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CHAPTER 1: Literature review, problem identification, aim and objectives
1.1 Literature review

1.1.1 Introduction and brief history of yellow fever virus

Yellow fever virus (YFV), a re-emerging virus that belongs to the family Flaviviridae and
genus Flavivirus, originated in Africa and was imported into the Americas and Europe due to
intercontinental slave trade (Chang et al., 1995; Wang et al., 1996). Massive outbreaks
were recorded in the 18" and 19™ centuries in the port cities on the eastern seaboard of
North America, in Europe and in the tropical regions of South and Central America. In 1648,
the first reliable description of a yellow fever outbreak was reported in Yucatan. Whereas
the first well documented yellow fever outbreak in Africa only occurred in 1778, which
originated in the Cape Verde Islands and subsequently spread to Gambia, the Gold Coast,
Senegal and Sierra Leone. However, retrospective analysis revealed that YFV may have
been the causative agent of an outbreak reported by Finlay dating back to 1494 in the
Canary Islands, on the shipping route between Europe and Western Africa, at which time the
disease was called contagion (Augustin, 1909). Initially, Bacillus icteroides was suggested
to be the causative agent of yellow fever by Giuseppe Sanarelli (Sanarelli, 1897), whose
hypothesis was later proven to be erroneous by Walter Reed and colleagues (Reed et al.,
1900). The cause of yellow fever and malaria was also incorrectly attributed to
environmental mists and there were many contradictory theories regarding the transmission
of yellow fever. At the time, yellow fever was thought to be transmitted by fomites rather

than mosquitoes (Gorgas, 1902).

In 1848, after ingenious reasoning, Josiah Nott revealed that yellow fever and malaria may
possibly be transmitted by an insect or animalcule, which is a microscopic animal or
protozoa bred on the ground, and named the mosquito as a possible vector (Augustin,
1909). In 1881, Carlos Finlay suggested that yellow fever may be transmitted by Culex
fasciatus mosquitoes, today known as Aedes aegypti mosquitoes (Finlay, 1903). The A.
aegypti mosquito was suggested to be a possible vector due to the correlation observed
between the resurgence of yellow fever cases and the abundance of these mosquitoes.
Subsequently Finlay initiated experiments to confirm his theory (Augustin, 1909). However,
Finlay’s theory was only later confirmed by Walter Reed and colleagues, who demonstrated
the primary mode of transmission of yellow fever occurs by the bite of an infected female A.
aegypti mosquito. Walter Reed and colleagues contradicted the transmission of yellow fever
by fomites (Reed et al., 1901) and suggested that yellow fever is caused by a filterable agent

(Reed & Carroll, 1902) shown to be present in the blood of yellow fever patients during the



early stages of disease (Reed et al., 1901). In 1901, stringent anti-mosquito measures were
implemented in Havana, which led to a substantial reduction in the prevalence of yellow
fever (Gorgas, 1902).

In 1927, YFV was first isolated from Asibi, a Ghanaian patient, who exhibited mild symptoms
of yellow fever. In 1928, an animal model was established by intraperitoneal inoculation of
Macacus rhesus monkeys with the prototypic strain of YFV, which was designated the Asibi
strain. YFV was shown to be transmissible from monkey to monkey not only by inoculation
with infected blood, but also by the bite of an infected A. aegypti mosquito. Furthermore,
YFV was determined to be filterable and mosquitoes that had been infected with YFV
remained infective for the duration of their lives, which in some cases exceeded three
months (Stokes et al., 1997). In 1930, a mouse model was developed by Max Theiler, which
subsequently led to the development of a neutralising antibody assay using mice infected
with YFV. The presence of anti-YFV neutralising antibody in the serum of a patient injected
into mice would neutralise YFV and permit survival against a lethal YFV challenge (Theiler,
1930; Sawyer & Lloyd, 1931). This assay facilitated the delineation of yellow fever endemic
geographical regions by detection of neutralising antibodies against YFV in various
populations, which subsequently led to an increased understanding of the epidemiology of
YFV (Sawyer & Lloyd, 1931). The application of animal models greatly assisted the
identification of mosquito species with the ability to transmit YFV between human and non-
human primates. In 1928, Bauer proved that YFV can be transmitted by the bite of
mosquitoes other than A. aegypti in Africa (Bauer, 1928) and later Davis and Shannon
demonstrated transmission by mosquitoes other than A. aegypti in South America (Davis &
Shannon, 1929). In 1930, three additional species of Aedes mosquitoes with the ability to
transmit YFV were identified in West Africa (Philip, 1930).

In 1930, Theiler reported that serial passage of YFV in mice led to the attenuation of the
virus in monkeys and rendered the monkeys immune to virulent strains of YFV (Theiler,
1930). Subsequently, attenuation of Asibi strain YFV was also achieved in cell culture with
the madifications induced being attributed to the nature of the tissue used in the preparation
of the growth media. Theiler and Smith, reported that serial passage of Asibi strain YFV in
chick embryonic tissue, without the brain and spinal cord tissue, led to a substantial
reduction in the neurotropic- and viscerotropic affinities of the virus (Theiler & Smith, 1937a).
In 1937, Theiler and colleagues developed the live attenuated 17D vaccine prepared by
serial passage of the wild-type Asibi strain in whole chick embryo (Theiler & Smith, 1937b).
Around the same time the French neurotropic virus (FNV) vaccine, derived from the French
viscerotropic virus (FVV) strain was prepared by serial passage in mouse brains. In 1980,

production of the FNV vaccine was discontinued due to an abnormally high incidence of
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vaccine-associated adverse events, especially encephalitis post-vaccination in children.
Later the FNV vaccine-associated adverse events were attributed to the genomic instability
of the vaccine strain virus due to the accumulation of changes at nucleotide level resulting in
several amino acid substitutions. In mice, increase of the lethal dose (LD) 5, was also
observed demonstrating a significant increase in the neurotropic affinity of the vaccine strain
virus (Holbrook et al., 2000).

Between 1960 and 1962 possibly the largest outbreak in yellow fever history was reported in
Ethiopia. Initially, 15 000 deaths were attributed to yellow fever; however, after further
investigation it was estimated that over 30 000 deaths and 200 000 cases were attributed to
the outbreak (WHO, 1967). Later genetic studies revealed the possibility of the importation
of the epidemic strain from the Democratic Republic of the Congo (formerly Zaire) (Lepineic
et al., 1994). Outbreaks in Africa have frequently been ascribed to the failure of vaccination
schemes where a decline in immunisation coverage has occurred following absence of
outbreaks in the preceding years. Subsequently, largely non-immune child populations
existed in these areas, which caused the outbreaks mainly to affect children. Children often
present with a less characteristic clinical picture as typically described for yellow fever
leading to the delayed identification of these outbreaks (WHO, 1967).

Sequencing of the whole genome of the 17D strain YFV by Rice and colleagues in 1985 led
to an increased understanding of YFV and the molecular basis for its virulence (Rice et al.,
1985). The complete genome sequence of the wild-type Asibi strain was obtained in 1987
by Hahn and colleagues. Comparative analysis of the wild-type Asibi strain and the 17D
vaccine strain, derived from the Asibi strain, revealed 68 nucleotide differences throughout
the YFV genome, which translated into 32 amino acid substitutions. The amino acid
substitutions identified in the E protein, which may result in the alteration of receptor
affinities, were implicated in the attenuation of the 17D strain as compared to the Asibi strain
(Hahn et al., 1987). In 2001, reports of vaccine-associated viscerotropic disease led to
concern regarding the safety of the yellow fever vaccines. However, due to low rates of
reporting of vaccine-associated viscerotropic disease, the high probability of contracting
yellow fever in endemic areas and the highly efficacious nature of the vaccines the
continuation of the yellow fever vaccines was warranted (Vasconcelos et al., 2001b). YFV is
still considered to be a major public health threat in yellow fever endemic areas, especially in

West Africa with yellow fever outbreaks occurring annually (Stock et al., 2013).



1.1.2 Yellow fever virus

YFV belongs to the genus Flavivirus, which was originally grouped within the Togaviridae
family of viruses (Fenner, 1976); however, the genus Flavivirus was re-grouped into the
family Flaviviridae (Calisher et al., 1989). Flavivirus virions are small spherical enveloped
virus particles, which are 37-50 nm in diameter and have icosahedral nucleocapsid
symmetry (Schlesinger, 1980). YFV is a positive sense single stranded ribonucleic acid
(RNA) virus approximately 11 kilobases (kb) in length that encodes a single polypeptide,
which by co- and post-translational modification is translated into ten viral proteins. The
encoded structural proteins include the capsid (C), membrane (M) and envelope (E) proteins
and the non-structural (NS) proteins include the NS1, NS2A, NS2B, NS3, NS4A, NS4B and
NS5 proteins (Rice et al., 1985). The Flavivirus genome organisation is illustrated in Figure
1.1.
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Figure 1.1: Representation of the Flavivirus genome organisation illustrating the

encoded structural and non-structural proteins

The functions of all the encoded NS proteins have not been elucidated, but deductions as to
the possible functions have been made based on mutagenesis, sequence homology and
molecular modelling studies. The NS1 protein, localised in the perinuclear region, plays a
role early in flavivirus RNA replication and pathogenesis with the glycosylation of the NS1
protein being essential to the functioning of the protein (Muylaert et al., 1996). The NS1
protein has been shown to induce a protective response in non-human primates against fatal
viral hepatitis (Schlesinger et al., 1986). Although the function of the NS2A protein is not
clear, the NS2A and NS3 proteins have been implicated in the assembly and/or release of
infectious flavivirus particles, thus playing a role in virion maturation (Kimmerer & Rice,
2002). The NS2B and NS3 proteins have protease activity shown to be essential for viral

replication. The dilution-insensitive cleavage of the NS2A-NS2B site is facilitated by the
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protease activity of the NS2B protein, whereas the cis-acting site specific proteolysis of the
NS2B-NS3 site is facilitated by the trypsin-like serine protease activity of the N-terminal
functional domain of the NS3 protein (Gorbalenya et al., 1989). The NS3 protein is divided
into two functional domains, the N-terminal protease domain involved in the processing of
NS viral proteins and the C-terminal helicase domain (Chambers et al., 1990) involved in the
unwinding of intermediates during RNA replication (Tan et al., 1996). The NS4A protein may
be essential for viral propagation due to its role in the stabilisation and localisation of the
NS3 protein within the membrane. The levels of NS4A protein in infected cells regulate
production of the NS5 protein, as well as the proteolytic processing of precursor protein.
The NS4A protein has been shown to be essential for cleavage at the NS4B-NS5A site, but
not cleavage at the NS5A-NS5B site (Taniji et al., 1995). The NS4B protein is co-localised
with the other NS proteins in the endoplasmic reticulum (ER) and is a component of the
membrane-associated cytoplasmic replication complex (Hugle et al.,, 2001). The NS5
protein is a nuclear phosphoprotein present in differentially phosphorylated states in virally-
infected cells. The differential phosphorylation may play a role in the interaction observed
between the NS3 and NS5 proteins and may also contribute to its function as part of the viral
RNA replicase complex located in the ER membrane (Kapoor et al., 1995). The NS5 protein
can be divided into two functional domains, the N-terminal domain (NS5A) encoding a
methyltransferase involved in viral RNA capping (Koonin, 1993) and the C-terminal domain
(NS5B) encoding a RNA-dependent RNA polymerase. The NS3 and NS5 proteins have

been shown to participate in flaviviral genome replication (Tan et al., 1996).

Virus particles are assembled from the expressed structural proteins and the C protein has
been shown to be essential for virus packaging (Jones et al., 2005). The E protein is the
major antigenic protein of YFV (Vratskikh et al., 2013) that elicits a protective neutralising
antibody response (Brandriss et al., 1990). Strain-, type- and Flavivirus group-specific
epitopes have been identified on the E protein of YFV (Schlesinger et al., 1984). The E
protein accumulates in the nuclear-associated membrane (Ng et al., 1983) and consists of
three structural domains, designated domain |, Il and lll (Rey et al., 1995), which corresponds
to the three identified antigenic domains C, A and B, respectively (Mandl et al., 1989).
Domain Il is an immunoglobulin (Ig)-like domain, which protrudes from the otherwise smooth
surface and facilitates binding of flavivirus particles to host cell receptors (Rey et al., 1995).
All the major neutralising epitopes have been mapped to domain lll of the E (ED-IIl) protein
(Beasley & Barrett, 2002; Wu et al., 2003; Sanchez et al., 2005), which is the major antigenic
domain of the E protein (Wu et al., 2003) shown to be involved in receptor binding (Crill &
Roehrig, 2001). Three epitopes have been identified within domain Il as immunodominant

epitopes targeted by T-cells post-immunisation with 17DD vaccine strain virus (de Melo et



al., 2013). Several studies of flavivirus ED-IlIl protein in mice have indicated the induction of
both a cell-mediated and a humoral immune response, which protected immunised animals
from a subsequent viral challenge. A predominantly T-helper (Th) 1 response characterised
by interferon (IFN) y and interleukin (IL) 2 release from stimulated cultured splenocytes and
the production of IgG2a antibodies were elicited in response to immunisation with bacterially
expressed West Nile virus (WNV) ED-IIl protein. Furthermore, the immune response elicited
was protective against a lethal WNV challenge and the antibodies were determined to have
neutralising capability (Chu et al., 2007). Chimeric tetravalent vaccines containing the ED-IlI
protein of dengue (DEN) serotypes 1, 2, 3 and 4 expressed in yeast and bacteria have
proven effective at eliciting a tetravalent antibody response. However, the bacterially
expressed chimeric protein elicited a moderate antibody response and was only partially
protective against DEN-3 (Chen et al., 2007; Etemad et al., 2008). Cross-protection has
been demonstrated in candidate vaccines developed against YFV and WNV using the E and
ED-lll proteins, respectively. Brandriss and colleagues demonstrated protection against
DEN-2 virus after immunisation with the YFV E protein thus illustrating the presence of
cross-reactive antigenic determinants on the E protein with the potential to induce
heterotypic neutralising antibodies (Brandriss et al., 1990). Chu and colleagues
demonstrated protection against Japanese encephalitis virus (JEV) after immunisation with
WNV ED-IIl protein thus illustrating that the cross-reactive antigenic determinants may be
located on domain lll (Chu et al., 2007).

1.1.3 Virus attachment, replication and release from yellow fever virus-infected cells

Cellular receptors are utilised by flavivirus particles to attach to host cells via the viral surface
glycoprotein and gain entry into the host cell by receptor-mediated endocytosis. The
interaction between heparan sulphate, a highly sulphated glycosaminoglycan, on the surface
of target cells and the E protein of flavivirus particles have been shown to be essential for
initial attachment and infectivity (Chen et al., 1997). Antibody-mediated enhancement of
viral replication in macrophages and macrophage-like cell lines that contain Ig Fc receptors
has been demonstrated for flaviviruses. Including replication enhancement of 17D vaccine
strain virus in the presence of the IgG fraction of serum obtained from 17D immunised
individuals (Schlesinger & Brandriss, 1981). Antibody-mediated enhancement of viral
replication has been shown to be caused by an increase in the efficiency of the
internalisation process due to enhanced binding of virus to the cell surface, as well as the
higher specific infectivity of antibody-opsonised virus particles (Gollins & Porterfield, 1984).
Entry of single virus particles or aggregates of virus particles into the host cell is mediated by

coated pits later identified as clathrin-coated pits, thus internalisation of flavivirus particles
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occurs by the clathrin-mediated endocytic pathway (Gollins & Porterfield, 1985). Transport
of the virus across the plasma membrane is facilitated by actin filaments and thereafter the
virus is trafficked via the endosomal and lysosomal endocytic pathway with assistance from
the microtubule network (Chu & Ng, 2004). Virus particles reside in uncoated pre-lysosomal
vesicles prior to acid-catalysed membrane fusion brought on by the acidic environment. The
acidic environment facilitates a conformational change resulting in the release of the viral
nucleocapsid into the cytoplasm (Gollins & Porterfield, 1986b), which is subsequently
trafficked to the ER (Chu & Ng, 2004). During the conformational change, the E protein
present as heterodimers on the surface of virions will rearrange into a homotrimeric form
(Stiasny et al., 1996). The requirement for an acidic environment to facilitate the
conformational change has been explained by the dependency on the protonation state of
the E protein (Stiasny et al.,, 2001). Fusion is dependent on the membrane composition,
which will affect the pH facilitating membrane fusion (Gollins & Porterfield, 1986a). The

flavivirus life cycle within an infected host cell is illustrated in Figure 1.2.
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Figure 1.2: lllustration of the flavivirus life cycle within a host cell

Viral RNA synthesis and translation have been shown to occur in distinct areas of flavivirus-
infected Vero cells (Ng et al., 1983). Large virus specific proteins with molecular weights up

to 250 000 kDa have been detected in the cell lysate of flavivirus-infected baby hamster



kidney (BHK) cells. The high molecular weight proteins were converted into smaller, more
stable proteins, a process that was prevented by the inhibition of proteolysis, thus confirming
the theory that large polypeptides are proteolytically cleaved into smaller functional proteins
(Cleaves, 1985). Replication of flaviviruses occurs in the cytoplasm and is membrane-
associated (Chu & Westaway, 1992). A semi-conservative asymmetric replication cycle is
followed by flaviviruses, thus utilising a negative strand intermediate transcribed from the
positive strand as a template for the production of additional positive strand viral RNA.
Positive and negative strand synthesis occurs in parallel; however, the ratio of synthesised
positive strand viral RNA to negative strand viral RNA increases throughout the course of
infection (Lindenbach & Rice, 1997). The 3’ untranslated region (UTR) consists of a
conserved and a variable region with the conserved region playing an essential role in virus
proliferation, virulence and viability (Mandl et al., 1998). The infectivity of flaviviruses is
affected by the efficiency of the translation of synthesised viral RNA (Edgil et al., 2003). The
viral replication complex is believed to consist of the NS1, NS2A, NS3, NS4A and NS5
proteins (Khromykh et al., 2000), and is assembled at the cytoplasmic membrane in vesicle
packets (Mackenzie et al., 1996). Genome RNA contained in the viral core of flaviviruses

has been shown to be directly accessible for translation (Koschinkski et al., 2003).

Virus particles are assembled in the lumen of the rough ER and are transported to the Golgi-
apparatus in individual vesicles via the secretory pathway facilitating virion maturation
(Mackenzie & Westaway, 2001). The pre-membrane (prM) protein, the glycosylated
precursor of the M protein, and the E protein associate to form immature intracellular virus
particles (Wengler & Wengler, 1989). Immature virus particles are protected by the prM and
E proteins from structural rearrangements during transport through the trans-Golgi network
(Allison et al.,, 1995). During release, the prM protein undergoes proteolytic cleavage
resulting in the dissociation of the heterodimers into three molecules with the E and M
proteins remaining associated with the viral membrane (Wengler & Wengler, 1989). The
conformational change into a homotrimeric form is induced by exposure to an acidic pH
below 6,5 (Allison et al., 1995). The conformational change has been hypothesised to
facilitate fusion of the endosomal and viral membrane resulting in the formation of mature
virus particles (Rey et al., 1995). Cleavage of the prM protein during the release of virus
increases the infectivity of virus particles, which is approximately 60-fold higher than the
infectivity of immature virus particles (Wengler & Wengler, 1989). Furin, a component of the
constitutive secretory pathway, mediates the cleavage of the prM protein, thereby facilitating
the maturation of virus particles (Stadler et al., 1997). Genome packaging is coupled to RNA
replication (Khromykh et al., 2001) and, in 17D vaccine virus infected Vero cells, newly

synthesised nucleocapsids were located in the perinuclear region situated in inclusion



bodies. The host secretory pathway is utilised by nascent virus particles for maturation and

subsequent release (Ishak et al., 1988).

1.1.4 Genetic, antigenic and serological relatedness of yellow fever virus strains
Genetic characterisation of flaviviruses was initially performed using oligonucleotide
fingerprinting, which facilitated the identification of distinct “topotypes” or geographical
variants. Deubel and colleagues not only showed that YFV strains from Africa and South
America were genetically distinct, but could also differentiate between West and
East/Central African strains leading to the identification of two topotypes of YFV in Africa
(Deubel et al., 1986).

Subsequent genetic analysis by nucleotide sequence determination has revealed five
genotypes in Africa, including the East and Central African genotype, West African
genotypes | and Il, the East African genotype and the Angola genotype (Deubel et al., 1986;
Chang et al., 1995; Wang et al., 1997; Mutebi et al., 2001). The East and Central African
genotype has been proposed to exist in an enzootic transmission cycle and circulates in the
Central African Republic, the Democratic Republic of Congo, Ethiopia, Sudan and Uganda
(Mutebi et al., 2001). The West African genotype | circulates in Cameroon, Gabon, Ivory
Coast, Nigeria and one strain circulates in Senegal, whereas West African genotype I
circulates in Burkina Faso, Ghana, Guinea, Guinea-Bissau, Ivory Coast and Mali (Lepineic et
al., 1994; Mutebi et al., 2001; Stock et al.,, 2013). Strains belonging to West African
genotype | were more heterogeneous compared to strains belonging to West African
genotype Il. The higher heterogeneity of the West African genotype | strains was attributed
to regular human epidemics in the regions of circulation, whereas the West African genotype
Il has been proposed to exist in an enzootic transmission cycle (Mutebi et al., 2001). West
African genotypes | and Il have been shown to co-circulate in Ivory Coast (Lepineic et al.,
1994; Stock et al., 2013). The East African genotype circulates in Kenya and Uganda
(Chang et al., 1995), whereas the Angola genotype has only been found to circulate within
Angola (Mutebi et al., 2001). The Angola71 strain, within the Angola genotype, may have
evolved independently as this strain is genetically highly divergent from other East and
Central African strains of YFV. Despite the demonstration of extensive nucleotide
divergence in strains of YFV in Africa the deduced amino acid sequences had a high degree
of homology, ranging between 91,9 and 100%. Although the evolutionary rate for the
different genotypes in Africa was shown to be similar, the genotypes were shown to have

evolved independently in the respective geographical regions (Mutebi et al., 2001).



In South America, two genotypes have been identified, including the South American
genotypes | and Il (Deubel et al., 1986; Wang et al., 1997). The South American genotype |
mainly circulates in Brazil, Ecuador and Panama, whereas the South American genotype |
mainly circulates in Peru and Trinidad (Wang et al., 1997). The spread of predominantly
South American genotype 1 strains throughout Central and South America occurred after
introduction into Brazil, whereas South American genotype Il has mostly remained confined
to the western Brazilian Amazon, Bolivia and Peru (Nunes et al.,, 2012). The number of
YFV-specific repeat sequences (RYF’s) located within the 3’ non-coding region (NCR) were
shown to be different for West African genotypes, South American genotypes and East and
Central African genotypes. Differences in the RYF’s between different genotypes were
attributed to selective pressures; however, the selective advantages as yet are unknown
(Wang et al., 1997). Introduction of YFV into South America from West Africa has been
genetically substantiated (Chang et al., 1995; Wang et al., 1996). High genetic stability has
been observed for YFV strains with only minor variations occurring with time (Deubel et al.,
1986; Lepineic et al., 1994; Stock et al., 2013). These minor variations may be due to

selection pressure by the host and/or vector (Deubel et al., 1986).

The genus Flavivirus is divided into eight antigenic complexes, including the Japanese
encephalitis, Ntaya, Tyuleniy, Uganda S, dengue, Modoc, Rio Bravo and tick-borne
encephalitis antigenic complexes, based on serological cross-reactivity due to the sharing of
closely related epitopes on the surface on the E glycoprotein. YFV was not assigned to an
antigenic complex due to a lack of significant serological cross-reactivity with other
flaviviruses (Calisher et al., 1989). Although demonstrable antigenic differences have been
identified between African and South American strains of YFV, viruses from each
geographical type have been shown to maintain their antigenic identity. The antigenic
diversity observed between YFV strains from Africa and South America may be related to
the high degree of amino acid diversity between African and South American strains.
Complete antigenic identity was maintained in the 17D- and FNV vaccine strains when
compared to the Asibi- and FVV parent strains, respectively, indicating that the attenuation
of vaccine strain virus did not affect the antigenic identity of the vaccine strain virus (Clarke,
1960). The slow evolutionary rate demonstrated by the genetic stability of the YFV genome

may explain the antigenic stability of the virus.

1.1.5 Epidemiology, prevalence and transmission of yellow fever virus
YFV is endemic in the sub-tropical and tropical regions of Africa and South America,

respectively (WHO, 1953). The yellow fever endemic region in Africa is inhabited by
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approximately 500 million residents and is located 15° north to 15° south of the equator
(Mutebi & Barrett, 2002). Areas at risk for yellow fever transmission are illustrated in Figure
1.3.

@ Areas at risk for yellow fever
p transmission

Figure 1.3: Map illustrating countries containing YFV endemic regions

In the 1990’s, the World Health Organisation (WHO) estimated the annual prevalence of
yellow fever to be 200 000 cases and 30 000 deaths (WHO, 1992); however, more recently
YFV has been estimated to cause 51 000 to 380 000 severe cases and 19 000 to 180 000
deaths in Africa annually. The estimated prevalence of YFV in Africa for 2013 was 130 000
cases with fever and haemorrhage or jaundice and 78 000 deaths (Garske et al., 2014).
YFV generally has a fatality rate of 20% (Monath, 1999); however, higher fatality rates have
been reported (Vasconcelos et al., 2001c). Increases in the prevalence of yellow fever has
been attributed to a substantial increase in urbanisation, deforestation, irrigation, ecological
changes, a lack of piped water, proper water storage in homes, as well as the invasion of
mosquito habitation by man (WHO, 1985). Seasonal changes including changes in the
temperature and rainfall also affect the prevalence of yellow fever (Vasconcelos et al.,
2001a). However, recent mass vaccination campaigns initiated by the Global Alliance for
Vaccines and Immunisation (GAVI) Alliance have contributed to a 27% decline in prevalence
in Africa for 2013 (Garske et al., 2014).

In 1942, the International Subcommittee on Viral Nomenclature endorsed the use of the term

arbovirus, which refers to viruses maintained in nature due to the ability to proliferate in
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arthropod vectors, which transmit the virus between vertebrate hosts. YFV is an arbovirus
and transmission to humans, considered to be dead-end hosts, is mostly incidental. The
geographical distribution of an arbovirus is dependent on the presence of competent insect
vectors and vertebrate species with the ability to act as a reservoir for the virus in specific
geographical areas (WHO, 1985). YFV is primarily transmitted by the bite of infected female
A. aegypti mosquitoes (Reed & Carroll, 1902); however, several other mosquito species
have also been implicated in the dissemination of YFV to human and non-human primates
(Shannon et al., 1938; Unknown, 1944). The three transmission cycles for YFV in Africa and
South America are illustrated in Figure 1.4.
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Figure 1.4: Transmission cycles of YFV in Africa and South America

Three transmission cycles have been identified for YFV, including the jungle-,
savannah/intermediate- and the urban transmission cycle. Jungle yellow fever is primarily
transmitted by A. africanus mosquitoes in the tropical jungles of Africa (Haddow et al., 1948)
and mosquito species of the Hemagogus and Sabethes genera in South America (Shannon

et al.,, 1938). Jungle yellow fever is transmitted in non-residential areas and is more
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common in young men (Soper, 1936). The jungle cycle is maintained by transmission of
YFV between mosquitoes and non-human primates (Haddow et al., 1948). Interruption of
the jungle cycle causes sporadic cases of yellow fever in humans and rarely leads to large
outbreaks (Mutebi & Barrett, 2002). Antibodies to YFV have been isolated from opossums
(Didelphis marsupialis) indicating that other small mammals may be involved in maintaining
YFV in the jungle cycle (Unknown, 1944). Vaccination has proven to be moderately effective
in controlling YFV in the jungle cycle (Monath, 1999). The savannah/intermediate
transmission cycle is only present in the moist savannah of Africa in small villages and

farmland.

In the savannah/intermediate transmission cycle, a high risk for yellow fever epidemics
exists due to increased potential transmission to humans (Mutebi & Barrett, 2002). Mosquito
vectors involved in the transmission of YFV in the savannah/intermediate cycle include A.
metallicus, A. luteocephalus, A. taylori, A. furcifer, A. vittatus (Germain et al., 1980),
members of the A. simpsoni complex (Haddow et al., 1948) and A. opok (Mutebi & Barrett,
2002).

In the urban transmission cycle, YFV is transmitted to humans by the bite of infected A.
aegypti mosquitoes (Mutebi & Barrett, 2002) and effective mosquito control has proven to
reduce the number of urban yellow fever cases (Soper, 1936). The potential risk for
explosive outbreaks is greatest in the urban transmission cycle due to human to human
transmission of YFV by the bite of an infected A. aegypti mosquito (Mutebi & Barrett, 2002).
However, due to the low level viraemia experienced in humans, which is approximately a
100-fold less than in patients infected with DEN virus, a flavivirus also transmitted by
infected A. aegypti mosquitoes, YFV is not efficiently transmitted by A. aegypti mosquitoes to
other potential human hosts (Monath, 1999). In Africa, mosquito control measures are
complicated due to the presence of A. aegypti mosquitoes in the jungle and not only in
human housing (WHO, 1967).

Eradication of YFV is improbable due to the existence of non-human primates that serve as
amplifying hosts of the virus, thus maintaining YFV in nature (Soper, 1936) and due to
mosquitoes remaining infected life-long. Vaccination is the most effective strategy to prevent
transmission of YFV; however, vaccination coverage of up to 90% may be required to
establish herd immunity within a population and subsequently prevent transmission of YFV

from human to human by mosquitoes (Monath, 1999).
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1.1.6 Clinical presentation, diagnosis and treatment of yellow fever

Yellow fever may manifest in a spectrum of clinical presentations ranging from mild to severe
infection, frequently characterised by jaundice, haemorrhage and renal failure (Jones &
Wilson, 1972). A short period of remission generally on the third or fourth day after the onset
of symptoms separates the two-phase development of yellow fever. Infection is initiated by
the sudden onset of non-specific symptoms referred to as the “infectious” phase followed by
hepatorenal dysfunction and haemorrhage referred to as the “toxic” phase (WHO, 1986; ter

Meulen et al., 2004). The two-phase development of yellow fever is illustrated in Figure 1.5.
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Figure 1.5: Two-phase development of yellow fever

During the “infectious” phase, YFV is present in the blood of infected individuals (WHO,
1986) and non-specific symptoms observed may be due to immune activation and the
release of cytokines (ter Meulen et al., 2004). After a short period of remission,

approximately 15% of patients, progress to the “toxic” phase characterised by declining
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viraemia and the appearance of virus-neutralising IgM antibodies. Exacerbation of disease
in the “toxic” phase may be due to virus-antibody complexes, the release of cytokines and
the activation of the complement and cytotoxic T-lymphocytes (CTL’s) (Monath & Barrett,
2003). YFV generally has an incubation period of three to six days after the bite of an
infected mosquito before the onset of symptoms (WHO, 1986). However, this incubation
period may vary depending on the route of transmission, the amount of virus transmitted,

host resistance, viral virulence and the degree of immunity of the host (Smetana, 1962).

During a large outbreak in Nigeria in 1969 the average duration of illness was determined to
be 6,4 days for fatal cases and 17,8 days for non-fatal cases. The most common symptoms
of yellow fever during this outbreak were fever, jaundice, haemorrhage, headaches,
haematemesis (black vomit), abdominal pain, agitation and lower back pain. Whereas the
less common symptoms included diarrhoea, hiccoughs, melaena, bleeding gums and
epistaxis. Scleral icterus and bile pigments in the urine were noted in 95% of patients.
Symptoms most commonly associated with fatal cases of yellow fever, included
haemorrhage which led to haematemesis (black vomit), melaena, bleeding from intravenous
(IV) infusions and haematomata in the deltoid muscles, as well as anuria, hiccoughs, renal
failure and central nervous system involvement (Jones & Wilson, 1972).

An accurate diagnosis is difficult to make based on the clinical presentation of yellow fever
infection due to many non-specific symptoms (Smetana, 1962) and similar symptoms
caused by other microbiological agents. The differential diagnosis includes typhoid fever,
influenza, rickettsial infection and other arboviral fevers that present with symptoms similar
to yellow fever without jaundice. Special consideration should be given to the differentiation
between yellow fever with jaundice and other diseases with hepatorenal dysfunction and/or
other haemorrhagic manifestations, which may include malaria, viral hepatitis, other viral
haemorrhagic fevers (Lassa fever, Marburg and Ebola virus disease, Rift Valley fever and
Crimean-Congo haemorrhagic fever), infectious mononucleosis with jaundice and
leptospirosis (WHO, 1986). Histopathological examination on liver biopsy is performed to
determine the presence of diagnostic markers of damage to the liver during autopsy;
however, needle biopsies of the liver combined with fluorescent antibody detection of viral
antigen may be more wuseful for early detection of YFV (Smetana, 1962).
Immunocytochemical staining of fixed human liver sections can be used to detect yellow
fever antigens in post-mortem examination by using monoclonal anti-E protein antibodies;
however, ante-mortem diagnosis is preferable. During the viraemic phase viral RNA can be
detected in patient sera by reverse-transcriptase polymerase chain reaction (RT-PCR) or
virus can be isolated in cell culture; however, if serum samples weren’t stored correctly virus

isolation may be compromised. The use of semi-nested polymerase chain reaction (PCR)
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has been shown to improve the specificity and sensitivity for the detection of YFV viral RNA
(Deubel et al., 1997). Serodiagnosis of IgG and IgM antibodies against YFV can be
accomplished by an indirect immunofluorescence assay (IFA), an enzyme-linked
immunosorbent assay (ELISA) and neutralising antibodies can be detected by a plague
reduction neutralisation test (PRNT) (Niedrig et al., 2008; Vazquez et al., 2003).

The treatment for yellow fever consists of supportive care by the replacement of fluid,
electrolytes and the acid-base balance (Monath, 2005), as well as the administration of
prophylactic antibiotics to prevent the development of pneumonia, which is common in
yellow fever patients (Jones & Wilson, 1972). Treatment for hypotension and shock should
also be administered (Monath, 2005). The antiviral activity of various agents against YFV
has been determined in YFV-infected cell culture, hamsters and rhesus monkeys. However,
the majority of agents with anti-YFV properties require administration prior to virus
adsorption to host cells, thus limiting the efficacy of these agents for treatment of yellow
fever patients (Neyts et al., 1996; Ono et al., 2003).

1.1.7 Yellow fever virus vaccines and adverse events

YFV is considered to be a major public health threat in endemic areas despite the availability
of live attenuated vaccines. The 17D yellow fever vaccine was prepared in 1937 by serial
passage of wild-type YFV Asibi strain in chick embryo (Theiler & Smith, 1937b) and is still in
use today. In 1987, the complete genome sequences obtained from the 17D vaccine strain
and the wild-type Asibi strain were compared. Sixty-eight nucleotide substitutions were
identified that resulted in 32 non-synonymous amino acid substitutions. Most of the non-
synonymous amino acid substitutions were located within the NS2A and NS2B coding
regions that resulted in 3% and 2,3% amino acid divergence, respectively. The E protein
coding region had an amino acid divergence of 2,4% as compared to the wild-type Asibi
strain virus. Amino acid substitutions within the E protein were considered to influence
attenuation of the 17D vaccine strain virus. The changes may affect the binding of virus to
host cell receptors, which in turn may account for a reduction in the neuro- and
viscerotropism of the 17D vaccine strain virus (Hahn et al., 1987). Viscerotropic attenuation
of the 17D vaccine strain virus due to enhanced glycosaminoglycan binding, as well as virus
dissemination and virulence have been attributed to changes in domain lll of the E protein
(Lee & Lobigs, 2008).

The simultaneous initiation of the activation and modulation pathways associated with the
cell-mediated and humoral immune responses, thought to play a role in preventing adverse

events and death associated with vaccination, has been demonstrated in 17DD vaccinated
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individuals (Martins et al., 2007). Individuals vaccinated with the 17D vaccine strain virus
experience low viraemia followed by a long lasting immune response characterised by
yellow fever specific T-cell and neutralising antibody responses (Reinhart et al., 1998; ter
Meulen et al., 2004; Barba-Spaeth et al., 2005). Post-immunisation, increased markers of T-
cell activation and activation of CD8" T-cells have been reported (Reinhart et al., 1998; ter
Meulen et al., 2004), and may play a role in viral suppression early in infection (Reinhart et
al., 1998; Gaucher et al., 2008). In addition, the release of tumour necrosis factor (TNF)-a
(Hacker et al., 1998), likely facilitates the maturation of dendritic cells (DC’s), a process that
protects cells from infection by YFV (Barba-Spaeth et al., 2005). Neutralising antibodies
elicited in response to vaccination with the 17D vaccine have been demonstrated to persist
for 30 years and longer (Poland et al., 1981). Neutralising antibodies have been determined
to be the correlate of protection against yellow fever infection and a neutralising antibody
titre of 40 or more as determined by a PRNTs, has been determined to confer protection
against a lethal YFV challenge in mice (Julander et al., 2011). Antibodies elicited by the 17D
vaccine strain virus have been shown to rarely cross-react with DEN-1 (Reinhart et al.,
1998).

Recently, possible transmission by breastfeeding was reported for the live attenuated yellow
fever vaccines after the identification of vaccine strain virus in two infants with
meningoencephalitis post-vaccination. However, breast milk was not available for testing
(CDC, 2010b; Kuhn et al., 2011). West Nile viral RNA, as well as WNV-specific IgM and IgG
antibodies have been detected in breast milk (CDC, 2002). Therefore, vaccination has been
contraindicated in lactating women by the Advisory Committee on Immunisation Practices
(ACIP) except when travel to high risk yellow fever endemic areas cannot be circumvented
(Cetron et al., 2002). Transmission of yellow fever vaccine virus through blood transfusion
has also been confirmed (CDC, 2010a). The administration of yellow fever vaccines are
contraindicated in immunocompromised individuals, pregnant and lactating women,
individuals with hypersensitivity to eggs (Cetron et al., 2002) or chicken (Staples et al.,
2010), infants younger than 6 months of age (WHO, 1998), individuals with thymic disorders
or that had a thymectomy (Barwick & Yellow Fever Vaccine Safety Working Group, 2004),
individuals with human immunodeficiency virus (HIV) or acquired immunodeficiency
syndrome (AIDS), individuals on immunosuppressive therapies (Staples et al., 2010) and the

elderly, including individuals older than 65 years of age (Martin et al., 2001b).

Adverse events have been associated with the administration of yellow fever vaccines,
including the most common serious adverse event, vaccine-associated neurotropic disease
(CDC, 2002) and the more recent rare vaccine-associated viscerotropic disease (Chan et al.,
2001; Doblas et al., 2006; Gerasimon & Lowry, 2005; Martin et al., 2001a; Vasconcelos et
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al., 2001b). Due to the risk of developing encephalitis or vaccine-associated neurotropic
disease, vaccination in infants younger than 9 months of age has been contraindicated by
the Food and Drug Administration (FDA) (Cetron et al., 2002). Rare vaccine-associated
viscerotropic disease is a serious, frequently fatal, multisystemic disease, which typically
develops within 2-5 days of vaccination independent of the vaccine strain or manufacturer
(Martin et al., 2001a; Vasconcelos et al., 2001b). Vaccine-associated viscerotropic disease
is characterised by dysfunction of the lungs, liver, kidneys and the central nervous system,
as well as thrombocytopaenia (Martin et al., 2001a; Vasconcelos et al., 2001b). Some
typical characteristics associated with wild-type yellow fever infection are absent or altered
during vaccine-associated viscerotropic disease, including the absence of bradycardia,
leucopaenia or neutropaenia, only mildly raised urine protein and hepatic aminotransferase
concentration and less prominent haemorrhage (Martin et al., 2001a). Several risk factors
for the development of vaccine-associated adverse events have been identified, including
advanced age and autoimmune disease (Martin et al., 2001b; Seligman et al., 2014).

Martin and colleagues suggested that yellow fever virions of altered virulence may be the
cause of the vaccine-associated neurotropic- and viscerotropic disease due to the presence
of minor virion subpopulations or quasispecies of YFV in the vaccine virus. The minor virion
subpopulations or quasispecies may have the ability to replicate within the host thereby
revealing the neurotropic- and viscerotropic potential of the parent virus (Martin et al.,
2001a). However, these subpopulations have not been detected to a significant extent in
investigated cases of viscerotropic disease post-vaccination (Whittembury et al., 2009).
Susceptibility of the host may also play a role in the development of these adverse events
(Martin et al., 2001a) and increased susceptibility may be attributed to a genetic
predisposition conferred by a single genetic variation or a combination of genetic variations
(Whittembury et al., 2009). Possible involvement of the 2’-5’ oligoadenylate synthetase
(Oas) 1 gene at increasing the risk of developing vaccine-associated viscerotropic disease
was investigated by Belsher and colleagues due to the association of the Oaslb gene with
the susceptibility of mice to flaviviruses (Perelygin et al., 2002). Belsher and colleagues
isolated and sequenced selected genes in the patient genomes and determined that p46 will
be produced (Belsher et al., 2007). Through computer modelling (Torshin, 2005), p46 was
predicted to have impaired enzymatic function, thus possibly reducing the ability to inhibit
replication of RNA viruses and allowing the virus to reach high levels within the host.
However, this conclusion has not been supported by experimental data (Belsher et al., 2007)
and no abnormalities in the Oasl or Oas2 genes were found in another case patient
(Pulendran et al., 2008). An additional unexpected characteristic in various patients that

developed vaccine-associated viscerotropic disease were abnormally high neutralisation
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titres, which reached as high as 10 240, exceeding neutralising antibody titres associated
with vaccination, which rarely reaches 320 (Martin et al., 2001a; Pulendran et al., 2008).
The robust adaptive immune response was attributed to persistent viraemia and the
development of vaccine-associated viscerotropic disease could therefore not be attributed to
an insufficient adaptive immune response, which included antigen-specific B- and T-cell
responses (Pulendran et al., 2008). Sequence analysis of vaccine strain virus in cases of
vaccine-associated viscerotropic disease has not substantiated reversion to virulence (Galler
et al., 2001; Martin et al., 2001a; Whittembury et al., 2009). Low rates of reporting of serious
adverse events have been described for the 17D and 17DD yellow fever vaccines (Thomas
et al., 2013), which may be attributed to the restricted replication noted in vaccine strains.
Martin and colleagues suggested that the prevalence of the adverse events may be
underestimated due to difficulty with adverse events surveillance and masking of adverse
events by wild-type yellow fever in yellow fever endemic areas (Martin et al.,, 2001a),
especially considering that vaccine-associated viscerotropic disease resembles wild-type
yellow fever infection (Vasconcelos et al., 2001b). In a study to determine the genetic
divergence and distribution of YFV strains throughout Brazil by nucleotide sequence
determination, vaccine strain virus was detected in a patient previously considered to have
died from wild-type yellow fever infection in 1975. This patient was vaccinated five days
prior to the onset of symptoms (Vasconcelos et al., 2004). The isolated strain, designated
Brazil75, was further analysed to identify any virus-related factors that may contribute to the
development of vaccine-associated viscerotropic disease. Many of the amino acid
substitutions identified were conserved among the yellow fever vaccine strains. However,
two unique amino acids substitutions M-49 (isoleucine (I) = leucine (L)) and NS4B-240
(tyrosine (Y) - phenylalanine (F)) were identified, which were not conserved in yellow fever
vaccine or wild-type strains. Phenotypically the Brazil75 and 17DD vaccine strain, most
closely related to Brazil75 strain, were identical with no alterations observed in vitro in cell

culture or in vivo in hamsters (Mesocricetus auratus) (Engel et al., 2006).

An inactivated candidate vaccine against YFV, designated XRX-001, has been prepared by
inactivation of 17D vaccine strain virus using B-propiolactone. Inactivated virus was
subsequently adsorbed to aluminium hydroxide and administered by the intramuscular (IM)
or subcutaneous routes. XRX-001 was highly immunogenic in mice, hamsters and
cynomolgus macaques with the induction of a neutralising antibody response. Hamsters
immunised with a single dose of XRX-001 were protected from a lethal challenge (Monath et
al., 2010). Subsequently, a double-blind, placebo-controlled, dose-escalation, phase 1 trial
was initiated in healthy human volunteers. All subjects were immunised by the IM route with

a higher 4,8ug or a lower 0,48ug dose of antigen. All subjects immunised with a higher dose
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of inactivated vaccine developed neutralising antibody, and a positive correlation between
the dose administered and the neutralising antibody titre was observed. However, a high
number of individuals reported injection-site adverse events post-immunisation, which
primarily included tenderness, mild pain and itching at the site of injection. One patient
immunised with the higher vaccine dose developed utricaria three days post-immunisation.
The high rate of adverse events may be related to the co-administration of aluminium
hydroxide, an adjuvant (Monath et al., 2011).

1.1.8 DNA vaccines

Although there have been numerous vaccination strategies explored thoughout history within
the scopy of this study attention will given to deoxyribonucleic acid (DNA) vaccines.
Immunisation strategies with DNA were first explored after the demonstration that protein
expression occurred in muscle cells after immunisation with RNA and DNA constructs (Wolff
et al., 1990). Plasmid DNA encoding an influenza viral protein has been shown to elicit CTL
responses (Ulmer et al., 1993), which have been shown to play an essential role in the
clearance of a viral infection (Matloubian et al., 1994). CTL responses are generally elicited
due to endogenous expression of an antigen, similar to that observed in virus infection, thus
DNA immunisation mimics natural infection with regards to the intracellular expression of the
encoded antigen (Ulmer et al., 1993). Fynan and colleagues evaluated the efficiency of
different routes of inoculation at eliciting immune responses in mice using DNA plasmids
encoding the influenza virus haemagglutinin (H) glycoproteins H1 and H7. Administration of
plasmid DNA by the IM and IV routes was shown to be the most effective parenteral routes
of inoculation. DNA drops administered to the nares and trachea of mice were shown to be
effective at eliciting an immune response, thus also enabling vaccination by mucosal routes
against respiratory pathogens. The most efficient DNA immunisations were achieved by
gene gun delivery of DNA-coated gold beads to the epidermis of mice. The routes of
inoculation with the highest survival rates in mice were immunisation by the IM route and
gene gun administration of DNA (Fynan et al., 1993). In 1995, the first human trial for a DNA
vaccine was initiated and the DNA vaccine against HIV elicited CTL and antibody responses
with no reported adverse events. However, the magnitude of the immune response elicited
was not satisfactory (MacGregor et al., 1998). DNA vaccines against several intracellular
pathogens have been shown to have the ability to elicit a major histocompatibility complex
(MHC) class | restricted CTL memory response in humans (Calarota et al., 1998; MacGregor
et al., 1998; Wang et al., 1998). The weak immunogenicity in humans compared to smaller
animal models have been attributed to insufficient hydrostatic pressure in muscle cells due

to the relative volume of the inoculum compared to the mass of the muscle. In other words,
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the volume of inoculum is large compared to the small tibialis anterior muscle of a mouse,
whereas the volume of inoculum is small compared to the large muscle of a human (Dupuis
et al., 2000). A DNA vaccine against influenza virus with the ability to elicit a high level of
protein expression have been shown to protect against a lethal viral challenge (Montgomery
et al., 1993), therefore several approaches were examined to enhance the expression of
protein after immunisation. The most efficacious approaches included maodification of the
heterologous gene, polyadenylation and transcriptional termination sequences, as well as
plasmid backbone elements (Hartikka et al., 1996). Neonates are more susceptible to
infection due to the inability to mount a strong T-cell response; however, DNA vaccines
targeting a Sendai viral protein and a truncated tetanus toxin have been shown to elicit Thl
and Th1/Th2 responses, respectively, and a CTL response in puppies (Martinez et al.,
1997). DNA-based vaccines have also been shown to confer protective immunity against
hepatitis B virus in new born chimpanzees (Prince et al., 1997).

In an attempt to increase the immunogenicity of DNA vaccines, DNA-launched replicon
vaccines have been prepared using virus NS genes to facilitate replication of a DNA
construct within a transfected host cell. However, the absence of the structural viral genes
of the virus used for preparation of the DNA construct prevents the formation of infectious
particles, thereby ensuring safe vaccination. The DNA-launched replicon vaccines, also
referred to as replicon-based DNA vaccines, have demonstrated high expression levels of
HIV viral proteins (Ljungberg et al., 2007) and a more robust immune response compared to
conventional DNA vaccines against herpes simplex virus, HIV and canine parvovirus
(Hariharan et al., 1998; Ljungberg et al., 2007; Dahiya et al., 2012). Strong humoral and/or
cell-mediated immune responses have been elicited by the DNA-launched replicon vaccines
developed against herpes simplex virus (Hariharan et al.,, 1998), HIV (Ljungberg et al.,
2007), swine vesicular disease virus (Sun et al., 2007), rabies virus (Saxena et al., 2008)
and canine parvovirus (Dahiya et al., 2012). Protective immune responses in some or all of
the immunised animals have also been reported post-immunisation with DNA-launched
replicon vaccines (Hariharan et al., 1998; Sun et al., 2007; Saxena et al., 2008; Pujhari et al.,
2013).

1.2 Problem identification

YFV, a re-emerging mosquito-borne positive sense single stranded RNA virus, first isolated
in 1927, is still considered to be a public health threat in yellow fever endemic areas. Yellow
fever disease characterised by renal failure, jaundice and/or haemorrhage has reported

fatality rates ranging from 20% (Monath, 1999) to over 50% (Vasconcelos et al., 2001c).
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Despite the availability of highly efficacious live attenuated vaccines against YFV, the
estimated prevalence of yellow fever in Africa for 2013 was 130 000 severe cases and
78 000 deaths (Garske et al., 2014). The re-emergence and high prevalence in Africa are
attributed to failing vaccination programs with approximately 90% of reported cases
occurring in Africa (Mutebi & Barrett, 2002). Furthermore, the available live attenuated
vaccines against YFV have been contraindicated for use in immunocompromised

individuals, as well as individuals with hypersensitivity to eggs and/or chicken.

Vaccine-associated adverse events have been reported for the live attenuated yellow fever
vaccines, including vaccine-associated neurotropic- and viscerotropic adverse events.
Reports of vaccine-associated viscerotropic adverse events resembling wild-type yellow
fever led to concerns with regard to the safety of the live attenuated vaccines. Although the
incidence of vaccine-associated viscerotropic adverse events has been reported to be 0,013
per 100 000 cases (Breugelmans et al., 2013), the incidence might be higher due to adverse
events being mistaken for wild-type yellow fever infection in yellow fever endemic areas
(Martin et al.,, 2001a). Investigation of alternative vaccines to complement the live
attenuated vaccines is warranted for immunocompromised patients and individuals with risk
factors associated with vaccine-associated adverse events, thereby improving vaccine
coverage in endemic areas, as well as improving the safety of vaccination for the at-risk
population. In this study, the use of a DNA-launched replicon vaccine was investigated as a
model to establish the immune responses induced by the YFV ED-IlI protein and to

determine the immune responses induced using a DNA-launched vaccine approach.

1.3 Aim
Evaluation of the immunogenicity of a prepared DNA-launched Sindbis replicon encoding the
YFV ED-lll protein in a mouse model.

1.4 Objectives

1. Preparation of a DNA-launched Sindbis replicon containing the gene encoding the YFV
ED-IIl protein.
Characterisation of the expressed YFV ED-IIl protein in mammalian cell lines.
Evaluation of the immunogenicity of the prepared DNA-launched Sindbis replicon

containing the gene encoding the YFV ED-lIl protein in mice.
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CHAPTER 2: Preparation of a DNA-launched Sindbis replicon containing the gene

encoding the envelope domain lll protein of yellow fever virus

2.1 Introduction

DNA vaccines were first prepared after demonstration by Wolff and colleagues that DNA and
RNA constructs taken up by muscle cells expressed the encoded proteins (Wolff et al.,
1990) and were subsequently shown to have the ability to induce a memory MHC class |
restricted CTL response in humans (Calarota et al., 1998; MacGregor et al., 1998; Wang et
al., 1998). However, conventional DNA vaccines were weakly immunogenic in larger
mammals and therefore attempts were made to enhance the immunogenicity of DNA
vaccines, including the preparation of DNA-launched replicon vaccines. DNA-launched
replicon vaccines are prepared by inclusion of the virus NS genes, frequently from viruses
belonging to the genus Alphavirus, within a DNA construct; however, the virus structural
genes are not included preventing the formation of infectious particles (Pushko et al., 1997).
Alphaviruses utilised for DNA-launched replicon vaccine preparation include Venezuelan
equine encephalitis virus (VEE) (Ljungberg et al., 2007), Semliki Forest virus (SFV) (Sun et
al., 2007) and Sindbis virus (SINV) (Hariharan et al., 1998; Saxena et al., 2008). Gene
expression has been shown to be efficient and rapid for SINV vectors for a broad host range

including avian, insect and mammalian cells (Xiong et al., 1989).

A DNA-launched Sindbis replicon containing a gene encoding the green fluorescent protein
(GFP), designated pSinGFP, was developed and provided by Prof. Mark Heise from the
University of North Carolina in the United States of America (USA). DNA vaccines contain
elements that play an essential role in the expression of the encoded protein and the
subsequent induction of an immune response. Expression of the encoded protein has been
shown to be significantly influenced by the regulatory elements contained within a DNA
construct (Manthorpe et al., 1993). The pSinGFP DNA-launched replicon (Figure 2.1)
contains a human cytomegalovirus (hCMV) immediate-early promoter/enhancer element,
consisting of a strong constitutive promoter and an enhancer element, essential for
eukaryotic expression (Boshart et al., 1985). The hCMV immediate-early promoter/enhancer
element will facilitate initiation of expression of the encoded SINV NS and heterologous
proteins in a eukaryotic host cell. The hCMV immediate-early promoter/enhancer element
was determined in cell culture to be a strong broadly active element with the ability to drive
the transcription of heterologous genes. However, the activity of the promoter/enhancer
element was greatly reduced when stably integrated into the cellular genome (Koedood et
al.,, 1995). The reduction in activity observed in cells upon stable integration of the

promoter/enhancer element should not have a negative impact on the level of protein
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expression in transfected host cells as the DNA-launched Sindbis replicon is not dependent

on integration into the host cellular genome for expression of the encoded proteins.

pBR322 Origin of
replication

o CMV immediate-early
Ampicillin promoter enhancer/promoter

Aminoglycoside 3'- 2
phosphotransferase 4/'/
Terminator ﬁ
Xhol - 9347 - C'TCGA

3’ UTR and poly A tail of 5
Sindbis-like virus

Sindbis-like virus NS
proteins

GFP 11 566bp

Notl - 8244 - GC'GGCC_G

Figure 2.1: Vector map of pSinGFP

The encoded SINV NS proteins will facilitate replication of the DNA-launched replicon within
transfected host cells; however, both the 5 and 3° UTR’s have been shown to be essential
for the initiation of viral replication in SINV-infected cells. The 5 UTR of SINV has also been
shown to contain distinct core promoter elements (Frolov et al., 2001). Therefore, both the
5 and 3’ UTR’s were included within the DNA-launched replicon construct. The 5 UTR
immediately precedes the genes encoding the SINV NS proteins, whereas the 3° UTR and
polyadenylation (poly A) signal were inserted at the 3’ end of the heterologous gene. A
bovine growth hormone (BGH) transcriptional terminator is present at the 3’ end of the poly
A signal, which facilitates the termination of transcription and protects the messenger (m)-
RNA from degradation by the addition of a poly A tail. The CMV/BGH promoter/terminator
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combination has been shown to facilitate a high level of protein expression (Montgomery et
al., 1993). The DNA-launched replicon also contains a bacterial origin of replication to
facilitate high yield production of the replicon in the bacterial host, Escherichia coli. The
Neokan promoter serves as a dual promoter for neomycin and kanamycin resistance, which
drives expression of a gene encoding the Neo/Kan selectable marker for bacterial and
eukaryotic expression. The encoded aminoglycoside 3’- phosphotransferase confers
resistance against kanamycin and neomycin for bacterial and eukaryotic antibiotic selection,
respectively (Yenofsky et al., 1990).

Modification of the heterologous gene has been shown to be one of the most efficacious
approaches to enhance protein expression (Hartikka et al., 1996). Modification by codon-
optimisation has been shown to enhance the expression of encoded viral genes in
mammalian expression systems, subsequently also enhancing the immune responses
elicited by the administered DNA vaccines (André et al., 1998; zur Megede et al., 2000;
Deml et al.,, 2001; Cid-Arregui et al., 2003; Gao et al., 2003; zur Megede et al., 2003;
Ternette et al., 2007; Carnero et al., 2009). The gene encoding the YFV ED-IlIl protein was
codon-optimised in an attempt to optimise protein expression and immunogenicity of the
DNA-launched replicon in a mammalian system. Codon-optimisation requires the alteration
of the nucleotide sequence of a gene to optimise for the transfer (t)-RNA availability within a
specific host, thus facilitating the expression of a heterologous gene; however, not resulting
in the alteration of the encoded amino acid sequence. The mechanisms of codon-
optimisation resulting in increased heterologous protein expression have been hypothesised
to be increased rates of exportation of m-RNA to the cytoplasm, increased stability of m-
RNA due to increased GC content of the m-RNA transcripts and/or increased translational
efficiency due to the availability of the required t-RNA within the host (Narum et al., 2001).
For the expression of heterologous genes, the codon usage must be adjusted to coincide
with the codon usage of the host organism as to maximise the expression of the
heterologous gene. The codon adaptation index (CAl) ranging from 0 to 1,0 is a
measurement of codon usage bias in a specific organism and is useful for prediction of the
level of expression of a gene, the probability of heterologous protein expression within a
specific host, as well as the comparison of the codon usage in different organisms. The
level of gene expression has been shown to be directly proportional to the CAl value. The
CAl value therefore facilitates the prediction of the suitability of the translational system of a
host for a specific gene (Sharp & Li, 1987). Differences in the usage of codons exist
between different species regarding the preference for specific degenerate bases encoding
the same amino acids (Grantham et al., 1980). A correlation, which is not precisely

proportional, exists between the translational efficiency in mammalian cells and the level of
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codon-optimisation for a specific gene. A study performed by Nagata and colleagues,
suggested that higher levels of codon-optimisation expressed as the CAl value correlated to
higher expression levels of the encoded polypeptide, subsequently leading to the induction

of a stronger immune response (Nagata et al., 1999).

The aim of this chapter was to prepare a DNA-launched Sindbis replicon encoding the YFV
ED-Il protein and to confirm and characterise expression of YFV ED-Ill protein in a

mammalian expression system.

2.2 Methods and materials

2.2.1 Preparation of replicon DNA for ligation using pSinGFP replicon DNA

The DNA-launched Sindbis replicon encoding the GFP, designated pSinGFP, purified from a
bacterial preparation using the NucleoBond® Xtra Midi Plus EF (Machery-Nagel, Diren,
Germany) plasmid purification kit was obtained at a DNA concentration of 700ng/ul as
determined using the Nanodrop™ 2000 (Thermo Fisher Scientific, Wilmington, USA).
Glycerol stocks, designated pSinGFP glycerol stock, were obtained and stored at -80°C.

The gene encoding GFP was excised from pSinGFP replicon DNA by double restriction
digestion using Notl (Promega, Wisconsin, USA) and Xhol (Promega, Wisconsin, USA)
restriction endonucleases, rendering the linearised replicon with 5 Notl and 3’ Xhol sticky
ends. The double restriction digestion reaction mixture (Table 2.1) was incubated at 37°C
for 2 hours. Two control reactions were included to confirm the endonuclease activity of the
Notl and Xhol restriction endonucleases, as well as a negative control of uncleaved pSinGFP
DNA.

Table 2.1: Composition of double restriction digestion reaction mixture for

linearisation of pSinGFP replicon DNA

Components: Notl control | Xhol control pSINnGFP pSINGFP
reaction reaction reaction reaction
Volume (pl): | Volume (pl): | Volume (ul): | Volume (ul):
10X Buffer D 2,0 2,0 2,0 2,0
pSinGFP DNA (720,6 ng/ul) 0,5 0,5 0,5 1,0
Notl (10 units/pl) 1,0 - 1,0 1,0
Xhol (10 units/pl) - 1,0 1,0 1,0
Nuclease-free water 16,5 16,5 15,5 15,0
Total reaction volume 20,0 20,0 20,0 20,0
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The DNA fragments were separated by electrophoresis at 80V for 60 minutes using a 1%
SeaKem® LE agarose gel (Lonza, Maine, USA) in trisaminomethane (tris)-acetate-
ethylenediaminetetraacetic acid (EDTA) (TAE) buffer (refer to appendix F for buffer
composition) and were visualised using ethidium bromide (Sigma, Missouri, USA) to a final
concentration of 0,6 ug/ml on a UviPro UV transilluminator (UVitec, Cambridge, UK). The
O’'GeneRuler™ DNA Ladder Mix #SM1173 (Fermentas, lllinois, USA) molecular weight
marker with a range of DNA fragments from 100 - 10 000 bp was used for estimating the
size of the DNA digestion products. Bands of approximately 10 456 bp corresponding to the
predicted size of linearised replicon were excised and gel purified using the Wizard® SV Gel
and PCR Clean-Up System (Promega, Wisconsin, USA) according to the manufacturer’s
instructions. Briefly, gel purification was performed by the addition of 1 pl per mg membrane
binding solution to the excised gel and was subsequently dissolved at 65°C. DNA was
bound to a silica membrane on the Wizard® SV Minicolumn and washes were performed
with 700 pl and 500 pl aliquots of membrane wash solution with centrifugation at 16 000 x g
between each subsequent wash. DNA was eluted in nuclease-free water and the DNA

concentration was determined using the Nanodrop™ 2000.

2.2.2 Design of gene encoding the YFV ED-Ill protein for synthesis

The gene encoding the wild-type Asibi strain YFV ED-IIl protein (GenBank Accession
number: KF769016.1) was codon-optimised for expression in Mus musculus (house mouse)
using the JAVA Codon Adaptation Tool (JCat) (Grote et al., 2005). Codon-optimisation was
performed in an attempt to optimise the expression and immunogenicity of the YFV ED-IlI
protein in mice (refer to appendix A for codon-optimisation of the YFV ED-llIl gene). Higher
expression levels of encoded proteins have been shown to induce a stronger immune
response (Nagata et al., 1999). The synthesised gene encoding the YFV ED-Ill protein is

illustrated in Figure 2.2.

Notl  Start codon (ATG) Stop codon (TAA) Xhol

5 — ED-IIl (302bp) m Sindbis 3’ UTR and poly A tail — 3

Histidine tag

Figure 2.2: lllustration of the gene encoding the YFV ED-lIl protein
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The gene synthesised for preparation of the vaccine construct, included the nucleotide
sequence encoding the YFV ED-Ill protein and features that facilitated gene expression and
the ligation process, and the sequence encoding a histidine tag to facilitate detection of
expressed protein. The gene synthesised by GenScript was flanked with a Notl restriction
site at the 5’ end and a Xhol restriction site at the 3’ end facilitating directional cloning of the
gene encoding the YFV ED-Ill protein into the replicon by utilising the complementary sticky
ends yielded by restriction digestion. A start codon was inserted at the 5’ end of the gene
encoding the YFV ED-Ill protein. At the 3’ end of the gene encoding the YFV ED-lll protein, a
histidine tag was inserted to facilitate detection of the expressed YFV ED-Ill protein using
anti-Hiss mouse monoclonal antibody. The histidine tag was followed by a stop codon (TAA)
to facilitate termination of translation. The 3° UTR and poly A tail of SINV were included
within the synthesised gene as excision of the gene encoding the GFP from pSinGFP
replicon DNA resulted in excision of the replicon elements. These elements have been
shown to be essential for replication mediated by the SINV NS proteins in SINV infection
(Hardy & Rice, 2005).

2.2.3 Isolation and purification of the gene encoding the YFV ED-Ill protein from
pUC57/ED-II

The gene synthesised by GenScript was supplied in pUC57 and designated pUC57/ED-III
(refer to appendix B for pUC57/ED-IIl vector map). Competent E. coli XL10-Gold® cells
(Stratagene, La Jolia, USA) with a transformation efficiency of 3 x 10" colony forming units
(cfu)/ug were transformed with pUC57/ED-IIl plasmid DNA using the heat shock method.
After the addition of 416,2 ng pUC57/ED-IIl plasmid DNA to a 100 pul aliquot of competent
XL10-Gold® E. coli cells, cells were incubated on ice for 20 minutes, heat shocked at 42°C
for 50 seconds and incubated on ice for 2 minutes. After the addition of 900 ul Super
Optimal broth with Catabolite repression (SOC) (refer to appendix F for media composition)
at room temperature, the transformation mixture was incubated at 37°C for 90 minutes with
shaking at 200 rotations per minute (rpm). The transformation mixture was plated on Luria-
Bertani (LB) (refer to appendix F for media composition) plates containing ampicillin (Roche,
Mannheim, Germany) to a final concentration of 100 pg/ml (LB/amp), 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-gal) (Fermentas, Gauteng, RSA) (refer to appendix F for
preparation of X-gal) to a final concentration of 40 pg/ml and isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Melford Laboratories Ltd, Suffolk, UK) (refer to appendix F for

preparation of IPTG) to a final concentration of 0,2 mM.
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The addition of X-gal and IPTG to LB/amp plates facilitated blue/white screening for the
selection of positively transformed colonies. Three white colonies, designated colony 1, 2
and 3, were streaked on fresh LB/amp plates. Three aliquots of 5 ml LB/amp broth were
inoculated with each of the freshly streaked colonies and incubated at 37°C overnight (o/n)
with shaking at 200 rpm. Plasmid DNA was purified from 3 ml o/n culture prepared for each
colony using the PureYield™ Plasmid Miniprep System (Promega, Wisconsin, USA)
according to the manufacturer’s instructions. Briefly, a 3 ml aliquot of the o/n culture was
pelleted by centrifugation at 16 000 x g. After re-suspension of the bacterial pellet in 600 pl
deionised water, bacterial cells were lysed using alkaline lysis and the reaction was stopped
by the addition of a pre-chilled neutralisation buffer. After centrifugation at 16 000 x g, DNA
in the cell lysate was bound to the silica membrane in the PureYield™ minicolumn. The
silica membrane was subsequently washed with endotoxin removal wash and column wash
solution with centrifugation at 16 000 x g after each wash. The plasmid DNA was eluted in
nuclease-free water and the DNA concentration was determined using the Nanodrop™
2000. Glycerol stocks were prepared for each colony by the addition of glycerol to a final

concentration of 15% to the remaining 2 ml o/n culture and were stored at -80°C.

To confirm positive transformants, a double restriction digestion was performed using Notl
(Promega, Wisconsin, USA) and Xhol (Promega, Wisconsin, USA) restriction
endonucleases. The reaction mixture (Table 2.2) was incubated at 37°C for 2 hours.

Table 2.2: Composition of double restriction digestion reaction mixture for

confirmation of pUC57/ED-IIl positive transformants

Components: Colony 1 Colony 2 Colony 3
DNA concentration | DNA concentration | DNA concentration

434,4 ng/ul 414,2 ng/ul 284,3 ng/ul
Volume (pl): Volume (pl): Volume (pl):

10X Buffer D 2,0 2,0 2,0

pUC57/ED-Ill DNA 0,5 0,5 0,5

Notl (10 units/ul) 1,0 1,0 1,0

Xhol (10 units/pl) 1,0 1,0 1,0

Nuclease-free water 15,5 15,5 15,5

Total reaction volume 20,0 20,0 20,0

DNA fragments were analysed by electrophoresis as described in section 2.2.1. Predicted
DNA fragments from positive transformants include a 2 710 bp fragment representing the

pUCS57 plasmid and a 696 bp fragment representing the synthesised insert encoding the
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codon-optimised YFV ED-Ill protein. Glycerol stocks, designated pUC57/ED-Ill glycerol

stock, prepared from colony 1 were selected for use in this project.

The gene encoding the YFV ED-IIl protein was obtained by double restriction digestion using
Notl and Xhol restriction endonucleases. The reaction mixture (Table 2.3) was incubated at
37°C for 2 hours.

Table 2.3: Composition of reaction mixture for double restriction digestion with Notl

and Xhol to obtain the gene encoding the YFV ED-IIl protein

Components: Volume (pl):
10X Buffer D 2,0
pUC57/ED-lll DNA (434,4 ng/ul) 1,0
Notl (10 units/ul) 1,0
Xhol (10 units/pl) 1,0
Nuclease-free water 15,0
Total reaction volume 20,0

DNA fragments were analysed using electrophoresis as described in section 2.2.1. Bands of
696 bp in length representing the gene encoding the YFV ED-IlIl protein were excised and gel
purified using the Wizard® SV Gel and PCR Clean-Up System according to the
manufacturer’s instructions. In the final step, the DNA was eluted in a final volume of 30 pl
of nuclease-free water and the DNA concentration was determined using a Nanodrop™
2000. Double restriction digestion using Notl and Xhol restriction endonucleases of the gene
encoding the YFV ED-Ill protein yielded complementary 5 and 3’ sticky ends facilitating

ligation into replicon DNA.

2.2.4 Preparation and characterisation of the pSinED-III replicon

Agarose gel electrophoresis was utilised to confirm the integrity of the DNA and
subsequently the gene encoding the YFV ED-III protein was ligated into the linearised
replicon DNA using the complementary sticky ends generated by restriction digestion. The
ligation reaction mixture (Table 2.4) prepared using the pGem®-T vector system | kit

(Promega, Wisconsin, USA) was incubated o/n at 4°C.
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Table 2.4: Composition of reaction mixture for ligation of the gene encoding the YFV
ED-IIl protein into the replicon

Components: Volume (ul):
10X Ligation Buffer 1,0
T4 Ligase (1 units/pl) 1,0
Linearised pSinGFP DNA (68,2 ng/ul) 1,0
YFV ED-lll insert DNA (16,0 ng/ul) 7,0
Total reaction volume 10,0

A 100 pl aliquot of OverExpress™ E. coli BL21 (DE3) cells (Lucigen Corporation, Wisconsin,
USA) with a transformation efficiency of 3 x 10’ cfu/ug were transformed with the ligation
reaction mixture by the heat shock method. The cells were incubated on ice for 20 minutes,
followed by heat shock for 50 seconds at 42°C and incubation on ice for 2 minutes. After the
addition of 900 ul of SOC broth at room temperature, the transformation mixture was
incubated at 37°C for 90 minutes with shaking at 200 rpm. Thereafter, the transformation
mixture was plated on 2X tryptone yeast (2X TY) (refer to appendix F for media composition)
plates containing kanamycin (Sigma, Missouri, USA) to a final concentration of 50 pg/ml (2X
TY/kan) and was incubated at 37°C o/n.

Seven colonies were selected and streaked on 2X TY/kan plates. Positive transformants
were confirmed by performing a PCR using GoTag® polymerase (Promega, Wisconsin,
USA) on individual selected colonies using primers designed from sequence data as shown
in Table 2.5. The primers, designated FW-pSin and RV-pSin, were designed to target the

regions flanking the site of insertion, thus facilitating the amplification of the inserted gene.

Table 2.5: Primers for confirmation of positive transformants and sequencing

Primer: Primer sequence: Sequence Tm of Position of
length: primer primer relative
(°C): to pSinED-II:
FW-pSin | 5-AAA TAG TCA GCATAG TAC ATT-3’ 21 46,5 8 199 - 8 219
RV-pSin | 5-TGC AATTTC CTC ATT TTATTA-3 21 45,6 9 089 —9 069

The cycling conditions used for the confirmation of positive transformants were an initial
denaturation step at 95°C for 2 minutes, denaturation at 95°C for 1 minute, annealing at
44°C for 1 minute and extension at 72°C for 1 minute for 25 cycles. A final extension step at

72°C was performed for 5 minutes and tubes held at 4°C using the GeneAmp® PCR system
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9700 (Applied Biosystems, London, England). PCR products were separated by agarose

gel electrophoresis as described in section 2.1.1.

Two positive transformants, colonies 3 and 5, confirmed by PCR were inoculated in 5 ml 2X
TY/kan broth and incubated at 37°C o/n with shaking at 200 rpm. The PureYield™ Plasmid
Miniprep System was used according to the manufacturer’s instructions to purify pSinED-III
plasmid DNA from a 3 ml aliquot of o/n culture for each colony. DNA purified from each
colony was used for sequence determination at the site of insertion. The DNA concentration
was determined using a Nanodrop™ 2000. Glycerol stocks, designated pSinED-III glycerol
stock, were prepared by the addition of glycerol to a final concentration of 15% and stored at
-80°C.

The nucleotide sequence of the DNA construct at the site of insertion was determined using
the BigDye® Terminator V3.1 Ready Reaction Cycle Sequencing kit (Applied Biosystems,
London, England) to confirm the sequence encoding the YFV ED-lll protein remained
unaltered during the cloning process. The sequencing reaction mixture (Tables 2.6 and 2.7)
was subjected to the following cycling conditions: an initial denaturation step at 96°C for 1
minute, followed by 25 cycles of denaturing at 96°C for 10 seconds, annealing at 44°C for 5
seconds, extension at 60°C for 4 minutes and tubes were held at 4°C using the GeneAmp®
PCR system 9700.

sequencing to allow base calling if discrepancies were to exist for certain nucleotide

The FW-pSin and RV-pSin primers were used for bidirectional

positions.

Table 2.6: Reaction mixture to determine the nucleotide sequence of the gene

encoding the YFV ED-lll using BigDye® Terminator V3.1 Ready Reaction Cycle

Sequencing

Component: DNA purified | DNA purified | DNA purified | DNA purified
from colony 3 | from colony 3 | from colony 5 | from colony 5
Volume (pl): | Volume (ul): | Volume (ul): | Volume (pl):

Ready Reaction 1,0 1,0 1,0 1,0

FW-pSin primer (0,8 pmol/ul) 4,0 - 4,0 -

RV-pSin primer (0,8 pmol/ul) - 4,0 - 4,0

5X Sequencing buffer 2,0 2,0 2,0 2,0

DNA from colony 3 (361,9 ng/pl) 2,0 2,0 - -

DNA from colony 5 (601,3 ng/ul) - - 1,0 1,0

Nuclease-free water 1,0 1,0 2,0 2,0

Total Reaction Volume 10,0 10,0 10,0 10,0
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Table 2.7: Reaction mixture for determination of the control DNA sequence using
BigDye® Terminator V3.1 Ready Reaction Cycle Sequencing

Component: Volume (pl):
Ready reaction 1,0
M213 primer (0,8 pmol/ul) 4,0
5X Sequencing buffer 2,0
pGEM3Zf(+) (0,2 pg/ul) 1,0
Nuclease-free water 5,0
Total Reaction Volume 10,0

A post-reaction sequencing clean-up was performed by EDTA/ethanol precipitation. The
volume of the sequencing reaction was adjusted to a final volume of 20 pl with nuclease-free
water. Thereafter, the 20 pl reaction mixture was transferred to a clean 1,5ml tube,
containing 5 pl 125 mM EDTA (refer to appendix F for preparation of EDTA) and 60 pl
absolute ethanol. Samples were vortexed facilitating mixture of the content and incubated at
room temperature for 15 minutes for DNA precipitation to occur. Thereafter, samples were
subjected to centrifugation at 14 000 x g for 10 minutes at 4°C. After completely aspirating
the supernatant, 500 ul of 70% ethanol was added and the samples were centrifuged at 14
000 x g for 10 minutes at 4°C. Thereafter, the supernatant was completely aspirated and
any residual ethanol was allowed to evaporate by incubation at 37°C for 2 hours. The
samples were stored at 4°C in the dark, until submission for electrophoresis. The nucleotide
sequence was determined using the ABI PRISM® 3130XL-16 capillary genetic analyser
(Applied Biosystems, California, USA) by the Department of Microbial, Biochemical and

Food Biotechnology, University of the Free State.

Sequencing data was analysed with ChromasPro version 1.6 (Technelysium, South
Brisbane, Australia). The open reading frame (ORF) was identified using ORF finder
(Rombel et al., 2002) and was translated into the amino acid sequence using the Expasy
translation tool (Gasteiger et al., 2003). Thereafter, the nucleotide and amino sequences for
the codon-optimised gene encoding wild-type YFV ED-IIl were aligned with the sequence
data and translated sequence data obtained to confirm that complete nucleotide and amino
acid sequence identity were maintained. Alignments were performed using ClustalW (Larkin
et al., 2007) and Clustal Omega (Sievers et al., 2011).

Transfection grade DNA was prepared from bacterial cultures using the QIAGEN® Plasmid
Plus Midi kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Briefly, a 5 ml starter culture was prepared using pSinED-III glycerol stock. A 1:250 dilution

of the starter culture was prepared by the addition of 100 pl of culture to 25 ml of pre-
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warmed 2X TY/kan broth. The culture was incubated at 37°C for approximately 8 hours with
shaking at 200 rpm. Thereafter, the pellet was harvested by centrifugation at 6 000 x g for
15 minutes at 4°C and was re-suspended in a re-suspension buffer. Alkaline lysis was
performed for 3 minutes at room temperature and was stopped by the addition of a pre-
chilled neutralisation buffer. The lysate was filtered using a QlAfilter Cartridge and after the
addition of buffer BB, a binding buffer, the lysate was transferred to a QIAGEN® Plasmid
Plus spin column. A vacuum was applied to drain the lysate through the spin column and
subsequent washes with buffer ETR, an endotoxin removal buffer, and buffer PE, a wash
buffer, were performed. Any residual wash buffer was removed by centrifugation at 10 000 x
g for 1 minute and DNA was eluted in 200 pl nuclease-free water. The DNA concentration

was determined using the Nanodrop™ 2000.

2.2.5 Confirmation of protein expression in selected mammalian cell lines

BHK-21 (American Type Culture Collection (ATCC) number CCL-10 passage 6) cells were
propagated in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, Verviers, Belgium)
supplemented with 5% foetal bovine serum (FBS) (BiochromAG, Berlin, Germany), 100 units
per ml (U/ml) penicillin and streptomycin (pen/strep) (Lonza, Verviers, Belgium), L-glutamine
(L-glu) (Lonza, Verviers, Belgium) to a final concentration of 2 mM and non-essential amino
acids (NEAA’s) (Lonza, Verviers, Belgium) at 37°C and were passaged when 95% confluent.
CV-1 in Origin carrying SV40 (COS)-7 (ATCC number CRL-1651 passage 46) and human
embryonic kidney (HEK)-293 (ATCC number CRL-1573 passage 39) cells were propagated
in DMEM supplemented with 5% heat-inactivated FBS (BiochromAG, Berlin, Germany), 100
U/ml pen/strep, L-glu to a final concentration of 2 mM and NEAA’s at 37°C in 5% CO, and
were passaged when 95% confluent. Vero-76 (ATCC number CRL-1587 passage 29) cells
were propagated in Eagle’s Minimal Essential Medium (EMEM) (Lonza, Verviers, Belgium)
supplemented with 10% heat-inactivated FBS, 100 U/ml pen/strep, L-glu to a final
concentration of 2 mM and NEAA’s at 37°C and were passaged when 95% confluent. The
BHK-21, HEK-298 and Vero-76 cells were kindly provided by Dr. Caroline Knox from
Rhodes University and the COS-7 cells were kindly provided by Dr. Trudi O’Neill from the
University of the Free State. Cells were passaged by discarding the growth media, washing
the cells with phosphate buffered saline (PBS) (Lonza, Verviers, Belgium) at a pH of 7,4 and
dissociation of cells with the appropriate volume of trypsin (Lonza, Verviers, Belgium)
depending on the cell line and flask size. The cells were re-suspended in an appropriate

volume of growth media and seeded according to the cell line and flask size.
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Prior to performing a mouse immunisation study, expression of the encoded YFV ED-IlI
protein was confirmed by transfection of mammalian cells. Protein expression was
evaluated in selected mammalian cell lines, including the BHK-21, COS-7, HEK-293 and
Vero-76 cell lines. Each cell line was seeded at the appropriate seeding density (Table 2.8)
in separate 24-well plates (Corning, New York, USA) to obtain a confluency of approximately
80% on the day post-seeding. Prior to seeding cells, round glass slips 12 mm in diameter,
were added to each well to facilitate immunofluorescence staining post-attachment of cells.
Cells were re-suspended in the appropriate growth media and counted using the trypan blue
exclusion method in 0,4% trypan blue (Merck, Darmstadt, Germany) in PBS at a pH of 7,4
(refer to appendix F for buffer composition). Briefly, cells were diluted in trypan blue to allow
differentiation of viable cells from non-viable cells. The tryphan blue exclusion method is
based on the uptake of a dye, trypan blue, by non-viable cells due to the integrity of the cell
membrane being compromised. Therefore, non-viable cells will have a blue cytoplasm,
whereas viable cells will have a clear cytoplasm (Strober, 2001). Thereafter, the viable cells

are counted to estimate the number of cells per millilitre in the cell suspension.

Table 2.8: Seeding densities for selected mammalian cell lines in a 24-well plate

Cell line: Seeding density (cells/well):
BHK-21 1x10°
COS-7 7 x 10*
HEK-293 2 x 10°
Vero-76 8 x 10*

Cells were transfected when approximately 80% confluent using 3 pl Lipofectamine® 2000
(Invitrogen, California, USA) diluted in 50 pl Opti-minimum essential media (MEM) reduced
serum medium (Gibco, Paisley, UK) for each well. The diluted Lipofectamine® 2000 was
incubated for 20 minutes at room temperature prior to the addition of diluted DNA. For each
transfection 2 pg replicon DNA was diluted in 50 pl Opti-MEM reduced serum medium and
was incubated for 5 minutes. The DNA/Opti-MEM mixture was combined with the
Lipofectamine® 2000/Opti-MEM mixture and incubated for 20 minutes at room temperature
facilitating the formation of DNA/Lipofectamine complexes. The growth media was aspirated
and replaced with transfection medium consisting of DMEM supplemented with 5% FBS and
L-glu to a final concentration of 2 mM. Subsequently, the DNA/Lipofectamine complexes
were added to the respective wells and incubated at 37°C in a humid 5% CO, atmosphere.
For all transfection reactions untransfected cells served as a negative control and cells

transfected with the pSinGFP replicon served as a positive control.
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Protein expression in transfected cells was confirmed 24 hours post-transfection. Cells were
fixed to the glass cover slips using a 1:1 solution of cold methanol (Merck, Darmstadt,
Germany) and acetone (Merck, Darmstadt, Germany) at -20°C for 20 minutes. Cells
transfected with pSinGFP replicon DNA were visualised directly for expression of the GFP
using an OPTIPHOT fluorescence microscope (Nikon, Tokyo, Japan). To visualise
expression of the YFV ED-II protein an indirect IFA was performed. After fixation,
untransfected cells and cells transfected with pSinED-IIl replicon DNA were blocked with
10% sucrose and 0,5% Triton X-100 (Promega, Wisconsin, USA) in PBS at a pH of 7,4 for
20 minutes at room temperature to prevent non-specific binding of antibody. Thereafter,
residual blocking solution was removed and anti-Hiss mouse monoclonal antibody (Roche,
Indianapolis, USA) diluted 1:10 in blocking solution was applied. Cells were incubated at
37°C for 90 minutes in a humid container. The expressed protein was detected using anti-
Hiss mouse monoclonal antibody specific for the C-terminal histidine tag added to the YFV
ED-lll protein coding sequence. Unbound antibody was removed by washing with 1%
Tween® 20 (Promega, Wisconsin, USA) in PBS. Goat anti-mouse IgG fluorescein
isothiocyanate (FITC) (KPL, Maryland, USA) diluted at 1:40 in 0,1% Evans blue (Merck,
Darmstadt, Germany) in PBS was used to detect bound anti-Hiss mouse monoclonal
antibody. Slides were incubated at 37°C for 30 minutes in a humid container and
subsequently unbound antibody was removed by washing with 1% Tween® 20 in PBS.
Transfected cells were visualised by fluorescence microscopy and the transfection efficiency
was estimated based on the number of fluorescing cells observed in two to three fields of

vision.

2.2.6 Characterisation of the expressed YFV ED-lll protein in mammalian cells using
anti-YFV ED-lll antibody

The BHK-21 cell line was chosen for characterisation of the expressed YFV ED-Ill protein as
this cell line had the highest transfection efficiency during transfection experiments using
pSINED-IIl replicon DNA when compared to the other mammalian cell lines evaluated. To
facilitate high transfection efficiency X-tremeGENE™ HP (Roche, Indiana, USA) DNA

transfection reagent was compared to Lipofectamine® 2000.

BHK-21 cells in the log growth phase were seeded at 1 x 10° cells/well in a 24-well plate
containing growth media and a round glass slip in each seeded well. Cells were transfected
24 hours post-seeding when approximately 80% confluent. Transfection complexes were
prepared by the dilution of 2 pg pSinGFP (positive control) and pSinED-IIl replicon DNA in 50
pl Opti-MEM for each reaction. Thereafter, 2 pl X-tremeGENE™ HP was added to each
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pSINnGFP control reaction and 4 ul X-tremeGENE™ HP was added to each pSinED-IlI
reaction. The prepared transfection mixtures were incubated for 15 minutes at room
temperature to facilitate the formation of DNA/X-tremeGENE complexes. Thereafter, the
transfection complexes were added to the respective wells and incubated for 24 hours at
37°C in a humid 5% CO, atmosphere.

To facilitate detection of the expressed YFV ED-IIl protein cells were fixed using a 1:1
methanol and acetone solution at -20°C o/n. Cells transfected with pSinGFP replicon DNA
were visualised directly by fluorescence microscopy to confirm expression of the encoded
GFP. Thereafter, untransfected cells and cells transfected with the pSIinED-IIl replicon were
blocked with 10% sucrose and 0,5% Triton X-100 in PBS at a pH of 7,4 for 20 minutes at
room temperature. Anti-YFV ED-lll antibody raised in a mouse by immunisation with
bacterially expressed recombinant 17D YFV ED-lIl protein was used for the characterisation
of the expressed YFV ED-lll protein. The mouse immune serum has previously been
confirmed to contain anti-YFV ED-IIl antibody by indirect ELISA in an unrelated study
(Smouse, 2013). After incubation, anti-YFV ED-lIl antibody diluted 1:10 in blocking solution
was applied and incubated at 37°C for 90 minutes in a humid container. Thereafter,
unbound antibody was removed by washing with 1% Tween® 20 in PBS and cells were
incubated at 37°C for 30 minutes in a humid container with goat anti-mouse IgG FITC diluted
at 1:40 in 0,1% Evans blue in PBS. Subsequently, unbound antibody was removed by
washing with 1% Tween® 20 in PBS and transfected cells were visualised by fluorescence
microscopy. The transfection efficiency was estimated based on the number of fluorescing

cells observed in two to three fields of vision.

2.3 Results

2.3.1 Preparation of replicon DNA for ligation using pSinGFP replicon DNA

The pSIinGFP replicon was linearised by restriction digestion using Notl and Xhol restriction
endonucleases. The gene encoding the GFP was excised by restriction digestion
generating complementary ends facilitating ligation of the gene encoding the YFV ED-I
protein flanked by Notl and Xhol restriction sites. Control single digestion reactions using
Notl and Xhol restriction endonucleases were included to establish the activity of the Notl
and Xhol restriction endonucleases. The control reactions in lanes 3 and 4 confirmed that
the Notl and Xhol restriction endonucleases were functioning, thus rendering linearised DNA
as compared to the uncut pSinGFP DNA in lane 2, which consists of supercoiled and nicked

replicon DNA as illustrated in Figure 2.3. The bands in lanes 5 and 6 corresponding to an

37



approximately 10 456 bp DNA fragment were excised, gel purified and the concentration

was determined to be 68,2 ng/pl.

Lane 1 2 3 4 5 6

10 000 bp 10 456 bp
Linearised replicon
1200 bp 1108 bp
1000 bp Gene encoding GFP

Figure 2.3: Agarose gel electrophoretic analysis of the restriction digestion product of
pSinGFP

Lane 1 — O’GeneRuler™ molecular weight marker; Lane 2 — Undigested pSinGFP replicon; Lane 3 —
pSinGFP digested with Notl; Lane 4 — pSIinGFP digested with Xhol; Lane 5 — pSinGFP double
digested with Notl and Xhol (0,5 pl reaction); Lane 6 - pSinGFP double digested with Notl and Xhol
(1,0 pl reaction).

2.3.2 Isolation and purification of the gene encoding the YFV ED-lIl protein from
pUC57/ED-I

The reconstituted pUC57/ED-IIl DNA determined to have a DNA concentration of 416,2 ng/pl
was used for the transformation of XL10-Gold® E. coli cells. Blue/white selection allowed
easy differentiation between positive transformants and satellite colonies. Blue/white
selection is based on a-complementation using the a-peptide of the gene encoding [3-
galactosidase, designated lacZ, subsequently facilitating the production of functional B-
galactosidase from a truncated lacZ gene within a suitable host organism (Langley et al.,
1975). Positive transformants were identified based on the colour of the colonies. Colonies
harbouring plasmid without a DNA insert within the multiple cloning site (MCS), located
within the encoded a-peptide, will lead to the production of the a-peptide. Subsequently,
leading to the production of functional B-galactosidase, which will convert the X-gal
contained within the agar into a blue product. In positive transformants, the a-peptide would

not be produced due to the disruption of the gene with a DNA insert and subsequently
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functional B-galactosidase cannot be produced leading to a colony that is white in colour. All
colonies post-transformation were white in colour suggesting the presence of an insertion

within the encoded a-peptide, thus potentially identifying positive transformants.

Table 2.9: Concentration of DNA purified from selected colonies for confirmation of

positive transformants

Colony: DNA concentration (ng/pl):
1 434,3
2 414,2
3 284,3

DNA purified from selected colonies (Table 2.9) was used for the confirmation of positive
transformants by restriction digestion analysis using Notl and Xhol restriction
endonucleases. Analysis of the restriction digestion product was performed by agarose gel
electrophoresis.

Lane 1 2 3 4 5

s
P Linearised pUC57
700 bp
600 bp 696 bp

Synthesised gene encoding
the YFV ED-lll protein

Figure 2.4: Agarose gel electrophoretic analysis of the restriction digestion product of
pUCS57/ED-III

Lane 1 — O’'GeneRuler™ molecular weight marker; Lane 2 — Undigested pUC57/ED-Ill; Lane 3 -
pUC/ED-IIl double digested with Notl and Xhol from colony 1; Lane 4 - pUC/ED-IIl double digested
with Notl and Xhol from colony 2; Lane 5 - pUC/ED-IIl double digested with Notl and Xhol from colony
3.
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A DNA fragment of 2 710 bp in length represents the pUC57 vector and a DNA fragment of
696bp in length represents the synthesised gene encoding the YFV ED-IIl protein. Thus, the
presence of both a 2 710 bp fragment and a 696 bp fragment would indicate a positive
transformant, whereas the presence of only a 2 710bp fragment would indicate a
transformant containing the pUC57 vector without the synthesised gene encoding the YFV
ED-Ill protein. All selected colonies were positive transformants as confirmed by the
presence of a band corresponding to a 696 bp fragment in lanes 3 to 5 as illustrated in
Figure 2.4. Subsequently, the gene encoding the YFV ED-lll protein was obtained by
restriction digestion using Notl and Xhol restriction endonucleases yielding complementary
ends to facilitate ligation into replicon DNA. The bands corresponding to a 696 bp DNA
fragment were excised, pooled and gel purified. The DNA concentration of the purified gene
encoding the YFV ED-Ill protein was determined to be 16,0 ng/ul.

2.3.3 Preparation and characterisation of the pSinED-IIl replicon

Prior to ligation, 1 pl purified linearised replicon DNA and 1 ul purified gene encoding the
YFV ED-lll protein were analysed by agarose gel electrophoresis to establish the integrity of
the DNA.

Lane 1 2 3
10 000 bp 10 456 bp
Linearised replicon
700 bp 696 bp
600 bp Gene encoding YFV ED-III
protein

Figure 2.5: Agarose electrophoretic analysis to establish the integrity of purified

replicon DNA and the purified gene encoding the YFV ED-IIl protein

Lane 1 — O’'GeneRuler™ molecular weight marker; Lane 2 — Purified linearised replicon DNA; Lane 3
— Purified gene encoding the YFV ED-Ill protein.
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As illustrated in Figure 2.5, a single band corresponding to a 10 456 bp fragment was
present in lane 2, thus only the linearised replicon DNA. In lane 3, a single band
corresponding to a 696 bp fragment was present representing the gene encoding the YFV
ED-IIl protein. After ligation, OverExpress™ E. coli cells were transformed with the ligation
reaction mixture facilitating amplification of replicon DNA in E. coli. The selection of positive
transformants was facilitated by the addition of kanamycin antibiotic to the growth media,
thus selecting for colonies containing the kanamycin resistance encoded within the replicon.
However, since partial restriction digestion and subsequent re-ligation can result in colonies
containing the pSinGFP replicon, confirmation of positive transformants was required to
distinguish between true positive transformants and satellite colonies containing the
pSINGFP replicon. Therefore, a single set of primers targeting the regions flanking the site
of insertion was designed to facilitate PCR amplification of replicon containing the gene
encoding the GFP and the YFV ED-lIl protein. Replicon containing the gene encoding the
GFP, designated pSinGFP, has a predicted amplicon size of 1 307 bp, whereas the pSinED-
lll replicon has a predicted amplicon size of 893 bp. The difference in amplicon size
facilitated differentiation between colonies containing the pSinGFP and pSinED-IIl replicon

as illustrated in Figure 2.6.

Lane

1

1 288 Ez 1307 bp amplicon
800 bp 893 bp amplicon

Figure 2.6: Agarose electrophoretic analysis of PCR product for confirmation of

positive transformants

Lane 1 — O’GeneRuler™ molecular weight marker; Lane 2 — PCR product for colony 1; Lane 3 — PCR
product for colony 2; Lane 4 — PCR product for colony 3; Lane 5 — O’GeneRuler™ molecular weight
marker; Lane 6 — PCR product for colony 4; Lane 7 — PCR product for colony 5; Lane 8 — PCR
product for colony 6; Lane 9 — PCR product for colony 7; Lane 10 — Negative control.
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The presence of a band corresponding to a 1 307 bp fragment in lanes 2, 3, 6 and 9
confirmed that the selected colonies were likely transformed with pSinGFP suggesting that
partial digestion of the pSinGFP replicon occurred during the double restriction digestion
reaction allowing some re-ligation of the GFP encoding replicon. The presence of a band
corresponding to an 893 bp fragment in lanes 4 and 7 confirmed that colonies 3 and 5 were
transformed with the pSinED-IIl replicon. The nucleotide sequence at the site of insertion
was determined using DNA purified from o/n cultures of colonies 3 and 5 (Table 2.10).

Table 2.10: DNA concentration obtained from positive transformants

Colony: DNA concentration (ng/pl):
3 361,9
5 601,3

Analysis of the sequence data confirmed that complete nucleotide identity of the gene
encoding the YFV ED-IIl protein was retained in both constructs. Glycerol stocks prepared
from a culture of colony 5, designated pSinED-IIl glycerol stock, were selected for continued

work (refer to appendix C for sequencing data).

2.3.4 Confirmation of protein expression in selected mammalian cell lines

BHK-21, COS-7, HEK-293 and Vero-76 cells were transfected with the pSinGFP and
pSInED-III replicon constructs to confirm the expression of the encoded GFP and YFV ED-IlI
proteins, respectively. Negative controls were included for all transfection reactions.
Expression of the YFV ED-lll protein was initially confirmed by detection of the C-terminal
histidine tag fused to the YFV ED-IIl protein using mouse monoclonal anti-Hiseg antibody.
The GFP and YFV ED-lll proteins were expressed in BHK-21 cells, COS-7 cells, HEK-293
cells and Vero-76 cells post-transfection with the pSinGFP and pSinED-Ill replicons,

respectively, as illustrated in Figure 2.7.

The transfection efficiency, based on visual observation of cells and estimation of fluorescent
positive cells to non-fluorescing cells, differed between the different mammalian cell lines

evaluated.
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a) BHK-21 cells

Negative control pSIinGFP transfected cells pSINED-IIl transfected cells

b) COS-7 cells

Negative control pSinGFP transfected cells pSINnED-Ill transfected cells

c) HEK-293 cells

Negative control pSIinGFP transfected cells pSINED-IIl transfected cells

d) Vero-76 cells

Negative control pSIinGFP transfected cells pSINED-IIl transfected cells

Figure 2.7: Confirmation of expression of the encoded GFP and YFV ED-IIl proteins in

selected mammalian cell lines

Images for a) BHK-21 cells, b) COS-7 cells, ¢) HEK-293 cells and d) Vero-76 cells, including the
negative controls (left) counterstained with Evans blue, cells expressing the GFP post-transfection
with the pSinGFP replicon (middle) and cells expressing the YFV ED-Ill protein post-transfection with
the pSINED-IIl replicon (right). Cells were visualised using an OPTIPHOT fluorescence microscope at
200X magnification.

43



BHK-21 and HEK-293 cells had higher transfection efficiencies of approximately 60% with
the pSIinGFP replicon, whereas COS-7 and Vero-76 cells had lower transfection efficiencies
of approximately 10%. A similar trend was identified for the pSinED-IIl replicon with the
highest transfection efficiency, of approximately 30%, observed in BHK-21 cells.
Transfection efficiency in HEK-293 and COS-7 cells was less than 1%. Subsequently, BHK-
21 cells were utilised for the characterisation of the expressed histidine tagged protein.

2.3.5 Characterisation of the expressed YFV ED-lll protein in mammalian cells using
anti-YFV ED-lll antibody

The recombinant YFV ED-Ill protein was characterised in a mammalian cell line, BHK-21,
using anti-YFV ED-lll antibody raised in a mouse. Mouse serum collected post-immunisation
with the 17D YFV ED-IIl protein shown to contain anti-YFV ED-lIl antibody (Smouse, 2013)
was used in an IFA to detect the expressed YFV ED-Ill protein as illustrated in Figure 2.8.

Negative control pSIinGFP transfected cells  pSinED-Ill transfected cells

Figure 2.8: Characterisation of the expressed YFV ED-Ill protein in the BHK-21 cell line
using anti-YFV ED-IIl antibody

Images for BHK-21 cells transfected using X-tremeGENE™ HP transfection reagent, including the
negative controls (left) counterstained with Evans blue, cells transfected with the pSinGFP replicon
expressing the GFP (middle) and cells transfected with the pSinED-IIl replicon expressing the YFV
ED-IIl protein (right). Cells were visualised using an OPTIPHOT fluorescence microscope at 200X
magnification.

The recombinant YFV ED-IIl protein was expressed in BHK-21 cells after transfection with
pSINnED-IIl replicon DNA. A higher transfection efficiency of approximately 70% was

observed for the X-tremeGENE™ HP transfection reagent when compared to
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Lipofectamine® 2000 as illustrated in Figure 2.8 compared to Figure 2.7a. Antibody directed
against the YFV ED-IIl protein reacted with the expressed protein as indicated by specific
fluorescence in the cytoplasmic region of transfected cells when compared to the lack of

fluorescence in untransfected cells.

2.4 Discussion

DNA vaccination relies on the expression of a protein from a DNA construct, which mimics
natural viral infection and induces a cell-mediated immune response shown to be essential
for virus suppression and clearance during infection (Matloubian et al., 1994). In addition,
safety of DNA vaccination is superior due to the absence of replicating infectious virus
making DNA vaccination suitable for use in immunocompromised individuals and infants.
The addition of alphavirus NS genes to a DNA construct further enhances safety as
replication only initially relies on the host cell encoded polymerase. Thereafter, RNA
replication occurs under direction of the expressed viral RNA-dependent RNA polymerase
and other NS proteins preventing the integration of DNA into the host cell genome as DNA is
only present for the first round of replication. Utilisation of alphavirus NS proteins to facilitate
replication of a DNA-launched replicon vaccine has been shown to enhance the level of
protein expression (Ljungberg et al., 2007) and the immunogenicity post-immunisation when
compared to conventional DNA vaccines (Hariharan et al., 1998; Ljungberg et al., 2007;
Dahiya et al., 2012).

The YFV ED-lll protein has been identified as a potential target for vaccination due to domain
lll containing all the major neutralising epitopes (Beasley & Barrett, 2002; Wu et al., 2003;
Séanchez et al., 2005) and three immunodominant epitopes recognised by memory CD8" T-
cells (de Melo et al., 2013). Thus, the YFV ED-Ill protein has been identified as a target for
both B- and T-cells. The ED-lIl protein of other viruses belonging to the genus Flavivirus has
been shown to elicit protective immune responses in mice (Chen et al., 2007; Chu et al.,
2007). The gene encoding the Asibi strain YFV ED-lll protein was codon-optimised for
expression in Mus musculus to facilitate high level expression of the encoded YFV ED-lI
protein in mouse muscle cells. Codon-optimisation has been shown to enhance the
expression of an encoded viral protein, which has been correlated to a stronger immune
response (André et al., 1998; zur Megede et al., 2000; Deml et al., 2001; Cid-Arregui et al.,
2003; Gao et al., 2003; zur Megede et al., 2003; Ternette et al., 2007; Carnero et al., 2009).
The & Notl and 3’ Xhol restriction sites were utilised for directional cloning of the gene
encoding the YFV ED-IIl protein. Subsequently, bidirectional nucleotide sequencing using

primers flanking the site of insertion was used to confirm construct preparation and the YFV
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ED-Ill coding sequence. Further confirmation of construct preparation and the functioning of
replicon elements were achieved by confirmation of protein expression from pSinGFP and

pSIinED-IIl replicon DNA in mammalian cell culture.

Recombinant GFP was expressed in mammalian cells transfected with pSinGFP replicon
DNA confirming construct preparation and the functioning of replicon elements. Similarly,
expression of the YFV ED-Ill protein was confirmed using various mammalian cell lines in
cell culture. Mammalian cells transfected with the replicon encoding the YFV ED-lll protein,
designated pSIinED-IIl, were assayed for protein expression initially using antibody directed
against the C-terminal histidine tag fused to the expressed protein. The recombinant
histidine tag was detected in BHK-21, COS-7, HEK-293 and Vero-76 cells by indirect IFA
using anti-Hiss mouse monoclonal antibody. Different transfection efficiencies were
observed for the different cell lines evaluated, which may be explained by the transfectability
or the ease of introduction of DNA into a cell. Additionally, certain methods of introduction
may be more efficient or better suited to certain cell lines, which are reflected by higher rates
of transfected cells. The expression of recombinant YFV ED-lll antigen was further
confirmed using YFV ED-Ill immune mouse serum. The immunogenicity of these constructs

was subsequently evaluated using a mouse model.
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CHAPTER 3: Immunogenicity of a DNA-launched Sindbis replicon encoding the
yellow fever virus ED-lll protein in mice

3.1 Introduction

The YFV ED-ll protein contains epitopes recognised by B- and T-cells (Beasley & Barrett,
2002; Wu et al., 2003; Sanchez et al., 2005; de Melo et al., 2013). Antibody directed to
domain Ill has also been shown to be an efficient blocker of flavivirus adsorption (Crill &
Roehrig, 2001). In addition, the recombinant flavivirus ED-Ill protein has been shown to elicit
a cell-mediated immune response with a predominant Th1l phenotype characterised by the
release of IFN-y and IL-2, as well as a neutralising antibody response (Chu et al., 2007,
Etemad et al.,, 2008; Verma et al., 2009). Additionally, the immune response elicited by
WNV and DEN ED-lIl protein has been demonstrated to be protective in mice (Chen et al.,
2007; Chu et al., 2007). As the YFV ED-llIl protein contains epitopes recognised by B- and
T-cells the use of this protein for immunisation may potentially induce both a cell-mediated
and a humoral immune response, which have been considered to be important in YFV

infection.

DNA vaccines were initially developed in an attempt to elicit a CTL response shown to be
essential for the clearance of viral infections (Matloubian et al., 1994). A DNA immunisation
mechanistic study indicated that the intracellular and/or extracellular localisation and
subsequent processing of an antigen determines the immune response induced (Whitton et
al., 1999). Protein antigens are cleaved by endoproteases and exoproteases into peptides,
which can associate with MHC class | or Il molecules for presentation to circulating T-cells.
The peptide binding grooves of MHC class | and Il molecules differ structurally and peptide
binding depends on the steric configuration. Therefore, MHC class | molecules bind
peptides of 8 - 11 residues in length and MHC class Il molecules bind peptides of 10 - 34
residues in length (Chicz et al., 1993). Peptides generated by cytoplasmic processing
generally associate with MHC class | molecules (Oh et al., 1997). After association with
MHC class | or Il molecules, the MHC/peptide complexes are transported to the plasma
membrane by different routes (Chicz et al., 1993; Harding & Geuze, 1993; Wubbolts et al.,
1996). After fusion with the plasma membrane (Wubbolts et al., 1996), MHC/peptide
complexes are displayed to circulating T-cells, which become activated based on the affinity
of the T-cell receptor for the displayed peptide (Ward & Qadri, 1997) and the bridging of two
or more T-cell receptors (Cochran et al., 2000). Peptides displayed on MHC class |
molecules are recognised by CD8" T-cells, also known as CTL’s, whereas peptides
displayed on MHC class Il molecules are recognised by CD4" T-cells (Meuer et al., 1982).

However, a proportion of CD4" and CD8" T-cells can also recognise MHC class | (de Bueger
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et al., 1992) and Il antigens (Spits et al., 1983), respectively. The activity of CD4" T-cells is
important during an acute infection (Matloubian et al., 1994), especially as CD4" T-cells are
essential in generating and maintaining a virus-specific CTL or CD8" T-cell response (von
Herrath et al., 1996) and CD4" T-cells with a Thl and Th2 phenotype have been shown to

support clonal expansion and antibody production by B-cells (Smith et al., 2000).

The development of CD4" Th subsets is mediated by cytokine production early in the
immune response to an antigen and subsequently distinct patterns of cytokine release are
associated with each type of Th subset. CD4" T-cells can differentiate into one of two Th
phenotypes, designated Thl and Th2, and functional heterogeneity may exist within each
phenotype (Mosmann et al., 1986). The nature of the antigen and dose may play a role in
triggering either a Thl or Th2 phenotype. The development of a Thl phenotype is primarily
directed by IL-12 (Hsieh et al., 1993) and is associated with the release of IL-2 and/or IFN-y
post-stimulation with an antigen (Mosmann et al., 1986). A Thl phenotype is generally
associated with the induction of a cell-mediated immune response (Kurt-Jones et al., 1987)
illustrated by the activation of macrophages and subsequent induction of IFN-y and IL-2
release by antigen specific T-cells (Rossi-Bergmann et al., 1993). A Th2 phenotype is
directed by IL-4 (Hsieh et al., 1992) and is associated with the release of IL-4 (Mosmann et
al., 1986) and IL-10 (Hsieh et al., 1993), amongst other cytokines, post-stimulation with an
antigen. A Th2 phenotype is generally associated with the induction of an antibody
response (Kurt-Jones et al., 1987) and B-cells have been shown to be more efficient in
activating IL-4 production (Rossi-Bergmann et al., 1993). The Thl and Th2 phenotypes are
reciprocally regulated by IFN-y and IL-4, thus the production of IL-4 inhibits the development
of a Thl phenotype (Hsieh et al., 1992). The development of a Thl phenotype is
suppressed by IL-10 due to the inhibition of IL-12 release by macrophages (Hsieh et al.,
1993). Both Thl and Th2 phenotypes assist B-cells in antibody production. A Th2
phenotype strongly enhances antibody production, primarily IgE and IgG1 production,
whereas a Thl phenotype induces IgM and suppresses IgE production by B-cells. IFN-y
release by Thl cells inhibits the enhancing activity on antibody production of Th2 cells
(Mosmann et al., 1986) and partially inhibits the proliferative responses in Th2 cells induced
by IL-4 (Fernanadez-Botran et al., 1988). Fiorentino and colleagues demonstrated that a
detectable antibody response is often absent during a cell-mediated immune response

characterised by strong Th1l activity (Fiorentino et al., 1989).

The aim of this chapter was to evaluate the immune response induced by the pSinED-III
replicon in mice. The specific cell-mediated and humoral immune responses elicited in

response to immunisation were evaluated. Cytokine profiling was used to determine the
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type of cell-mediated immune response and antibody against YFV was detected using

ELISA and IFA to investigate humoral immune responses.

3.2 Methods and materials

3.2.1 Preparation of replicon DNA and recombinant protein for the immunisation of
mice

Immune responses were determined for mice immunised with the replicon-based vaccine
alone and for mice that were immunised with the replicon vaccine and boosted with a
bacterially expressed recombinant YFV antigen. Similarly, mice were mock immunised with
a replicon encoding GFP and selected groups were boosted with commercially purchased
recombinant GFP.

Replicon DNA for the immunisation of mice was prepared using the EndoFree® Plasmid
Maxi kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Briefly, a
starter culture was prepared by the inoculation of two 5 ml aliquots of pre-warmed 2X TY/kan
broth with pSinGFP and pSinED-IIl glycerol stock, respectively, and incubated at 37°C o/n
with shaking at 200 rpm. Each culture was diluted 1:1 000 in a total volume of 100 ml 2X
TY/kan and incubated at 37°C for approximately 16 hours with shaking at 200 rpm. The
bacterial pellet was harvested by centrifugation at 6 000 x g for 15 minutes at 4°C. Each
pellet was re-suspended in 10 ml P1 buffer and subsequently cells were lysed by the
addition of P2 buffer and incubation at room temperature for 5 minutes. The addition of
LyseBlue® to P1 buffer facilitated monitoring of cell lysis indicated by a colour change to
blue. Thereafter, 10 ml pre-chilled P3 buffer was added to the cell lysate and filtered through
separate QIlAfilter cartridges, and the filtered lysate was incubated on ice for 30 minutes after
the addition of 2,5 ml ER buffer. QIAGEN®-tips 500 were equilibrated, DNA was bound by
the addition of the prepared filtered lysate, washed twice with 30 ml QC buffer and
subsequently DNA was eluted in 15 ml QN buffer. DNA was precipitated with 10,5 ml
isopropanol at room temperature and the DNA pellet harvested by centrifugation at 5 000 x g
for 1 hour at 4°C. DNA was washed with 5 ml endotoxin-free 70% ethanol at room
temperature and harvested by centrifugation at 5 000 x g for 1 hour at 4°C. After discarding
the supernatant, each pellet was air-dried and re-dissolved in nuclease-free water. The DNA
concentration of the pSINnGFP and pSinED-Ill replicon DNA was determined using a
Nanodrop™ 2000.

Replicon DNA was confirmed by double restriction digestion using Notl and Xhol restriction

endonucleases for excision of the gene encoding the GFP and YFV ED-Ill protein from the
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pSINGFP and pSinED-IIl replicon DNA, respectively. The double restriction digestion

reaction mixture (Table 3.1) was incubated at 37°C for 2 hours.

Table 3.1: Composition of double restriction digestion reaction mixture for

confirmation of replicon DNA for immunisation

Components: pSinGFP pSinED-IIl
reaction reaction
Volume (pl): | Volume (ul):
10X Buffer D 2,0 2,0
Replicon DNA 2,0 2,0
Notl (10 units/ul) 1,0 1,0
Xhol (10 units/ul) 1,0 1,0
Nuclease-free water 14,0 14,0
Total reaction volume 20,0 20,0

The DNA fragments were separated by agarose gel electrophoresis as described in section
2.1.1. After confirmation, replicon DNA was diluted in 0,9% sterile saline solution (refer to
appendix F for preparation of saline solution) to a final concentration 2 pg/100 pl and 25
H1g/100 ul replicon DNA for mouse experiments.

Commercially available recombinant purified GFP protein (Merck, California, USA)
expressed in E. coli was used for mock immunising the control groups of mice receiving a
mixed modal immunisation regime. The protein concentration was determined using the
Quant-iT™ protein assay (Invitrogen™, Oregon, USA) according to the manufacturer’s
instructions. Briefly, Quant-iT™ working solution was prepared and three 200 pl aliquots of
protein standards were prepared from stock standards by diluting each 1:20 in Quant-iT™
working solution. Protein samples were diluted at 1:200 in Quant-iT™ working solution, the
Qubit™  fluorometer (Invitrogen™, Oregon, USA) was calibrated using the standard
preparations and subsequently the protein concentrations were determined. The purified

GFP protein was diluted in 0,9% sterile saline solution to 10 pg/100 pl.

Recombinant YFV ED-Ill protein was prepared as previously described (Smouse, 2013).
Briefly, the 17D recombinant YFV ED-IIl protein was expressed in E. coli from a previously
prepared pQE8OL/ED-IIl construct containing the gene encoding the 17D YFV ED-IIl protein.
The presence of the gene encoding the 17D YFV ED-lIl protein in pQE8OL/ED-IIl stored as
glycerol stocks at -80°C was confirmed by double restriction digestion of purified plasmid
using BamHI (Promega, Wisconsin, USA) and Hindlll (Promega, Wisconsin, USA) restriction

endonucleases. Plasmid was prepared from an o/n starter culture prepared by inoculation of
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a 5 ml aliquot of LB/amp with 10 ul pQE8OL/ED-III glycerol stock and incubation at 37°C o/n
with shaking at 200 rpm. Plasmid DNA was purified using the PureYield™ Plasmid Miniprep
System according to the manufacturer’s instructions and the presence of the gene encoding
the 17D YFV ED-lll was confirmed by restriction digestion at 37°C for 2 hours as shown in
Table 3.2.

Table 3.2: Composition of double restriction digestion reaction mixture for

confirmation of pQE8OL/ED-III glycerol stock

Components: pPQESOL/ED-III
reaction
Volume (pl):
10X Buffer E 2,0
pQEBOL/ED-IIl DNA (159,0 ng/ul) 2,0
BamHI (10 units/ul) 1,0
Hindlll (10 units/ul) 1,0
Nuclease-free water 14,0
Total reaction volume 20,0

DNA fragments were visualised by agarose gel electrophoresis as described in section
2.1.1. After confirmation of the presence of the gene encoding the 17D YFV ED-lIl protein in
pQESOL/ED-III glycerol stock, protein expressed and purification was performed. Briefly, 25
ml LB/amp broth was inoculated with 250 pl pQE8OL/ED-III glycerol stock and incubated at
37°C o/n with shaking at 200 rpm. Each starter culture was diluted at 1:10 in 225 ml pre-
warmed LB/amp broth and incubated at 37°C with shaking at 200 rpm until an optical density
(OD)goonm Of 1,5 to 1,6 was reached. Protein expression was induced by the addition of
IPTG to a final concentration of 1 mM and cultures were incubated at 37°C for 4 hours with
shaking at 200 rpm. Cells were harvested by centrifugation at 10 000 x g for 20 minutes at

4°C and the pellet was stored at -20°C until protein purification.

Bacterially expressed recombinant YFV ED-lll protein was purified from the pellets by
immobilised metal ion chromatography (IMAC) utilising the affinity of the C-terminal histidine
tag for a pre-charged nickel(ll) matrix. The lysis of the bacterial cells was facilitated by re-
suspension of the thawed bacterial pellets in 20 ml Bugbuster® Protein Extraction Reagent
(Novagen, California, USA) containing 20 pl Benzonase® Nuclease (Novagen, California,
USA) and lyophilised lysozyme from chicken egg white (Sigma, Missouri, USA) to final
concentration of 1 mg/ml. The cell suspension was incubated on ice for 30 minutes with
gentle agitation and sonicated on ice ten times with 15 second bursts followed by 15 second

resting intervals. After sonication, the cell suspension was clarified by centrifugation at 10

51



000 x g for 10 minutes at 4°C. The expressed protein has previously been shown to be in

the insoluble phase (Smouse, 2013).

The recombinant YFV ED-IIl protein was purified using a denaturing protein purification to
facilitate the solubilisation of inclusion bodies containing the recombinant protein using
Protino® Ni-TED 1000 columns (Macherey-Nagel, Diren, Germany) according to the
manufacturer’s instructions. Briefly, the pellets were washed by re-suspension in 2 ml lysis-
equilibrium-wash (LEW) buffer followed by centrifugation at 10 000 x g for 30 minutes at
4°C. The supernatant was aspirated and the pellet was re-suspended in 2 ml denaturing
solubilisation buffer containing 8 M urea (Promega, Wisconsin, USA) to facilitate the
solubilisation of inclusion bodies. After incubation at room temperature for 1 hour with gentle
agitation, the cell extract was obtained by centrifugation at 10 000 x g for 30 minutes at
20°C. After equilibration of a Protino® Ni-TED 1000 packed column with 2 ml denaturing
solubilisation buffer, protein was bound to the pre-equilibrated column by the addition of the
cell extract. The column was washed twice with 2 ml denaturing solubilisation buffer to
reduce non-specific binding and subsequently protein was eluted in five 500 ul fractions
using denaturing elution buffer containing 8 M urea and 0,25 M imidazole. The protein
concentration of each fraction, designated eluate one to five, was determined using the

Quant-iT™ protein assay according to the manufacturer’s instructions.

Samples collected during protein purification were separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) at 60V for 15 minutes followed by 140V for
75 minutes on a 12,5% resolving 4% stacking SDS-PAGE gel (Table 3.3).

Table 3.3: Composition of SDS-PAGE gel for electrophoretic analysis of protein
purification product

Component: 12,5% 4% Stacking
Resolving gel gel
Volume (ml): Volume (ml):

30%/8% Acryl/Bis-acrylamide (Sigma, Missouri, USA) 6,666 0,800

3 M Tris-HCI at a pH of 8,8 stock solution 2,130 -

0,5 M Tris-HCI at a pH of 6,8 stock solution - 0,420

Deionised water 7,206 4,740

10% sodium dodecyl sulphate (SDS) (BDH, Poole, 0,400 0,060

England)

Fresh 10% ammonium persulphate (APS) (Promega, 0,100 0,120

Wisconsin, USA)

Tetramethylethylenediamine (TEMED) (Merck, 0,020 0,012

Darmstadt, Germany)
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The PageRuler™ prestained protein ladder (Thermo Scientific, lllinois, USA) with a range of
10 — 170 kDa was used for estimation of the size of the separated proteins. Samples were
prepared for SDS-PAGE by the addition of Lane Marker Reducing Sample Buffer (Thermo
Scientific, lllinois, USA) and incubation at 95°C for 5 minutes. Proteins were visualised by
staining with 0,2% Coomassie Brilliant Blue (Fluka, Buchs, Germany) and the gel was
destained using a destaining solution (refer to appendix F for preparation of stain and
destain).

The eluate containing the highest purity and concentration YFV ED-lIl protein was selected
for characterisation and for immunisation of mice. The selected eluate was resolved by
12,5% resolving 4% stacking SDS-PAGE as described in section 3.2.1. Thereafter, a
Western blot was performed to detect the C-terminal histidine tag fused to the YFV ED-III
protein using the Pierce® Fast Western Blotting kit (Thermo Scientific, lllinois, USA). Protein
was transferred to a BioTrace™ polyvinylidene fluoride (PVDF) transfer membrane (PALL
Corporation, Florida, Mexico) with a pore size of 0,2 um after activation of the PVDF
membrane in methanol for 5 minutes with gentle agitation, rinsing with deionised water for 2
minutes with gentle agitation and soaking in transfer buffer (refer to appendix F for buffer
composition) for 3 minutes with gentle agitation. Prior to the transfer of protein, the SDS-
PAGE gel was incubated in transfer buffer for 15 minutes with gentle agitation.
Subsequently, proteins were transferred using a Trans-Blot® SD semi-dry electrophoretic
transfer cell (Bio-rad, California, USA) at 20V for 1 hour. Post-transfer the PVDF membrane
was washed twice with Tris-buffered saline (TBS) at a pH of 7,5 (refer to appendix F for
buffer composition) for 10 minutes to remove any residual methanol and was incubated at
4°C o/n in mouse monoclonal anti-Hisg antibody diluted at 1:200 in antibody diluent.
Unbound antibody was removed by washing the PVDF membrane three times using TBS
containing 0,05% Tween® 20 for 10 minutes with gentle agitation. The PVDF membrane
was incubated in optimised horseradish peroxidase reagent diluted at 1:10 in antibody
diluent for 15 minutes with gentle agitation. The membrane was washed using TBS
containing 0,05% Tween® 20 three times for 10 minutes with gentle agitation to remove any
unbound antibody and reduce background, and a final wash for 10 minutes with gentle
agitation using TBS. The SuperSignal® West Pico Substrate was prepared by a 1:1 dilution
of SuperSignal® West Pico Luminol/Enhancer solution and SuperSignal® West Stable
Peroxide solution. The PVDF membrane was exposed to SuperSignal® West Pico
Substrate for 5 minutes with gentle agitation, covered in clear plastic wrap to prevent drying
and bound antibody visualised by exposure of the membrane and CL-XPosure™ X-ray film

(Thermo Scientific, Illinois, USA) to X-ray for 30 seconds. The image was developed for 3
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minutes in developer solution (Axim, Gauteng, RSA) and fixed for 2 minutes in fixer solution

(Axim, Gauteng, RSA). The film was rinsed with water to remove any residual fixer solution.

After characterisation of the expressed YFV ED-lll protein, refolding of the protein was
facilitated by ultrafiltration. The selected eluate was diluted 1:3 in LEW buffer and filtered
using a Millipore filter (Millipore Corporation, Massachusetts, USA) with a molecular weight
cut-off of 10 kDa facilitating the removal of water and salts to approximately half the initial
volume. The recombinant 17D YFV ED-IIl protein, estimated to be 13,35 kDa in size, was
retained during ultrafiltration. The protein concentration was determined using the Quant-
iT™ protein assay according to the manufacturer’s instructions. The refolded purified 17D
YFV ED-IIl protein was diluted in 0,9% sterile saline solution and filter sterilised using a
0,22um filter (GVS, California, USA). The concentration of the purified 17D YFV ED-I

protein was confirmed and adjusted to 10 pg/100 ul in 0,9% filter sterilised saline solution.

3.2.2 Immunisation of mice

Eight groups containing five six week old NIH mice obtained from Animal Unit at the
University of the Free State were inoculated by the IM route according to the immunisation
regime (Table 3.4) approved by the University of the Free State’s Animal Ethics Committee
(ECUFS NR 24/2011). Mice were kept five in a cage of 27cm by 43cm at a height of 15cm
with bedding, and food and water ad libitum. Inoculations were administered by Dr. Stephen
Robinson (BVSc). Doses were administered in a volume of 100 pl to the tibialis anterior
muscle. Mice were monitored daily throughout the study with additional monitoring after the
administration of immunisations. Mice were anaesthetised using inhalant halothane,
exsanguinated and sera were collected from the orbital sinus for the determination of
antibody responses by trained personnel from the Animal Unit at the University of the Free
State two weeks after administration of the final immunisations. Spleens were aseptically
removed and splenocytes were isolated and stimulated in vitro to facilitate the

characterisation of the cell-mediated immune response.

Four control groups were immunised with the pSinGFP replicon and/or purified GFP.
Control groups 1 and 3 received three consecutive DNA immunisations with the pSinGFP
replicon containing 2 pug and 25 ug replicon DNA, respectively. Whereas control groups 2
and 4 received two DNA immunisations followed by a booster with 10 pug purified GFP. The
four experimental groups were immunised with the pSinED-IlIl replicon and/or purified YFV
ED-lll protein. Groups 5 and 7 received three consecutive DNA immunisations with the

pSIinED-IIl replicon containing 2 pg and 25 pg replicon DNA, respectively. Groups 6 and 8
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received a mixed modal immunisation regime consisting of two DNA immunisations followed

by a booster with 10 ug recombinant purified YFV ED-Ill protein.

Table 3.4: Immunisation regime, including the day of inoculation, the vaccine

description and the dose administered

Group: | Day: Vaccine description: Dose (ug):
1 0 pSinGFP DNA 2
14 pSinGFP DNA 2
28 pSinGFP DNA 2
2 0 pSinGFP DNA 2
14 pSinGFP DNA 2
28 rGFP protein 10
3 0 pSinGFP DNA 25
14 pSinGFP DNA 25
28 pSinGFP DNA 25
4 0 pSinGFP DNA 25
14 pSinGFP DNA 25
28 rGFP protein 10
5 0 pSinED-IIl DNA 2
14 pSinED-IIl DNA 2
28 pSinED-IIl DNA 2
6 0 pSinED-IIl DNA 2
14 pSIinED-IIl DNA 2
28 rED-IIl protein 10
7 0 pSIinED-IIl DNA 25
14 pSinED-IIl DNA 25
28 pSinED-IIl DNA 25
8 0 pSInED-IIl DNA 25
14 pSIinED-IIl DNA 25
28 rED-IIl protein 10

3.2.3 Determination of antibody responses against YFV by indirect ELISA and indirect
IFA

Mouse sera were screened for antibody against YFV using a previously described and
optimised in house indirect ELISA (Smouse, 2013). YFV cell lysate antigen was prepared
from Vero-76 cells infected with 17D YFV at a multiplicity of infection (MOI) of 0,1. Post-
infection cells were incubated at 37°C and monitored for cytopathic effect (CPE). Infection
of cells by 17D YFV was determined by an IFA using human sera from a vaccinated
individual. Briefly, an aliquot of infected cells was re-suspended in 10% FBS in PBS at a pH
of 7,4, 10 ul applied to a microscope slide, dried and fixed in pre-chilled acetone for 20

minutes. Serum from an individual vaccinated against YFV, designated VBD19/09,
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previously confirmed to contain antibody against YFV by ELISA, as well as neutralising
antibody by a neutralisation test (Smouse, 2013) was diluted 1:10 in PBS, applied to each
well and incubated at 37°C for 20 minutes in a humid container. Three 15 second washes
were performed followed by a 15 second rinse with deionised water. Goat anti-human IgG
FITC (Zymed Laboratories, Cardiff, UK) at a dilution of 1:40 in 0,1% Evans blue in PBS were
reacted with the cells at 37°C for 30 minutes in a humid container. After washing, cells were
visualised using an OPTIPHOT fluorescence microscope. Following confirmation of
minimum 80% infectivity, infected cells were harvested by centrifugation at 12 500 x g for 20
minutes at 4°C. The pellet was re-suspended in borate buffered saline (BBS) at a pH of 9,0
(refer to appendix F for buffer composition) containing 1% Triton X-100 and sonicated on ice
at 5 minute intervals. The supernatant was clarified and collected by centrifugation at
10 000 x g for 20 minutes at 4°C. The supernatant was collected for use as detection
antigen and mock antigen was prepared using uninfected cells. The supernatant was stored
at -80°C.

The ELISA was used for the detection of antibodies induced by the candidate vaccine.
Unless otherwise specified, triplicate washes were performed for 10 seconds with 300 ul
PBS at a pH of 7,4 containing 0,1% Tween® 20 per well, all incubations were performed at
37°C for 1 hour and all volumes were 100 pl. Sera from two vaccinated individuals were
included as positive controls. Optimal dilutions were determined for the mock antigen and
YFV cell lysate antigen previously based on protein content and checkerboard titration
(Smouse, 2013). A 96-well Nunc-Immuno™ MicroWell™ PolySorp® plate (Nunc, Koeln,
Germany) was coated with mock antigen at a dilution of 1:800 and YFV cell lysate antigen at
a dilution of 1:500 dilution in PBS. The plate was incubated at 4°C o/n in a humid container
to facilitate the binding of protein. After washing, each well was blocked with 200 pl 10%
skim milk (Elite, Gauteng, RSA) in PBS to reduce non-specific binding. Control samples and
mouse sera were diluted at 1:100 using 2% skim milk in PBS and diluted sera were added to

the respective wells (Figure 3.1) and incubated at 37°C for 3 hours in a humid container.

After washing, control wells were incubated with goat anti-human 1gG horseradish
peroxidase (HRPO) conjugate (KPL, Maryland, USA) and wells reacted with mouse sera
were incubated with goat anti-mouse IgG HRPO conjugate (KPL, Maryland, USA) diluted 1:2
000 using 2% skim milk in PBS. After washing, 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid (ABTS) was added to each well facilitating a colour change in positive
reactors. After incubation at room temperature for 20 minutes in the dark, the OD4g5nm Was
measured using a Sunrise™ absorbance reader (TECAN, Saltzburg, Austria). The net
OD4osnm Was calculated by subtracting the OD.gsnm mock antigen from the ODaosnm vev cell iysate antigen-

The cut-off value was calculated using the ODgosnm Values for negative mouse sera from five
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mice vaccinated in an unrelated study with bacterially expressed Crimean-Congo
haemorrhagic fever virus nucleoprotein. Two positive controls, designated VBD19/09 and
VBD49/09, from individuals vaccinated against YFV previously confirmed to have an
antibody response against YFV and a neutralising antibody response were included
(Smouse, 2013).

Cut-off value = net ODg4gsnm + 2 standard deviations

1 2 3 4 5 6 7 8 9 10 11 12
A 49/09 | 49/09 Group 1 Group 2
B 19/09 | 19/09 Group 3 Group 4
- Mock
c MC1 | MC1 Group 5 Group 6 antigen
D MC2 MC2 Group 7 Group 8
E MC3 MC3 Group 1 Group 2
F MC4 MC4 Group 3 Group 4 YEV cell
G B lysate
MC5 | MC5 Group 5 Group 6 antigen
H Group 7 Group 8
\_Y_I_Y_

Mock  YFV cell
antlgen |ysate
antigen

Figure 3.1: Layout of 96-well plate for the detection of anti-YFV antibodies in sera
collected from mice

Positive controls (VBD49/09 and 19/09) were included to confirm reactivity of the detection antigen
with anti-YFV antibody. Positive controls were obtained from individuals vaccinated against YFV
previously shown to have an antibody response against YFV. A panel of negative mouse control
sera, designated MC 1 to 5, were included to facilitate the determination of a cut-off value to
differentiate positive from negative reactors.

To confirm the results obtained by indirect ELISA, sera were tested using a commercially
available indirect IFA (Euroimmun, Libeck, Germany). The IFA using YFV-infected cells
was performed according to the manufacturer’s instructions and modified to test mouse sera.
Briefly, biochip slides containing 10 tests per slide, comprising of uninfected and YFV-
infected cells, were incubated with mouse sera diluted 1:2 in sample buffer at room
temperature for 30 minutes. Biochip slides were rinsed and subsequently washed with PBS
containing 0,2% Tween® 20 for 5 minutes with gentle agitation. Thereafter, slides were

reacted with goat anti-mouse IgG FITC diluted 1:20 in 0,1% Evans blue in PBS at room
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temperature for 30 minutes. After washing, embedding medium was used to mount a cover

glass and an OPTIPHOT fluorescence microscope was used for visualisation.
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Figure 3.2: lllustration of an anti-YFV biochip slide for the detection of antibodies
directed against YFV

Positive sera were diluted two-fold from 1:2 to determine the endpoint antibody titre. A two-
fold serial dilution of control mouse serum (Smouse, 2013) in sample buffer was prepared
starting at 1:10 and was diluted up to 1:160. The reciprocal of the highest dilution of mouse
serum that reacted represented the antibody titre.

3.2.4 Determination of cytokine responses by the stimulation of cultured splenocytes

Spleens harvested from mice were processed for the isolation of splenocytes for culture.
The spleen was aseptically removed, placed in a small petri dish in 10 ml cold PBS and cells
were forced from the splenic capsule using mechanical disruption. Cell suspensions were
incubated at room temperature for 10 minutes to remove large tissue debris, the supernatant
was transferred to a clean tube and cells were harvested by centrifugation at 300 x g for 8
minutes at 4°C. After centrifugation, the supernatant was aspirated and the pellet was re-
suspended in 7 ml cold PBS. Cells were harvested by centrifugation at 300 x g for 8 minutes
at 4°C and re-suspended in RPMI 1640 (Lonza, Verviers, Belgium) supplemented with 10%
FBS, 100 U/ml pen/strep, L-glu to a final concentration of 2 mM and NEAA’s. Thereafter, the
cell preparation was passed through a 70 um Nylon cell strainer (BD Falcon™, New Jersey,

USA) and incubated on ice until the completion of cell counting.
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Figure 3.3: Layout of 96-well plates for stimulation of splenocytes

Splenocytes were counted using the trypan blue exclusion method using 0,4% trypan blue in
PBS and seeded at 5 x 10° cells/well in a 96-well plate (NUNC, Roskilde, Denmark).
Splenocytes were stimulated on the day of seeding with 0,25 pug concanavalin A (con A)
(Sigma, California, USA) or 0,25 pg purified YFV ED-lll protein per well (Figure 3.3).
Unstimulated cells were used as controls. Stimulation was performed in duplicate for each
cytokine to be tested. The cell culture supernatant was harvested 3 days post-stimulation
and stored at -20°C until testing.

Supernatant fluid from cell culture was used for cytokine profiling performed using
commercially available ELISA MAX Mouse IFN-y, Mouse IL-2, Mouse IL-4 and Mouse IL-10
Deluxe sets (BioLegend, California, USA) according to the manufacturer’s instructions.
Briefly, Nunc-Immuno™ MicroWell™ MaxiSorp® 96-well plates were coated with 100 pl
capture antibody diluted 1:200 in working concentration coating buffer by incubation at 4°C
o/n in a humid container. Each plate was washed four times for 60 seconds with 300 pl PBS
at a pH of 7,4 containing 0,05% Tween® 20 per well. All subsequent washes were
performed in an identical manner, unless otherwise stated, and residual wash buffer was
removed after every wash. Each well was blocked with 200 pl diluent A diluted 1:5 using

PBS at room temperature for 1 hour with shaking at 200 rpm.
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Table 3.5: Concentration of cytokine standards prepared by two-fold serial dilution

Row IFN-y (pg/ml): IL-2 (pg/ml): IL-4 (pg/ml): IL-10 (pg/ml):

A 1 000,00 125,00 125,00 2 000,00

B 500,00 62,50 62,50 1 000,00
C 250,00 31,25 31,25 500,00

D 125,00 15,63 15,63 250,00

E 62,50 7,81 7,81 125,00

F 31,25 3,91 3,91 62,50

G 15,63 1,95 1,95 31,25

H 0,00 0,00 0,00 0,00

A range of cytokine standards was prepared for each cytokine by two-fold serial dilution as
illustrated in Table 3.5. On each plate, a 100 pul aliquot of each dilution was added per well
in triplicate to construct a standard curve used to calculate the concentration of cytokine in
each sample. A 100 ul aliquot of supernatant fluid from unstimulated, con A stimulated and
YFV ED-IIl stimulated cells was added in duplicate for each mouse (Figure 3.4). Plates were

incubated at room temperature for 2 hours with shaking at 200 rpm.

1 2 3 4 5 6 8 9 10 | 11 12
A : U C E : C E U C E
I I
B 1 U C E 1 C E U C E
C U C E C E U C E
D U C E C E U C E
E U C E C E U C E
F U C E C E U C E
G U C E C E U C E
H U C E C E U C E
L )
T
Standards

Figure 3.4: Layout of 96-well plates for the detection of cytokines by ELISA

The highlighted area containing six blocks each, includes the duplicate unstimulated (U), con A
stimulated (C) and ED-lll stimulated (E) wells, representing the cell culture supernatant collected for

each mouse.
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After washing, a 100 pl aliquot of the detection antibody diluted 1:200 in diluent A was added
to each well and plates were incubated at room temperature for 1 hour with shaking at 200
rpm. After washing, a 100 ul avidin-HRPO diluted 1:1 000 in diluent A was added to each
well and plates were incubated at room temperature for 30 minutes with shaking at 200 rpm.
Thereafter, each plate was washed five times for 60 seconds with 300 pl PBS containing
0,05% Tween® 20 per well to reduce background. Positive reactors were detected by the
addition of 100 ul of 3,3,5,5-tetramethylbenzidine (TMB) substrate solution per well and
plates were incubated at room temperature for 20 minutes in the dark. The reaction was
stopped by the addition of a 100 ul 2N sulphuric acid to each well and the ODgsonm Was
measured using a Sunrise™ absorbance reader. A standard curve was constructed for
each plate using the mean absorbance values for each concentration of standard. The
concentration of cytokine for each well was determined using the equation of the standard

curve.

3.2.5 Comparison of cytokine release for different groups of mice

The student t-test was applied to determine whether the release of cytokine was significantly
different in experimental groups when compared to control groups. The p-value or
probability value was calculated using Excel® 2010 (Microsoft®, Washington, USA) software
with two-tailed distribution and two-sample unequal variance parameters. To determine
dose and/or regime-related induction of immune responses the t-test was applied to groups
receiving different regimes at the same dose and groups receiving the same regime at
different dosages. Dose or regime-related effects were based on the net release of cytokine
for each mouse in the experimental group calculated by subtraction of the mean cytokine

release for each corresponding control group from each mouse in the experimental group.

3.2.6 Detection of humoral anti-vector immunity elicited post-immunisation

Mouse sera were screened for antibodies against SINV using an indirect ELISA developed
and optimised in an unrelated study (Hanekom, 2014). The detection of a humoral immune
response against the encoded SINV NS proteins was performed as the SINV NS proteins
facilitate the replication of the construct in vivo and antibody against it may reduce the
efficacy of booster doses. SINV cell lysate antigen was prepared using Vero-76 cells
infected at a MOI of 0,1 with the SINV EgAR339 strain. Cells were monitored daily for CPE
and harvested after initial signs of CPE by centrifugation at 12 500 x g for 20 minutes at 4°C.
Cells were lysed in BBS at a pH of 9,0 supplemented with 1% Triton X-100. Thereatfter, cells

were sonicated at 5 minute intervals on ice. The supernatant was obtained by centrifugation
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at 10 000 x g for 20 minutes at 4°C. Mock antigen was prepared using uninfected cells. The

supernatant was stored at -80°C.

Unless otherwise indicated, all incubations were performed in a humid container for 1 hour at
37°C, plates were washed three times for 10 seconds with 300 ul PBS at a pH of 7,4
containing 0,1% Tween® 20 per well and all volumes were 100 ul. Optimal dilutions of mock
antigen and SINV cell lysate antigen was determined previously based on protein content
and checkerboard titrations (Hanekom, 2014). A 96-well Nunc-Immuno™ MicroWell™
PolySorp® plate was coated with mock antigen at a dilution of 1:800 and SINV cell lysate
antigen at a 1:1 000 dilution in PBS o/n at 4°C. After washing, wells were blocked with 200
pl 10% skim milk in PBS to reduce non-specific binding. After washing, mouse sera diluted
1:100 in 2% skim milk in PBS were added to the respective wells (Figure 3.5) and plates
were incubated at 37°C for 3 hours in a humid container.

1 2 3 4 5 6 7 8 9 10 11 12
A C++ C++ Group 1 Group 2
B C+ C+ Group 3 Group 4
L Mock
c C- C- Group 5 Group 6 antigen
D MC1 MC1 Group 7 Group 8
E MC2 MC2 Group 1 Group 2
F MC3 MC3 Group 3 Group 4 SINV cell
G r lysate
MC4 | MC4 Group 5 Group 6 antigen
H MC5 MC5 Group 7 Group 8

T T

Mock SINV lysate
antigen  antigen

Figure 3.5: Layout of 96-well plate for the detection of anti-SINV antibodies by an
ELISA

Positive and negative controls, included a high positive human control (C++) VBD27/08/05, a positive
human control (C+) VBD58/08/17 and a negative human control (C-) VBD02/08/12. A panel of
negative mouse control sera, designated MC1 to 5, were included to facilitate the determination of a
cut-off value to differentiate positive from negative reactors.
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Positive and negative controls were included to confirm reactivity of the SINV cell lysate
antigen with anti-SINV antibody, which included human sera from SINV-infected and naive
individuals. The presence/absence of antibody in the positive and negative controls has
been previously been confirmed by ELISA and the presence of neutralising antibody was
determined by a neatralisation assay (Hanekom, 2014). A panel of negative mouse sera
vaccinated in an unrelated study with the Crimean-Congo haemorrhagic fever virus
nucleoprotein was used to determine a cut-off value. Control samples were diluted 1:100 in
2% skim milk in PBS.

After incubation and washing, goat anti-mouse 1IgG HRPO diluted 1:2 000 in 2% skim milk
was added to each well. However, human control samples were incubated with goat anti-
human IgG HRPO diluted at 1:2 000 in 2% skim milk. After incubation and washing, ABTS
was added to each well, the plate was incubated at room temperature for 20 minutes in the
dark and the ODg4gsnm Was measured using a Sunrise™ absorbance reader. The net OD4g5nm
was calculated by subtracting the OD4osnm mock antigen from the ODagsnm sinv cell Iysate antigen- 1 NE
cut-off value was calculated using the OD g5 Values for the negative mouse sera from five

mice.

Cut-off value = net ODygsnm + 3 standard deviations

3.3 Results

3.3.1 Preparation of replicon DNA and recombinant protein for the immunisation of
mice

Replicon DNA was purified using the EndoFree® Plasmid Maxi kit for efficient removal of
endotoxin from the bacterial preparation yielding DNA suitable for immunisation. The
presence of the genes encoding the GFP and the YFV ED-Ill protein in the purified pSinGFP
and pSIinED-IIl replicon DNA, respectively, was confirmed by restriction digestion analysis
prior to the immunisation of mice. The presence of a band of approximately 1 108 bp and
696 bp in lanes 2 and 3 corresponds to the genes encoding the GFP and YFV ED-IlI protein,

respectively, as illustrated in Figure 3.6.
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Lane 1 2 3

10 456 bp

10 000 bp Linearised replicon

1200 bp

1000 bp 1108 bp

Gene encoding GFP

696 bp

Gene encoding YFV ED-III
protein

Figure 3.6: Agarose gel electrophoretic analysis to confirm the integrity of the purified
pSinGFP and pSinED-III replicon DNA for the immunisation of mice

Lane 1 — O’GeneRuler™ molecular weight marker; Lane 2 — Purified pSinGFP replicon DNA double
digested using Notl and Xhol; Lane 3 — Purified pSinED-IIl replicon DNA double digested using Notl
and Xhol.

After preparation of replicon DNA for immunisation, recombinant YFV ED-Ill protein was
expressed in a bacterial expression system. Prior to protein expression, DNA purified from
an o/n culture prepared using pQE8OL/ED-IIl glycerol stock was confirmed to contain the
pPQESOL/ED-IIl plasmid encoding the 17D YFV ED-IIl protein by double restriction digestion
analysis using BamHIl and Hindlll restriction endonucleases. The DNA fragment,
approximately 300 bp in length, represents the gene encoding the 17D YFV ED-Ill protein,
whereas the DNA fragment of approximately 4 751 bp represent the pQE8OL plasmid.
Thereafter, the pQE8OL/ED-III glycerol stock was used for protein expression.

Lane 1 2
5000 bp 4751 bp
Linearised pQE8OL plasmid DNA
300 bp 300 bp

Gene encoding the 17D YFV ED-lIl protein

Figure 3.7: Agarose gel electrophoretic analysis for the confirmation of pQE8SOL/ED-III

glycerol stock for protein expression

Lane 1 — O'GeneRuler™ molecular weight marker; Lane 2 — pQES8OL/ED-IIl double digested using
BamHI and HindlIl.
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Expression of the 17D YFV ED-lIl protein from the pQE8BOL/ED-IIl plasmid was induced by
the addition of IPTG to cultured bacteria. Subsequently, the 17D YFV ED-Ill protein was
purified using pre-charged nickel(ll) columns and the purified protein was collected in five
500 pl eluates. The protein concentration in each eluate was determined using the Quant-

iT™ protein assay (Table 3.6).

Table 3.6: Protein concentration in each eluate after denaturing purification

Eluate: Protein concentration (pg/ml):
1354
2160

960

706

598

QB WIN|F

Fractions collected during protein purification were separated by SDS-PAGE, including the

washing, binding and elution flow-through as illustrated in Figure 3.8.

Lane 1 2 3 4 5 6 7 8 9
15kDa
—— 13,35kDa 17D
YFV ED-Ill protein
10 kDa

Figure 3.8: SDS-PAGE analysis of fractions collected during protein purification

Lane 1 — 3 pl PageRuler™ prestained protein ladder; Lane 2 — 5 pl Fraction collected during washing;
Lane 3 — 5 pl Fraction collected during binding; Lane 4 — 5 ul Eluate 1; Lane 5 — 5 pul Eluate 2; Lane 6
— 5 ul Eluate 3; Lane 7 — 5 pl Eluate 4; Lane 8 — 5 pl Eluate 5; Lane 9 — 2 ul Positive control
consisting of purified 17D YFV ED-IIl protein.
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Eluate 2 contained purified 17D YFV ED-Ill protein, approximately 13,35kDa in size, at a high
concentration and was selected for characterisation, refolding and immunisation. The 17D
YFV ED-Ill protein was characterised in a Western blot using anti-Hiss mouse monoclonal
antibody as illustrated in Figure 3.9. The 17D YFV ED-Ill protein was expressed fused to an

N-terminal histidine tag, which was detected by anti-Hiss mouse monoclonal antibody.

15kDa

13,35 kDa
17D YFV ED-ll protein

10kDa

Figure 3.9: Characterisation of the expressed 17D YFV ED-lll protein by Western
blotting using anti-Hise mouse monoclonal antibody

After characterisation of the expressed 17D YFV ED-lll protein, the protein was ultra-filtered
to remove urea facilitating protein refolding/renaturation. The integrity and purity of the GFP
and 17D YFV ED-lll proteins were confirmed by SDS-PAGE prior to immunisation as
illustrated in Figure 3.10.

30 kDa
25kDa —— — 28kDa
GFP
15kDa ——
=— 13,35kDa
10kDa —— 17D YFV ED-Il protein

Figure 3.10: SDS-PAGE analysis for confirmation of integrity and purity of the GFP

and 17D YFV ED-lll proteins to be used for the immunisation of mice

Lane 1 — 3 yl PageRuler™ prestained protein ladder; Lane 2 — Recombinant GFP protein; Lane 3 —
Recombinant 17D YFV ED-Ill protein.
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The protein concentration of the commercial GFP and refolded 17D YFV ED-Ill protein was
determined using the Quant-iT™ protein assay kit (Table 3.7) to facilitate accurate dose

administration during immunisation.

Table 3.7: Protein concentrations of proteins used for mouse immunisations

Protein: Protein concentration (pg/ml):
GFP 630
17D YFV ED-lIl 1462

3.3.2 Determination of antibody responses to immunisation

An indirect in house ELISA was used to detect antibodies elicited by immunisation to YFV.
YFV cell lysate antigen was prepared using YFV-infected cells and was used as a detection
antigen.

1.4000

1.2000 -
1.0000 - H Controls
0.8000 - B Mouse 1
H Mouse 2
0.6000 -
B Mouse 3
0.4000 - M Mouse 4
0.2000 - M Mouse 5
C++ C

0.0000 -

+  Group Group Group Group Group Group Group Group
-0.2000 i 2 3 4 5 6 7 8

Figure 3.11: Graph anti-YFV antibody responses to immunisation as determined by an

indirect ELISA using YFV cell lysate antigen as detection antigen

A high positive control (C++) VBD49/09 and a positive control (C+) VBD19/09 were included to
confirm reactivity of anti-YFV antibody with the YFV cell lysate antigen used as detection antigen.
Each bar represents the net OD 405m.

Mouse sera did not contain antibody that reacted with the YFV cell lysate antigen as

indicated by the net ODyes,m Values below the calculated cut-off value of 0,04078 as
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illustrated in Figure 3.11. The lack of reactivity may indicate the absence of anti-YFV
antibody or an anti-YFV antibody titre below detectable level using the specified assay.
Therefore, a commercial indirect IFA was utilised as a lower dilution of mouse sera may be
applied facilitating the detection of low antibody titres. Only mice from the experimental
groups receiving the pSIinED-IIl replicon and/or purified 17D YFV ED-Ill protein were
screened for anti-YFV antibody using the anti-YFV indirect IFA from Euroimmun as
illustrated in Figure 3.12.

180
160 -
140 -
m Control
120 +
B Mouse 1
100 +
B Mouse 2
80 - H Mouse 3
60 - H Mouse 4
40 - ® Mouse 5
20 -~
0 - : : l. : | : .
Mouse C+ Group 5 Group 6 Group 7 Group 8
Group 5 6 7 8
Number of positive reactors 0/5 2/5 1/5 2/5

Figure 3.12: Graph anti-YFV antibody responses to immunisation as determined by an
indirect IFA using YFV-infected and uninfected cells

Mouse serum obtained from a previous study confirmed to have anti-YFV ED-IIl antibody was used as
a positive control to confirm reactivity of anti-YFV ED-Ill antibody with YFV-infected cells. The IFA

results are reported as the reciprocal of the highest dilution of mouse sera at which anti-YFV antibody
was detectable.

The antibody titre ranged from 8 to 16. Anti-YFV antibodies were detected in two mice
receiving two immunisations containing 2 pg pSinED-IIl replicon DNA followed by a 10 pg
purified YFV ED-Il protein booster, one mouse receiving three consecutive DNA
immunisations containing 25 pg pSIinED-II replicon and two mice receiving two
immunisations containing 25 pg pSIiNED-IIl replicon DNA followed by a 10 ug purified YFV

ED-IIl protein booster. The results indicate that the administration of a protein booster may
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play a role in the induction of antibody responses due to the presence of intact protein in the

extracellular environment.

3.3.3 Determination of cytokine responses to immunisation

The determination of cytokine release post-stimulation is important to facilitate the
determination of the type of Th response induced by immunisation. Splenocytes will secrete
cytokines upon re-stimulation with an antigen that have previously been encountered.
Therefore, isolated splenocytes were stimulated in vitro with purified 17D YFV ED-Ill protein
to determine the type of cell-mediated immune response elicited. Secretion of IFN-y, IL-2,
IL-4 and IL-10 was determined using commercially available ELISA kits. Standard curves
were constructed for each plate to facilitate the determination of the cytokine concentration

in each well (refer to appendix E for standard curves).

IFN-y is strongly associated with a Th1 response (Mosmann et al., 1986), which is generally
associated with the induction of a cell-mediated immune response (Kurt-Jones et al., 1987).

The IFN-y response for each mouse is illustrated in Figure 3.13.
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Figure 3.13: IFN-y concentration post-stimulation of splenocytes with purified YFV

ED-IIl protein in vitro

The IFN-y release differed significantly in the control groups, which included mice from
groups 1 to 4. This may be due to bacterial impurities within the purified protein used for
stimulation, especially as the control groups receiving a mixed model immunisation regime

had higher IFN-y release post-stimulation. This was reflected by the mean IFN-y
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concentration for each group of mice as illustrated in Figure 3.14. However, it is important to

take into consideration that, similar to humans, immune responses vary between mice.

3000.00
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Figure 3.14: Mean IFN-y concentration for each group of mice for the unstimulated,
con A stimulated and YFV ED-IIl stimulated splenocytes

The baseline IFN-y release was determined using the cell culture supernatant harvested
from unstimulated wells. The mean baseline IFN-y release for control and experimental
groups ranged from 2,68 - 16,90 pg/ml indicating the absence of infection in immunised
mice. The isolated splenocytes were also stimulated with con A, a T-cell mitogen that
induces murine T-cell proliferation (Stobo et al., 1972). Stimulation of splenocytes with con
A served as an indicator for T-cell proliferation and viability. The mean IFN-y release for
control and experimental groups stimulated with con A ranged from 1 105,90 — 2 107,60
pg/ml, confirming the viability of the splenocytes. Splenocytes were also stimulated with
purified YFV ED-IIl protein to simulate cytokine release after immunisation. IFN-y release
was noted in all groups of mice; however, control groups had significantly lower IFN-y
release as compared to the experimental groups. The induction of IFN-y release post-
stimulation in control groups may be attributed to bacterial impurities within the purified YFV
ED-Ill protein used for stimulation. Therefore, to determine the net IFN-y release due to
stimulation with the YFV ED-lll protein, the IFN-y release in unstimulated and YFV ED-lI
stimulated groups for each corresponding control group were deducted from the IFN-y
release for YFV ED-lll stimulated experimental groups. The net IFN-y release, as illustrated
in Figure 3.15, represents the IFN-y release in response to the YFV ED-lll protein
exclusively, thus facilitating a more accurate depiction of the IFN-gamma release post-
stimulation.

70



IFN-gamma release (pg/ml)
= .
o 1500.00 -
o
2 1000.00 - ;
2 B IFN-gamma release
o 500.00 - I l: (pg/ml)
3
E OOO i T T T
P 5-1  6-2 7-3  8-4
z Groups of mice

Figure 3.15: Net IFN-y released post-stimulation with YFV ED-III protein

Splenocytes released high levels of IFN-y post-stimulation with the YFV ED-Ill protein
suggesting recognition of the YFV ED-Ill protein. A similar response was observed
irrespective of the dose administered as illustrated by the net IFN-y release for groups 5 and
7, and groups 6 and 8, receiving 2 and 25 ug replicon DNA, respectively. However, a
regime related response was observed for the groups of mice receiving three consecutive
DNA immunisations as opposed to the mixed model immunisation regime, which included a
protein booster. The IFN-y release for groups receiving three consecutive DNA
immunisations was approximately double the IFN-y release observed in groups receiving a
mixed modal immunisation regime. This suggests that the third DNA immunisation attributed
to a stronger cell-mediated immune response as compared to groups receiving a protein
booster. The inclusion of a protein booster was aimed at eliciting and/or enhancing the

humoral immune response to immunisation.

The release of IL-2 post-stimulation was initially considered to be indicative of a cell-
mediated immune response with a Thl phenotype (Mosmann et al., 1986); however, IL-2
has also been shown to play an essential role in the differentiation of CD4" T-cells into a Th2
phenotype (Cote-Sierra et al., 2004). The release of IL-2 post-stimulation might therefore be
associated with either a Thl or Th2 phenotype and should be interpreted with the collective

cytokine profile. The IL-2 release for each mouse is illustrated in Figure 3.16.
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Figure 3.16: IL-2 concentration post-stimulation of splenocytes with purified YFV ED-

[l protein in vitro

IL-2 release varied within each group; however, little difference was noted between control
and experimental groups. This was reflected by the mean IL-2 release for each group of

mice illustrated in Figure 3.17.
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Figure 3.17: Mean IL-2 concentration for each group of mice for the unstimulated, con

A stimulated and YFV ED-Ill stimulated splenocytes

The mean baseline IL-2 release ranged from 29,03 - 67,22 pg/ml, which indicated release of
IL-2 in unstimulated splenocytes. The proliferation and subsequent release of IL-2 by
splenocytes was confirmed by stimulation with con A. The mean IL-2 release post-
stimulation with YFV ED-IIl ranged from 80,56 - 111,48 pg/ml indicating an increase in the
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release of IL-2 post-stimulation in both control and experimental groups. Therefore, the
release of IL-2 solely to recognition of the YFV ED-lIl protein was determined by calculating

the net IL-2 release as illustrated in Figure 3.18.
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Figure 3.18: Net IL-2 released post-stimulation with YFV ED-IIl protein

The net IL-2 release indicated low levels of release in response to the YFV ED-Ill protein.
Negative IL-2 values were obtained for groups 5 and 8, which indicated higher levels of IL-2
release in control groups as compared to the experimental groups. This phenomenon has
previously been observed (Verma et al., 2009), thus indicating the lack of IL-2 release post-

stimulation in experimental groups.

The release of IL-4 and IL-10 post-stimulation was evaluated due to the direct and indirect
association of IL-4 (Mosmann et al., 1986) and IL-10, respectively, with the development of a
Th2 response (Hsieh et al., 1993). The IL-4 response for each mouse is illustrated in Figure
3.19.

A low level of IL-4 release was observed in control and experimental groups post-stimulation
with the YFV ED-IIl protein and little difference was noted in the release of IL-4 between the

control and the experimental groups of mice.
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Figure 3.19: IL-4 concentration post-stimulation of splenocytes with purified YFV ED-

[l protein in vitro
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Figure 3.20: Mean IL-4 concentration for each group of mice for the unstimulated, con

A stimulated and YFV ED-Ill stimulated splenocytes

In Figure 3.20, the IL-4 release for unstimulated, con A stimulated and YFV ED-lIl stimulated
wells are illustrated. The mean baseline IL-4 release ranged from 0,40 - 1,42 pg/ml,
whereas the mean IL-4 release for con A stimulated wells ranged from 78,48 - 406,97 pg/ml.
The release of IL-4 post-stimulation with con A demonstrated the viability of the splenocytes.
The mean IL-4 release post-stimulation with the YFV ED-IIl protein ranged from 1,75 - 6,07

pg/ml. The net IL-4 release for each experimental group is illustrated in Figure 3.21.
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Figure 3.21: Net IL-4 released post-stimulation with YFV ED-lIl protein

Low level IL-4 release post-stimulation with purified YFV ED-IIl protein indicated the absence
of an IL-4 directed Th2 immune response. As IFN-y and IL-4 are reciprocally regulated to
direct a Thl or Th2 phenotype, respectively, a low level of IL-4 was expected as high level

IFN-y release was detected post-stimulation.

IL-10 antagonises the Thl response by inhibiting the release of IL-12 from activated
macrophages, which primarily directs the development of a Thl response (Hsieh et al.,
1993). IL-10 has been shown to be a regulatory cytokine that plays a role in preventing the
development of an overzealous immune response (Segal et al., 1998). The IL-10 response

for each mouse is illustrated in Figure 3.22.
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Figure 3.22: IL-10 concentration post-stimulation of splenocytes with purified YFV ED-

[l protein in vitro
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Figure 3.23: Mean IL-10 concentration for each group of mice for the unstimulated,

con A stimulated and YFV ED-IIl stimulated splenocytes

IL-10 release was higher in experimental groups as compared to control groups and varied
significantly within experimental groups. The mean IL-10 release for unstimulated, con A

stimulated and YFV ED-IIl stimulated groups is illustrated in Figure 3.23.

The mean baseline IL-10 release ranged from 2,68 - 42,22 pg/ml, whereas the mean IL-10
release for con A stimulated wells ranged from 1 349,30 — 1 821,44 pg/ml. In splenocytes
stimulated with the YFV ED-Ill protein the mean IL-10 release ranged from 87,11 - 267,52

pg/ml. The net IL-10 release for each experimental group is illustrated in Figure 3.24.
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Figure 3.24: Net IL-10 released post-stimulation with YFV ED-lIl protein
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Post-stimulation with the YFV ED-IIl protein, IL-10, associated with the development of a Th2
response, was released. IL-10 has been shown to regulate the inflammatory immune
response to protect the host from an excessive immune response, which could otherwise
result in immunopathology (Segal et al., 1998). Another role for IL-10 has also been
elucidated, which causes enhanced secretion of Thl cytokines by CD8" T-cells; however,
this role for IL-10 is only fulfilled when expressed in combination with IL-2 (Santin et al.,
2000). Therefore, the absence of IL-2 release accompanied by IL-10 release suggests that
the release of IL-10 did not contribute to the high levels of IFN-y released, but may
potentially play a regulatory role in preventing a disproportionate immune response.

3.3.4 Comparison of cytokine release for different groups of mice

The student t-test was performed to determine whether the release of each cytokine was
significantly different between each corresponding control and experimental group as
illustrated in Table 3.8.

Table 3.8: Comparison of control and experimental group for each cytokine evaluated

Cytokine: | Experimental | Control group: p-value: Statistically significant
group: difference (p<0,05):
IFN-y Group 5 Group 1 0,001557 Yes
Group 6 Group 2 0,004025 Yes
Group 7 Group 3 0,000009 Yes
Group 8 Group 4 0,046216 Yes
IL-2 Group 5 Group 1 0,359125 No
Group 6 Group 2 0,814909 No
Group 7 Group 3 0,323633 No
Group 8 Group 4 0,881717 No
IL-4 Group 5 Group 1 0,013943 Yes
Group 6 Group 2 0,020347 Yes
Group 7 Group 3 0,045784 Yes
Group 8 Group 4 0,362580 No
IL-10 Group 5 Group 1 0,001240 Yes
Group 6 Group 2 0,110614 No
Group 7 Group 3 0,015315 Yes
Group 8 Group 4 0,010260 Yes

Significantly elevated levels of IFN-y, IL-4 and IL-10 release were observed in experimental
groups as compared to control groups; however, levels of IL-4 were only slightly elevated.
To determine any dose and/or regime-related effects for the induction of each cytokine the

student t-test was applied to groups with one variable remaining constant. To allow the

77



determination of a dose-related effect groups with an identical immunisation regime at
different doses were compared. The dose and/or regime-related effects were evaluated for
IFN-y and IL-10 using the net IFN-y and IL-10 release for each mouse within a group as
illustrated in Table 3.9.

Table 3.9: Determination of dose and/or regime-related effects on the induction of IFN-
y and IL-10

Cytokine: | Experimental Control p-value: | Test for dose or Statistically
group: group: regime-related significant
effect: difference
(p<0,05):
IFN-y Group 5 Group 6 0,0002 Regime Yes
Group 7 Group 8 0,0003 Regime Yes
Group 5 Group 7 0,5008 Dose No
Group 6 Group 8 0,7840 Dose No
IL-10 Group 5 Group 6 0,1007 Regime No
Group 7 Group 8 0,5593 Regime No
Group 5 Group 7 0,3295 Dose No
Group 6 Group 8 0,1899 Dose No

A regime-related effect was noted in the induction of IFN-y. Groups receiving three
consecutive DNA immunisations had significantly higher levels of IFN-y release as
compared to groups receiving a mixed modal immunisation regime. Thus illustrating the
significant boosting effect of the administration of a third dose of DNA on the cell-mediated
immune response. However, no significant dose-related effects were noted for the release
of IFN-y and IL-10. The regime-related effect observed for IFN-y was not observed for IL-10

release.

3.3.5 Detection of humoral anti-vector immunity elicited post-immunisation

The detection of antibodies against SINV is important as DNA vaccines generally require the
administration of booster doses and anti-vector immunity could be detrimental to the
immunogenicity of the vaccine. Mouse sera screened by ELISA did not contain anti-SINV

antibody as illustrated in Figure 3.25.
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Figure 3.25: Graph anti-SINV antibody responses to immunisation as determined by
an indirect ELISA using SINV cell lysate antigen
Positive and negative controls were included to confirm reactivity of anti-SINV antibody with SINV cell

lysate antigen, including two positive controls (VBD27/08/05 and VBD58/08/17) and one negative
control (VBD02/08/12). The net OD4osnm is represented by each bar.

Detection of anti-SINV antibody was confirmed by inclusion of positive and negative controls
confirmed to be anti-SINV antibody positive and negative. Mouse sera did not contain anti-
SINV antibody as indicated by the net ODgsnm Values below the calculated cut-off value of
0,0397. The net OD4osnm Obtained for the human negative control were slightly higher than
the determined cut-off value; however, the cut-off value only applies to mouse sera as the
cut-off was determined using a panel of negative mouse control sera. The net OD4gsnm
obtained for the human negative control was lower than a previously reported cut-off value
using a panel of 18 negative human serum samples, which were determined to be 0,1548
(Hanekom, 2014). The results indicate that a humoral anti-vector immune response was not

induced by immunisation.

3.4 Discussion

Evaluation of the type of immune response elicited by immunisation in an animal model is
essential to determine the usefulness of a candidate vaccine at inducing a protective
immune response. In the case of DNA vaccines, the vaccine construct can be altered to
facilitate the induction of the desired immune response or enhance the immunogenicity of

the construct by the addition of DNA elements. In this chapter, mice were immunised with
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the pSINnGFP (control) and pSIinED-IIl (experimental) DNA-launched replicon constructs and

the immune response was determined.

Neutralising antibody has been shown to be the correlate of protection against YFV
(Julander et al., 2011); however, the contribution from the other arms of the immune
response should not be undervalued, especially the role of the innate and cell-mediated
immune responses (Gaucher et al., 2008). YFV has been shown to activate both the cell-
mediated and humoral arms of the immune response. The cell-mediated immune response
has been shown to play a role early in infection during the viraemic phase and may therefore
be important for controlling infection by preventing viral replication and dissemination due to
the destruction of virally infected cells. The humoral immune response characterised by
antibody with neutralising activity only develop later in infection (Reinhart et al., 1998;
Gaucher et al., 2008). Therefore, the ideal vaccine against YFV should elicit both a cell-
mediated and a humoral immune response. The humoral immune response elicited by the
pSIinED-IIl replicon was evaluated by indirect ELISA and no detectable antibodies were
demonstrated in sera diluted at 1:100. A commercially available IFA was used to confirm the
results obtained by ELISA and 5/20 mice in the experimental groups receiving the DNA-
launched pSIinED-Il replicon had detectable, but low level antibody responses post-
immunisation with an antibody titre ranging from 8 to 16. Due to the low antibody titres
observed in mice antibody isotyping was not performed. Confirmation of the presence of
neutralising antibody was not performed and is a limitation of the study. Neutralising
antibody tests require biosafety facilities that were not available. Administration of the
protein booster likely contributed to the development of an antibody response with 4/5 mice
receiving a mixed modal regime having detectable antibody. However, one mouse with
detectable antibody received a DNA only immunisation regime, therefore indicating the
potential of the pSinED-IIl replicon to elicit an antibody response; however, enhancement of

the antibody response will be required.

A strong cell-mediated immune response was elicited by the pSIinED-IlIl replicon post-
immunisation as indicated by cytokine profiling using in vitro stimulated splenocytes. The
ability of T-cells to proliferate and secrete cytokines post-stimulation was confirmed by
stimulation with con A, a mitogen that activates all subsets of murine T-cells. Recombinant
purified YFV ED-lll protein stimulated high levels of IFN-y release, indicative of a
predominantly Thl phenotype associated with the killing of virally infected cells. A
correlation was observed between the level of IFN-y secreted and the regime administered.
Mice receiving three consecutive DNA immunisations had significantly higher levels of IFN-y
release post-stimulation as compared to mice receiving two DNA immunisations followed by

a protein booster. In comparison, increasing the dose of DNA replicon did not significantly
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influence the levels of IFN-y released, indicating that a low dose of pSinED-IIl replicon DNA
is sufficient to facilitate expression of the YFV ED-Ill protein in vivo and subsequently induce
a Thl response characterised by the release of IFN-y. Increased levels of IL-10, a
regulatory cytokine, associated with a Th2 response were detected. Release of IL-10 has
been shown to protect the host against a disproportionate pro-inflammatory response, which
is mediated by high levels of Thl cytokine release (Segal et al., 1998). Expression of IL-10
is frequently delayed when compared to other pro-inflammatory cytokines (Trinchieri, 1997),
therefore the effects of IL-10 on inhibiting the development of a Thl phenotype are also
delayed. The induction of IL-10 may have been in response to the high levels of IFN-y
released post-immunisation, hence would possibly have a role in regulating the immune
response to protect the host in situ. A mechanistic study on DNA immunisation has shown
that the immune response is dependent on the localisation of the expressed antigen and the
processing pathway utilised for presentation to the immune response. In a study by Whitton
and colleagues, a CTL response was elicited without a detectable antibody response, which
was shown to be due to the intracellular degradation of the expressed without the release of

any intact protein to the extracellular environment (Whitton et al., 1999).

In theory, an immune response against the NS proteins encoded within the replicon should
be absent or minimal due to the intracellular expression of the encoded SINV NS proteins.
No antibody response to the SINV NS proteins was detected using ELISA. As the SINV NS
proteins were encoded within the control, pSinGFP replicon DNA, as well as the
experimental, pSIinED-Ill replicon DNA, antibody responses in both the control and
experimental groups of mice were determined. This could be significant as it suggets there
will be no interference from the humoral immune response with the administration of multiple

boosters.

In this chapter, the DNA-launched pSinED-Ill replicon encoding the YFV ED-Ill protein was
shown to elicit a predominantly Thl response characterised by the release of IFN-y post-
stimulation with recombinant YFV ED-Ill protein. The release of IL-10 may play a role in the
prevention of an overzealous pro-inflammatory immune response. The potential of the
pSINED-IIl replicon to elicit a humoral immune response characterised by antibody
production was illustrated; however, the antibody responses post-immunisation will need to

be enhanced and neutralising antibody responses investigated.
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CHAPTER 4: Discussion
YFV, a re-emerging mosquito-borne virus belonging to the family Flaviviridae and genus

Flavivirus has been associated with disease in humans (Calisher et al., 1989). Clinically
YFV presents with mild disease, which in approximately 15% of patients can progress to a
severe infection characterised by renal failure, jaundice and/or haemorrhage (ter Meulen et
al.,, 2004). YFV is a significant public health threat in yellow fever endemic areas (Stock et
al., 2013), which include the tropical regions of Africa and South America (WHO, 1953).
Fatality rates ranging from 20 to over 50% have been reported (Monath, 1999; Vasconcelos
et al., 2001c) and the prevalence of YFV for the year 2013 in Africa was estimated to be 130
000 severe cases and 78 000 deaths (Garske et al., 2014). The burden of disease is
highest in Africa constituting approximately 90% of reported yellow fever cases (Mutebi &
Barrett, 2002). In nature, YFV is maintained between non-human primates and certain
mosquito species with humans contracting disease when disrupting this cycle. Humans are
mostly dead-end hosts, because YFV virus is not efficiently transmitted from human to
human by mosquitoes due to low level viraemia experienced in humans (Monath, 1999).
Currently, the treatment of yellow fever consists of supportive care (Monath, 2005) and the
administration of antibiotics to prevent the development of secondary bacterial infections.
Several agents with antiviral activity against YFV have been identified; however, these
agents have been shown to only be effective when administered prior to or soon after virus
adsorption (Neyts et al., 1996; Ono et al., 2003).

Highly efficacious live attenuated vaccines are available against YFV (Theiler & Smith,
1937b). The success of the YFV vaccines has been attributed to the activation of both the
cell-mediated and humoral arms of the immune system (Martins et al.,, 2007) with
neutralising antibodies being considered to confer protection against disease (Julander et
al., 2011). Due to the live attenuated nature of these vaccines, use in immunocompromised
individuals has been contraindicated (WHO, 1998; Martin et al., 2001b; Cetron et al., 2002;
Barwick & Yellow Fever Vaccine Safety Working Group, 2004; Staples et al., 2010).
Administration of these vaccines in patients with hypersensitivity to eggs and/or chicken has
also been contraindicated due to the preparation of vaccine strain virus in whole chick
embryo (Cetron et al., 2002; Staples et al., 2010). Adverse events have also been
associated with the administration of the live attenuated vaccines against YFV, which include
vaccine-associated neurotropic- and viscerotropic adverse events (CDC, 2002). Vaccine-
associated viscerotropic adverse events with fatality rates exceeding 40% (Thomas et al.,
2013) results in multi-organ failure with disease resembling wild-type yellow fever infection
(Martin et al., 2001a; Vasconcelos et al., 2001b). Therefore, the need for a safer alternative

to complement the use of the available live attenuated vaccines is required to facilitate safe
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immunisation and higher immunisation coverage. In this study, a DNA-launched Sindbis
replicon encoding the YFV ED-IlIl protein was prepared and the immunogenicity of the DNA-

launched replicon was evaluated in a mouse model.

The DNA-launched pSinED-IIl replicon encoding the YFV ED-IIl protein was prepared using
the DNA-launched pSinGFP replicon provided by Prof. Mark Heise. After excision of the
gene encoding the GFP, a synthesised codon-optimised gene encoding the wild-type Asibi
strain YFV ED-lll protein was cloned into the linearised replicon and the presence of the
gene for expression of the YFV ED-Ill protein was confirmed using nucleotide sequence
analysis. Expression of recombinant YFV ED-lll protein was confirmed by transfection of
selected mammalian cell lines, including BHK-21, COS-7, HEK-293 and Vero-76.
Expression in all cell lines with varying transfection efficiencies was confirmed by detection
of the C-terminal histidine tag fused to the YFV ED-Illl protein using anti-Hiss mouse
monoclonal antibody in an IFA. The BHK-21 cell line was selected for the characterisation of
the expressed YFV ED-lll protein due to the higher transfection efficiency observed as
compared to the other selected mammalian cell lines. Subsequently, BHK-21 cells were
transfected with pSinED-IIl replicon DNA and reacted with mouse sera previously shown to
contain anti-YFV ED-Ill antibody. Positive fluorescence within the transfected cells
confirmed expression of the YFV ED-Ill protein post-transfection and substantiated the use of

the pSinED-IIl replicon for an immunisation study in mice.

Mice were immunised at two week intervals by the IM route using a DNA immunisation
regime, as well as a mixed modal immunisation regime consisting of two DNA immunisations
followed by a protein booster. Replicon DNA was administered at two different doses, 2 g
or 25 ug, to the respective groups of mice. Manthorpe and colleagues has previously shown
that maximum gene expression was achieved seven to fourteen days post-immunisation
with a DNA construct by the administration of 25 pg of DNA to the tibialis anterior muscle
(Manthorpe et al., 1993). DNA suitable for immunisation was obtained by purification using
the EndoFree® Plasmid Maxi kit to facilitate efficient removal of endotoxin from the bacterial
preparation. Two weeks after the administration of the final immunisations, spleens were
harvested and sera were collected facilitating the determination of the type of immune

response induced.

Both the cell-mediated and humoral immune response were investigated. Splenocytes were
isolated and stimulated in vitro to facilitate cytokine profiling. Splenocytes were stimulated
with con A, which served as a positive control, to illustrate the viability of the murine T-cells
and the ability of the cells to proliferate and secrete cytokines. Splenocytes were also

stimulated with purified recombinant 17D YFV ED-lIl protein to induce release of cytokines
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associated with immunisation. Unstimulated splenocytes were used to determine the
baseline cytokine release for each mouse. Cytokine profiling was performed post-
stimulation using commercially available ELISA’s specific for each cytokine. Cytokines
associated with a Thl and Th2 response were selected. IFN-y and IL-2 are generally
associated with a Thl response, whereas IL-4 (Mosmann et al., 1986) and IL-10 are
associated with a Th2 response (Hsieh et al., 1993). Levels of cytokine release differed
significantly between control and experimental groups for IFN-y, IL-4 and IL-10; however,
levels of IL-4 were only slightly elevated when compared to control groups.

A predominantly Thl phenotype within the CD4" T-cell population characterised by
significantly elevated levels of IFN-y release was elicited in response to immunisation, which
have been associated with a cell-mediated immune response (Kurt-Jones et al., 1987). The
level of IFN-y release differed significantly between groups receiving three consecutive DNA
immunisations and groups receiving a mixed modal immunisation regime. IFN-y release
was approximately doubled in groups 5 and 7 receiving three consecutive DNA
immunisations as compared to groups 6 and 8 receiving two DNA immunisations followed by
a protein booster. Thus illustrating the boosting effect of the administration of a third dose of
replicon DNA on the cell-mediated immune response. However, no dose-related effects
were noted between groups receiving an identical immunisation regime with 2 pg or 25 pg
replicon DNA, respectively. Thus similar levels of IFN-y induction was observed in groups 5
and 7 and groups 6 and 8 indicating that a low dose of replicon DNA is sufficient to induce a
cell-mediated immune response post-immunisation. IFN-y has been shown to modulate the
abundance of CD8" T-cells by direct stimulation resulting in the enhancement of the CD8" T-
cell response to infection (Whitmire et al., 2005). The functional competence of memory
CD8" T-cells is improved by IFN-y secreting CD4" T-cells in the absence of IL-2
(Kumaraguru et al., 2005). IL-10 a regulatory cytokine associated with a Th2 response was
significantly elevated post-stimulation. The release of IL-10 may have been in response to
the highly elevated level of IFN-y release, subsequently antagonising the Th1 response
(Hsieh et al., 1993) protecting the host from an excessive inflammatory immune response,
which could potentially be detrimental to the host (Segal et al., 1998). Further studies
profiling cytokine release at various intervals after stimulation may help determine the role of
IL-10 secretion. The levels of IL-10 release were more varied compared to the IFN-y release
and no regime- or dose-related effects were noted. Collectively, cytokine release indicated a

predominantly Th1 phenotype within the CD4" T-cell population.

Antibody induction in response to immunisation was evaluated by indirect ELISA using
whole cell lysate antigen and a commercial IFA using YFV-infected and uninfected cells.

Sera diluted 1:100 from immunised and mock immunised mice tested by ELISA, showed no
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detectable antibody response. Therefore, a commercial indirect IFA was employed to
confirm results obtained by indirect ELISA and low antibody titres were detected in 5/20
mice. Low level antibody responses to YFV were detected in mice from groups 6, 7 and 8.
Four of the five mice with anti-YFV antibody were immunised with a mixed modal
immunisation regime, including a protein booster. Therefore, it is likely that the
administration of a protein booster induced detectable antibody production post-
immunisation. One mouse receiving only replicon DNA had a low titre antibody response
illustrating the potential of the pSINED-IIl replicon to induce an antibody response after IM
administration; however, the antibody response post-immunisation requires optimisation.
Future studies may investigate the incorporation of a secretion signal within the replicon
construct to facilitate the transport of synthesised YFV ED-lIl protein to the extracellular
environment where circulating B-cells can encounter the protein and potentially lead to the
induction of an enhanced antibody response. Co-administration with adjuvants to enhance

the humoral immune response may also be explored.

The presence of antibody directed against SINV NS proteins encoded within the replicon,
which could potentially impede the efficacy of immunisations administered subsequent to the
primary immunisation, was investigated. Results revealed the absence of a detectable
antibody response to SINV, thus indicating the absence of humoral anti-vector immunity.
Future prospects may include the determination of the cell-mediated immune response
against the encoded SINV NS proteins post-immunisation to establish the induction of cell-

mediated anti-vector immunity.

A degree of variation in the antibody specificities has been observed in individuals
vaccinated against YFV (Vratskikh et al., 2013). In mice, antibody with potent neutralising
activity has been shown to be directed against domain Il of the flavivirus E glycoprotein
(Beasley & Barrett, 2002; Wu et al., 2003; Sanchez et al., 2005). However, in humans only
a small proportion of IgG antibody is directed to domain Ill in previously infected or
vaccinated individuals with varying neutralising activity (Throsby et al., 2006; Crill et al.,
2009; Wahala et al., 2009; Vratskikh et al., 2013). The proportion of antibody directed
against flaviviral ED-Ill has been shown to contribute to virus neutralisation (Throsby et al.,
2006; Crill et al., 2009; Wahala et al., 2009; de Alwis et al., 2011), except for YFV, which in a
recent study was found to not significantly contribute to the neutralisation of YFV (Vratskikh
et al., 2013). The discrepancy between mouse and human antibody specificities and
neutralising capabilities may also be explained by a recent study that showed the majority of
antibody post-infection with DEN in humans did not target the previously well-characterised
epitopes identified on domain lll using mice (Wahala et al., 2012). Therefore, the use of YFV

ED-IIl protein for immunisation may need to be re-evaluated. However, in a recent study the
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anti-JEV ED-llIl antibody was shown to block flavivirus entry and confer cross-protection (Fan
et al., 2013), which may indicate that the presence of sufficient levels of anti-ED-IIl antibody
could prevent virus entry irrespective of the neutralising activity of the antibody.
Alternatively, the complete E protein could be used for immunisation. A DNA vaccine
encoding the complete DEN-2 E protein has been shown to be fully protective against virus
challenge in mice (Azevedo et al., 2011). Although antibody directed against domain Il has
been shown to dominate the immune response in humans to flavivirus infections, the
neutralising activity of these antibodies are usually weak (Throsby et al., 2006; Crill et al.,
2009; de Alwis et al., 2011, Vratskikh et al., 2013).

A limitation of the study was the inability to test for neutralising antibody responses due to
biosafety considerations. However, the significance of neutalising antibody against YFV ED-
[l in humans vaccinated with live attenuated vaccine needs to be further investigated and it
is likely that a candidate vaccine should incorporate the gene encoding the complete E
protein. Similarly, mouse challenge studies will also be required to determine whether the
immune response elicited will protect a mouse against a lethal YFV challenge. This study
has shown that the DNA-launched replicon vaccine has potential as a vaccine vector. In
conclusion, the DNA-launched pSIinED-IIl replicon was shown to induce both a cell-mediated
and a humoral immune response in mice; however, enhancement of the induced humoral

immune response will be required.
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Appendix A: Codon-optimisation of wild-type YFV ED-IIl gene
Alignment of the gene encoding wild-type YFV ED-IIl protein and the codon-optimised
YFV ED-IIl gene using Clustal W2

Wild-type AAGGGGACATCCTACAAAATGTGCACTGACAAAATGTCTTTTGTCAAGAACCCAACTGAC 60

CodonOptimised AAGGGCACCAGCTACAAGATGTGCACCGACAAGATGAGCTTCGTGAAGAACCCCACCGAC 60
Kk kKK kK khkkhkk Kk K(hkkhkkhkhkk kkhk kkhkkkkk kkk Kk kk kAkhkkkKkkhkkkk kk kKK

Wild-type ACTGGCCATGGCACTGTTGTGATGCAGGTGAAAGTGCCAAAAGGAGCCCCCTGCAAGATT 120

CodonOptimised ACCGGCCACGGCACCGTGGTGATGCAGGTGAAGGTGCCCAAGGGCGCCCCCTGCAAGATC 120

Kk Akhkhkkk Ahkkhkkhkk kk AAkRAkKAAAkAKIAAAAA Kk khkkhkkk kk kk KAhkhkAkhkAkkhAkAkhAkk Ak Kk

Wild-type CCAGTGATAGTAGCTGATGATCTTACAGCGGCAATCAATAAAGGCATTTTGGTTACAGTT 180
CodonOptimised CCCGTGATCGTGGCCGACGACCTGACCGCCGCCATCAACAAGGGCATCCTGGTGACCGTG 180

Kk kkhkkkk kk kk kk kk kk kk Kkk Kkk Kkkkkk kk KFKhkkkk *kkkk Kk KKk

Wild-type AACCCCATCGCCTCAACCAATGATGATGAAGTGCTGATTGAGGTGAACCCACCTTTTGGA 240

CodonOptimised AACCCCATCGCCAGCACCAACGACGACGAGGTGCTGATCGAGGTGAACCCCCCCTTCGGC 240
Kk kKKK K K Kk Kk Kk ok Kk KK Kk kok kk Kk Akkkkkk kkkAAAKR Kk kKk kk Ak kK

Wild-type GACAGCTACATTATCGTTGGGACAGGAGATTCACGTCTCACTTACCAGTGGCACAAAGAG 300

CodonOptimised GACAGCTACATCATCGTGGGCACCGGCGACAGCAGGCTGACCTACCAGTGGCACAAGGAG 300
Kk kKRR KKKk Kk  kkkkk *x Kk Kkok kK kKK Kk kkkokkkk kAR KKK Kkokok

Alignment of amino acid sequence of the wild-type YFV ED-IIl protein and the codon-
optimised YFV ED-lll using Clustal W2

Wildtype MKGTSYKMCTDKMSEFVKNPTDTGHGTVVMQVKVPKGAPCKIPVIVADDLTAAINKGILVT 60
CodonOptimised MKGTSYKMCTDKMSFVKNPTDTGHGTVVMQVKVPKGAPCKIPVIVADDLTAAINKGILVT 60

KA AR AR A AR A AR AR A AR A AR AR A AR A A A A AR AR A AR A AR AR AR A AR A AR AR A AR AR A KKK

Wildtype VNPIASTNDDEVLIEVNPPFGDSYIIVGTGDSRLTYQWHKE 101
CodonOptimised VNPIASTNDDEVLIEVNPPFGDSYIIVGTGDSRLTYQWHKE 101

KA KRKAKRAAKA A A A A KA KA I A A A A AR AR A A A AR AR AR XKk

Codon usage by mice for the wild-type Asibi strain YFV ED-IlI
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Codon usage by mice for mouse codon-optimised wild-type Asibi strain YFV ED-ll|
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Codon usage by humans for mouse codon-optimised wild-type Asibi strain YFV ED-lII
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Appendix B: Vector maps for plasmids
Vector map for pUC57/ED-III
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Vector map for pSinGFP
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Vector map for pSinED-III
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Appendix C: Sequencing results for the pSinED-IIl replicon

Nucleotide and amino acid sequence data for pSinED-III

C ‘ A ‘ c — Nucleotide
His — Encoded amino acid
Tag — Description
altle|alalelela|c]|alclc|ala|c|t]alc|alalc|alT]s
Met Lys Gly Thr Ser Tyr Lys Met
Asibi strain codon-optimised ED-III
Tlelclalclclalalc{alalac|alt]e|ala|c|t]T]c|c]|T]6
Cys Thr Asp Lys Met Ser Phe Val
Asibi strain codon-optimised ED-III
alalc|alalc|clclclalclclalalc|alc|clalalc|clalc
Lys Asn Pro Thr Asp Thr Gly His
Asibi strain codon-optimised ED-II|
clalclalc|cle|Tls]|e|T]|a|alT]|c|c|alc|c|T]c|alA]lG
Gly Thr Val Val Met Gln Val Lys
Asibi strain codon-optimised ED-III
cltla|c|clc]alale]ala|c|a|c|c]clclc|Tt]e]c|alnla
Val Pro Lys Gly Ala Pro Cys Lys
Asibi strain codon-optimised ED-III
AlTt|clclclclalt]alalt|cla]T]ala|c|clalalc|alalc
lle Pro Val lle Val Ala Asp Asp
Asibi strain codon-optimised ED-III
cltle|alclcla|c|clalc|c|alt]c|alalc]|alale|s]|c]c
Leu Thr Ala Ala lle Asn Lys Gly

Asibi strain codon-optimised ED-II|
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altlclcltleleltla]alc]clalr]alalalclclclc]alt]c
lle Leu Val Thr Val Asn Pro lle
Asibi strain codon-optimised ED-II|
clclclalalc|alclc]alalclelalc|lalalcleclalcla|T]a
Ala Ser Thr Asn Asp Asp Glu Val
Asibi strain codon-optimised ED-III
cltle|alt|clelalc|a|Tla]|alalclclc|c]clclc|T]|T]c
Leu Met Glu Val Asn Pro Pro Phe
Asibi strain codon-optimised ED-III
clalclalalc|ala|c]|t]alc|alr|c]alt]c|s]|T]c|e]a]c
Gly Asp Ser Tyr lle lle Val Gly
Asibi strain codon-optimised ED-III
Alclclela|c|a|alc]|alelc|ala]|c]c|t]a|alc]c|T]AlC
Thr Gly Asp Ser Arg Leu Thr Tyr
Asibi strain codon-optimised ED-III
clale|tlala|clalc]|alale|c]alc|clalc]|clalc|c]alc
Gln Trp His Lys Glu His His His
Asibi strain codon-optimised ED-III Hexahistidine tag
clalclclalc|clalcltlalalalelclals|c]|alt]c|a]|alT
His His His Stop 3’ UTR & polyA tail of SinV
Histidine tag

Alclt|ale|t]alcla|c]clc|clalalt]elalc|c|c|a]alc

3’ UTR & polyA tail of SinV

clale|clalalalalc|t|cls|alt]e|r|alc]|t]T]c|c]|c]A

3’ UTR & polyA tail of SinV

cla|alalc|t|elalt]ae|t]a|clalr]|alalt|c|clalt]c|A

3’ UTR & polyA tail of SinV
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cleolc|t]lala|r[alr]alr[r]ale]a]lr]c]c]c]c]e]c]T]T

3’ UTR & polyA tail of SinV

Alc|clalcla|alalclalalt|alt]alc|c|alalc|alc|c|a

3’ UTR & polyA tail of SinV

alalalclt]clelalc]e|t]alr|T|7]c]cla|alc|c|alc]a

3’ UTR & polyA tail of SinV

clelc|ala|t|alclalr|alalr]c|c|r]6]|c]|e]|c]|alc]|T]c

3’ UTR & polyA tail of SinV

Tltle]|clclalalalr{alalr|c]alc|r]alr]alr]t|ala]c

3’ UTR & polyA tail of SinV

clalt|rlrlalrlTlc]|alc|c]e]a|alc]a]c]|clalalalalc

3’ UTR & polyA tail of SinV

Tlclalalr]e]r]alr]r]r]c]r]e]alcle]alalclc]alT]c

3’ UTR & polyA tail of SinV

cltle|clalt|{alalt|c|c|c|alt]a|c|ala|cla|T|c]|T]a

3’ UTR & polyA tail of SinV

clalr{alalcrlrrr]rlalr]r]alr]r]r]c]r]r]r]7]aA

3’ UTR & polyA tail of SinV

Tirlalalrfclafalclalalalalrr]r]r]e]r]r]T]7]T]A

3’ UTR & polyA tail of SinV

Alcialt|t]t]clalalalalalalalalalalalalalajalala

3’ UTR & polyA tail of SinV

Alalclelela|alT cltlclalala ¢

3’ UTR & polyA tail of SinV Xhol restriction site
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Aligned nucleotide sequence of the synthesised gene encoding the YFV ED-Ill protein

and the sequence data obtained for the pSinED-Ill replicon

YFVED-111
pSinED-111

YFVED-111
pSinED-111

YFVED-111
pSinED-111

YFVED-111
pSinED-111

YFVED-111
pSinED-111

YFVED-111
pSinED-111

Aligned amino acid sequence of the synthesised gene encoding the YFV ED-lIl protein

ATGAAGGGCACCAGCTACAAGATGTGCACCGACAAGATGAGCTTCGTGAAGAACCCCACC
ATGAAGGGCACCAGCTACAAGATGTGCACCGACAAGATGAGCTTCGTGAAGAACCCCACC

khkhkkhkhkhkhhkhkhkhhkhkkhrhhkhhkhkrhhhkhkhhkhhkrhkhhhkhkrhkhkhkhkrhkhkrhkkhkhkhhkrkxkhkkxkhkkxk*k

GACACCGGCCACGGCACCGTGGTGATGCAGGTGAAGGTGCCCAAGGGCGCCCCCTGCAAG
GACACCGGCCACGGCACCGTGGTGATGCAGGTGAAGGTGCCCAAGGGCGCCCCCTGCAAG

khkhkkhkhkhkhkhhhkhkhhkhkkrhhkrhhkhhhkhkhhAhhkrhkhkhkhhkrhkhkhkhkrhkhkrhkkhkhhkrkkxhkkhkrxkhkkxk*k

ATCCCCGTGATCGTGGCCGACGACCTGACCGCCGCCATCAACAAGGGCATCCTGGTGACC
ATCCCCGTGATCGTGGCCGACGACCTGACCGCCGCCATCAACAAGGGCATCCTGGTGACC

khkhkk Ak hkhhhkhkhhkhkhkrhhkrhhkhkrhhkhkhhAhkhkrhhkhhhkrhkhkhkhkrhkhkrhkkhkhkhhkrkxhkkhkrxkhkkxk*k

GTGAACCCCATCGCCAGCACCAACGACGACGAGGTGCTGATCGAGGTGAACCCCCCCTTC
GTGAACCCCATCGCCAGCACCAACGACGACGAGGTGCTGATCGAGGTGAACCCCCCCTTC

kA hkkhkhhkrhkhkhkhhkhkhkrhkhkrhhkrhkhkhkhhkhhkrhkhkrhhkrhkhkhkhkrhkhkrhkhkhkhhkrkrhkhkxkhkkxk*k

GGCGACAGCTACATCATCGTGGGCACCGGCGACAGCAGGCTGACCTACCAGTGGCACAAG
GGCGACAGCTACATCATCGTGGGCACCGGCGACAGCAGGCTGACCTACCAGTGGCACAAG

kA hkkhkhkhkhhkhkhkhhkhhk Ak hkhkhhkrhkhkhkhhkhhkrhkhkrhhkrhkhkhhkhkhkhkrhkkhkhkhhkrkrxhkhkxkhkxk*k

GAGCACCACCACCACCACCACTAA
GAGCACCACCACCACCACCACTAA

Kk kkkkkkkkkhkkhkkkkkkkrkhkkxkxk

and the translated sequence data obtained for the pSinED-IIl replicon

YFVED-111
pSinED-111

YFVED-111
pSinED-111

MKGTSYKMCTDKMSEFVKNPTDTGHGTVVMQVKVPKGAPCKIPVIVADDLTAAINKGILVT
MKGTSYKMCTDKMSEFVKNPTDTGHGTVVMQVKVPKGAPCKIPVIVADDLTAAINKGILVT

AR AR A AR AR A AR A AR AR A AR A A A AR AR KA A A A A A AR A AR AR A AR AR A AR A AR AR A AR A X kK

VNPIASTNDDEVLIEVNPPFGDSYIIVGTGDSRLTYQWHKEHHHHHH
VNPIASTNDDEVLIEVNPPFGDSYIIVGTGDSRLTYQWHKEHHHHHH

KA AR A A KR AR AR A A A AR A AR A A A AR AR A AR AR A AR A AR AR A AR Ak kK
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Appendix D: Raw data obtained for ELISA’s
Indirect ELISA for the detection of anti-YFV antibodies

<>

I O Mmoo m>

0.2930
0.4880
0.1020
0.0820
0.0760
0.0910
0.0960

1.5870
1.5040
0.1280
0.1140
0.0940
0.1260
0.1240

0.0400
0.0500
0.0470
0.0460
0.0530
0.0470
0.0610
0.0450

0.0450
0.0390
0.0380
0.0440
0.0590
0.0440
0.0450
0.0520

0.0450
0.0510
0.0400
0.0540
0.0540
0.0490
0.0480
0.0620

0.0410
0.0450
0.0470
0.0400
0.0500
0.0520
0.0480
0.0430

0.0380
0.0430
0.0500
0.0410
0.0480
0.0460
0.0430
0.0410

Sandwich ELISA’s for detection of IFN-y release

Plate 1:

<>

0.0450
0.0420
0.0370
0.0420
0.0540
0.0470
0.0390
0.0500

0.0320
0.0400
0.0370
0.0400
0.0360
0.0440
0.0480
0.0490

0.0430
0.0360
0.0410
0.0420
0.0490
0.0450
0.0490
0.0460

0.0370
0.0390
0.0390
0.0430
0.0440
0.0430
0.0450
0.0470

0.0660
0.0580
0.0390
0.0460
0.0720
0.0690
0.0480
0.0550

I 6O T"TmoOO ® >

1.0020
0.4810
0.2300
0.1430
0.0910
0.0570
0.0430
0.0260

1.0680
0.4100
0.2570
0.1480
0.0840
0.0580
0.0490
0.0240

1.0240
0.4270
0.2040
0.1450
0.0700
0.0660
0.0540
0.0230

0.0230
0.0240
0.0200
0.0220
0.0260
0.0260
0.0520
0.0770

2.0150
1.6120
1.5250
2.7160
1.6180
1.5540
2.9880
3.5570

0.4480
0.4960
0.5400
1.4650
3.4840
0.3370
0.3790
0.6540

0.0260
0.0220
0.0190
0.0260
0.0200
0.0200
0.0830
0.0260

2.1290
1.5110
1.2880
1.4070
1.5360
1.9690
1.9960
0.0200

1.9690
1.3410
1.6500
0.8440
1.5670
1.8090
3.4250
0.8760

0.0240
0.0220
0.0230
0.0400
0.0210
0.0250
0.0270
0.0190

1.9710
1.6790
1.7430
2.0460
1.6840
1.7590
1.6250
1.9750

0.6060
1.3290
2.0800
0.9660
1.9830
0.6790
0.7310
0.3620

A
B
C
D
E
F
G
H

Plate 3:

<>

1.3570
0.6850
0.3630
0.2070
0.1160
0.0890
0.0500
0.0190

1.4420
0.6990
0.3750
0.2180
0.1260
0.0810
0.0480
0.0160

1.4200
0.7200
0.4050
0.2170
0.1210
0.0780
0.0450
0.0170

0.0220
0.0190
0.0190
0.0190
0.0170
0.0190
0.0550
0.0230

3.1880
0.8180
3.0320
3.0630
3.1080
3.2810
3.2360
3.2880

0.3260
0.1330
0.0190
0.1250
1.4330
0.2020
1.3280
0.9740

0.0250
0.0320
0.0170
0.0220
0.0180
0.0200
0.0440
0.0200

2.7950
2.6980
2.2950
2.1520
2.3550
2.8170
2.8660
2.6850

1.0010
1.1460
2.7190
2.7980
1.1350
0.7850
0.5660
0.5950

0.0190
0.0320
0.0280
0.0170
0.0170
0.0180
0.0170
0.0190

2.9210
2.8080
2.0260
2.3330
2.8100
2.5710
2.7790
3.2390

3.3950
3.6140
3.5280
3.4780
3.5340
3.5980
3.5540
3.6250

I 6O T"TmoOO ® >

1.6460
0.8600
0.4140
0.2130
0.1230
0.0720
0.0440
0.0160

1.7030
0.8330
0.3900
0.2250
0.1120
0.0680
0.0400
0.0170

1.6270
0.8380
0.4130
0.2290
0.1210
0.0690
0.0440
0.0180

0.0210
0.0220
0.0170
0.0200
0.0200
0.0200
0.0270
0.0410

2.3180
2.3210
2.5210
2.2290
2.2390
2.2950
2.8700
2.8720

3.4740
3.5400
3.4830
3.5800
3.5330
3.5410
3.5450
3.5500
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0.0180
0.0170
0.0170
0.0200
0.0190
0.0220
0.0210
0.0200

2.6610
2.5210
2.0040
1.7560
2.3420
2.7250
2.4410
2.3900

2.8340
3.0770
1.0500
1.7800
2.3190
3.1510
3.1750
2.4740

0.0200
0.0200
0.0260
0.0230
0.0180
0.0190
0.0340
0.0180

2.5430
2.6690
2.3120
2.7420
1.9690
2.5230
2.1070
2.1530

3.3960
3.2860
3.4340
3.4740
3.4110
3.4890
3.2050
2.8610



Plate 4:

<>

1 2 3 4 5 [3
1.9810 2.0960 2.0850 0.0220 1.9960 3.3740
1.0400 1.0880 1.1340 0.0200 2.3400  1.3990
0.5730 0.5640 0.6260 0.0250 2.5110 3.3760
0.4170 0.3060 0.3050 0.0250 2.7210 3.3310
0.15%0 0.1610 0.1570 0.0200 2.0130  3.2950
0.0800 0.0920 0.0720 0.0190 1.9510 0.0260
0.0530 0.0550 0.0530 0.0170 1.8960 3.0510
0.0250 0.0210 0.0180 0.0190 1.6950 1.1960

IO TmoOoOm@>

Sandwich ELISA’s for detection of IL-2 release

Plate 1:

<>

A 1.1720 1.2190 1.2360 0.4320 2.3470 0.9260 0.2760 2.0340 1.0340 0.2930 2.3460 0.6370
B 0.6510 0.6900 0.6690 0.2240 2.6130 0.8490 0.2720 2.5290 0.7990 0.4100 2.5860 0.5600
C 0.3360 0.3630 0.3830 0.4820 2.1820 1.0830 0.4660 2.4760 0.7060 0.4020 2.2850 0.7690
D 0.1860 0.1810 0.1880 0.1330 2.5510 1.0830 0.2490 2.8290 0.9640 0.5470 2.2780 0.9520
E 0.1040 0.1060 0.1020 0.6730 1.7030 0.8710 0.3470 2.3160 0.9730 1.0570 2.1430 0.6820
F 0.0640 0.0660 0.0630 0.2620 2.0190 0.6150 0.6050 2.1920 0.7540 0.4230 2.3830 1.5700
G 0.0460 0.0480 0.0450 0.1310 2.4890 1.0090 0.3390 2.8810 0.7920 0.4990 2.3460 0.7550
H 0.0240 0.0260 0.0250 0.2660 2.5610 0.1880 0.4910 2.4620 0.9910 1.0400 2.4170 0.8580
Plate 2:

<>

A 1.0770 1.1870 1.1250 0.1300 1.8290 1.1350 0.3450 1.1800 0.8100 0.5150 1.5510 1.0700
B 0.6580 0.6260 0.6530 0.1400 2.0010 0.6450 0.4090 0.7530 0.7910 0.6180 1.0240 1.6090
C 0.3340 0.3520 0.3410 0.3340 2.2330 0.6570 0.4330 0.7010 0.4770 0.7920 0.6620 0.9970
D 0.1890 0.1830 0.1870 0.0630 2.2740 0.7760 0.4020 1.3660 1.3110 0.6340 0.7070 1.2640
E 0.1080 0.1030 0.1020 0.2520 2.5040 0.7290 0.2420 0.6300 1.0380 0.2780 1.0750 0.8010
F 0.0740 0.0630 0.0630 0.1460 2.4450 0.3830 0.2800 0.5380 1.2200 0.7650 1.3930 0.7170
G 0.0430 0.0420 0.0480 0.4770 2.3800 1.3240 0.4650 1.7570 1.2810 0.3970 1.9710 0.6440
H 0.0240 0.0230 0.0290 0.2650 2.2600 1.2190 0.6720 1.8060 0.8610 0.1730 1.9620 0.5020
Plate 3:

<>

1.0050 0.9410 0.9980 0.4170 1.6810 1.0140 0.2110 1.7460 1.0950 0.8130 1.5400 0.7540
0.5450 0.5330 0.5380 0.3760 1.7170 0.5640 0.0970 1.9340 0.7820 0.2620 1.3380 0.8110
0.2720 0.2940 0.2860 0.3450 1.5160 0.6600 0.1650 1.2970 0.8490 0.6390 0.7330 0.9160
0.1470 0.1250 0.1540 0.2280 1.3180 0.3950 0.2950 1.2600 0.8970 0.6700 0.8220 0.8080
0.0870 0.0600 0.0440 0.1620 0.6870 0.4430 0.3970 1.1700 0.5430 0.0820 1.1080 0.7000
0.0530 0.0210 0.0370 0.2690 0.6680 0.5170 0.3490 1.8550 0.6410 0.1530 1.3560 0.6480
0.0400 0.0190 0.0270 0.2830 0.5880 0.5950 0.3370 0.6570 0.9060 0.2530 0.6800 0.7730
0.0220 0.0200 0.0200 0.1770 1.2960 0.4970 0.3400 0.7400 1.1920 0.3320 0.7470 1.2730

I O T moOOwm®>
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Plate 4:

<>

IO T"TmoOOoO m®>

1
0.8930
0.4380
0.2270
0.1300
0.0620
0.0370
0.0330
0.0180

1.0060
0.5760
0.3030
0.1540
0.0800
0.0490
0.0350
0.0210

1.0170
0.5590
0.2960
0.1620
0.0860
0.0500
0.0350
0.0200

4
0.8850
0.4130
0.6480
0.4990
0.5000
0.6590
0.6750
0.6000

5
0.8440
0.5370
0.3130
0.3070
0.3430
1.0720
0.1540
0.2300

6
0.7710
0.8620
0.7880
0.9190
0.7260
0.8440
0.8530
0.9290

Sandwich ELISA’s for detection of IL-4 release

Plate 1:

<>

I O mMmoOO ® >

Plate 2:

<>

0.7600
0.4190
0.2820
0.1670
0.0800
0.0630
0.0390
0.0220

0.8280
0.4260
0.2320
0.1430
0.0670
0.0500
0.0340
0.0230

0.9920
0.4850
0.2560
0.1340
0.0790
0.0510
0.0340
0.0230

0.0310
0.0340
0.0260
0.0280
0.0260
0.0320
0.0270
0.0240

3.0660
2.9540
2.5540
2.6220
2.3760
2.4720
3.0080
2.9890

0.0480 0.0290
0.0340 0.0260
0.0510 0.0260
0.0430 0.0260
0.0320 0.0250
0.0380 0.0280
0.0430 0.0320
0.0410 2.1220

2.6820
2.7990
2.8660
2.8260
2.8100
2.7700
2.0160
2.5700

0.0230
0.0470
0.0450
0.0310
0.0430
0.0360
0.0380
0.0240

0.0250
0.0320
0.0300
0.0260
0.0410
0.0310
0.0270
0.0390

2.6070
2.6460
2.4410
2.3640
2.4200
2.5710
2.6990
2.5180

0.0450
0.0340
0.0320
0.0440
0.0380
0.0570
0.0370
0.0390

I O T moOoO®>

Plate 3:

0.8060
0.4550
0.2470
0.1360
0.0770
0.0540
0.0360
0.0230

0.8280
0.4860
0.2500
0.1140
0.0740
0.0570
0.0300
0.0230

0.9860
0.6060
0.3370
0.1590
0.0820
0.0500
0.0290
0.0270

0.0260
0.0270
0.0220
0.0230
0.0220
0.0210
0.0260
0.0230

2.6890
2.5850
2.6800
2.5540
2.8670
2.9240
2.6680
2.9150

0.0350  0.0250
0.0390 0.0280
0.0290  0.0260
0.0340  0.0270

0.0310  0.0340
0.0310  0.0260
0.0340  0.0230

0.0290  0.0210

2.0290
1.9630
2.3060
2.3180
1.7950
2.2100
2.7980
2.6790

0.0500
0.0450
0.0340
0.0360
0.0390
0.0300
0.0380
0.0370

0.0340
0.0370
0.0350
0.0380
0.0250
0.0260
0.0220
0.0260

1.9090
1.9360
1.7560
1.6360
1.5720
1.4800
2.2200
2.2250

0.0560
0.0740
0.0710
0.1010
0.0810
0.0510
0.0460
0.0390

<>

I 6O T"TmoOOoOw>

0.9520
0.6430
0.3450
0.2060
0.1140
0.0720
0.0500
0.0320

0.9390
0.6920
0.5060
0.2100
0.0930
0.0590
0.0410
0.0280

1.0340
0.6970
0.4940
0.2960
0.1520
0.0760
0.0370
0.0290

0.0500
0.0410
0.0400
0.0350
0.0310
0.0380
0.0390
0.0450

1.7860
1.8610
1.9980
1.9120
1.7960
1.9600
1.5120
1.5110

0.0870
0.0590
0.0600
0.0740
0.0920
0.0890
0.0870
0.0710
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0.0370
0.0340
0.0350
0.0280
0.0290
0.0300
0.0350
0.0300

1.9500
1.7870
1.7660
1.4530
1.8070
2.0090
0.9100
0.9130

0.0650
0.0520
0.0540
0.0470
0.0440
0.0610
0.0500
0.0500

0.0380
0.0420
0.0460
0.0460
0.0310
0.0350
0.0380
0.0430

1.4410
1.2400
0.7470
0.7750
1.4840
1.5250
0.9540
1.0590

0.0530
0.0480
0.0620
0.0710
0.0600
0.0510
0.0460
0.0580



Plate 4:

<>

1 2 3 4 5 6
0.6560 0.8410 0.8830 0.0320 0.7840  0.0370
0.5130 0.6180 0.6500 0.0310 0.7100  0.0370
0.3440 0.4190 0.4730 0.0360 0.2250  0.0410
0.2300 0.2530 0.2700  0.0320 0.4390  0.0530
0.0800 0.1150 0.1580  0.0270  0.4850  0.0480
0.0520 0.0420 0.0780  0.0250 0.2960  0.0370
0.0410 0.0350 0.0430 0.0280 0.2950  0.0550
0.0290 0.0310 0.0290 0.0320 0.3400  0.0340

I O m"TmoOOoOm>

Sandwich ELISA’s for detection of IL-10 release

Plate 1:

g

A 1.7160 1.8330 1.8320 0.0650 1.8610 0.1080 0.0740 1.5650 0.1230 0.0670 1.3580 0.1350
B 0.9930 0.9530 0.9580 0.0610 1.6390 0.1280 0.0620 1.2610 0.1230 0.0650 1.2190 0.1310
C 0.4630 0.4730 0.4760 0.0660 1.8440 0.1120 0.0620 1.5120 0.2030 0.0640 1.2350 0.1460
D 0.2420 0.1980 0.2380 0.0640 1.7810 0.0990 0.0600 1.5540 0.1580 0.0690 1.3250 0.1470
e 0.1260 0.1360 0.1300 0.0620 1.5390 0.1290 0.0610 1.4980 0.0720 0.0650 1.2260 0.1420
F 0.0880 0.0830 0.0910 0.0600 1.5290 0.1370 0.0700 1.4990 0.1410 0.0720 0.9960 0.0970
G 0.0710 0.0480 0.0600 0.0590 1.7060 0.0940 0.1150 1.4490 0.1640 0.0590 1.2670 0.1030
H 0.0480 0.0450 0.0480 0.0650 1.5210 0.0750 0.0610 1.4720 0.1610 0.0580 0.9300 0.0800
Plate 2:

<>

A 1.9320 1.8410 1.7950 0.0630 1.5360 0.2250 0.0680 1.7470 0.1460 0.0610 1.6810 0.2950
B 1.0950 1.0270 1.0110 0.0660 1.5040 0.1700 0.0660 1.6200 0.1480 0.0580 1.6140 0.2520
C 0.5260 0.5650 0.5890 0.0590 1.0400 0.0890 0.0630 1.6830 0.1770 0.0600 1.7400 0.3060
D 0.2530 0.2310 0.2860 0.0580 1.2840 0.0830 0.0610 1.7770 0.1770 0.0560 1.8330 0.3470
B 0.1380 0.1320 0.1190 0.0610 1.6450 0.0980 0.0620 1.4660 0.1900 0.0600 1.7150 0.3040
F 0.0970 0.0890 0.0920 0.0610 1.3350 0.0980 0.0600 1.5930 0.1580 0.0610 1.5390 0.3250
G 0.0650 0.0620 0.0600 0.0670 1.1100 0.1270 0.0570 1.7430 0.1090 0.0520 1.6850 0.1870
H 0.0430 0.0410 0.0470 0.0630 1.3350 0.1220 0.0630 1.5860 0.1350 0.0520 1.8770 0.2150
Plate 3:

<>

1.9830 2.0800 1.9730 0.0720 1.7700 0.2980  0.0730 1.5860 0.1700  0.0770 1.1720 0.2300
1.1990 1.0710 1.1410 0.0710 0.5270 0.4110 0.0710 1.4010 0.1690  0.0680 1.4800 0.2410
0.5350 0.6140 0.5730 0.0670 1.6710 0.3540  0.0690 1.4790 0.1330  0.0750 1.4760 0.3980
0.3390 0.3370 0.3350 0.0670 1.4690 0.2830  0.0650 1.6560 0.2210  0.0760 1.4390 0.3650
0.1750 0.1800 0.1700 0.0680 1.8130 0.3640  0.0620 1.2770 0.1930  0.0600 1.4110 0.2380
0.1160 0.1220 0.1170 0.0700 1.7740 0.3040  0.0630 1.4070 0.2190  0.0620 1.4160 0.2250
0.0870 0.0880 0.0840 0.0720 1.6660 0.3860  0.0710 1.5100 0.3450  0.0650 1.3110 0.2960
0.0580 0.0620 0.0620 0.0740 1.8100 0.3210  0.0720 1.5150 0.3180  0.0650 1.4850 0.2550
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Plate 4:
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1.4650 1.6280 1.5860 0.0630 1.3690 0.2240
0.9120 0.9200 0.9460 0.0690 1.4440 0.2070
0.4760 0.5320 0.5660 0.0650 1.3950 0.3010
0.2960 0.3100 0.3270 0.0710 1.3090 0.3310
0.1770 0.1890 0.1730 0.0670 1.1070 0.2490
0.1120 0.1340 0.1340 0.0680 1.2040 0.2650
0.0850 0.0920 0.0840 0.0720 1.1100 0.4030
0.0590 0.0580 0.0630 0.0680 0.3250 0.3450
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Indirect ELISA for the detection of anti-SINV antibodies

<>

0.1550 1.7830 0.0390 0.0460 0.0460 0.0450 0.0400 0.0490 0.0360 0.0430 0.0400 0.0530
0.2460 1.7290 0.0360 0.0350 0.0400 0.0430 0.0410 0.0400 0.0420 0.0360 0.0350 0.0570
0.1980 0.2810 0.0430 0.0330 0.0450 0.0380 0.0410 0.0350 0.0350 0.0380 0.0370 0.0360
0.0830 0.1020 0.0340 0.0370 0.0440 0.0370 0.0370 0.0220 0.0460 0.0440 0.0450 0.0470
0.0570 0.0710 0.0430 0.0500 0.0450 0.0420 0.0370 0.0540 0.0370 0.0440 0.0410 0.0530
0.0700 0.0840 0.0420 0.0380 0.0440 0.0460 0.0650 0.0450 0.0470 0.0380 0.0410 0.0630
0.0870 0.0990 0.0420 0.0360 0.0350 0.0480 0.0360 0.0380 0.0440 0.0430 0.0440 0.0470
0.0870 0.1170 0.0410 0.0410 0.0500 0.0380 0.0400 0.0490 0.0460 0.0440 0.0460 0.0460
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Appendix E: Standard curves for ELISA to facilitate determination of the cytokine

concentration

Standard curves for the determination of the IFN-y concentration

Plate 1:
Standard curve for the determination
of the IFN-y concentration
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Plate 3:

Standard curve for the determination
of the IFN-y concentration
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Standard curves for the determination of the IL-2 concentration

Plate 1:

Plate 2:

Standard curve for the determination
of the IL-2 concentration

OD450nm
o
(o))

Rz = 0.997ﬁ

e

¢ Seriesl

—— Linear (Series1)

—— Linear (Series1)

a—

50 100
IL-2 concentration (pg/ml)

150

Standard curve for the determination
of the IL-2 concentration

1.4
1.2
1
0.8
8 0.6
0.4
0.2

0

450nm

X viua

R% = 0.9962

¢ Seriesl

/

—— Linear (Series1)

/

—— Linear (Series1)

=

0

50 100
IL-2 concentration (pg/ml)

150

124




Plate 3:

Standard curve for the determination
of the IL-2 concentration
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Standard curves for the determination of the IL-4 concentration

Plate 1:
Standard curve for the determination
of the IL-4 concentration
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Plate 3:

Plate 4:

Standard curve for the determination
of the IL-4 concentration
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Standard curves for the determination of the IL-10 concentration

Plate 1:

Plate 2:

Standard curve for the determination
of the IL-10 concentration
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Plate 3:

Standard curve for the determination
of the IL-10 concentration
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Appendix F: Composition of buffers, media and solutions

Composition of buffers
1. 50X TAE(1L)

Dissolve 242 g Tris in 500 ml deionised water, add 100 ml 0,5 M EDTA at a pH of 8,0
and 57,1 ml glacial acetic acid. Adjust volume to 1 L using deionised water and store at
room temperature. Dilute to 1X working concentration by the addition of 40 ml 50X TAE

in a final volume of 2 L deionised water.

2. 10X PBS (1L)

Dissolve 80 g of NaCl, 2 g of KCI, 17,8 g of Na,HPO,4-2H,0 and 2,4 g of KH,PO, in 800
ml. Adjust pH to 7,4 using HCI and adjust volume to 1 L using deionised water.
Autoclave and store at room temperature. Dilute to 1X working concentration by the

addition of 200 ml 10X PBS in a final volume of 2 L deionised water.

3. Transfer buffer (1 L)

Dissolve 2,9 g glycine, 5,8 g Tris and 0,37 g SDS in 200 ml methanol. Adjust volume to
1 L using deionised water and store at 4°C.

4. 1XTBS(1L)

Dissolve 6,05 g Tris and 8,76 g NaCl in 800 ml deionised water. Adjust pH to 7,5 using 1

M HCI, adjust volume to 1 L using deionised water and store at 4°C.

5. BBS(1L)

Prepare 1,5 M NaCl by dissolving 87,7 g NaCl in 1 L deionised water, 0,5 M boric acid by
dissolving 30,9 g HsPO3; in 1 L deionised water and 1 N NaOH by dissolving 40 g NaOH
in 1L deionised water. Prepare a working solution using 8 ml 1,5 M NaCl, 10 ml 0,5 M
H;PO3; and 2,4 ml 1 N NaOH solution. Adjust the volume to 1 L using deionised water,

confirm a pH of 9,0, autoclave and store at room temperature.
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Composition of media
1. SOC media(1L)

Dissolve 20 g of Bacto-Tryptone, 5 g of Bacto-Yeast Extract, 0,5 g NaCl and 2,5 ml of 1
M KCI in 900 ml deionised water. Adjust the pH to 7,0 using 10 M NaOH and adjust
volume to 970 ml. Add 10 ml 1 M MgCl, and 20 ml 1 M glucose before use and store at
4°C.

2. LB media(1L)

Dissolve 10 g Bacto-tryptone, 5 g Bacto-yeast extract and 10 g NaCl in 800 ml deionised
water. Adjust the pH to 7,5 using 1 M NaOH and adjust volume to 1 L using deionised

water. Autoclave, allow to cool and store at 4°C.

3. 2XTY media(1L)
Dissolve 16 g Bacto-tryptone, 10 g Bacto-yeast extract and 5 g NaCl in 800 ml deionised
water. Adjust the volume to 1 L using deionised water. Autoclave, allow to cool and

store at 4°C.

Agar plates were prepared by the addition of 15 g Bacto-agar per 1 L of liquid media. After
sterilisation by autoclaving, media was allowed to cool, was poured in sterile plates and

stored in an inverted position at 4°C after solidification.

Composition of solutions
1. 0,1 MIPTG (50 ml)

Dissolve 1,19 g IPTG in 40 ml deionised water, adjust the volume to 50 ml using

deionised water and filter-sterilise using a 0,22 pum syringe filter. Store at -20°C.

2. 20 mg/ml X-gal (20 ml)

Dissolve 0,4 g X-gal in 20 ml N,N’-dimethyl formamide and store at -20°C.
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3. 125 mM EDTA

Prepare 0,5 M EDTA by dissolving 186,12 g Na,EDTA-2H,0 in 800 ml deionised water,
adjust the pH to 8,0 using NaOH pellets and adjust the volume to 1 L using deionised
water. Sterilise by autoclaving and store at room temperature. Dilute to a final

concentration of 125 mM in the desired volume using nuclease-free water.

4. 0,9% sterile saline solution (10 ml)

Dissolve 90 mg NaCl in 10 ml DNase/RNase free water and filter-sterilise using a 0,22

pum syringe filter.

5. 0,2% Coomassie Brilliant Blue stain (1 L)

Dissolve 1 g Coomassie Brilliant Blue in 450 ml methanol and 100 ml glacial acetic acid.
Adjust volume to 1 L using deionised water and store at room temperature.

6. Destaining solution (2 L)

Mix 600 ml methanol, 200 ml glacial acetic acid and 1,2 L deionised water and store at

room temperature.
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Appendix G: Letters of ethics approval
Letter of approval for animal ethics

UNIVERSITY OF THE
FREE STATE l | FS

UNIVERSITEIT VAN DIE
VRY

STAAT
YUNIVESITHI YA

FREISTATA

Internal Post Box / Interne Posbus G40 E-mail address: StraussHS@ufs.ac.za
Faks / Fax (051) 4444359

Me / Ms H Strauss 2014-03-20

PROF F BURT

DEPT OF MICOBIOLOGY AND VIROLOGY
FACULTY OF HEALTH SCIENCES
UNIVERSITY OF THE FREE STATE

Dear Prof Burt

ANIMAL EXPERIMENT NR 24/2011

RESEARCHER: PROF F BURT, DEPT OF MEDICAL MICROBIOLOGY AND VIROLOGY
PROJECT TITLE: CHARACTERIZATION OF IMMUNE RESPONSES TO FLAVIVIRUS PROTEINS
FOR VACCINE DEVELOPMENT.

You are hereby kindly informed that at the meeting held on 27 February 2014 the Interfaculty Animal
Ethics Committee condoned the approval of the following with regard to the above study:

a) Modifications to the protocol
b) Renewal to Dec 2014

Remarks by die Committee members:

As this route may be more painful, please increase the monitoring intervals of the animals to
three times daily, for the first 2 days after inoculation. Monitor for signs of activity, lameness and
localised pain and swelling for the first batch of inoculations. If no adverse side-effects are
observed, the monitoring frequency may be reduced thereafter.

Kindly take note of the following:

1. Fully completed and signed applications have to be submitted electronically to
StraussHS@ufs.ac.za and a hard copy has to be submitted too.

2. A signed progress report with regard to the above study has to be submitted
electronically to StraussHS@ufs.ac.za while a hard copy has to be submitted to Ms H
Strauss, Room D115, Francois Retief building, Faculty of Health Sciences. A report
has to be submitted when animals are physically involved and after completion of the
study. Guidelines with regard to progress reports are available from the secretary and
on the Faculty Intranet.

3. Researchers that plan to make use of the Animal Experimentation Unit must ensure to
request and receive a quotation from the Head, Mr Seb Lamprecht

4. Fifty (50%) of the\quoted amount is payable when you receive the letter of approval.

University of the Free State | Universiteit van die Vrystaat, 205 Nelson Mandela Drive/Rylaan, Park 3‘*‘["%
S Z

West/Parkwes, Bloemfontein 9301, South Africa/Suid-Afrika
P.0. Box/Posbus 339, Bloemfontein 9300, South Africa/Suid-Afrika
T: +27 (0) 51 401 9111, www.ufs.ac.za \ ,
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Letter of ethics approval for project

CHIVIRSITY OF THE l '
FREE STATE FS

HIVERSITE)T VAN DIE

VRYSTAAT
YUNIVESITRI Ya V

FREISTATA

Internal Post Box G40 E-mail address: StraussHS@ufs.ac
R (051) 4052812 Quis.aczs
Fax (051) 4444359

Ms H Strauss/hv 2014-04-14

REC Reference nr 230408-011
IRB nr 00006240

PROF FJ BURT

DEPARTMENT OF MEDICAL

MICROBIOLOGY AND VIROLOGY

FACULTY OF HEALTH SCIENCES hd
UFS

Dear Prof Burt

ECUFS NR 34/2013A

PROF FJ BURT DEPARTMENT OF MEDICAL MICROBIOLOGY AND VIROLOGY
PROJECT TITLE: DEVELOPMENT AND EVALUATION OF NOVEL VACCINES FOR
MEDICALLY SIGNIFICANT ARBOVIRAL DISEASES.

Y You are hereby kindly informed that the Ethics Committee approved the following at the
meeting on 8 April 2014:

* Permission is requested to extend the current protocol to include investigating
mechanisms for enhancing immunogenicity of vaccines for two medically significant
arboviruses, CCHFV and YFV

o CVof Research Assistant, Ms N Bafazini

o Extension Study:

o Ecufs nr34/20138
Researcher: Student Miss N Viljoen (M .Med.Sc.)
Project title:  Preparation and immunogenicity of a candidate replicon based yellow
fever vaccine.

2. Committee guidance documents: Declaration of Helsinki, ICH, GCP and MRC Guidelines on
Bio Medical Research. Clinical Trial Guidelines 2000 Department of Health RSA: Ethics in
Health Research: Principles Structure and Processes Department of Health RSA 2004;
Guidelines for Good Practice in the Conduct of Clinical Trials with Human Participants in South
Africa, Second Edition (2006); the Constitution of the Ethics Committee of the Faculty of Health
Sciences and the Guidelines of the SA Medicines Control Council as well as Laws and
Regulations with regard to the Control of Medicines.

3. Any amendment, extension or other modifications to the protocol must be submitted to the
Ethics Committee for approval.

4. The Committee must be informed of any serious adverse event and/or termination of the study.

5 All relevant documents e.g. signed permission letters from the authorities, institutions, changes
to the protocol, questionnaires etc. have to be submitted to the Ethics Committee before the
study may be conducted (if applicable).

6. A progress report should be submitted within one year of approval of long term studies and a
final report at completion of both short term and long term studies.

Jriversity of the Free State | Universiteit van die Vrystaat, 205 Nefson Mandela Drive/Rylaan, Park
AastiParkwes, Bloemfonitein 9301, South Africa/Suid-Afrika

2C. BoxPecsbus 339, Bloemfontein 9300, South Africa/Suid-Afrika

T -2700) 51401 9111, vwwwufs.acza
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Abstract

Yellow fever virus (YFV), a mosquito-borne virus that belongs to the family Flaviviridae and
genus Flavivirus, is a significant cause of morbidity and mortality in yellow fever endemic
areas, especially in West Africa. In humans, YFV causes yellow fever, a disease
characterised by renal failure, jaundice, and/or haemorrhage. The burden of disease is
highest in Africa constituting approximately 90% of reported cases worldwide. Despite the
availability of highly efficacious live attenuated vaccines against YFV, the estimated
prevalence for yellow fever in Africa was 130 000 severe cases and 78 000 deaths for 2013.
The available live attenuated vaccines have been contraindicated for use in
immunocompromised patients and individuals with hypersensitivity to eggs and/or chicken.
Vaccine-associated neurotropic adverse events that result in the development of
meningoencephalitis in infants and vaccine-associated viscerotropic adverse events that
result in disease resembling wild-type yellow fever have been reported. Vaccine-associated
viscerotropic adverse events are associated with fatality rates exceeding 40%. Therefore,
there is a need for a safer alternative to complement the use of the available live attenuated
vaccines. The aim of this study was to construct a DNA-launched candidate vaccine against
YFV and to determine the immunogenicity of the DNA-launched pSinED-IIl replicon, which
would provide information regarding the applicability of DNA-launched replicons as an

approach to vaccine development.

The pSinGFP replicon encoding the green fluorescent protein (GFP) was kindly provided by
Prof. Mark Heise. Expression of the GFP was confirmed in mammalian cell culture post-
transfection with the pSinGFP replicon, thus confirming the functioning of the replicon
elements and subsequent expression of the encoded protein. The gene encoding the GFP
was excised and replaced with a synthesised codon-optimised gene encoding the YFV ED-IIl
protein using directional cloning. The nucleotide sequence was confirmed by bidirectional
sequencing at the site of insertion and subsequently protein expression was confirmed in
selected mammalian cell lines. Protein expression was confirmed by detection of the C-
terminal histidine tag by immunofluorescence using anti-Hiss mouse monoclonal antibody.
Thereafter, the expressed protein was characterised by immunofluorescence using mouse
immune sera previously shown to contain anti-YFV ED-lll antibody. Reactivity of the
expressed protein with anti-YFV ED-lll antibody substantiated the use of the pSinED-III

replicon in a mouse immunisation study.

Mice were immunised intramuscularly according to pre-approved immunisation regimes
consisting of DNA only, as well as mixed modal immunisation regimes. Serum samples

were collected and spleens were harvested two weeks after the administration of the final
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immunisations. Serum samples were screened for anti-YFV antibodies by an enzyme-linked
immunosorbent assay (ELISA) and immunofluorescence to determine the induction of a
humoral immune response. Five of the twenty mice in groups immunised with the DNA-
launched pSinED-IIl replicon developed low level antibody responses illustrating the potential
of the pSIinED-IIl replicon to induce a humoral immune response. Splenocytes were
stimulated in cell culture with concanavalin A, YFV ED-Ill protein, or no stimulant to facilitate
the detection of cytokine release using ELISA’s. A predominantly T-helper 1 cell-mediated
immune response characterised by high level release of interferon-y post-stimulation with
the YFV ED-lll protein in vitro was elicited. The release of interleukin-10 post-stimulation
may be associated with the prevention of immunologically mediated damage to the host by
preventing an overzealous inflammatory immune response. Antibody-mediated anti-vector
immunity should not negatively impact the immunogenicity of the DNA-launched pSinED-III
replicon as antibody directed against the encoded Sindbis virus non-structural proteins was

not detected in mouse sera.

In conclusion, the pSinED-IIl replicon was shown to have the potential to induce both a cell-
mediated and a humoral immune response post-immunisation. However, optimisation of the

humoral immune response will be required.

Keywords: yellow fever virus; envelope domain Il protein; DNA-launched vaccine; replicon-
based; cell-mediated; humoral; immune response
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Opsomming

Geelkoorsvirus (GKV), ‘n muskiet-oordraagbare virus wat behoort tot die familie Flaviviridae
en genus Flavivirus, is ‘n belangrike oorsaak van morbiditeit en mortaliteit in geelkoors
endemiese gebiede, veral in Wes-Afrika. In die mens veroorsaak GKV, geelkoors, ‘n siekte
wat gekenmerk word deur nierversaking, geelsug en/of bloeding. Die las van die siekte is
die hoogste in Afrika waar ongeveerd 90% van aangemeldte gevalle wéreldwyd voorkom.
Ten spyte van die beskikbaarheid van hoogs effektiewe lewend verswakte entstowwe teen
GKV is die beraamde voorkoms van geelkoors in Afrika vir 2013 steeds 130 000 ernstige
gevalle en 78 000 sterftes. Die beskikbare lewend verswakte entstowwe is teenaangedui vir
gebruik in immuunonderdrukte pasiénte en individue met eier en/of hoenderallergieé.
Entstof-verwante neurotropiese newe-effekte wat lei tot die ontwikkeling van
meningoenkefalitis/breinvliesontsteking in babas en entstof-verwante viserotropiese newe-
effekte wat lei tot siekte wat natuurlike infeksie met GKV naboots is aangemeld. Entstof-
verwante viserotropiese newe-effekte word geassosieer met ‘n sterftekoers wat 40%
oorskry. Daar is dus ‘n behoefte vir ‘n veiliger alternatief wat die gebruik van die beskikbare
lewend verswakte entstowwe kan aanvul. Die doel van hierdie studie was die voorbereiding
van ‘n DNS-geloodsde replikon teen GKV en om die immunogenisiteit van die DNS-
geloodsde pSIinED-IIl replikon te bepaal wat insae sal verskaf tot die toepaslikheid van DNS-

geloodsde replikons vir entstof ontwikkeling.

Die pSinGFP replikon enkodeer die groen fluoresserende proteien (GFP) en is
goedkunstiglik deur Prof. Mark Heise verskaf. Die uitdrukking van die GFP is bevestig in
geselekteerde soogdierselle na transfeksie met die pSinGFP replikon en gevolglik was die
werking van die replikon elemente en die uitdrukking van die kodeerde proteien bevestig.
Die geen wat die GFP kodeer was verwyder uit die pSinGFP replikon en vervang met ‘n
vervaardigde kodon-geoptimiseerde geen wat die GKV omhulsel domain Il (OD-Ill) proteien
kodeer met behulp van gerigte klonering. Die nukleotiedvolgorde was bevestig deur
tweerigting volgordebepaling in die gebied wat die ingevoegde geen bevat. Daarna was die
uitdrukking van die kodeerde proteien bevestig in geselekteerde soogdierselle. Proteien
uitdrukking was bevestig deur die opsporing van die C-terminale histidien merker met behulp
van teen-Hiss muis monoklonale teenliggame. Die uitgedrukte proteien is daarna
gekarateriseer deur immunofluoressensie met muis immuunserum wat voorheen bepaal is
om teen-GKV OD-IIl teenliggame te bevat. Reaktiwiteit van die uitgedrukte proteien met
teen-GKV OD-lll teenliggame het die gebruik van die DNS-geloodsde pSinOD-Ill replikon vir

‘n muis immunisering studie bekragtig.
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Muise was binnespiers ingeént volgens ‘n vooraf goedgekeurde immuniseringskema wat
bestaan het uit slegs DNS, sowel as gemengde modale immuniseringskemas. Serum
monsters was ingesamel en die milt was asepties verwyder twee weke na die toediening van
die finale inentings. Teenliggame teen GKV was opgespoor in serum monsters met behulp
van ‘n ensiem-gekoppelde immunosorbent toets (ELISA) en immunofluoressensie om te
bepaal of ‘n humorale immuunrespons ontlok was. In 5/20 muise in groepe ingeént met
pSinOD-IIl replikon DNS was ‘n lae vlak teenliggaam respons opgespoor wat die potensiaal
van die pSinOD-IIl replikon om ‘n humorale immuunrespons te ontlok illustreer. Om die
opsporing van sitokiene met behulp van ‘n ELISA te fasiliteer was miltselle met
konkanavalien A, GKV OD-lll proteien of met geen stimulant gestimuleer in selkultuur. ‘n
Oorwegend T-helper 1 sel-bemiddelde immuunrespons gekenmerk deur ‘n hoé viak van
interferon-y vrystelling was bepaal na stimulasie met die GKV OD-lll proteien in vitro. Die
vrystelling van interleukin-10 na stimulasie kan moontlik geassosieer word met die
voorkoming van immunologies bemiddelde skade aan die gasheer deur die voorkoming van
‘n opruiende inflammatoriese immuunrespons.  Teenliggaam-bemiddelde teen-vektor
immuniteit behoort nie die immunogenisiteit van die DNS-geloodsde pSinOD-lll replikon te
affekteer nie, aangesien geen teenliggame teen die kodeerde Sindbis virus nie-strukturele

proteiene opgespoor was in die serum van die muise nie.

Ten slotte was die potensiaal van die DNS-geloodsde pSinOD-lll replikon om ‘n sel-
bemiddelde en ‘n humorale immuunrespons na inenting te ontlok gedemonstreer. Die

humorale immuunrespons wat ontlok was sal egter versterk moet word.
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