in vitro coupling of purified ST-AP205 VLPs and purified EdIII-SC
proteins, | investigated whether coupling could occur in vivo by the co-expression of
PEAQ-ST-AP205 and pTRAKc-EdIII-SC in N. benthamiana. The ST-AP205 proteins were
targeted to the cytosol while the EdIII-SC proteins were targeted to the ER followed by
secretion to the cytosol, thus if coupling should take place it would be in the plant cytosol. |
also investigated if co-extraction of leaves separately infiltrated with each of these constructs
would result in coupling. Spy-VLPs from co-expression and co-extraction experiments were
purified by discontinuous iodixanol density gradient ultracentrifugation and fractions collected
from the bottom of the tube were analysed by western blot using anti-ST-AP205 and
anti-WNV-EdIII sera.

Coupled AP205:EdIIl products (41.5 kDa and 58 kDa) were observed both when ST-AP205
and EdIII-SC were co-expressed in vivo (Figure 4.16A black arrows) and when leaves
individually infiltrated with ST-AP205 and EdIII-SC were co-extracted (Figure 4.16B black
arrows). ST-AP205 proteins as different subunits; monomeric, dimeric and tetrameric were
detected for both co-expression (Figure 4.16A red arrows) and co-extraction (Figure 4.16B
red arrows) of ST-AP205/EdIII-SC, but no uncoupled EdIII-SC protein was observed. In
fractions 6-9 (29% iodixanol) for both co-expression and co-extraction; protein doublets were
detected for ST-AP205 protein subunits which could be as a result of protein degradation or
loss of the ST peptide by enzymatic cleavage during purification (AP205 coat protein only
~14 kDa).
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Figure 4.16. Analysis of ST-AP205 and EdIII-SC complex formation by western blot using anti-ST-
AP205 and anti-WNV-EdIII sera (1:20 000 each). Red arrows indicate ST-AP205 proteins (monomer =
16.5 kDa, dimer = 33 kDa, tetramer = 66 kDa) and black arrows indicate the complex formation revealed
by a molecular weight shift to 41.5 kDa (16.5 kDa + 25 kDa) as a monomer and 58 kDa (33 kDa +
25 kDa) as a dimer. (A) Coupling analysis of ST-AP205 and EdIII-SC co-expressed in N. benthamiana.
(B) Coupling analysis of ST-AP205 and EdIII-SC from leaves co-extracted from individual infiltrations.

MW, molecular weight marker.

Since both ST-AP205/EdIII-SC co-expression and co-extraction resulted in AP205:EdII
complex formation (Figure 4.16), it was determined which of the two methods — co-expression
or co-extraction — resulted in the highest yield of AP205:EdIll complexes. Total protein
concentrations of EdIIl were determined by indirect ELISA in fractions 6-9 (29% iodixanol).
For each quantified fraction of the co-expressed and co-extracted ST-AP205/EdIII-SC, 12 ng
of EdIll protein was subsequently evaluated for complex formation by western blot using
anti-WNV-EdIII (Figure 4.17A) and anti-ST-AP205 (Figure 4.17B) sera.

In both fractions 7 and 8 from co-extracted ST-AP205/EdIII-SC, a monomer and dimer of
AP205:EdIll was detected (Figure 4.17A black arrows). Whereas from samples of co-
expressed of ST-AP205/EdIII-SC, monomeric and dimeric AP205:EdIll complexes were only
detected in fraction 7. The protein bands observed in the co-extraction fractions were more

intense than those observed in the co-expression fraction when detected with anti-Edlll sera.

When anti-ST-AP205 serum was used for protein detection, monomeric AP205:EdIll was
faintly detected in fractions 7 and 8 of co-extracted ST-AP205/EdIII-SC (Figure 4.17B black
arrow). No other AP205:EdIIl complexes were detected, but multimeric uncoupled ST-AP205
proteins (Figure 4.17B red arrows) were detected across all lanes. As observed in Figure 4.16,

multiple bands for ST-AP205 were detected specifically in the monomeric form (Figure 4.17B)

102



which could be as a result of protein degradation and/or proteolytic cleavage of the ST peptide
from AP205 during either or both the purification process and storage at 4°C.

Based on band intensities, since equal EdIII protein was loaded, | concluded that co-extraction
of ST-AP205/EdIII-SC resulted in the highest yield of AP205:EdIll complexes.
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Figure 4.17. Analysis of ST-AP205 and EdIII-SC complex formation by western blot. Equal EdIII protein
(12 ng) was loaded in each lane for fraction 6-9 of co-expressed and co-extracted ST-AP205/EdIII-SC.
Red arrows indicate ST-AP205 proteins (monomer = 16.5 kDa, dimer = 33 kDa, tetramer = 66 kDa) and
black arrows indicate the complex formation revealed by a molecular weight shift to 41.5 kDa (16.5 kDa
+ 25 kDa) as a monomer and 58 kDa (33 kDa + 25 kDa) as a dimer. (A) EdIII protein detection of
fractions 6-9 of ST-AP205/EdIII-SC co-expressed vs. co-extracted using anti-WNV-EdIIl serum
(1:20 000). (B) ST-AP205 protein detection of fractions 6-9 of ST-AP205/EdIII-SC co-expressed vs co-
extracted using anti-ST-AP205 serum (1:20 000). MW, molecular weight marker.

4.3.7. ST-AP205 and EdIII-SC co-extraction optimisation

The purification of the AP205:EdIIl complexes was further investigated to remove uncoupled
proteins, specifically ST-AP205 due to its abundance (Figure 4.17B red arrows). The first
approach was to evaluate if the AP205:EdIll complexes could be separated from uncoupled
ST-AP205 proteins with a two-step density gradient ultracentrifugation purification protocol
(section 4.3.7.1). The second approach was to vary the FLW ratio of ST-AP205 to EdIII-SC to
determine whether | could reduce the presence of uncoupled ST-AP205 proteins and at the

same time increase the AP205:EdIll coupled product yield by increasing the amount of
EdIII-SC FLW (section 4.3.7.2).
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4.3.7.1. Density gradient ultracentrifugation

To determine whether | could purify the AP205:EdIll complex from the uncoupled ST-AP205
proteins, a second density gradient ultracentrifugation step was performed. Following
discontinuous density gradient ultracentrifugation; the 29% fraction was collected, diluted and
loaded onto a 10-40% linear iodixanol density gradient and ultracentrifuged for the separation
of the AP205:EdIIl complexes from all the uncoupled ST-AP205 protein subunits (16.5, 33 and
66 kDa). The collected fractions were evaluated by western blot using anti-ST-AP205 and anti-
WNV-EdIII sera.

Further separation of uncoupled ST-AP205 protein subunits and AP205:EdIll complexes were
not observed with the additional density gradient ultracentrifugation step (Figure 4.18). Protein
bands for both coupled and uncoupled products were detected in the same fractions (F15-26).
Instead, a dilution of the AP205:EdIIl complex across several fractions was observed rather
than a separation from uncoupled ST-AP205, when compared to the 29% input load.

Based on these observations | concluded that a second density gradient ultracentrifugation
purification does not result in the separation of AP205:EdIll complexes from uncoupled
ST-AP205 protein subunits.
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Figure 4.18. Western blot analysis of ST-AP205 subunits and AP205:EdIIl complexes following a two-
step density gradient ultracentrifugation purification. Proteins were detected using anti-ST-AP205
combined with anti-WNV-EdIll antisera (1:20 000 each). Red arrows indicate ST-AP205 proteins
(monomer = 16.5 kDa, dimer = 33 kDa, tetramer = 66 kDa) and black arrows indicate the AP205:EdIlI
complex revealed by a molecular weight shift to 41.5 kDa (monomer) and 58 kDa (dimer). (A) C, crude
plant homogenate. 29%, diluted 29% fraction diluted that was loaded onto the linear density gradient.

MW, molecular weight marker.

104



4.3.7.2. Extraction ratios

Since a second density gradient ultracentrifugation purification step did not result in the
separation of the AP205:EdIll complexes from uncoupled ST-AP205 protein subunits
(Figure 4.18), the focus was shifted towards decreasing the amount of uncoupled ST-AP205
protein subunits while at the same time increasing the yield of AP205:EdIIl complexes by
varying FLW extraction ratios. Infiltrated leaves were extracted at FLW ratios of 1:1, 1:2, 1:3
and 1:4 of ST-AP205 to EdIII-SC. Spy-VLPs were purified by ultracentrifugation through a
discontinuous iodixanol density gradient and total EdIII protein in fractions 3-5 (29% iodixanol)
was determined by indirect ELISA. Equal EdIll quantities of 6 ng for each extraction ratio
permutation was evaluated by western blot using anti-WNV-EdIIl (Figure 4.19A) and anti-ST-
AP205 (Figure 4.19B) sera.

Figure 4.19A presents equal amounts of EdIIl protein detected by anti-WNV-EdIII serum for
each of the extraction ratios. AP205:EdIlIl monomeric and dimeric complexes were detected
for extraction ratios 1:1, 1:2 and of 1:3, with only monomeric AP205:EdIIl detected for the 1:4
extraction ratio (black arrows). Based on protein band intensities of the AP205:EdIIl monomer
complex, the highest yield of coupled product was observed in fractions 3 and 4 at an
extraction ratio of 1:2 and the lowest yield was observed when extracted at a 1:4 ratio
(ST-AP205 to EdIII-SC).

When considering the presence of uncoupled ST-AP205, more uncoupled ST-AP205 protein
subunits could be observed than coupled AP205:EdIll complexes when leaves were extracted
at a 1:1 FLW ratio (Figure 4.19B red arrows). As expected, with an increase in the FLW of
EdIII-SC to ST-AP205, a decrease in uncoupled ST-AP205 protein subunits was observed.
However, unexpectedly a decrease in coupled AP205:EdIIl complexes was also observed
when extracted at a 1:4 FLW ratio. Similarly to the observation in Figure 4.19A, the highest
yield of AP205:EdIll was observed when leaves were extracted at a 1:2 FLW ratio of
ST-AP205 to EdIII-SC.
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Figure 4.19. Western blot analysis of ST-AP205/EdIII-SC FLW extraction ratios. Infiltrated leaves were
extracted at ratios of 1:1, 1:2, 1:3 and 1:4 ST-AP205/EdIII-SC. Equal Edlll protein (6 ng) was loaded in
each lane for fractions 3-5 of each extraction ratio. Red arrows indicate ST-AP205 proteins (monomer
= 16.5 kDa, dimer = 33 kDa, tetramer = 66 kDa) and black arrows indicate the AP205:EdIll complex
revealed by a molecular weight shift to 41.5 kDa (monomer) and 58 kDa (dimer). (A) Edlll protein
detection of fractions 3-5 of each extraction ratio using anti-WNV-EdIIl serum (1:20 000). (B) ST-AP205
protein detection of fractions 3-5 of each extraction ratio using anti-ST-AP205 serum (1:20 000).
ST-AP205, purification of ST-AP205 leaves only. MW, molecular weight marker.

Biological repeats of these extraction ratios consistently resulted in the highest yield of
AP205:EdIll complexes when extracted at a 1:2 FLW ratio, with an average coupling efficiency

of 51% for F3-5 which correlates to an antigen-display capacity of 92 EdIII/VLP.
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4.3.7.3. TEM of purified AP205:EdIll VLPs

The presence of Spy-VLPs was confirmed by TEM (Figure 4.20) for F3 of the 1:2 extraction
ratio. VLPs of the expected diameter size of ~30 nm was observed with an average of 27

particles per field of view at a magnification of X80 000 (Figure 4.20B).

Figure 4.20. Electron micrograph of 1:2 extraction ratio purified AP205:EdIIl VLPs (25-30 nm) from
fraction 3. Yellow arrows indicate VLPs. Scale bars (A) 100 nm (X40 000 magnification) and (B) 50 nm
(X80 000 magnification).
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4.4 Discussion

The use of antigen-display technology for the production of particulate candidate vaccines has
become popular in the past couple of years (Spohn et al., 2010; Chen et al., 2011; Brune et
al., 2016; Janitzek et al., 2016; Singh et al., 2017; Palladini et al., 2018; Yenkoidiok-Douti et
al., 2019; Harmsen et al., 2020). The advantages of using VLPs instead of singular antigens
as vaccines are in large part due to their size (20-200 nm) that allow for optimal uptake by
antigen-presenting cells as well as their dense repetitive surface structures that enable
complement fixation and B cell receptor clustering, which are responsible for the activation of
the innate immune system and antibody production (Chen & Lai, 2013; Thrane et al., 2016).
Due to the difficulty experienced in producing a native WNV candidate vaccine based on the
expression of the prM and E genes (Chapter 3), it was proposed to develop an antigen-display
based vaccine using the ST/SC technology to present the immunodominant WNV Edlll protein
on the surface of AP205 VLPs.

DNA constructs were generated with the SC peptide fused to the N or C terminus of the EdllI
region. The SC peptide rather than the ST peptide was selected for genetic fusion to the EdIIl
gene due to the increased expression yields observed for several E. coli produced proteins
when fused to the SC rather than the ST peptide (Thrane et al., 2016). Additionally, our lab
has demonstrated that a higher yield of AP205 protein is obtained from infiltrated plants when
fused to the ST peptide than when fused to the SC peptide. Expression of the SC-linked EdlIII
constructs in N. benthamiana resulted in no detectable SC-linked EdIIl proteins.
Subsequently, | co-expressed SC-EdIIl with the human chaperone protein CNX, as Margolin
et al. found that protein expression could only be detected for certain glycoproteins when co-
expressed with a human chaperone protein to ensure correct protein folding (Margolin et al.,
2020). Upon the co-expression of SC-EdIIlI with CNX, SC-EdIIl protein was detected. Since
the SC-EdIIl proteins were soluble, | investigated which human chaperone protein (CNX vs
CRT) resulted in the best protein expression. A higher yield of protein was obtained when SC-
linked EdIIl was co-expressed with CRT, which was expected as CRT is a soluble luminal
protein situated within the ER that is known to associate with soluble proteins, whereas CNX
is known to associate with membrane-bound proteins (Ellgaard & Helenius, 2003). From this
point onwards, CRT was always co-expressed with SC-linked Edlll constructs when infiltrating

N. benthamiana.

Next, the influence of different extraction buffers on protein yield was evaluated as this can
influence protein yields (Martinez et al., 2010; Buyel et al., 2015). The original buffer used for
protein extraction was a neutral buffer: 1x PBS (pH 7.4); the use of this was compared to that

of an acidic buffer: 1x PBS (pH 6.0). The acidic buffer was tested due to the success previously
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observed when used for extracting WNV prM and E proteins from plants (Chapter 3). The final
buffer selected for comparison was a Tris buffer (pH 8.0) used by He et al. (2014) for the
purification of plant produced WNV EdlIII protein. SC-linked EdIII proteins were successfully
isolated using all three buffers with the highest protein yield and least non-specific bands
obtained using the Tris buffer (pH 8.0). Based on this result, the SC-linked EdIIl proteins were
further purified using this buffer and the protocol described by He et al. (2014), making use of
pH precipitation followed by nickel affinity chromatography. This resulted in high
concentrations of purified proteins similar to what they obtained (~73ug/g FLW) specifically for
EdIII-SC of approximately 69 mg/kg FLW, with a much lower yield observed for SC-EdIII of
approximately 9 mg/kg FLW.

In vitro coupling of the purified SC-linked EdIII proteins to purified ST-AP205 VLPs at various
molar ratios was successful when the SC peptide was located on the C terminus of the EdlIlI
protein. However, when the SC peptide was located on the N terminus of EdIll, no coupling
was observed. | suspect that this could be as a result of proteolytic cleavage taking place near
or within the SC peptide during protein processing given that the SC-EdIll protein was
observed to be several kilodaltons smaller than the EdIII-SC protein, when in fact they should
be the same size. If a piece of the SC peptide gets cleaved off the SC-EdIII protein it almost
certainly would render the peptide incapable of forming the covalent bond with the ST peptide
on the AP205 particle and as a result, would explain the lack of coupling.

The various processes required to produce coupled AP205:EdIll consisted of; infiltration,
purification by density gradient ultracentrifugation and quantification of the Spy-VLP proteins
as well as infiltration, purification by pH precipitation and nickel affinity chromatography
followed by quantification of the EdIII-SC protein. Once the concentrations of the two
components were known, the molar ratios for in vitro coupling could be calculated, and only
then could the coupling reaction be performed. This lengthy process does not lend itself well
to commercialisation because of the time it takes to obtain the final product and the cost
associated with each purification step especially when considering large-scale production.
Therefore, | wanted to investigate if there was a way in which | could achieve the same result

of a coupled AP205:EdIIl complex, avoiding unnecessary purification steps.

Peyret et al. demonstrated the successful coupling of GFP-ST and the HIV capsid protein
P24-ST with tHBcAg-SC in vivo, by co-infiltrating each of the Spytagged constructs with the
tHBcAg-SC construct in N. benthamiana. tHBcAg VLPs were purified by density gradient
ultracentrifugation and coupling between the VLP and either GFP or P24 was confirmed by
western blot (Peyret et al., 2020). Furthermore, Roder et al. successfully coupled
endoglucanase Cell2A fused to the SC peptide to Spytagged Potato virus X (PVX-ST)

particles by simply homogenising PVX-ST systemically infected N. benthamiana leaves
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together with leaves infiltrated with the Cel12A-SC construct and purifying the coupled PVX
particles further by layered bead chromatography (Rdder et al., 2017). Based on these
successes, | investigated if |1 could purify coupled AP205:EdIIl by co-infiltration of the
ST-AP205 and EdIII-SC/CRT constructs and/or if | co-extracted leaves from plants infiltrated
separately with these constructs. Both approaches resulted in the purification of coupled
AP205:Edlll by a single density gradient ultracentrifugation purification step. These results,
together with those obtained by Peyret and colleagues and Rdder et al., illustrate that coupled
products can be obtained without the need for several and lengthy purification processes,
thereby making the downstream processing less time consuming and possibly more

economically viable (Roder et al., 2017; Peyret et al., 2020).

| found that co-extraction of leaves from plants infiltrated separately with ST-AP205 and
EdII-SC/CRT resulted in a higher yield of AP205:EdIll complexes in comparison to when
these constructs were co-infiltrated. Co-extraction involved the modification of the assembled
AP205 VLPs however the co-expression of ST-AP205 and EdIII-SC would involve the
modification of the AP205 coat protein prior to the incorporation into VLPs, which could explain
the difference in coupling yields. Similar to the in vitro coupling experiment, co-infiltration and
co-extraction of the ST-AP205 and EdIII-SC proteins yielded uncoupled products. However,
in the instance of co-infiltration and co-extraction, there was only uncoupled ST-AP205 protein
subunits detected, whereas for the in vitro coupling both uncoupled ST-AP205 protein
subunits, as well as uncoupled EdIII-SC protein, was detected. Since the co-infiltrated and co-
extracted proteins were purified by density gradient ultracentrifugation specifically for particle
isolation, it was possible to remove all uncoupled EdIII-SC proteins as their density allowed
them to accumulate in the supernatant above the 23% iodixanol density step. This is in
contrast to Peyret et al. who after a two-step cushion ultracentrifugation purification of their
co-infiltrated leaf extracts had both uncoupled GFP-ST and P24-ST proteins in addition to the
uncoupled tHBcAg-SC proteins in their 70% purified fraction (Peyret et al., 2020). Rdder et al.
also observed both uncoupled Cell2A-SC and PVX-ST proteins after co-extraction, but
layered bead chromatography successfully removed all uncoupled Cell12A-SC and similar to
this study they only observed uncoupled PVX-ST proteins together with their coupled product
(Roder et al., 2017).

The presence of uncoupled proteins appears to be a typical by-product of this technology
regardless of the production platform and purification process used (Zakeri et al., 2012; Brune
et al., 2016; Janitzek et al., 2016; Thrane et al., 2016; Singh et al., 2017; Palladini et al., 2018;
Janitzek et al., 2019; Harmsen et al., 2020). Importantly, what needs to be noted is that the
VLP cores (in most cases) consist of multiple copies of a single protein; in the instance of

AP205 VLPs, this is 180 coat protein subunits. Therefore, each VLP core has different display
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capacities: e.g. ST-AP205 has 180 (Thrane et al., 2016), PVX-ST has ~1200 (Rdder et al.,
2017) and tHBcAg-SC has either 90 or 120 (Peyret et al., 2015; Peyret et al., 2020).
Considering this, logically it makes sense that most particles would have the target protein
(antigen, enzyme etc.) coupled to at least one peptide-motif displayed on its surface, rather
than having particles with 100% occupancy and some with 0%. Therefore, | need to consider
that what | refer to as uncoupled VLP proteins represent only some of the protein subunits
within a particle that are not coupled, rather than an entire ‘uncoupled’ particle. Nonetheless,
the final goal is to reach the highest coupling density possible since it is an important factor in

B cell activation (Thrane et al., 2016).

Due to the ease of coupling by co-extraction and the absence of uncoupled EdII-SC protein
after purification, this strategy was selected for further optimisation instead of co-infiltration
and in vitro coupling after ST-AP205 and EdIII-SC protein purification. Further purification to
remove the uncoupled ST-AP205 protein subunits was investigated for the co-extracted
ST-AP205 and EdIII-SC infiltrated leaves. Due to the presence of a His-tag on the N terminus
of EdIIl, the next obvious step was to purify the fractions containing AP205:EdIll by nickel
affinity chromatography. However, the AP205:EdIll complex did not bind to the nickel column
and was present in the flow-through (data not shown). It is possible that the His-tag was hidden
due to how the proteins have folded and as a result could not bind to the nickel resin (Egelkrout
et al., 2012). This could be resolved by the addition of a linker sequence (e.g. Gly-linker)
between the EdIll gene and the His-tag as was done for the genetic fusion of the SC peptide
(Chen et al., 2013).

The next approach was directed towards separating the AP205:EdIll complex from any
uncoupled ST-AP205 protein subunits based on their density. | hypothesized that due to the
display of EdIII on the surface of AP205, a particle with high EdIll occupancy might have a
slightly greater density than a ST-AP205 particle that has little to no coupled EdIlll and that
these might be separated by a linear density gradient. Consequently, the 29% density fraction
from the discontinuous iodixanol density gradient was diluted following ultracentrifugation and
subject to a second ultracentrifugation through a linear iodixanol density gradient. No
separation between the uncoupled ST-AP205 protein subunits and AP205:EdIll complexes

was observed. Instead, the AP205:EdIll product was diluted across several fractions.

Consequently, the third approach rather focused on decreasing the amount of uncoupled
ST-AP205 protein subunits and/or increasing the amount of AP205:EdIll complexes at the
same time, basically aiming to increase the VLP occupancy by EdIIl. This was investigated by
varying the FLW extraction ratios, specifically looking at whether if | increased the FLW of
EdII-SC | would see an increase in coupling and as a result a decrease in uncoupled ST-
AP205. Four FLW extractions ratios were evaluated; namely a 1:1, 1:2, 1:3 and 1:4 ST-AP205
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to EdIII-SC and as expected an increase in AP205:EdlIll and a decrease in uncoupled ST-
AP205 were observed. Interestingly, however, at an extraction ration of 1:4 little to no
uncoupled ST-AP205 was detected with a similar quantity of AP205:EdIIl as for the 1:1
extraction ratio. Thrane and colleagues observed that there was a correlation between antigen
size and the density of antigen display on the particles which suggests that steric hindrance
plays a role in coupling (Thrane et al., 2016). | propose that in the presence of too much
protein, steric hindrance could also affect the coupling process and as such explain why | see
similar coupling densities when co-extracting at a 1:1 and 1:4 FLW ratio, with coupling

efficiencies of 9% and 8% respectively.

Similar coupling densities were observed for the 1:2 and 1:3 FLW co-extraction ratios, with
average coupling efficiencies of 51% and 48% respectively. These are similar to previously
reported results obtained when using the ST/SC technology (Janitzek et al., 2016; Thrane et
al., 2016; Roder et al., 2017; Palladini et al., 2018). Both of these extraction ratios resulted in
a larger quantity of coupled product than the 1:1 and 1:4 extraction ratios. As expected a
decrease in the uncoupled ST-AP205 protein subunits was achieved with the increase in the
EdII-SC FLW ratio, representing an increase in VLP occupancy with EdIIl. Consistently, the
1:2 FLW extraction ratio had higher coupling efficiencies and better coupling densities based
on western blot band intensity and as such was selected as the optimal expression ratio to
use with a yield of approximately 36 mg/kg AP205:EdIll per FLW. The presence of particles
was also confirmed by TEM and VLPs of ~30 nm in diameter were observed at an amount of

approximately 27 particles per field of view at a magnification of X80 000.

The work reported in this chapter illustrates the ease and diversity with which this Spy-VLP
system can be used. | could readily produce pure ST-AP205 VLPs at high yields in plants of
approximately 50 mg/kg FLW. Although the production of pure SC-linked EdIIl proteins was
more time consuming than for ST-AP205, | could produce EdIII-SC which successfully coupled
to ST-AP205 at a yield of approximately 69 mg/kg FLW. Alternatively, | demonstrated that
coupled AP205:EdIII could be produced by co-infiltration of these constructs as well as co-
extraction of leaves individually infiltrated with these constructs, with a yield of ~36 mg/kg
AP205:EdIll per FLW for the latter.

The ease of production of these coupled products and the yields at which | could produce
them, in comparison to the difficulty with the production of native WNV VLPs (Chapter 3),
illuminates the potential of this platform for the production of VLP-based vaccines for WNV.
Additionally, this work represents the potential of using plants as biofactories for the production

of recombinant proteins.
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Chapter 5:

Conclusion

Since the first isolation of WNV in Uganda in 1937 (Smithburn et al., 1940), the virus has
spread and become endemic in countries across Africa, America, the Middle East, West Asia
and Australia (Castro-Jorge et al., 2019). The rapid and continuous spread of WNV and its
continuous disease outbreaks in human, horse and bird populations (David & Abraham, 2016;
Venter et al., 2017; Aberle et al., 2018; Kolodziejek et al., 2018; Lopez-Ruiz et al., 2018; Silva
et al., 2019; Sinigaglia et al., 2019; Papagiannis et al., 2020; Zana et al., 2020) are of great
concern since there is no specific antiviral treatment available and little to no surveillance of

the virus.

WNYV can be prevented by vaccination, with several equine vaccines licensed and produced
in America (Castro-Jorge et al., 2019) and Europe (Rebollo et al., 2018a); however, no human
vaccine has been licensed. Even though there are equine vaccines available these can be
difficult to obtain in LMIC due to the costs associated with the importation of the vaccines, the
administrative challenges of procuring import permits, the cost of the vaccines themselves and
the need for annual vaccination. Therefore, there is a desperate need for the development of
a safe, effective and affordable vaccine that could be readily produced in LMIC to resolve

these issues.

The development of plant-based production platforms is favourable in LMIC due to the lower
cost involved for the establishment and running of the facilities as well as their safety and ease
of scalability (Twyman et al., 2003; Rybicki, 2009; Egelkrout et al., 2012; Martinez et al., 2012;
Schillberg et al., 2019; Fischer & Buyel, 2020). The use of plants as biofactories for the
production of VLPs, specifically in N. benthamiana, has been illustrated for many viruses
(Maclean et al., 2007; D’Aoust et al., 2008; Peyret et al., 2015; van Zyl et al., 2016; Dennis et
al., 2018a; Mbewana et al., 2018; Veerapen et al., 2018; Gunter et al., 2019; Marsian et al.,
2019; Ponndorf et al., 2020), demonstrating the promise of this technology for the
development of particulate candidate vaccines. The main aim of this study was to develop a
particulate candidate vaccine for WNV using N. benthamiana as the production platform. Our
approach was two-fold; firstly to determine whether | could produce a native VLP candidate
vaccine by expressing the WNV prM and E genes; and secondly, to investigate the production
of a display-based candidate vaccine using the ST/SC technology to display the WNV EdIlI

protein on the bacteriophage AP205 patrticle surface.
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I successfully demonstrated the production of both of these candidate vaccines. The
production of the native WNV VLP proved difficult due to poor reproducibility and low VLP
yield. Regardless, | demonstrated that VLPs assembled by co-expressing any of the four WNV
prM gene permutations (based on signal sequences or plant expression vector) with the WNV
E gene together with the human chaperone CNX in planta. Protein expression time-trials of
the E protein illustrated a significant increase in soluble protein when expressed in the
presence of the human chaperone protein CNX. Similarly, SC-linked EdIIl proteins were
undetectable by western blot until expressed with either human CNX or CRT, highlighting the
impact chaperones have on protein production in planta and that glycoproteins might be
incompatible with the plant endogenous chaperones (Margolin et al., 2018; Margolin et al.,
2020).

The optimisation of native WNV VLP purification was performed using a single prM construct
which contained the LPH signal peptide. It would, however, be interesting to see what the
results would yield when the E protein is co-expressed with the other 3 prM constructs
generated in this study and whether this would influence the VLP assembly or yield when
purified using the optimised protocol. Additionally, it would be interesting to investigate
whether any of these plant-produced VLPs induce an immune response in mice.

The antigen-display based candidate vaccine proved much easier to produce than the native
VLP vaccine. In this study, | demonstrated the successful coupling of the WNV EdIll protein
on the AP205 VLP surface applying the ST/SC technology coupling reaction using three
different approaches: 1) in vitro coupling following purification of each Spy-linked component,
2) in vitro coupling by co-extracting leaves infiltrated individually with each Spy-linked
component, and 3) in vivo coupling by co-expressing the Spy-linked components. The
successful coupling of EdIII-SC to ST-AP205 using each of these techniques illustrates the
robustness of this technology with its application in planta. In future, | would like to conduct
immunogenicity studies in mice, to investigate whether this candidate vaccine elicits an
immune response, specifically neutralising antibodies. The induction of an immune response
can be investigated by indirect ELISAs with the immunised mice serum for the detection of
anti-WNV-EdIll antibodies and presence of neutralising antibodies can be detected by
neutralisation assays. Additionally, | hope to translate this strategy to other flaviviruses as
proof of concept of the technology’s plug-and-play capability, as has been exemplified in

recent publications.

With the recent Coronavirus outbreak (COVID-19), several studies have been published using
the ST/SC technology for the development of candidate vaccines. COVID-19 disease is
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was
first reported in Wuhan, China in December 2019 (Zhu et al., 2020). Since then the virus has
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spread across the globe and was declared a pandemic by the World Health Organisation
(WHO) in March 2020. As of October 2020, there have been over 44 million confirmed
COVID-19 cases worldwide with approximately 1.1 million recorded deaths (WHO, 2020). To
date, there is no vaccine or specific antiviral treatment for COVID-19, however, since August

2020 several vaccine candidates are in clinical evaluation.

Tan and colleagues developed a SARS-CoV-2 candidate vaccine focused on displaying the
spike receptor-binding domain (RBD) on the surface of the mi3 VLP using the ST/SC
technology (Tan et al., 2020). The authors conjugated purified ST-RBD from mammalian cells
to the SC-mi3 VLP to generate the RBD:mi3 immunogen with a coupling efficiency of ~64%
that translated to ~38 RBD/VLP. The immunogen was shown to be stable at -80°C, -20°C,
4°C and 25°C for two weeks, demonstrating the high resilience of the RBD:mi3.
Immunogenicity of RBS:mi3 induced high neutralising antibody titres in two mice strains from
relatively low doses of the immunogen. In comparison, when mice were immunised with RBD

only at the same doses as RBD:mi3 the antibody responses were negligible.

In another study, Zhang et al. displayed the SARS-CoV-2 spike trimer on the Aquifex aeolicus
lumazine synthase (LuS) 60-mer nanoparticle scaffold also employing the ST/SC technology
with a coupling efficiency of ~91% (Zhang et al., 2020). Mice immunised with 0.08 ug of the
LuS:CoV-2 spike nanoparticle elicited a higher neutralising response than mice immunised
with 2 pg of the trimeric spike protein. Both these studies illustrate that a significantly lower
dose of immunogen is required to elicit a potent neutralising response when the antigen is
displayed on the surface of a particle compared to when it's used as an immunogen on its
own. Since glycoproteins are generally difficult to produce in plants and are usually only
produced at low yields, the display of these proteins on a particle may circumvent the need of
high yields for immunising as described above. | was able to produce EdIII-SC at a yield of
69 mg/kg which is comparable to that produced by He and colleagues of 73 mg/kg (He et al.,
2014). The authors evaluated the immunogenicity of their plant-produced WNV EdIll antigen
in mice at a dose of 5 ug and 25 pg. An immune response was detected after the first dose of
25 pg in mice, however, for the mice immunised with 5 pg, a response was only detectable
after the third immunisation. Based on the findings by both Tan et al. (2020) and Zhang et al.
(2020), | expect to get a similar or even better response of our AP205:EdIIlI candidate vaccine

at the same or lower dose as when | immunise with EdIII-SC alone.

The establishment of a particle core for the display of proteins, whether it is the coat protein
of the AP205 bacteriophage (Thrane et al., 2016) or PVX (Rdoder et al., 2017), the LuS of A.

aeolicus (Zhang et al., 2020), the mi3 VLP computationally engineered Thermotoga maritima
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(Bruun et al., 2018; Tan et al., 2020) or the core protein of tHBcAg (Peyret et al., 2020) for use
with the ST/SC technology, allows for relatively easy plug-and-play applications.

The above studies, together with the work presented in this study illustrates the potential of
the ST/SC technology as a fast and effective approach for the development of candidate
vaccines in the midst of disease outbreak. The combination of this technology with that of plant
molecular farming creates the opportunity for LMIC to locally produce their own

pharmaceuticals which work towards fulfilling the goals of the ‘One Health’ Initiative.

In this study, | illustrated the promise of using plants as biofactories for the production of VLP-
based candidate vaccines. Although | experienced difficulty with producing WNV native VLPs
as a candidate vaccine, VLPs were assembled but at yields which were insufficient for
preparing doses for testing in animals. Alternatively, using the ST/SC technology allowed us
to produce a particle display-based WNV candidate vaccine in N. benthamiana that could
easily be purified at yields which are sufficiently high to use for vaccine doses, thereby fulfilling

the aim of my study.
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Appendix

Appendix A: Amino acid alignment of prM and E genes of South African WNV strains.
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Figure 1. ClustalW alignment of the prM and E amino acid sequences of three South African WNV strains. (A) Alignment
of prM amino acid sequences with complete homology observed. (B) Alignment of E amino acid sequences with
complete homology between the human strains; SPU116/89 and SA93/01. A single difference was observed for the
horse strain, HS101/08, at the Lys44 residue of SPU116/89 and SA93/01, with an Arg44 for HS101/08. GenBank

accessions: SPU116/89; EF429197, SA93/01; EF429198, HS101/08; JN393308.
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Appendix B: Polymerase chain reaction primer sequences.

Table 1. Vector-specific primer sequences.

Primer name 5’-3’ sequence Tm (°C) Base pairs

PTRA-F CAT TTC ATT TGG AGA GGA CAC G 58 22

PTRA-R GAA CTA CTC ACA CAT TAT TCT GG 56 23

pPEAQ-F TTCTTC TTC TTG CTG ATT GG 55 20

pEAQ-R CAC AGA AAACCG CTC ACC 57 18

Table 2. Gene-specific and gene-alteration primer sequences.
) Tm Base Enzyme
Primer name 5’-3’ sequence ) )
(°C) pairs site
LPH-Agel-F ACC GGT ATG GAG TGG AGC TGG AT 66 23 Agel
E-Ncol-F32 ATC CAT GGT TAATTG TTT GGG AAT GTC TAATA 62 32 Ncol
E-Xhol-R ATC TCG AGC GTG CAC ATT CAC AGA TA 65 25 Xhol
ATC TCG AGT TAG TGA TGG TGA TGG TGA TGA Xhol
E-HIS-Xhol-R 51 50 )
GCG TGC ACATTC ACA GAT AA 6x His

Agel
Agel-Ncol-prM-F  ACC GGT CCA TGG CCA GGT CTA CTA AGC AGA 72 30 Neol
co
Agel
Age-Ncol-SS-F ACC GGT CCA TGG GAG GAACAG CAGGTTT 72 28 Neol
co
Xhol-prM-R CTC GAG TTA ACT GTA AGC AGG AGC CAC TA 65 29 Xhol
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Table 3. In-fusion cloning primer sequences.

Primer Tm Base Enzyme
5’-3’ sequence ) )
name (°C) pairs site
GGT GTT CAC TCC ATG CAT CAC CAT CAC CAT CAC ATG GGA .
Fpl 60 53 6x His
GTT TGC TCA AAG GC
Ro1 AGA ACC TCC TCC TCC AGA TCC ACC TCC TCC TGACTT ATG 54 50
P CCA ATG ATG AT
= GGA GGA GGT GGA TCT GGA GGA GGA GGT TCT ATG GGT = =i
P GCT ATG GTT GAT AC
Xhol
Rp2 GGA TCC GAG CTC GAG TTA AAT ATG AGC ATC TCC CTT AG 56 38 BamH|
am
Fp3 GGT GTT CAC TCC ATG GGT GCT ATG GTT GAT ACT CT 58 35 -
Ro3 AGA ACC TCC TCC TCC AGA TCC ACC TCC TCC AAT ATG AGC 56 50
P ATC TCC CTT AG
i GGA GGA GGT GGA TCT GGA GGA GGA GGT TCT ATG GGA - =3
P GTT TGC TCA AAG GC
Ro4 GGA TCC GAG CTC GAG TTA GTG ATG GTG ATG GTG ATG TGA 54 56 Xhol
P CTT ATG CCA ATG ATG AT BamHI

Appendix C: Agrobacterium strains used and their respective antibiotics.

Table 4. A. tumefaciens strains’ relevant antibiotics and concentrations.

Agrobacterium tumefaciens strain

Antibiotics
LBA4404 GV3101::pMP90RK AGL1
Carbenicillin - 100 pg/mL 25 pg/mL
Kanamycin 30 pg/mL 30 pg/mL 50 pg/mL
Rifampicin 50 pg/mL 50 pg/mL -
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Appendix D: Infiltration optical densities.

Table 5. Optical densities at which constructs were co-infiltrated.

Co-infiltrations ODsoo Combined ODeoo

pTRAKc-E-HIS

0.5 each 1/1.5
PEAQ-CNX/CRT
pTRAKc-E-HIS 0.5

0.75

pBIN-NSs 0.25
pTRAKkc-E-HIS 0.5
PEAQ-CNX/CRT 0.5 1.25
pBIN-NSs 0.25
pTRAkc-E
pPEAQ-CNX 0.3 each 0.9
pTRAkc-prM
pTRAkc-E
pPEAQ-CNX 0.3 each 0.9
PEAQ-Cs-SS-prM
pTRAkc-E
PEAQ-CNX 0.3 each 0.9
pTRAC-Cs-SS-prM
pTRAkc-E
pEAQ-CNX 0.3 each 0.9
pTRACc-SS-prM
pTRAkc-SC-EdIII 0.25/0.5 0.25/0.5
pTRAKkc-EdIII-SC 0.25/0.5 0.25/0.5
pTRAKc-SC-EdllI

0.5 each 1
pPEAQ-CNX/CRT
pTRAKkc-EdIII-SC

0.5 each 1
PEAQ-CNX/CRT
pEAQ-ST-AP205 0.25 0.25
pEAQ-ST-AP205
pTRAKkc-EdIII-SC 0.3 each 0.9

pEAQ-CRT
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Appendix E: Antiserum used for protein detection.

Table 6. Antiserum and dilutions used for the detection of proteins expressed in this study.

Antiserum*

Proteins detected

ST-
E prM EdIII-SC
AP205
Polyclonal rabbit anti-WNV-EdIII 1:20 000 - 1:20 000 -
Polyclonal rabbit anti-WNV-M - 1:20 000 -
Polyclonal rabbit anti-ST-AP205 - - - 1:20 000

* All three antisera were produced in-house.
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Appendix F: Supplementary western blots and Coomassie-stained gels

pTRAkc-prM PTRAC-C4-SS-prM
A er [ s SN s [
B e
-4 5 5 - 2 = =

S N
R R NE

pTRAC-SS-prM

0 [ s [

dpi
]
- 4 5 6

e B LN

Figure 2. Expression of prM proteins over 6 days using different signal peptide permutations (A) LPH,
(B) Cs-SS, and (C) SS. Proteins were extracted as described in section 2.2.7.1 using 100 mM Tris.HCI
(pH 7.4) and 30 pug TSP of pellet (p) and supernatant (s) crude extracts were loaded in each lane.
Proteins were detected with anti-WNV-M antiserum (1:20 000). (A) pTRAkc-prM,
(B) pTRAC- Cs-SS-prM, and (C) pTRAc-SS-prM. The negative controls (-) are crude leaf extracts of
plants infiltrated with pTRAkc-ERH empty vector. Label: dpi denotes 4, 5 and 6 days post infiltration. p

represents the insoluble fraction; pellet. s represents the soluble fraction; supernatant. MW indicates

the molecular weight marker.
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pTRAkc-E pEAQ-C4-SS-prM
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Figure 3. Co-expression of pTRAkc-E and pEAQ-Cs-SS-prM over 6 days extracting with different
buffers. Proteins were extracted as described in section 2.2.7.1 using 100 mM Tris.HCI (pH 7.4) and
loading 30 ug TSP (A) or as described in section 2.2.7.2 using 1x PBS (pH 6.0) and loading 25 ug TSP
of pellet (p) and supernatant (s) crude extracts in each lane. Proteins were detected with anti-WNV-
EdIll combined with anti-WNV-M antisera (1:20 000 each); E — green arrow, prM — blue arrow, M — pink
arrow. Label: dpi denotes 4, 5 and 6 days post infiltration. p represents the insoluble fraction; pellet. s
represents the soluble fraction; supernatant. MW indicates the molecular weight marker.

123



SC-Edlll EdIll-SC

SC-Edlll pTRAkc EdIll-SC pTRAkc

A) MW C P5 S5 P8 S8 C S5 S8

S5 S8 MW

£ e

& B e ..
e

'

B)

!
:
&
i
i
7
£
3
4
g
:
..
it
:
&
4

g e Ty o el

Figure 4. Purification of SC-linked EdIIl protein by pH precipitation. The pH of clarified crude plant
extracts was dropped to 5, centrifuged and the supernatant readjusted to pH 8.0, centrifuged and the
supernatant subject to nickel affinity chromatography. Equal volumes of clarified crude plant extract and
samples at each step during pH precipitation was loaded in each lane. SC-linked EdlIIl proteins were
detected using anti-WNV-EdIIl antiserum (1:20 000). Arrows indicate SC-linked EdIll proteins
(A) SC-EdIll samples analysed by western blot and (B) Coomassie blue-stained gel. (C) EdIII-SC
samples analysed by western blot and (D) Coomassie blue-stained gel. MW, the molecular weight
marker. C, clarified crude plant extract. P, pellet. S, supernatant. 5, pH 5.0. 8, pH 8.0.
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Appendix G: Nickel affinity chromatograms
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Figure 5. Purification of SC-linked EdIII proteins using nickel affinity chromatography. Chromatographic
elution profiles showing (A) SC-EdIlIl and (B) EdIII-SC proteins eluted from nickel columns with
increasing imidazole concentrations (orange line).
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