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Marburg virus (MARYV) is a zoonotic virus of significant potential public health concern in
Africa. Together with Ebola virus (EBOV), MARYV belongs to the family Filoviridae and
causes a life-threatening haemorrhagic disease in humans and non-human primates. The
occurrence of large outbreaks of MARYV disease (MVD) within the past two decades, as well
as the devastating EBOV outbreaks in West and Central Africa, indicates that filoviruses are a
much more significant public health threat than previously anticipated and can emerge at any
time without warning. These unprecedented outbreaks have emphasised the need for
surveillance in reservoir host populations and for safe and reliable surveillance tools and
diagnostic tests that may easily be performed in both laboratory and field settings. Egyptian
rousette bats (ERB; Rousettus aegyptiacus) are reservoir hosts for MARYV, and there is a need
for understanding the dynamics of immune responses of these animals to MARYV infection. This
knowledge can assist in predicting periods of increased transmission within bat colonies and in

turn, potential spillover events into human and other animal populations.

In this thesis, the development of indirect enzyme-linked immunosorbent assays (I-ELISA) for
the detection of specific anti-MARYV immunoglobulin G (IgG) in bat sera is described. The I-
ELISAs, based on two recombinant MARYV protein antigens (nucleoprotein and glycoprotein),
can be used without the need for high biocontainment facilities. Both I-ELISAs were found to
be robust and repeatable, with good sensitivity and specificity. Applying the I-ELISAs in
detecting IgG antibodies to MARYV in sera collected from both wild-caught and experimentally

infected bats indicated that the assays are suitable methods for MARYV serosurveillance, with
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the MARV GP-based I-ELISA demonstrating higher diagnostic performance compared to the
MARYV NP-based assay.

Based on this knowledge, the MARV GP I-ELISA was applied in monitoring and characterising
the antibody responses of ERBs to MARV. Maternal antibodies to MARV were detected in
juvenile bats up to approximately five months after birth. In bats experimentally infected with
MARYV, antibodies against the virus remained detectable in the majority of bats at 110 days
post-infection. Furthermore, antibodies to MARV remained detectable in 84% of naturally
exposed bats at least 11 months after capture, suggesting that bats develop long-term humoral
immunity in response to active infection with MARV. To test whether pre-existing immunity
in bats is protective against reinfection, 15 ERBs with differing levels of MARV-specific IgG
antibodies were inoculated with the Watsa isolate of the virus. Levels of anti-MARYV IgG
antibodies increased swiftly from day 5 post inoculation. Viraemia was detected in 73% of
reinfected bats, and the challenge virus was isolated from the serum of one reinfected bat. Viral
ribonucleic acid was detected in the spleen (73% of bats), liver (47%) and lung (7%) at different
days post inoculation. These results suggest that primary infection of ERBs with MARV does
not induce sterilising humoral immunity; however, re-inoculation of previously infected bats
produced only localised infection, with an absence of the virus in tissues potentially involved
in viral transmission. Reinfection of previously infected bats is therefore not likely to be a key

factor driving MARV maintenance in nature.

The establishment of in-house capacity for the production of recombinant I-ELISA antigens as
described in this thesis will assist in the biosurveillance programme in South Africa aimed at
monitoring the presence and distribution of MARYV infection in local bat populations. The
assays based on these antigens will also assist in monitoring the immune status of reservoir host
populations, predicting potential spillover events, implementing risk reduction strategies and
improving virus-host modelling studies. These tools will further contribute to the
characterisation of the antibody responses of ERBs to MARYV, which may ultimately assist in

elucidating the mechanisms by which bats are able to combat clinical MARYV disease.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction and thesis layout

Marburg virus (MARV) is a member of the family Filoviridae and causes life-threatening
haemorrhagic fever in humans and non-human primates (NHP) (Feldmann et al., 2013). Up
until 2018, 14 outbreaks of MARYV disease (MVD) have been recorded, and several of these
have been associated with entry into caves or mines, or contact with bats (Conrad et a/., 1978;
Smith et al., 1982; Johnson et al., 1996; Bausch et al., 2006; Centres for Disease Control and
Prevention, 2009; Timen et al., 2009; Adjemian et al., 2011). The majority of MVD outbreaks
have been reported from central, East and southwest Africa (Smith ez al., 1982; Johnson et al.,
1996; Bausch et al., 2006; Towner et al., 2006; World Health Organisation, 2007; World Health
Organisation, 2012; World Health Organisation, 2014; World Health Organisation, 2017).
However, MARYV is also of global significance due to the possibility of introduction to non-
endemic countries through animal importation and travel, and the potential for the use of the

virus as a biological terrorism agent (Groseth et al., 2009).

A large-scale and deadly outbreak of MVD in northern Angola in 2004 - 2005 (Towner et al.,
2006), followed a decade later by a devastating Ebola virus (EBOV) disease outbreak in West
Africa (Baize et al., 2014), demonstrated that filoviruses may emerge in unexpected locations
without warning, and may be a more significant threat to global health than previously thought.
For this reason, surveillance in reservoir hosts is crucial to predict or prevent imminent spillover
of MARYV into surrounding human and animal populations. In addition, the rapid and accurate
diagnosis of MVD is vital in containing and reducing the impact of outbreaks once spillover

has occurred.

The high lethality of MARYV, coupled with the unavailability of suitable vaccines or
therapeutics necessitates that the virus be handled in maximum biosafety laboratories
(Brauburger et al., 2012). This requirement has hampered the development of safe and reliable
assays for MARYV diagnosis and surveillance and, together with the unpredictable nature of

MVD outbreaks, has made the virus very difficult to study. Consequently, many gaps in



knowledge still exist regarding virulence factors, host-pathogen relationships, host immune

responses and natural MARYV transmission and maintenance mechanisms.

Bats, specifically Egyptian rousette bats (ERB), are reservoir hosts for MARV (Swanepoel et
al., 2007; Towner et al., 2007; Towner et al., 2009; Paweska et al., 2012). Bat immunity, in
general, is poorly understood, mainly because of the unavailability of bat-specific reagents,
immunoassays and cell lines required to study bat immune mechanisms (Schountz, 2014; Baker
& Zhou, 2015; Schountz et al., 2017; Banerjee et al., 2018). As a result, little is known about
the immune responses of ERBs to MARYV infection. The immune dynamics of bats may play
significant roles in the preservation of MARYV in nature (Amman et al., 2012; Plowright ef al.,
2016). The loss of maternal antibodies in juvenile ERBs is currently thought to be the primary
driver of MARYV transmission within bat populations (Amman et al., 2012; Paweska ef al.,
2018), but information on the duration of maternal immunity in ERBs and when these bats
become susceptible to infection is limited. The reinfection of previously exposed bats might
play an additional role in the natural maintenance of the virus (Schuh et al., 2017a), as it is

unclear whether antibodies offer life-long protection to bats against MVD.

The research described in this thesis focused on addressing the need for improved tools to
diagnose MVD and perform surveillance for MARV in reservoir host bat populations. In
addition, the research aimed to investigate the role of antibody responses of ERBs to MARV in
viral maintenance and transmission. This thesis is organised into four chapters. Chapter 1 serves
as a review of relevant literature, addressing aspects of MARV morphology, epidemiology,
virus hosts, immune evasion strategies, host immune responses and availability of assays for
MARYV diagnosis and surveillance. The development and evaluation of tools for the detection
of antibodies to MARYV in bat sera is described in chapter 2. The application of these tools in
the monitoring and characterisation of the active and passive antibody responses of ERBs to
MARV, and the role of antibodies in the protection of these bats against reinfection is described

in chapter 3. Finally, concluding remarks and future directions are presented in chapter 4.



1.2 History and taxonomy of Marburg virus

Marburg virus disease was first reported in August 1967 in Germany and Serbia (formerly
Yugoslavia), when laboratory technicians became infected with a novel agent while handling
blood and tissue specimens of African green monkeys (Chlorocebus aethiops) which were
shipped from Uganda to Europe (Martini, 1969). Thirty-one of the laboratory workers
developed a severe haemorrhagic disease, of which seven did not survive (Martini, 1969). As a
result, three shipments of monkeys were euthanised, and the outbreak was rapidly contained.
During this period, MARYV was isolated and characterised for the first time, and named after
the city in which most cases occurred (Siegert et al., 1968a). Marburg virus disease was not
reported again until 1975, when an Australian man acquired the infection while travelling
through Zimbabwe to Johannesburg, South Africa, and spread the virus to a travel companion
and a nurse (Gear et al., 1975). The man had reportedly slept in a room inhabited by bats and
had possibly visited the Chinhoyi cave in Zimbabwe shortly before falling ill (Conrad et al.,
1978), but the exact source of infection was never determined. The man succumbed to MVD,

but fortunately, both his travel companion and the nurse survived (Gear et al., 1975).

A year later, Sudan virus (SUDV) was discovered in Nzara, Sudan, when an outbreak of
haemorrhagic fever resembling MVD originated among cotton factory workers in the area
(World Health Organisation, 1978a). Around the same time, cases of haemorrhagic fever were
described in the northern parts of the Democratic Republic of the Congo (DRC) (formerly
known as Zaire). The outbreak was initiated when the index case received a chloroquine
injection for suspected malaria at the Yambuku Mission Hospital and afterwards presented with
haemorrhagic fever symptoms (World Health Organisation, 1978b). Nursing staff were
supplied with only five needles and syringes each day, and because the needles were not
sterilised between patients, subsequent patients receiving these injections also acquired an
unknown haemorrhagic disease and spread the infection to close contacts and hospital staff
members (World Health Organisation, 1978b). The unidentified causative agent was soon
isolated and named EBOV, after which marburgviruses and ebolaviruses were classified

together in the family Filoviridae.



As of 2018, the family Filoviridae is one of eight families of viruses assigned to the order
Mononegavirales and consists of the genera Marburgvirus, Ebolavirus and Cuevavirus
(Amarasinghe et al., 2018). The genus Marburgvirus contains a single species, Marburg
marburgvirus (formerly Lake Victoria marburgvirus), which includes two marburgviruses,

named Ravn virus (RAVV) and MARV (Amarasinghe et al., 2018).

1.3 Morphology, genomic structure and genetic diversity of Marburg virus

Marburg virus particles are filamentous and pleomorphic, appearing under an electron
microscope as rod-, ring-, six- or crook-shaped structures (Bharat et al., 2011). The virus has a
uniform diameter of 90 nm and is approximately 900 nm in length (Bharat et al., 2011);
however, an earlier publication has indicated that MARYV particles may reach lengths of up to
14 000 nm in infected cell culture (Geisbert & Jahrling, 1995). Marburg virions consist of a
helical nucleocapsid enclosed by a lipid envelope (Sanchez ef al., 1992). The MARV genome
is approximately 19 kilobases in length and consists of non-segmented, negative-sense, single-
stranded ribonucleic acid (RNA) rich in uridine and adenosine residues (Feldmann et al., 2013).
The genome contains seven monocistronic genes (Figure 1.1) which may either be separated
by intergenic regions of up to 97 nucleotides, or the upstream gene transcription stop signals
may overlap with the downstream gene transcription start signals with five highly conserved
nucleotides, a characteristic which is unique to the order Mononegavirales (reviewed in

Brauburger et al., 2012).

To date, at least nine genetically distinct strains of MARYV have been identified, including Popp
(Bukreyev et al., 1995), Ci67 (Siegert et al., 1968b), Ozolin (Gear et al., 1975), the prototype
Musoke (Smith ef al., 1982), Ravn (Johnson ef al., 1996), Angola (Towner et al., 2006) and
strains from the initial MVD outbreak in Germany and Serbia. Based on a comparative analysis
of the glycoprotein (GP) and viral structural protein 35 (VP35) of MARV, these strains are
divided into two separate lineages within the Marburg marburgvirus species, with the RAVV

strain representing its own lineage (Sanchez et al., 1998).
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Ravn virus and other MARYV genomes differ by approximately 20% at the nucleotide level, but
a high number of amino acids remain conserved in all but the GP gene of these strains
(maximum amino acid difference of 12.3% versus 23.5% for the GP gene) (Towner et al., 2006;
Carroll et al., 2013). The genomes of MARYV isolates originating from Angola, southwest
Africa, differ from East African isolates by approximately seven percent at the nucleotide level
(Towner et al., 2006). In MVD outbreaks where a single introduction into the human population
from a reservoir host most likely occurred, nucleotide differences of less than one percent at
the genomic level existed between isolates from different clinical cases (Towner et al., 2006).
In contrast, outbreaks associated with numerous independent introductions of MARYV into the
human population were associated with highly divergent clinical isolates, with a nucleotide

difference of up to 21% at the genomic level (Towner ef al., 2006).

1.3.1 Marburg virus proteins and functions

The MARYV genes code for seven structural proteins, including a nucleoprotein (NP), viral
structural proteins 24 (VP24), 30 (VP30), 35 and 40 (VP40), a GP and an RNA-dependent RNA
polymerase (L) (Peters, 2005; reviewed in Kajihara & Takada, 2015) (Figure 1.1). The most
conserved proteins between different MARYV strains include VP40, NP, VP24 and VP35, while
the most divergent protein is the GP (Towner et al., 2006). The NP, VP30, VP35, and L form
the ribonucleoprotein complex, while GP, VP24 and VP40 are associated with the lipid
envelope (Peters, 2005).

1.3.1.1 Nucleoprotein

The first MARYV gene encodes for NP (96 kilodalton (kDa)), which surrounds the viral RNA,
protects the genome from nucleases and drives nucleocapsid formation (Mavrakis et al., 2002).
The NP consists of a hydrophobic N-terminal half and an acidic, hydrophilic C-terminal half
(Sanchez et al., 1992). The MARV NP is highly conserved, with a maximum amino acid
difference of 5.9% between different MARYV strains (Towner et al., 2006). Although an amino
acid difference of up to almost 70% exists between marburg- and ebolavirus NPs, filoviral NPs
show strong amino acid sequence homology in the 400 residues at the N-terminus of the protein

(Sanchez et al., 1992). This region likely forms structures that are functionally relevant to the
6



Filoviridae family, such as RNA binding. The NP of MARV exhibits strong antigenic
properties, making it an ideal target for antigen detection tests (Saijo et al., 2001a; Niikura et
al., 2003; Changula et al., 2013). The majority of epitopes for anti-NP antibodies have been
identified in the C-terminal half of this protein (Saijo et al., 2001; Saijo et al., 2005; Changula
et al., 2013), at least one of which is conserved between all filovirus species (Ali & Islam,

2015).

1.3.1.2 Viral structural protein 35

The VP35 gene of MARYV varies by 5.5% at the amino acid level between different strains
(Towner et al., 2006). Viral structural protein 35 (32 kDa) is a cofactor for RNA polymerase
and is essential for MARYV transcription and replication (Miihlberger et al., 1998). Additionally,
VP35 plays a crucial role in immune evasion by acting as an interferon (IFN) antagonist,
suppressing dendritic cell maturation (Yen et al., 2014) and preventing the launch of the innate

immune response (reviewed in Audet & Kobinger, 2015).

1.3.1.3 Viral structural protein 40

The third gene of MARYV encodes for the membrane-associated protein VP40 (38 kDa), which
is the most abundant protein in the virion (Feldmann & Klenk, 1996). The VP40 gene is the
most conserved between different MARYV strains (1.7% maximum variation at the amino acid
level) (Towner ef al., 2006) and shows little tolerance for amino acid substitutions. The VP40
of MARYV assembles on the inner plasma membrane of human cells, where budding of the virus
is regulated and virus-like particles (VLPs) may be produced without the presence of other viral
proteins (Noda et al., 2002). Mutations in a loop region of the N-terminal domain of VP40 have
been shown to reduce plasma membrane localisation of the protein, as well as the release of
VLPs from cells (Adu-Gyamfi et al., 2014). Viral structural protein 40 is essential for the
formation of virions and regulates transcription and replication (Wenigenrath et al., 2010). The
protein also plays a role in counteracting the human innate immune response by inhibiting IFN
signalling (Valmas et al., 2010; Valmas & Basler, 2011). In experimentally rodent-adapted

variants of MARYV, the majority of amino acid changes seem to occur in the VP40 gene (Lofts



et al., 2007; Warfield et al., 2009; Lofts et al., 2011), suggesting a potential role for the protein

in host tropism.

1.3.1.4 Glycoprotein

Marburg virus possesses a single surface protein, GP, which inserts into a host-derived
membrane to form trimeric spikes (Feldmann et al., 1991; Mittler et al., 2011). The GP is the
least conserved filoviral protein, with a maximum amino acid variation of 23.5% between
different MARYV strains (Towner et al., 2006) and 72% between different filovirus species
(Sanchez et al., 1993; Sanchez et al., 1998). This high variability is likely due to selective
pressure for non-synonymous changes brought about by the immune responses of natural
reservoir hosts (Towner et al., 2006). Marburg virus GP plays essential roles in virus attachment
and entry through association with Niemann-Pick C1 receptors in host cells (Cote et al., 2011;
Mittler et al., 2011), and therefore also in host tropism (Manicassamy et al., 2007). Moreover,
the GP plays a significant role in viral pathogenesis and has been shown to be the cause of
cytopathic effect (CPE) in cell lines (Simmons et al., 2002). In the host cell, GP is synthesised
as a polypeptide which undergoes glycosylation in the endoplasmic reticulum (Jeffers et al.,
2002), followed by furin cleavage into two covalently linked subunits (GP; (150 kDa) and GP»
(45 kDa)) in the Golgi apparatus (Volchkov et al., 1998). The GP; subunit of MARYV contains
the receptor binding domain (Yaddanapudi et al., 2006), and binding of GP to CD209 receptors
in dendritic cells, and CLEC4M receptors on the endothelial cells of liver and lymph node
sinusoids, enables infection of macrophages (Shimojima et al., 2006). The GP2 subunit is
membrane-spanning and contains a putative immunosuppressive domain which may bring
about lymphocyte death and repress cytokine responses (Yaddanapudi et al., 2006).
Additionally, GP> may facilitate fusion of the viral and target cell or endosomal membranes,

allowing penetration of the virus into the host cell cytoplasm (Shimojima et al., 2006).

The majority of epitopes for antibodies are located on the GP of filoviruses (Hevey et al., 2003;
Fusco et al., 2015), and this protein is currently the only known target of neutralising antibodies
against MARYV (Takada et al., 2007a; Takada et al., 2007b; Bale et al., 2012b). For this reason,

this protein is an ideal antigen for use in MARYV serological assays and vaccines.



1.3.1.5 Viral structural protein 30

The VP30 gene varies by approximately 10% at the amino acid level between different MARV
strains (Towner et al., 2006). The function of VP30 (28 kDa) of MARYV is poorly understood.
In EBOV, VP30 has been shown to play an essential role in controlling transcription initiation
(Weik et al., 2002; Biedenkopf et al., 2016). However, the same has not yet been proven for
MARYV. Enterlein and colleagues (2006) suggested that VP30 may play an important role in

viral replication based on the unsuccessful rescue of MARYV in the absence of this protein.

1.3.1.6 Viral structural protein 24

The VP24 is a minor matrix protein of approximately 24 kDa and differs by 4.4% between
different MARYV strains at the amino acid level (Towner et al., 2006). Limited studies have
been conducted on the VP24 of MARV. The protein is unique to the family Filoviridae and has
been suggested to be important in the formation and release of nucleocapsid structures (Noda
et al., 2007) and viral particles during infection (Bamberg et al., 2005). In EBOV, VP24 acts
as a type I IFN antagonist (Reid et al., 2006), and mutations in this protein allow the virus to
adapt to guinea pigs (Volchkov et al., 2000). While MARV VP24 has been shown to interfere
with the inflammatory responses of its host (Edwards ef al., 2014; Page et al., 2014), no direct
role as an IFN antagonist has been reported for this protein to date. A study has shown that the
VP24 of EBOV plays an important role in adding genomic RNA to virus particles (Watt et al.,
2014); however, at the time of writing it is unclear whether the protein serves similar functions

in MARV.

1.3.1.7 RNA-dependent RNA polymerase

The L gene of MARYV varies by 12% at the amino acid level between different MARYV strains
(Towner et al., 2006) and codes for the L structural protein (267 kDa). This protein performs
the enzymatic functions of the virus and functions as an RNA-dependent RNA polymerase,
mRNA (guanine-N(7)-)-methyltransferase, poly(A) synthetase and mRNA guanylyl

transferase. The L protein is essential for transcription and replication, and may have additional



functions such as RNA synthesis, capping and polyadenylation (reviewed in Brauburger et al.,

2011).

1.4 Epidemiology of Marburg virus
1.4.1 Case fatality rate

For more than two decades following the initial discovery of MARYV, only sporadic outbreaks
of MVD occurred, affecting just a small number of people (Table 1.1). The outbreaks were also
associated with relatively lower case fatality rates than those seen in outbreaks of EBOV disease
(~30% for MARYV compared to ~90% for EBOV), and MARYV was therefore considered less
perturbing than its infamous relative (reviewed in Brauburger et al., 2012). This view changed
when MARYV suddenly re-emerged to cause large outbreaks affecting hundreds of people in the
DRC from 1998 to 2000 (Bausch et al., 2006), and in Angola from 2004 to 2005 (Towner et
al., 2006), with case fatality rates of up to 90% (Towner et al., 2006). The difference in case
fatality rates between these and previous MARYV outbreaks has been attributed to the varying
availability and quality of medical care between different outbreak locations (Bausch et al.,
20006), the route of infection (Bausch et al., 2006), and possible differences in pathogenicity
between different MARYV strains (Bausch et al., 2006; Geisbert et al., 2007; Alves et al., 2010;
Cross et al., 2015; Fernando et al., 2015).

1.4.2 Outbreaks and demographic characteristics of Marburg virus disease

At the time of writing, the most recent outbreak of MVD occurred in Uganda in October 2017

and involved three fatal cases (World Health Organisation, 2017). Other recorded outbreaks of

MVD in humans are summarised in Table 1.1.
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Table 1.1: Known outbreaks of Marburg virus disease in humans

Year Location Source of exposure Number of Number of Reference
cases deaths
1967 Germany and Non-human primates 31 7 Siegert, 1972
Serbia via Uganda u p gett;
1975 South Africa via Unknown/Possible exposure 3 1 Gear et al., 1975; Conrad
Zimbabwe to bats etal., 1978
1980 Kenya Unknown 2 1 Smith et al., 1982
Unknown/
1987 Kenya Visit to Kitum Cave 1 1 Johnson et al., 1996
1988 Russia Laboratory infection 1 1 Kuhn, 2008
1990 Russia Laboratory infection 1 0 Nikiforov et al., 1994
Contact
1998 — 2000 DRC . S 154 127 Bausch et al., 2006
with bats in mines
2004 — 2005 Angola Unknown 252 227 Towner et al., 2006
Contact
2007 Uganda with bats in mines 4 2 WHO, 2007
2008 The USA via Visit to Python Cave 1 0 CDC, 2009
Uganda
2008 The Netherlands Visit to Python Cave 1 1 Timen et al., 2009
via Uganda

2012 Uganda Unknown 18 9 WHO, 2012
2014 Uganda Unknown 1 1 WHO, 2014
2017 Uganda Possible entry into a cave, 3 3 WHO, 2017

preparation of a body for burial

During the outbreak of MVD in Durba and Watsa, DRC, between 1998 and 2000, 52% of the

infected patients were male mine workers (Bausch et al., 2006), while in the MVD outbreak in

Uige, Angola, 2005, 75.6% of patients with confirmed infection were female (Roddy et al.,

2010). In an African setting, females are traditionally associated with nursing and caregiving

activities (Roddy et al., 2010). The Uige outbreak involved high rates of nosocomial

transmission and transmission to caregivers, which may explain the higher infection rate

amongst females during this outbreak (Roddy et al., 2010). In general, no specific trends have

been observed regarding the age or sex of infected patients across several different outbreaks

of MVD (Bausch et al., 2006).
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1.5 Marburg virus host range and geographic distribution

Marburg virus disease outbreaks usually occur in the drier savannah areas of central and East
Africa, but have also occurred in the more tropical ranges of Southern Africa (Gear et al., 1975;
Towner et al., 2006). The virus has a zoonotic origin, and the initiation of several MVD
outbreaks has been associated with entry into caves and mines inhabited by bats (see section
1.4.2, Table 1.1).

1.5.1 Reservoir hosts

Reservoir hosts are living entities that typically maintain a pathogen without noticeable illness,
but can transmit these infectious agents to susceptible hosts with often severe health
consequences (Schountz, 2014). Several studies have indicated that bats may be possible
reservoir hosts for MARV (Swanepoel et al., 2007; Towner et al., 2007; Towner et al., 2009).
The ability of bats to migrate via flight, as well as their preference for roosting in large groups,
make them ideal candidates for the attainment and maintenance of viruses such as MARV
(Allen et al., 2008). The first evidence for MARYV infection in bats was published in 2007, after
MARYV RNA was detected in 12 bats collected in the Goroumbwa mine in the DRC (Swanepoel
et al., 2007), and four bats collected near caves in Gabon (Towner et al., 2007). Soon after,
MARYV was isolated from healthy ERBs (Rousettus aegyptiacus) caught in the Kitaka cave in
Uganda (Towner et al., 2009). The nucleotide sequences of the nucleic acid and isolates
collected from these bats were matched closely to those of isolates obtained from humans who
were infected with MARYV within the same area and in the same year (Swanepoel et al., 2007,
Towner et al., 2009). The ERB has since been confirmed as a reservoir host for MARYV based
on experimental inoculation studies where bats became infected with and shed the virus, but
did not show clinical signs of disease (Paweska et al., 2012; Amman et al., 2015; Paweska et
al., 2015; Schuh et al., 2017a). It remains to be confirmed whether other bat species may also

serve as reservoir hosts for MARV.

Egyptian rousette bats are widespread and are found in the Middle East, the coast of Pakistan,
East Africa, central Africa, West Africa, Southern Africa and southwest Asia (Barclay &
12



Jacobs, 2011). Serological and molecular evidence for natural exposure to or infection with
MARYV have been reported in ERBs in South Africa (Paweska et al., 2018), Uganda (Towner
et al., 2009; Amman et al., 2012), Kenya (Kuzmin et al., 2010), the DRC (Swanepoel et al.,
2007), the Republic of the Congo (Towner et al., 2007; Pourrut et al., 2009) and Gabon (Towner
et al., 2007; Pourrut et al., 2009). As shown in Figure 1.2, MVD outbreaks in human
populations tend to coincide with areas where ERBs occur, and where serological and molecular
evidence for the virus have been found in these animals. A study modelling the zoonotic
transmission potential of MARV showed that up to 27 African countries, inhabited by more
than 100 million people, might be at risk of MVD outbreaks (Pigott et al., 2015). The model
was based on environmental suitability for zoonotic MARYV transmission but unfortunately did
not include ERB distribution data due to a lack of differentiation between bat roosting and

foraging sites (Pigott et al., 2015).
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Figure 1.2: Overlapping geographic distribution of the
outbreaks of Marburg virus disease.

The Egyptian rousette bat distribution range is shown as purple shaded areas; areas where
serological and molecular evidence for Marburg virus in Egyptian rousette bats were obtained are
depicted as red and yellow triangles, respectively; the area where Marburg virus was isolated from
naturally infected Egyptian rousette bats is indicated with a blue star; and areas where Marburg
virus disease outbreaks have occurred in human populations are indicated with green circles.

Egyptian rousette bat distribution data were obtained from the African Chiroptera Report (2017).
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1.5.2 Susceptible hosts

Limited information is available on the susceptible host range of MARV. Marburg virus and
other filoviruses cause severe disease and often death in humans (Homo sapiens) and NHPs
(Bermejo et al., 2006). Experimental susceptibility to MARYV infection has been demonstrated
in common marmosets (Callithrix jacchus) (Carrion et al., 2011), cynomolgus macaques
(Macaca fascicularis) (Geisbert et al., 2007), African green monkeys (Chlorocebus aethiops)
(Gonchar et al., 1991), rhesus macaques (Macacamulatta) (Geisbert et al., 2002), baboons
(Papio hamadryas) (Ryabchikova et al., 1999) and squirrel monkeys (Saimiri sciureus) (Lub
et al., 1995). Serological studies and experimental infections have suggested the susceptibility
of dogs (Canis lupus familiaris), duiker antelope (Sylvicapra grimmia), ferrets (Mustela
putorius furo) and pigs (Sus scrofa domesticus) to EBOV infection (Rouquet et al., 2005;
Kobinger et al., 2011; reviewed in Weingartl et al., 2013; Kozak et al., 2016), but it is not yet
known whether these animals could also be susceptible to MARYV infection. Wild-type MARV
infections do not result in fatalities in immunocompetent rodents including mice, hamsters and
guinea pigs, but serially passaged virus may produce strains that are lethal to these animals

(Warfield et al., 2009).

1.6 Transmission of Marburg virus

Marburg virus disease outbreaks are rare, and transmission is therefore most likely an
uncommon event, with only restricted contact occurring between susceptible humans and
infected reservoir hosts. It has been suggested that MARV transmission may occur from bats
to humans by direct contact between mucous membranes or open wounds and bat excreta, bites,
hunting and consumption of bats, or consumption of or contact with fruit and other objects
contaminated with the saliva, blood, urine or faeces of bats (Swanepoel et al., 1996; Leroy et
al., 2005; Amman et al., 2015). Human-to-human transmission chains then follow, and
generally occur through direct contact with the body fluids of infected patients while caring for
them, or via contact with their remains during traditional burial activities (Roddy ef al., 2010).
Marburg virus appears to favour entry through mucous membranes or cuts and scrapes in the

skin, and needle-stick injuries and the re-use of contaminated needles have been the source of
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laboratory- and hospital-related filovirus infections (Edmond et al., 1977; World Health
Organisation, 1978b; reviewed in Silver, 2015).

The transmission pathways for MARV in reservoir host populations remain unclear. In four
separate studies where ERBs were experimentally infected with MARYV, it was shown that
viraemia was present for at least 5 days post-infection (but cleared from the blood by 10-16
days post-infection), which may facilitate transmission from infected bats to susceptible hosts
by contact with infected blood, for example during the hunting and slaughter of these animals
(Paweska et al., 2012; Amman et al., 2015; Paweska et al., 2015; Schuh et al., 2017a).
Furthermore, MARYV could be detected in a number of tissues including the salivary glands,
lungs, kidneys, large intestine, bladder and female reproductive tract, which may facilitate
horizontal (reproduction or direct contact with bodily fluids) or vertical (from dam to neonate
during birth) transmission between bats (Paweska et al., 2012; Amman et al., 2015; Paweska
et al., 2015; Schuh et al., 2017a). In one study, MARV was isolated from the saliva of
experimentally infected bats on several occasions, indicating a potential for transmission of the
virus between bats via biting or licking of mucous membranes, and between bats and other
animals and humans via bites and half-eaten fruit (Amman et al., 2015). Additionally, Schuh
and colleagues (2017a) were able to detect MARYV in oral swabs from healthy, previously naive
bats that were in contact with MARV-infected bats, providing evidence for horizontal

transmission of the virus between these animals.

Although not a likely natural route of transmission, MARV may be transmitted via aerosol
exposure under special circumstances, as demonstrated in an experiment conducted by Alves
and colleagues (2010). In their study, cynomolgus macaques were exposed to either a high or a
low dose of an aerosolised strain of MARV Angola, and all of the animals became febrile within
a week post-exposure and eventually succumbed to the infection (Alves et al., 2010). The
potential for aerosol spread of MARYV is worrying, as this increases the risk for this virus to be
exploited as a bioterrorism agent, and of transmission to humans whilst entering cave roosts or

mines inhabited by ERBs.
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1.7 Replication and dissemination of Marburg virus

Information on the replication strategies of MARYV is mostly limited to studies conducted using
recombinant systems such as minigenomes and VLPs, and the results of the majority of these
studies are yet to be reproduced with infectious virus. Marburg virus has an extended cell
tropism and may infect a variety of cells. Upon infection of a susceptible host, the MARV GP
attaches to a suitable host cell by interacting with cell surface proteins and is subsequently
endocytosed (Manicassamy et al., 2007). The MARV GP is then proteolytically cleaved into
two subunits (GP; and GP») (Misasi et al., 2012) and pH-dependent fusion occurs with the
assistance of GP> (Weissenhorn et al., 1998). The MARYV nucleocapsid is subsequently released
into the host cell cytoplasm, inclusion bodies are formed, and transcription and translation of
the MARYV genome takes place (reviewed in Brauburger et al., 2012; reviewed in Kajihara &
Takada, 2015). Following assembly of the newly synthesised virus particles, the VP40 recruits
NP, GP and VP24 to the cell membrane, and budding of the virus occurs (Mittler et al., 2007;
Dolnik et al., 2010).

Marburg virus replicates in macrophages, monocytes, fibroblasts, hepatocytes, endothelial
cells, epithelial cells and dendritic cells, with macrophages, monocytes and dendritic cells being
the replication and dissemination sites of choice (Skripchenko et al., 1994; Geisbert et al., 2003;
Fritz et al., 2008; Hensley et al., 2011). From these cells, the virus spreads to the local lymph
nodes, the liver, the spleen and the adrenal glands (Geisbert et al., 2003; Hensley ef al., 2011).
The adrenal glands play an essential role in regulating blood pressure, and infection of these
glands lead to the hypotension, hypovolaemia and shock that are frequently reported during the
late stages of MARYV disease (Feldmann et al., 2013).

1.8 Marburg virus immune evasion strategies and pathogenesis

To ensure proliferation, viruses must usually infect their hosts without causing significant
disease and be transmitted before being eliminated by the host's immune system (Schountz,
2014). Several viruses have therefore evolved immune evasion strategies that alter the immune
responses of their hosts to favour their own survival (Schountz, 2014). The immune evasion

strategies of filoviruses rely on accessory proteins that are evolutionarily adapted to their
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reservoir hosts (Schountz, 2014). These proteins often behave differently in incidental hosts
and may promote viral pathogenesis (Schountz, 2014). While the immune evasion strategies of
EBOV have been studied extensively, much less is known for MARV. During the early stages
of infection, EBOV inhibits the host innate immune response by disguising epitopes, down-
regulating type I IFN responses and undermining the humoral immune response by secreting a
non-structural protein, sGP, unique to EBOV, which acts as a decoy (reviewed in Wong et al.,
2014). Ebola virus GP is known to have antagonistic activity to tetherin, a cell surface protein
that blocks the release of enveloped viruses from the infected host cell (Kaletsky ef al., 2009;
Kiihl et al., 2011). Additionally, densely clustered glycans on the EBOV GP may shield the
viral surface from antibody surveillance (Cook & Lee, 2013). It is unclear whether MARV GP
has similar abilities. The MARV VP40 inhibits the phosphorylation of Janus kinase (JAK) and
signal transducer and activator of transcription (STAT), which impairs host immunity during
infection by inhibiting the transcription of IFN-stimulated genes (Valmas et al., 2010). The
VP35 has been shown to function as an IFN antagonist, and expression of VP35 alone has been
shown to be sufficient to block the production of IFN-a in human dendritic cells (Bosio et al.,
2003). Studies conducted on the functions of EBOV VP35 have shown that this protein may
inhibit RNA silencing pathways, as well as prevent the activation of an antiviral protein, protein
kinase R (Hartman et al., 2004). Marburg virus VP35 could serve similar functions, as the IFN
inhibitory domain of the VP35 protein of MARYV is identical to that of EBOV (reviewed in
Brauburger et al., 2012). Furthermore, MARV VP35 has the ability to cap the ends of double-
stranded RNA, hiding it from the immune system and preventing the production of IFN-a and

B (Bale et al., 2012a; reviewed in Audet & Kobinger, 2015).

1.9 Immunity and host immune responses to Marburg virus infection

The mammalian immune system consists of both innate (non-specific) and adaptive (specific)
elements. Innate immunity provides the first line of defence against invading pathogens such
as viruses (Allen et al., 2008). Central aspects of the innate immune system include the IFN
response, complement, inflammation (mediated by cytokines including tumour necrosis factor
(TNF) and interleukin 1), and innate immune cells (leukocytes and phagocytes). Innate immune
cells express pathogen recognition receptors (PRR) (Toll-like receptors (TLRs), RIG-like
receptors (RLRs) and nonobese diabetic-like receptors (NLRs)) which identify pathogen-
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associated molecular patterns (PAMPs) that are evolutionarily conserved in viruses and other
pathogens (Baker & Zhou, 2015), and initiate antigen-specific adaptive immune responses
(Kumar et al., 2011). The IFN response confers an antiviral state to cells in order to prevent the
spread of infection (Randall & Goodbourn, 2008). To date, three classes of IFN have been
discovered (type I, II and III), of which two (types I and III) are directly activated by viruses to
induce antiviral activity through IFN stimulated genes (Sadler & Williams, 2008). Type II IFNs
play a role in activating macrophages and inducing the expression of class I major

histocompatibility complex molecules (Kuzmin et al., 2017).

Adaptive immune responses are controlled by T and B lymphocytes, and are integral in the
clearing of infections and in long-lasting protection against pathogens (Allen et al., 2008).
Immunoglobulins (or antibodies) are secreted by B lymphocytes and contain variable, diversity
and joining gene segments that may recombine to produce a large variety of specific antibodies
(termed combinatorial diversity) (Schountz et al., 2017). Antibodies serve several important
functions in the adaptive immune system, including the neutralisation, precipitation,
agglutination and opsonisation of antigens, and the triggering of cytotoxicity and complement
pathways (reviewed in Baker et al., 2013). Antibody responses are categorised as being either
active or passive. Passive immunity is usually short-lived and consists of antibodies obtained
from an immune donor (acquired), or transferred from a mother to an infant across the placenta
(natural) (Abbas et al., 2014). Active immunity requires exposure to an antigen, and can be
obtained via natural infection, or acquired through vaccination (Abbas et al., 2014). Active
immunity typically provides long-term and sometimes life-long protection against a specific
pathogen. However, in some cases, immunity may wane over time, leading to susceptibility to
reinfection (Wendelboe et al., 2005). Cell-mediated adaptive immunity is governed by cluster
of differentiation 8 (CDS8) cytotoxic and cluster of differentiation 4 (CD4) helper T
lymphocytes. These cells assist in destroying virus-infected cells and activate antibody and

cytokine responses (Baker & Zhou, 2015).
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1.9.1 Immune responses of incidental hosts

Information on the immune responses of incidental hosts to filovirus infection is mostly limited
to studies conducted in humans infected with EBOV or SUDV, or experimental studies
conducted in rodents and NHPs. Fatal filovirus infections usually involve the unregulated
release of chemokines and inflammatory mediators from infected cells along with broad T and
B lymphocyte apoptosis (Leroy et al., 2000; Leroy et al., 2001; Baize et al., 2002; Connor et
al., 2015). In animal models, regulated cellular and humoral immune responses are essential for
protection against lethal filovirus disease (Wilson et al., 2000; Bray et al., 2001; Parren et al.,

2002; Takada et al., 2007a).

1.9.1.1 Innate immune responses of incidental hosts

The innate immune responses of humans and other animals against MARYV are poorly studied.
Studies in NHPs have indicated that robust, but delayed innate immune responses develop upon
experimental infection with MARV (Fritz et al., 2008; Connor et al., 2015; Fernando et al.,
2015). The cytokine storm typical of MARYV infection was present in all infected animals in
these studies, with [IFN-y, TNF, C-C motif chemokine ligand 2 (CCL2) and interleukin 6 levels
increasing in the blood (Fernando et al., 2015), and natural killer (NK) cell levels rapidly
depleting within the first week after infection (Fritz ez al., 2008; Fernando et al., 2015). The
type I IFN response seems to be essential for controlling MARYV infection in mice (Bray, 2001).
However, infection with MARYV produces a robust type I IFN response in the liver and spleens
of both lethal hamster models (Marzi et al., 2016) and NHPs that succumb to the disease
(Connor et al., 2015), suggesting that IFN responses are not necessarily protective against

MARY in these animals.

1.9.1.2 Adaptive immune responses of incidental hosts

In survivors of filoviral disease, high titers of antibodies are produced during the early stages
of infection (approximately 14 days after the onset of symptoms), while antibody titers are
mostly low or non-existent in those who do not survive (Baize et al., 1999; Sobarzo et al., 2012;

Sobarzo et al., 2013). Therefore, the antibody response may be vital in protecting humans
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against MVD. A study by MacNeil and colleagues (2011a) using specimens from patients who
survived infection with different ebolavirus species, showed that immunoglobulin M (IgM)
antibody titers were detectable from 2 days after the onset of symptoms, peaked between 30
and 50 days after the onset of symptoms, and started to decline after approximately 80 days.
Immunoglobulin G (IgG) antibodies were present from the early stages of infection (day 6 to
day 18 after the onset of symptoms), and titers remained high throughout the course of specimen
collection (approximately four months after the onset of symptoms) (MacNeil et al., 2011a).
Later studies showed that IgG antibodies to SUDV, MARV and EBOV may persist in human
survivors for 11 (Sobarzo et al., 2013; Natesan et al., 2016) to 40 years (Rimoin et al., 2018)

following infection.

A study conducted by Taniguchi and colleagues (2012) on the antibody responses of
cynomolgus macaques naturally infected with RESTV, indicated that antibodies directed
against the GP were concurrent with neutralisation activity and viral clearance. Epitopes in the
GP; and GP> of EBOV have been shown to be conformation-dependent, and antibodies
identifying these epitopes neutralise the virus by inhibiting cathepsin cleavage of the GP or
recognising the GP in cleaved form (Shedlock et al., 2010). Marburg virus neutralising
antibodies apparently inhibit the virus by binding to an exposed Niemann-Pick C1 receptor-

binding site on the GP (Flyak et al., 2015).

Neutralising antibody responses to MARYV in humans are rare, weak and short-lived. Stonier
and colleagues (2017) showed that only two out of six survivors of MVD tested in their study
produced neutralising antibodies to the virus. Neutralising antibody titers did not exceed 1:40
and diminished by 27 months post-infection despite sustaining high overall antibody titers
(Stonier et al., 2017). Similarly, neutralising antibodies produced by cynomolgus macaques
vaccinated against MARV also decreased over time (Mire et al., 2014). Furthermore, Sobarzo
and colleagues (2016) showed that survivors of SUDV disease did not produce persistent
neutralising antibody responses, and several survivors lacked memory humoral immunity
completely. Where neutralising immune responses were present, high levels of cytokine and
chemokine responses were consistently recorded (Sobarzo et al., 2016). The results from these
studies suggest that filovirus infection might not induce life-long sterilising immunity in

humans and NHPs. However, it is possible that mechanisms other than neutralisation can be
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involved in protection against reinfection, and as of 2018, there is no evidence to suggest that
previously exposed humans and NHPs are protected against reinfection with filoviruses, or to

suggest the contrary.

Cell-mediated immune responses against MARV seem to rely on memory CD4 T lymphocytes
rather than CD8 T lymphocytes, and Stonier and colleagues (2017) showed that anti-MARV
CD4 T cell responses are present in survivors for at least 2 years post-infection. These findings
are similar to results obtained by Sobarzo and colleagues (2016) from testing humans infected
with SUDV. However, in both studies, specimens were collected from survivors several months
after recovering from the respective diseases. Sanchez and colleagues (2004) previously
detected active CDS8 T cell responses in survivors of SUDV shortly after exposure to the virus,
and these responses have also been shown to be present in both survivors and victims of EBOV
disease (McElroy et al., 2015; Agrati et al., 2016; Ruibal et al., 2016). It is, therefore, possible
that CD8 T cell responses could have been present shortly following MARV and SUDV
infection, but had diminished by the time specimens were collected in the respective studies.
The testing of acute specimens in future outbreaks will shed more light on the role of cell-

mediated immunity in humans shortly after MARYV infection.

1.9.2 Immune responses of reservoir hosts

Bats are natural reservoirs for several viruses, including filo-, corona-, lyssa- and
paramyxoviruses (Luis et al., 2013). Bats live long lives (10 to 30 years) compared with mice
and other mammals of similar sizes (one to three years), and due to exceptional immunity, may
remain relatively disease-free for the majority of their lives (Zhang et al., 2013). More than 100
virus species have been detected in bats, of which only a few (Tacaribe virus, rabies virus, the
Australian bat lyssavirus and other rabies-related lyssaviruses) have been shown to cause
disease in these animals thus far (reviewed in Baker et al., 2013). O'Shea and colleagues (2014)
suggested that the absence of disease in bats could be explained by the elevated body
temperature of these animals during flight, which could mimic the effect of fever and result in
limited viral replication. However, another study showed that bat cells were able to support
replication of EBOV despite higher incubation temperatures (Miller et al., 2016), indicating

that elevated body temperature alone is unlikely to be sufficient to control viral replication.
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More likely, the ability of bats to host viruses without displaying signs of disease is a result of

a delicate balance between the bat innate and adaptive immune systems and viral infection.

1.9.2.1 Innate immune responses of reservoir hosts

The innate immune responses of bats to filovirus infection are largely unknown as there are no
reagents or assays available yet to monitor these responses in these animals. However, full
genome annotations of 11 bat species (Rousettus aegyptiacus (Pavlovich et al., 2018), Myotis
rufoniger (Bhak et al., 2017), Rhinolophus ferrumequinum, Megaderma lyra, Pteronotus
parnellii, Eidolon helvum (Parker et al., 2013), Myotis brandtii (Seim et al., 2013), Pteropus
alecto, Myotis davidii (Zhang et al., 2013), Pteropus vampyrus and Myotis lucifugus (Lindblad-
Toh et al., 2011)) and the transcriptomes of several bat species including Rousettus aegyptiacus
(Lee et al., 2015), Pteropus alecto (Papenfuss et al., 2012) and Arbiteus jamaicensis (Shaw et
al., 2012)) have become available and have shed light on the genes involved in bat innate
immunity. Analyses of these genomes and transcriptomes suggest that bats share several aspects
of their innate immune systems with humans and other mammals (Baker & Zhou, 2015;
Schountz et al., 2017). Type I, Il and I1I IFNs have been identified in a few bat species including
Rousettus aegyptiacus and Pteropus vampyrus (He et al., 2010; Kepler et al., 2010; Pavlovich
et al., 2018). Additionally, TLRs and cytokines highly similar to those of other mammals have
been identified in two bat species (Pteropus alecto and Rousettus leschenaultii) (Iha et al., 2009;
Tha et al., 2010; Cowled et al., 2011), and RLRs and NLRs have been reported in Pteropus
alecto (Papenfuss et al., 2012). The STATI signalling pathway in ERBs has been shown to be
comparable to that of other mammals (Fujii ef al., 2010). The STATI is a transcription factor
involved in upregulating immunity-related genes in response to IFN stimulation (Dupuis et al.,

2003).

Even though several similarities exist between the immune systems of bats and other mammals,
many differences have been observed that may be related to the non-pathogenic characteristics
of most viral infections in bats (reviewed in Baker et al., 2013). For example, type II and III
IFN receptors have a broader tissue distribution in bats compared to humans, suggesting a more
prominent role for these IFNs in bat immunity (Zhou et al., 2011a; Zhou et al., 2011b). In

addition, aspects of the type I IFN system have been shown to be constitutively active in
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Pteropus alecto (Zhou et al., 2016). This constitutive IFN activity may allow bat cells to
respond instantly to viral infection, which may limit, but not entirely inhibit, viral replication
(Schountz et al., 2017). In a study comparing the innate immune responses of human and ERB
cells to filoviruses, Kuzmin and colleagues (2017) showed that MARYV infection initiated a
stronger innate immune response in the bat cells compared to human cells. Moreover, IFN-a, -
B (type I IFNs) and —y (type II IFN) controlled filovirus infection in bat cells, but only type I
IFNs controlled filovirus infection in human cells (Kuzmin et al., 2017). Several studies have
reported a noticeable absence or decrease in receptors for NK cells in bats (Shaw et al., 2012;
Zhang et al., 2013; Lee et al., 2015); however, a more recent study has identified a diversified
and expanded family of NK receptors in the ERB genome (Pavlovich et al., 2018). The
difference in observations could possibly be ascribed to the low-coverage sequencing
techniques utilised by the former studies. Holzer and colleagues (2016) reported that MARV
replicates more rapidly in human hepatoma cells compared to ERB embryonic cells based on
viral RNA levels shortly following infection. This observation suggests that bats have more

time to activate and establish innate immune defence mechanisms upon MARYV infection.

Zhang and colleagues (2013) hypothesised that the evolution of the deoxyribonucleic acid
(DNA) repair response for flight might have enhanced bat innate immune responses. Bats and
viruses have co-existed for millions of years, which most likely guided evolutionary changes in
the genes related to the bat innate immune response and the mechanisms that control viral
replication (Zhang et al., 2013). In bats, the genes involved in the repair of DNA damage
evolved the fastest, which enabled bats to fly (Zhang et al., 2013). The DNA repair response
also plays several roles in the innate immune system, and is a frequent target for virus activities
(Zhang et al., 2013). Infection of cells with RNA viruses may result in the release of host DNA
into the cytoplasm, which activates the DNA repair response in mammals and triggers robust
type I IFN responses by the activation of stimulator of IFN genes (STING) (Ryan et a!/., 2016;
Schlee & Hartmann, 2016). The extreme physical effort and high metabolic activity required
for sustained flight in bats generates reactive oxygen species, which results in similar tissue
damage and cytosolic DNA (Shen et al., 2010; Zhang et al., 2013). Xie and colleagues (2018)
showed that a highly conserved serine residue (S358) in the STING of mammals is replaced in
bats, which results in a dampened IFN response in these animals. Furthermore, Ahn and

colleagues (2016) showed that the PYHIN gene family, involved in inflammasome activation
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and DNA sensing, is lost in all genomes available for bats at the time of writing. These studies
indicate that bats evolved specialised mechanisms to prevent overactivation of the innate
immune system during flight, which, in turn, allowed viruses to coexist within these animals.
Innate immunity might therefore be important for controlling MARYV infection in bats;
however, the exact mechanisms involved remain to be determined through experimental

infection studies.

1.9.2.2 Adaptive immune responses of reservoir hosts

Bats share several aspects of their humoral immune system with other mammals. B cells and T
cells similar to those of humans and mice have been observed in the spleens and lymph nodes
of Indian fruit bats (Pteropus giganteus) and in histological sections from Brazilian free-tailed
bats (Tadarida brasiliensis) (Chakravarty & Sarkar, 1994; Turmelle et al., 2010). In addition,
some species of bats have been shown to produce IgM, immunoglobulin A (IgA) and IgG that
are homologous to human immunoglobulins (Chakravarty & Sarkar, 1994; Butler et al., 2011).
However, bats seem to possess more variable, diversity and joining gene segments than humans
do, and may therefore be capable of generating a much more extensive collection of naive
immunoglobulins by combinatorial diversity (Baker & Zhou, 2015; Schountz et al., 2017). This
may allow bats to respond rapidly to viral infection without the need for antibody affinity

maturation (Schountz et al., 2017).

Plowright and colleagues (2016) hypothesised that bats could obtain life-long humoral
immunity after primary infection with a virus, or lose immunity and become susceptible to
reinfection. It is also possible that filoviruses may persist as a latent infection in the reservoir
host, and then become activated through stimuli such as stress, pregnancy, co-infections or a
combination of these factors (Gupta et al., 2004; Plowright et al., 2016). Immune suppression
has been shown to be associated with stress in a few mammalian species (reviewed in Nelson
et al., 2000); however, evidence linking stress with immune function in bats is limited. During
pregnancy, changes in the immune responses of bats seem to favour viral replication, with
increased viral titers in the blood, placenta and birthing fluids bearing an increased risk of
infection to humans and other animals (Leroy et al., 2005). Roost type and the environment
(Allen et al., 2008; Epstein et al., 2013) may also influence antibody responses in bats.
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The maintenance of viruses in bat colonies requires a contant influx of susceptible hosts through
the loss of active or passive immunity, or migration of bats between colonies (Plowright ef al.,
2016). A study conducted in fruit bats on the longevity of maternal antibodies against canine
distemper virus and Hendra virus has shown that antibodies are transferred from dams to pups,
and that these antibodies may be present in pups for approximately 8 months after birth (Epstein
et al., 2013). The duration of maternal immunity to MARYV in ERBs is currently unknown,
although it has been suggested that maternal antibodies might persist between 3 and 5 months
in juvenile bats (Paweska et al., 2015). Paweska and colleagues (2012) performed an
experimental infection study of ERBs with MARV by various inoculation routes. The study
showed that IgG antibodies against MARV were present at days 9 to at least 21 post-infection
(Paweska et al., 2012), and these results were confirmed in later studies by the same and other
groups (Amman et al., 2015; Paweska et al., 2015). Schuh and colleagues (2017a) reported a
rapid decline in IgG levels in MARV-infected ERBs within 1 month after seroconversion, with
the antibodies becoming undetectable by the third month post-infection. Results of a single
study have indicated that ERBs develop low levels of neutralising antibody against MARV
(Paweska et al., 2012), but it remains unclear whether antibodies are protective against
reinfection, viral replication and shedding (Paweska et al., 2012; Schuh et al., 2017a). The
seemingly poor neutralising antibody responses of bats might contribute to persistent infection
and shedding in these animals and might lead to viral reactivation when antibody levels

decrease (Schountz et al., 2017).

Cell-mediated adaptive immune responses are poorly studied in bats (Baker & Zhou, 2015).
Transcriptome analyses have indicated that receptors that are present on the T lymphocytes of
other mammals are conserved in bats (Papenfuss et al., 2012; Shaw et al., 2012), and the co-
receptor for CD4 T lymphocytes has been identified in ERBs (Omatsu et al., 2008). The exact

role of the T cell responses of bats in viral infection remains to be determined.

Despite the latest advances in knowledge, bat immunity remains poorly understood, and little
is known about the immune responses elicited upon infection of ERBs with MARV.
Understanding the immune responses of bats, particularly those living in close proximity to

humans, is crucial in identifying the viral dynamics in potential reservoir bat populations, and
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in turn, the risk of spread to humans and other animals (Epstein et a/., 2013). For this reason,
there is a need for the development of methods to characterise and evaluate the immune

responses of bats.

1.10 Identification of Marburg virus

Due to the high lethality of MARYV, the unavailability of a suitable licensed vaccine and the
potential for aerosol spread, the virus is classified as a Category A biological threat by the
National Institute of Allergy and Infectious Diseases, a Risk Group 4 agent by the World Health
Organisation (WHO) and a Select Agent by the Centres for Disease Control and Prevention
(CDC) (reviewed in Brauburger ef al., 2012). The highest level of containment (biosafety level
4 (BSL-4)), as well as specialised packaging and shipping procedures for specimens are
therefore required in order to diagnose and research MVD. The diagnosis of MVD in humans
largely relies on clinical symptoms and patient history (geographic location, travel, entry into
caves or mines and exposure to bats or other infected animals such as NHPs), but specific
diagnostic tests are essential in providing a definitive diagnosis. At the time of writing,
diagnostic methods available for MARYV and other filoviruses include virus isolation, antigen
detection tests, serological tests and reverse transcription polymerase chain reaction (RT-PCR)
assays in either conventional or real-time format. Marburg virus infections are diagnosed and
investigated by the Centre for Emerging Zoonotic and Parasitic Diseases (CEZPD) of the
National Institute for Communicable Diseases of the National Health Laboratory Service
(NICD-NHLS), South Africa, which is a WHO Collaborating Centre for Research and
Reference on Viral Haemorrhagic Fevers (VHF) and Arboviruses in Africa. Although rare,
MVD cases may arise in South Africa from travellers passing through or returning to the
country from endemic African countries. With increased and rapid travel within and between
continents, the potential importation of MARYV and other filoviruses to non-endemic countries
is concerning. Initial filovirus disease symptoms may resemble the symptoms of other more
prominent diseases such as malaria, typhoid fever and yellow fever (Isaacson et al., 1978;
Feldmann & Klenk, 1996; Siegenthaler, 2007). Additionally, filoviruses are known to bear a
high risk of nosocomial transmission with a high fatality rate amongst healthcare workers,
weakening public health systems (Vanessa & Matthias, 2012). As of 2018, there are no WHO-
approved diagnostic tests for MVD. The NICD-NHLS and other WHO VHF reference
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laboratories currently rely on in-house real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR) methods targeting either the L (Panning et al., 2007) or VP40 gene
of MARYV, and in-house serological assays based on the methods described by Ksiazek and
colleagues (1999) (Knust et al., 2015) for the diagnosis of MARYV in humans. These methods

are also used for surveillance for MARYV in bat populations in Africa.

With environmental and climatic changes, an increasing population and an escalating demand
for land, urbanisation and international trade and travel, the risk of coming into contact with
MARYV and its reservoir hosts is becoming significantly higher (Karesh et al., 2012). For this
reason, it is crucial that improved surveillance tools are developed and efforts implemented for
monitoring MARV in wild bat populations before they spill over into humans and other
animals. With improved surveillance, the initiation of an outbreak can be identified at an early
stage and outbreak response measures can rapidly be applied in the affected locations,

restricting the spread and impact of MVD.

1.10.1 Serological assays for the detection of antibodies to Marburg virus

To date, the use of serology in MARYV diagnostics and surveillance in both humans and animals
has been problematic. Traditional enzyme-linked immunosorbent assay (ELISA) methods are
based on crude reagents such as antigens that have been prepared in the form of infected cell
lysate or cell slurry (Ksiazek et al., 1999). The use of crude antigens introduces the risk of
detecting non-MARYV specific antibodies, resulting in reduced specificity and false-positive
results. In addition, no serological assays for MARV have been validated for use with human
or animal sera, predominantly due to the unavailability of large enough panels of sera from
infected individuals. The validation and standardisation of assays is crucial to compare the
efficacy of these tests against different filovirus species, as well as to compare results between

different laboratories (Shurtleff ez al., 2012).

Despite the aforementioned problems with serological assays, serology is of the utmost
importance in the diagnosis of MVD in Africa. Outbreaks of MVD generally occur in far-off,
inaccessible and politically unstable locations where limited resources exist, and specimens are

often only collected following viral clearance or stored in unfavourable conditions, reducing
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the possibility of using molecular diagnostic assays such as qRT-PCR (MacNeil et al., 2011b).

Rapid, but more importantly accurate diagnosis of MARYV infection in a suspected case is of

paramount importance to the public health response during a suspected or ongoing outbreak.

Furthermore, serological assays are imperative in surveillance efforts in both animal and human

populations as they may assist in providing evidence of exposure to MARV, monitoring the

immune status of a population against MVD, identifying susceptible target populations, and

predicting and managing possible spillover events and future outbreaks. The serological assays

available for the detection of antibodies to MARYV are summarised in Table 1.2. A further

discussion on each type of assay is provided in the sections that follow.

Table 1.2: Serological assays for the detection of anti-Marburg virus antibodies

Test Target antigen Control antigen | Assay cut-off Reported use Limitations Reference
Time-
consuming;
Detection of concerns about
Lysate of Vero o e
E6 cells antibodies to specificity;
. . MARYV, EBOV restricted to Johnson et
IF inoculated with None Not reported .
and Lassa virus BSL-4 al., 1981
MARYV, EBOV . .
. in infected laboratories;
and Lassa virus . ..
patients neutralising
antibodies to
MARYV are rare
Time-
consuming; not Moe et al.,
MARYV (Ci-67; Threshold of Detection of val{d ated; 1981,
Uganda)- ~50% neutralising restricted to Swenson et
PRNT . -8 None =070 et BSL-4 al., 2008;
inoculated Vero neutralisation antibodies to laboratories: Flyak ef al
E6 cells of MARV MARV neutralising 2015; Stonier
antibodies to etal., 2017
MARY are rare
Ksiazek et
. Threshold Detection of Presence of al, 1999;
differs for each o . Bausch et al.,
) antibodies to non-specific )
study: . . 2006;
MARYV in proteins in
Lysate of Vero threshold for . Swanepoel et
e humans infected | lysate may lead
E6 cells Lysate of mock- seropositivity . S al., 2007,
. . . with the virus; to reduced
I-ELISA inoculated with inoculated Vero was set at MVD dizenosis: specificit Towner et al.,
MARYV (various E6 cells mean OD or detec tiogIIllo ¢ ’ P assay Ys 2007; Pourrut
strains) PP plus 3. SD anti-MARV background and et al., 2009;
of negative P .. Paweska et
. antibodies in false positive
sera used in bats results al.,2012;
each study Flyak et al.,
2015
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Test Target antigen Control antigen | Assay cut-off Reported use Limitations Reference
Proteins
expressed in E.
. . coli are often
Recombinant Detection of .
expressed in £, setI;t meany MARYV in sera inactive’gver ’ Saijo et al
I-ELISA coli and None collected from > very ) ?
. OD plus 3 SD . low level of 2001a
baculovirus . MARV-infected .
exoression of 48 negative humans and expression of
p control sera . MARYV NP in
systems animals .
baculovirus
system; not
validated
Evaluation of
Supernatant from Threshold for immune
Recombinant celljls transfected seropositivity responses of
-ELISA MARYV Angola with plasmid set at mean mice immunised Not validated Nakayama et
GP expressed in withoulz MARV OD plus 3 SD with MARV al., 2010
mammalian cells GP insert of negative VLP and
control sera humans infected
with MARV
Commercially Commercially Threshqk_i for .
available available Seropositivity . ngh cost
recombinant recombinant set at an OD Detection of associated with
value of 0.72 antibodies to commercially
MARYV Musoke EBOV GP . . Amman et
I-ELISA based on mean MARYV in available
GP (Integrated (Integrated . al., 2012
Biotherapeutics) Biotherapeutics) corrected sum naturally recpmbmant
expressed in expressed in OD of 210 infected bats antigens; not
mammalian cells | mammalian cells juvenile ERBs validated
plus 3 SD
Time-
. consuming; not
Threshold set Detection of validated;
MARV .
. at >75% . restricted to
Live MARV- L neutralising Paweska et
VNT None reduction in . . BSL-4
MHK . antibody in . al., 2012
cytopathic . laboratories;
experimentally -
effect . neutralising
infected bats oo
antibodies to
MARYV are rare
Thresh().l(.i for DeFectlpn of Not validated:
seropositivity antibodies to tei
Recombinant set at mean MARYV in ox fé;)seezlnisn £
-ELISA MARV NP None plus 3 SD of | negative human C(I: i are o ften. Huang et al.,
expressed in E. OD values sera and sera misfolded and 2014
coli obtained from from MARV . .
. . . are biologically
negative immunised S
. Inactive
human sera rabbits
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Test

Target antigen

Control antigen | Assay cut-off Reported use Limitations Reference
Recombinant
MARYV Musoke .
. Evaluation of
GP expressed in .
) immune
insect and
. responses of Kamata et al.,
mammalian cells, MARV No cut-off 2014
Microarray MARYV Musoke None Not reported . reported; not ’
survivors and . Natesan et
GP, NP and VP40 NHPs validated al. 2016
expressed in E. . . ”
/i whole vaccinated with
cor, W MARV VLPs
inactivated
MARYV Musoke
Threshold for
seropositivity .
set at an OD Monitoring of ex fg:;g:lnisn E
Recombinant Recombinant value of 0.95 anti-MARV CS i are o ften. Amman et
MARYV Angola RESTV NP based on mean | antibody levels . al., 2015;
I-ELISA . . . misfolded and
NP expressed in expressed in E. corrected sum in are biologicall Schuh et al.,
E. coli coli OD of ERB experimentally inac tivf‘ o ty 2017a
breeding infected bats vali dat,e d
colony plus 3
SD
Percent
positivity of
Commercially Commercially 16.78 in Hich cost
available available relation to the Monitoring of assoc%ate d with
recombinant recombinant positive anti-MARV commerciall Paweska et
L.ELISA MARYV Musoke EBOV GP control serum | antibody levels available y al., 2015;
GP (Integrated (Integrated based on the in naturally or recombinant Paweska et
Biotherapeutics) Biotherapeutics) | mean PP value | experimentally antigens: not al., 2018
expressed in expressed in plus 3 SD in infected bats Va%i da t7e d
mammalian cells | mammalian cells 15 juvenile
ERBs born in
captivity
Irradiated MARV
Ci67,
recombinant Evaluation of
MARYV GP, immune No cut-off Stonicr ef al
I-ELISA HEK293T cell None Not reported responses of supplied; not 2017 ?
lysate expressing MARV validated
MARYV NP, VP24 Survivors
and VP35
Veslgulgr Detection of
stomatitis virus- .. ..
.. . Pseudovirions neutralising
Pseudovirion luciferase with Machupo antibodies to Callendret et
neutralisation | pseudovirion with . P Not reported . Not validated
virus envelope MARYV in al., 2018
assay MARYV Angola . . .
GP surface proteins immunised
. NHPs
protein

Abbreviations: IF — immunofluorescent assay; MARV — Marburg virus; EBOV — Ebola virus; BSL-4 — biosafety level 4; PRNT — plaque

reduction neutralisation test; I-ELISA — indirect enzyme-linked immunosorbent assay; OD — optical density; PP — percentage positivity; SD-

standard deviation; MVD — Marburg virus disease; NP — nucleoprotein; GP — glycoprotein; E.coli — Escherichia coli; VLP- virus-like particle;

MHK - Michael Hogan kidney strain; NHP — non-human primate; VP — viral structural protein; ERB — Egyptian rousette bat; HEK — human
embryonic kidney
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1.10.1.1 Marburg virus proteins important for serological assays

Amongst the MARYV proteins, the GP and NP are most frequently employed as antigens in
serological assays for the detection of MARV-specific antibodies (Sanchez et al., 1998;
Nakayama et al., 2010). Only a limited amount of antibodies is known to neutralise filoviruses,
and the majority of these target epitopes on the GP, suggesting that this protein is central to
virus neutralisation (Maruyama et al., 1999; Wilson et al., 2000; Takada et al., 2007a; Takada
et al., 2007b; Bale et al., 2012b). The GP has been suggested to be more species-specific
compared to other filovirus structural proteins due to a greater genetic variation within this gene
(Nakayama et al., 2010). Glycoproteins are therefore frequently used in serological assays in
which the filovirus species with which a patient is infected, needs to be determined. The NPs
of ebolaviruses and marburgviruses have been shown to have comparable amino acid sequences
at the N-termini of the proteins (Sanchez et al., 1992). Enzyme-linked immunosorbent assays
using recombinant NP antigens of EBOV have successfully detected NP-specific antibodies in
animals infected with EBOV, SUDV, Tai Forest virus (TAFV) and Reston virus (RESTV),
demonstrating strong cross-reactivity for this protein between the different ebolavirus species
(Saijo et al., 2001a). While some cross-reactive antibody responses have been shown to occur
between the NPs of ebolaviruses and marburgviruses, the greatest amount of cross-reactivity
occurred between the NPs of viruses within the same genus (Natesan et al., 2016). For this
reason, NP antigens are useful in detecting genus-specific antibodies, and may be employed in

filovirus screening tests (Saijo et al., 2001a; Nakayama et al., 2010).

A study conducted by Sobarzo and colleagues (2012) has shown that individual recombinant
proteins may be valuable for use in filovirus serology, and that making use of serological assays
utilising at least two different recombinant antigens may assist in diagnosing filoviral disease
more accurately. The study indicated that SUDV proteins NP, GP and VP40 elicit the greatest
immunoreactive response in survivors of SUDV disease (Sobarzo et al., 2012) (Table 1.3).
Results of a subsequent study by Sobarzo and colleagues (2013) differed slightly, with SUDV
NP, GP and VP30 being the most immunoreactive (Table 1.3). Similar to findings in survivors
of SUDV disease, Stonier and colleagues (2017) showed that survivors of MVD generated
robust IgG antibody responses against GP and NP. Immunoglobulin G antibodies were also
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detected against VP40 and VP30, but not against VP24 or VP35 (Stonier et al., 2017) (Table
1.3). A study by Becquart and colleagues (2014) investigating the human B-lymphocyte
epitopes on the GP, NP, VP35 and VP40 of EBOV has shown that serum from persons with an
asymptomatic EBOV infection was strongly immunoreactive against VP40, whereas serum
from symptomatic survivors reacted strongly with GP (Table 1.3). In the same study, it was
suggested that VP35 might be one of the main targets for the humoral immune response in
EBOV-infected patients. However, an earlier study investigating the immunogenicity of
recombinant EBOV VP35 showed that this protein was of little value for use in serological
assays (Groen et al., 2003) (Table 1.3). A summary of the immunoreactivity of patient sera in
each of the studies described above is provided in Table 1.3. The majority of evidence suggest
that the NP and GP are the most suitable antigens for use in serological assays for MARV and
other filoviruses, while VP35 and VP24 are ineffectual for this purpose.

Table 1.3: Immunoreactivity of patient sera from different studies against specific

filovirus proteins

Filovirus Patient group Immunoreactivity of patient sera* (number of sera Reference
reactive/number of sera tested)
GP NP VP40 VP35 VP30 VP24
Ebola virus Suspected NT 16/55 NT 3/55 NT NT Groen et al., 2003
Sudan virus Survivors 26/54 27/54 8/54 NT 7/54 NT Sobarzo et al., 2012
Deceased 0/12 3/12 1/12 NT 0/12 NT
Total 26/66 30/66 9/66 NT 7/66 NT
Sudan virus Survivors 96/174 112/174 42/174 NT 76/174 NT Sobarzo et al., 2013
Deceased 1/12 3/12 1/12 NT 0/12 NT
Total 97/186 115/186 43/186 NT 76/186 NT
Ebola virus Symptomatic 15/21 8/21 21/21 8/21 NT NT  Becquart et al., 2014
Asymptomatic 17/21 11/21 16/21 12/21 NT NT
Total 32/42 19/42 37/42 20/42 NT NT
Marburg Survivors 8/8 8/8 6/8 0/8 6/8 0/8 Stonier et al., 2017

virus

*Assessed by enzyme-linked immunosorbent assay
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1.10.1.2 Immunofluorescent assays

Initial investigations of filovirus disease outbreaks heavily relied on immunofluorescent assays
(IFs) for the detection of anti-filovirus IgG in sera from patients suspected to be infected (Saijo
et al., 2006a). The first indirect [F method employing polyvalent antigens (mixtures of Vero
cells infected with different viruses) to detect antibodies to Lassa virus, MARV and EBOV,
was published several decades ago by Johnson and colleagues (1981). This method was
reported as being sensitive (Johnson et al., 1981), but potential non-specificity noted in human
populations with a low risk of infection resulted in a lack of confidence in the assay and
restricted its use (Bower & Glyn, 2017). However, ELISA-based studies have since produced
similar results (Nakounne et al., 1990; Gonzales et al., 2000), suggesting that asymptomatic
infection or unrecognised exposure to these or other antigenically related viruses might have
occurred in these populations. Preparation of antigens for IF by live virus propagation are
limited to BSL-4 facilities. However, diagnostic assays for MVD are essential in countries
where MARY is endemic but BSL-4 facilities are not available. For this reason, it is crucial that
recombinant protein-based diagnostic assays are developed. Immunofluorescent methods
employing Hela cells infected with recombinant baculovirus expressing EBOV NP (Saijo et
al., 2001b) or RESTV NP (Ikegami et al., 2002), have been developed, but no such assay has
been described for MARYV to date.

1.10.1.3 Enzyme-linked immunosorbent assays

A variety of ELISAs is available for the detection of filovirus-specific antibodies in sera (Table
1.2). Ksiazek and colleagues (1999) described an indirect ELISA (I-ELISA) for filoviruses
utilising crude antigens prepared from virus-infected Vero cell lysate, and control antigens
prepared from mock-inoculated cells. The I-ELISA was reported to be more specific than
classic IF methods (Ksiazek et al., 1999). This assay remains used for MARV diagnosis in
WHO VHEF reference and research laboratories worldwide. While crude antigens are generally
easy to prepare in large quantities, the presence of non-specific proteins in the cell lysates may
lead to reduced specificity, cross-reactivity and, subsequently, false positive results (Khalil et

al., 1990; Sobarzo et al., 2012). In contrast, making use of recombinant antigens may reduce
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the risk of cross-reaction, ease standardisation and eliminate the need for using infectious agents

as antigens (Lopez et al., 2009).

Prehaud and colleagues first reported the value of recombinant proteins in filovirus diagnostics
in 1998. Several other groups have since made use of recombinant proteins in the development
of ELISAs for the diagnosis of filoviral disease. Recombinant IgG ELISAs were developed by
Saijo and colleagues (2001a) using a full-length NP of EBOV expressed in a baculovirus
system, as well as carboxy-terminal halves of the NPs of EBOV and MARYV expressed in an
Escherichia coli (E. coli) system, as antigens. The EBOV assay was reported as being highly
sensitive and specific for the detection of anti-EBOV antibodies; however, the sensitivity for
the MARV ELISA could not be determined due to the unavailability of a large enough panel of
MARYV antibody-positive sera (Saijo et al., 2001a).

Nakayama and colleagues (2010) developed species-specific ELISAs using recombinant
Histidine-tagged GPs of the five ebolavirus species and of MARYV as antigens. The assays made
use of the mammalian expression vector pPCAGGS-MCS and human embryonic kidney 293
cells with SV40 large T-antigen (HEK 293T) for the expression of antigens (Nakayama et al.,
2010). Some cross-reactivity between the GPs from multiple filovirus species was observed,
although the greatest reaction of IgG was directed against the GP antigen specific to the species
with which the patient was infected (Nakayama et al., 2010). The assay was able to detect both
IgM and IgG antibodies to MARYV in patients infected with the virus (Nakayama et al., 2010)

and showed promise for use in MVD diagnostics and serosurveillance studies.

1.10.1.4 Virus neutralisation assays

Virus neutralisation tests (VNTSs) are regarded as the gold standard for determining the presence
of neutralising antibody in serum samples from patients with suspected viral infections.
However, VNTSs are rarely employed for routine diagnostics and surveillance for MARYV as
neutralising antibody responses to the virus are either very weak or non-existent in humans,
NHPs and bats (Bale et al., 2012b; Paweska et al., 2012; Flyak et al., 2015; Stonier et al., 2017).
Furthermore, the use of VNTs is restricted to BSL-4 facilities, and these assays are therefore of

limited use in countries where MARYV is endemic.
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Virus neutralisation tests previously used for the detection of antibodies against filoviruses in
serum have been reported as being time-consuming and difficult to reproduce (World Health
Organisation, 1978a; Spickler, 2010). The use of VNTs is generally restricted to the
development of serum panels with conclusive immune status to filoviruses (which is used for
the validation of other serological assays such as ELISA), and for use as a confirmatory test.
Nevertheless, the VNT remains a useful research tool for characterising the neutralising

immune responses of incidental and reservoir hosts against MARYV infection.

In-house plaque reduction neutralisation tests (PRNTs) are frequently employed in studies on
filovirus-neutralising antibodies and in vifro neutralisation. The first PRNT for filoviruses was
developed for EBOV and SUDV by Moe and colleagues (1981) (Table 1.2), but the assay was
reported to be inconsistent (Truant et al., 1983) and less sensitive than indirect fluorescent
antibody assays and mouse neutralisation tests. This assay had a further disadvantage in that it
took seven days to complete (Moe et al., 1981). More recently, pseudovirus neutralisation
assays have been used for the detection of neutralising antibodies to filoviruses (Yuan et al.,
2012; Fusco et al., 2015; Yang et al., 2017; Zhang et al., 2017; Callendret et al., 2018). These
assays make use of recombinant human immunodeficiency viruses or vesicular stomatitis
viruses pseudotyped with filovirus GP and containing either luciferase reporter or green
fluorescent protein genes (Fusco et al., 2015; Zhang et al., 2017). To screen antibodies for in
vitro neutralisation activity, the pseudoviruses are incubated with test sera and inoculated into
cell monolayers, and after a period of incubation, cells are lysed and luciferase activity
measured using a luciferase kit and luminometer (Yuan et al., 2012), or green fluorescent
protein-expressing cells are counted (Fusco et al., 2015). Pseudovirus neutralisation assays may
be performed without the need for BSL-4 containment, and therefore offers an advantage over

traditional VNTs that require the propagation of live virus.

1.10.1.5 Luminex technology multiplex assays

Luminex technology has become available for the detection of antibodies to filoviruses (Laing
et al., 2016; Ayouba et al., 2017). The technology uses purified recombinant viral proteins
coupled to fluorescently colour-coded BioPlex carboxylated beads (Laing et al., 2016) as
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antigens. Luminex-based assays permit screening for antibodies to multiple viruses
simultaneously in a single well, and are therefore less time-consuming and reagent-intensive
than other serological assays such as VNTs and ELISAs (Ayouba et al., 2017). Furthermore,
antigens are expressed in mammalian cell culture systems and therefore retain their native
structures and glycosylation, facilitating the detection of conformationally-dependent virus-
specific antibodies (Laing et al., 2016). Ayouba and colleagues (2017) developed and validated
an ebolavirus-specific Luminex assay that makes use of nine recombinant proteins (NP, GP and
VP40) of four of the five ebolavirus species. The assay was used to screen the sera of 94
survivors of EBOV disease and 108 sera from patients never infected with the virus. Results
indicated assay sensitivities of 95.7%, 96.7% and 92.5%, and specificities of 94.4%, 95.4% and
96.3%, respectively for the NP, GP and VP40 proteins of EBOV (Ayouba et al., 2017).
Compared to commercially available ELISAs based on the NP and GP of EBOV (Alpha
Diagnostics), the ELISA assay had a lower sensitivity (92.5% vs 95.7%) than the Luminex
assay but a slightly improved specificity (100% vs 99.1% for the Luminex assay) (Ayouba et
al., 2017). The Luminex assay was also reported to be less expensive than commercial ELISA

assays. Similar technology for MARYV could prove useful for surveillance and MVD diagnosis.

1.10.1.6 Protein microarrays

Recombinant protein microarrays provide a safe alternative to serological assays that make use
of live MARV preparations. Furthermore, these assays allow the detection of antibodies to
several viral proteins simultaneously. Kamata and colleagues (2014) described a protein
microarray composed of the GP, NP and VP40 of all ebolavirus and marburgvirus species
(Table 1.2). The assay was able to detect increases in protein-specific [gM and IgG antibody
levels in vaccinated NHPs, however, further optimisation and validation efforts will be required

before the test can be applied in MVD diagnosis and serosurveillance.

1.10.2 Marburg virus antigen detection tests

Antigen capture ELISAs are useful during the early stages of infection before convalescence
occurs (8 to 10 days after the onset of symptoms) (Rougeron et al., 2015). Although antigen
capture ELISAs are used widely by WHO reference laboratories in the diagnosis of MVD, these
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assays are all in-house and have not been thoroughly described in the literature. Saijo and
colleagues (2005; 2006b) produced two clones of monoclonal antibodies to recombinant
MARYV Musoke NP in immunised mice and reported their efficacy in antigen capture ELISA
format. The assay was reported to have a similar sensitivity to the RT-PCR described by
Sanchez and colleagues (1999). Sherwood and colleagues (2007) described an antigen capture
assay for MARV Musoke, Ravn and Angola that made use of NP-specific llama single domain
antibodies. While the assay was not optimised, it was reported to be rapid, sensitive and

specific, with no cross-reactivity occurring with other filovirus species.

1.10.3 Molecular techniques for the detection of Marburg virus nucleic acid

Molecular methods are currently the tools of choice for the diagnosis of MVD in WHO VHF
reference laboratories, and are also used in MARYV surveillance studies in bat populations
(Amman et al., 2012; Paweska ef al., 2018). Nucleic acid of MARYV can be detected in blood
from the third day after the onset of symptoms in humans, and may remain detectable in the
blood up to the 16" day after the onset of symptoms (Martines et al., 2015). Experimental
inoculation studies have shown that molecular methods are able to detect MARV RNA in the
blood of bats from 1 to 12 days post-infection (p.i.) (Paweska ef al., 2012; Amman et al., 2015;
Paweska et al., 2015; Schuh et al., 2017a), in oral swabs, rectal swabs and urine specimens
from 5 to 19 days p.i. (Amman et al., 2015; Schuh et al., 2017a) and in the liver, spleen and
other tissues from 3 to 28 days p.i. (Paweska et al., 2012; Amman et al., 2015; Paweska et al.,
2015). While these assays are important in confirming MARYV infection in reservoir host bat
populations during surveillance studies, the short period of viraemia and low levels of viral
shedding make the detection of actively infected individuals in the wild difficult. Molecular

assays should therefore be used in combination with serological assays for MARYV surveillance.

As of 2018, the most recently published molecular assays for the detection of filovirus RNA
include a consensus RT-PCR assay using a cocktail of primers targeting the L gene of
filoviruses (Zhai et al., 2007), a qRT-PCR assay using five primers and three probes targeting
the L gene of filoviruses (Panning ef a/., 2007), and a conventional RT-PCR assay using four
primers targeting the NP gene of MARV and EBOV (Ogawa ef al., 2011). The assays targeting
the L-gene have been shown to be able to detect different strains of EBOV, SUDV, MARYV,
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TAFV and RESTV with high analytical sensitivities (Panning et al., 2007; Zhai et al., 2007),
while the assay targeting the NP gene was able to detect EBOV, MARV, SUDV, TAFV,
RESTV and BDBV (Ogawa et al., 2011). A commercial kit (RealStar Filovirus Screen, Altona
Diagnostics) based on the qRT-PCR method described by Panning and colleagues (2007) has
also become available and has been shown to have a high diagnostic sensitivity with good
differentiation between different filovirus species (Rieger ef al., 2016). The major obstacles in
designing an RT-PCR assay for filoviruses include the high genetic diversity between the
different filovirus genera, and the inability to determine the clinical sensitivity of the assays due
to the unavailability of well-characterised serum panels of patients infected with different

filovirus species (Panning et al., 2007; Zhai et al., 2007).

1.10.4 Virus isolation

Virus isolation in Vero E6 African green monkey kidney cells is the traditional gold standard
technique to confirm the presence of MARYV in a specimen. Virus isolation allows direct
visualisation of MARV by electron microscopy within 1 week post inoculation. Although
definitive, virus isolation methods require BSL-4 containment and are therefore restricted to

laboratories outside of countries where MARYV is endemic (Broadhurst et al., 2016).

1.11 Significance and aims of this study

Egyptian rousette bats have been implicated as reservoir hosts for MARV and tools for
detecting and monitoring MARYV infection in these animals therefore need to be developed or
improved. The NICD-NHLS in South Africa is responsible for MARV diagnosis and
surveillance in Africa. It is therefore essential that in-house capacity for the production of
recombinant ELISA antigens be established. Antibodies against MARV have been detected in
African bat species, and serological and molecular surveys have shown that MARYV is also
present in ERBs in South Africa (Paweska et al., 2018). Although no human outbreaks of MVD
have occurred in South Africa at the time of writing, the detection of MARYV in South African
bats is worrying, as this is the first time that evidence of this highly pathogenic virus has been
found in a reservoir host species in Southern Africa. The development of improved MARV

serological assays specific to bat sera will provide surveillance capacity to monitor the immune
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status of reservoir host populations, which will assist in predicting potential spillover events

into humans. In addition, these tools will contribute to the characterisation of the immune

responses of ERBs to MARYV infection and ultimately assist in elucidating the mechanisms by

which bats are able to maintain the virus in nature and combat clinical disease.

The aims and objectives of this study were as follows:

e To develop and evaluate ELISAs based on recombinant antigens for the detection of

MARY antibodies in ERB sera:

(0]

To produce antigen using recombinant DNA technology by cloning, expressing
and purifying major recombinant MARYV antigens (NP and GP);

To evaluate the recombinant antigens for suitability as diagnostic reagents in
ELISA format;

To develop recombinant ELISAs in [-ELISA format;

To optimise and evaluate the I-ELISAs for use with ERB serum by determining
the repeatability (inter- and intra-plate variation), sensitivity and specificity of

each assay.

e To monitor and evaluate the dynamics and characteristics of antibody responses to

MARY in ERBs:

(0]

To apply an I-ELISA developed in this study in the detection of maternal
antibodies to MARYV in juvenile ERBs;

To determine the dynamics of antibody responses in experimentally and
naturally infected bats;

To determine whether previously naturally infected ERBs can become
reinfected with MARYV, or whether antibodies are fully protective against

reinfection.
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CHAPTER 2: DEVELOPMENT AND EVALUATION OF ENZYME-LINKED
IMMUNOSORBENT ASSAYS FOR THE DETECTION OF
ANTI-MARBURG VIRUS IMMUNOGLOBULIN G ANTIBODIES
IN EGYPTIAN ROUSETTE BATS

2.1 Introduction

The Egyptian rousette bat (ERB) is a reservoir host for Marburg virus (MARV) (Swanepoel et
al.,2007; Towner et al., 2007; Towner et al., 2009; Paweska et al., 2012), which causes a severe
haemorrhagic disease in humans and non-human primates (Feldmann et al., 2013). Surveillance
studies in reservoir host bat populations are essential to determine where the virus is prevalent
and where there is a risk of spillover into human and other animal populations. Experimental
MARV infection studies have identified a relatively short period of viraemia in ERBs, with
viral ribonucleic acid (RNA) only being detectable in the blood and saliva up to 2 weeks post-
infection (Paweska et al., 2012; Amman et al., 2015; Paweska et al., 2015; Schuh et al., 2017a).
The short period of viraemia in MARV-infected bats makes it challenging to detect actively
infected individuals in the wild using molecular methods and virus isolation. Furthermore,
ecological studies of MARYV in ERB populations in Uganda and South Africa have indicated a
high seroprevalence for the virus, but a low frequency of virus detection in these bats (Amman
et al., 2012; Paweska et al., 2018). For this reason, accurate serological assays are crucial for
filovirus surveillance in wild bat populations. Further to their importance in serosurveillance,
serological assays are essential for monitoring the immune status of reservoir host populations

and may assist in predicting when large transmission events are imminent.

Serological enzyme-linked immunosorbent assays (ELISA) have been developed for the
detection of antibodies to MARYV. Ksiazek and colleagues (1999) described an indirect ELISA
(I-ELISA) for filoviruses that remains widely used in World Health Organisation (WHO)
reference laboratories for the diagnosis and surveillance of viral haemorrhagic fevers (Bausch
et al., 2006; Swanepoel et al., 2007; Towner et al., 2007; Pourrut et al., 2009; Paweska et al.,
2012). The assay detects antibodies to MARYV or other filoviruses by a two-step procedure that
involves binding of filovirus-specific immunoglobulin G (IgG) in test sera to an antigen,
followed by detection of the IgG antibodies by a horseradish peroxidase (HRP)-labelled
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secondary antibody. The first generation [-ELISA described by Ksiazek and colleagues (1999)
made use of filovirus-infected Vero E6 cell lysate as an antigen. Serological assays for
filoviruses based on viral lysates are prone to false positive reactions due to the binding of
serum antibodies to cellular contaminants such as the major histocompatibility complex (Rao
et al., 1997). In addition, preparation of antigens in this manner is limited to biosafety level four
(BSL-4) laboratories, which are not available in countries where filoviruses are endemic. For
these reasons, second generation I-ELISAs for filoviruses have been developed that make use
of recombinant proteins as antigens (Saijo ef al., 2001a; Nakayama et al., 2010; Sobarzo et al.,
2012). These assays are more specific, sensitive and reproducible, and could be performed

without the need for maximum biocontainment.

The Centre for Emerging Zoonotic and Parasitic Diseases (CEZPD) of the National Institute
for Communicable Diseases of the National Health Laboratory Service (NICD-NHLS) in South
Africa is a WHO Collaborating Centre for Research and Reference on Viral Haemorrhagic
Fevers and Arboviruses in Africa. As of 2018, the CEZPD uses an adapted version of the I-
ELISA described by Ksiazek and colleagues (1999) that replaces the crude antigens with
commercially available MARV glycoprotein (GP) (Integrated BioTherapeutics) for MARV
serosurveillance and research (Paweska et al., 2015; Paweska et al., 2018), but continues to
make use of the crude antigen for the diagnosis of MARYV disease (MVD). Similarly, several
other viral haemorrhagic fever diagnostic and research laboratories now make use of in-house
or commercially available recombinant MARYV antigens in their ELISAs (Amman et al., 2012;
Amman et al., 2015; Schuh et al., 2017a). However, commercially available antigens are
expensive, and none of these assays have been validated for use with human or ERB serum,
mainly due to the unavailability of large enough serum panels from infected individuals.
Methods for producing in-house recombinant protein antigens for MARV-specific ELISAs are
currently not available at the CEZPD. Establishment of in-house capacity for the production of
these antigens will allow more cost-effective and accurate diagnosis of MVD and will assist in
the biosurveillance programme in South Africa aimed at monitoring the presence and

distribution of MARYV in local bat populations.

Different expression systems have been employed in the production of recombinant MARV
proteins. These include bacterial (Saijo et al., 2001; Huang et al., 2014; Amman et al., 2015;
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Schuh et al., 2017a), baculovirus-insect (Saijo et a/., 2001) and mammalian systems (Nakayama
et al., 2010). The selection of an expression system depends on several factors including cost,
ease of use, amount of protein required, the importance of post-translational modifications and
protein application. Due to their short doubling time, bacteria are rapid, simple and inexpensive
systems for expressing recombinant proteins in large amounts. However, bacterial expression
systems are incapable of molecular folding, and expressed proteins are therefore biologically
inactive (Rosano & Ceccarelli, 2014). Furthermore, bacteria lack the enzymes responsible for
eukaryotic post-translational modifications such as attaching sugar residues to GPs (Rosano &
Ceccarelli, 2014). Baculoviral expression of proteins in insect host cells overcomes some of the
problems presented by bacterial expression systems. However, the protein glycosylation
pathways differ between insect and mammalian cells (Jarvis et al., 1998), which may
considerably affect the antigenic properties of the expressed recombinant protein (Nakayama
et al., 2010). The mammalian expression system is therefore the most suitable method for

expressing appropriate MARYV proteins.

Several studies have indicated that the GP (Sobarzo et al., 2012; Sobarzo et al., 2013; Becquart
et al., 2014; Stonier et al., 2017) and nucleoprotein (NP) (Groen et al., 2003; Sobarzo et al.,
2012; Sobarzo et al., 2013; Stonier et al., 2017) of filoviruses are the most immunogenic due
to their location in the virion and their abundance. These proteins are therefore the most suitable
antigens for use in serological assays such as ELISA. The GP is the most genetically diverse
filovirus protein, with a 72% difference between filovirus species at the amino acid level
(Sanchez et al., 1998). This protein is therefore considered to be species-specific and is a
valuable antigen for use in serological assays where the filovirus species with which a patient
is infected needs to be determined. Enzyme-linked immunosorbent assays based on
recombinant NP antigens of Ebola virus (EBOV) have successfully detected NP-specific
antibodies in animals infected with EBOV, Sudan virus, Tai Forest virus and Reston virus,
demonstrating strong cross-reactivity for this protein between the different ebolavirus species
(Saijo et al., 2001a). The NPs of the ebola- and marburgviruses have been shown to have
comparable amino acid sequences in their N-terminal halves (Sanchez et al., 1992) and share
at least one conserved antibody epitope in their C-terminal halves (Ali & Islam, 2015). Cross-

reactivity may therefore also occur for this protein between the filovirus genera. Consequently,
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recombinant NP antigens may be useful in serological screening tests when the specific virus

with which an individual is infected, is unknown (Saijo et al., 2001a; Nakayama et al., 2010).

In this chapter, the development of two I-ELISAs based on recombinant MARV NP or Histidine
(His)-tagged GP antigens, expressed in a mammalian expression system, is described. The I-
ELISAs were evaluated and their performance characteristics compared by testing sera
collected from bats naturally or experimentally infected with MARYV. Results from the two
assays developed in this study were further compared to results obtained using an [-ELISA
based on commercially available MARV GP (Integrated BioTherapeutics). Both assays were
found to be robust and repeatable, with good sensitivity and specificity. However, the sensitivity
and specificity of the MARV GP-based I-ELISA were higher (98.8% and 100%, respectively)
than that of the MARV NP-based [-ELISA (96.3% and 96.9%, respectively). The GP-based I-
ELISA showed no cross-reactivity of IgG antibodies in sera from bats experimentally infected
with EBOV. The NP-based I-ELISA, however, showed cross-reaction in the sera of three out
of five EBOV-infected bats. Marburg virus-specific IgG antibodies could be detected in sera
from experimentally infected bats from 5 days post-infection (p.i.) using the GP-based I-ELISA
and from 9 days p.i. using the NP-based I-ELISA. These results demonstrate the applicability
of the I-ELISAs as tools for diagnosing MARYV disease (MVD), characterising reservoir host

immune responses, and serosurveillance.

2.2 Materials and methods
2.2.1 Production of recombinant antigens

2.2.1.1 Primer design

The prototype Musoke strain of MARV was chosen for the production of the recombinant
antigens for this study. Primers for the cloning of recombinant MARV Musoke proteins were
designed from the GP (amino acid position 1 — 636, transmembrane domain removed) and NP
(full-length, amino acid position 1 — 695) gene sequences of the MARYV reference strain, which
are available in the public domain (GenBank, www.ncbi.nlm.noh.gov; accession number
NC 001608.3). For ligation of the genes of interest into a pCAGGS-MCS mammalian
expression vector (Figure 2.1), an EcoRI restriction site (5' GAA TTC 3') was incorporated into
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the MARV GP and NP forward primers and an Nhel restriction site (5' GCT AGC 3') was
incorporated into the MARV GP and NP reverse primers.
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Figure 2.1: Map of pCAGGS-MCS mammalian protein expression vector (4 748 bp)
containing a cytomegalovirus enhancer (CMV enh), chicken p-actin
promoter (cBA), SV40 origin of replication (ori) and Ampicillin resistance
gene (Amp R). Image obtained from Prof Ayato Takada, Centre for Zoonosis
Control, Hokkaido University, Sapporo, Japan.
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Kozak consensus sequences (5' GCC ACC 3") were added to both the MARV GP and NP
forward primers to facilitate translation initiation in mammalian cells. Three additional
nucleotides were added to the 5* ends of the MARV NP forward and reverse primers to improve
restriction enzyme digestion. These additional nucleotides were not included in the MARV GP
primers as they adversely affected the primer melting temperatures. Stop codons (5' TCA 3' or
5' TTA 3') were incorporated into the MARV NP and GP reverse primers. A His-tag (5' ATG
ATG ATG ATG ATG ATG 3') was incorporated into the MARV GP reverse primer to facilitate
protein purification. The primers were analysed for melting temperature, GC content, hairpins
and dimers using OligoAnalyzer 3.1 (Integrated DNA Technologies). The primers are listed in
Table 2.1.

Table 2.1: Primers for the cloning of Marburg virus Musoke genes

Marburg
virus Melting Product
Primer name Sequence (5’ - 3°)* Position (5’ —3°)P
Musoke temperature size
gene
EcoRI Musoke TAC GAA TTC GCC ACC ATG GAT
104-127 64.6°C
NP-F TTA CAC AGT TTG TTG GAG
NP 2114 bp
Nhel Musoke ACA GCT AGC TCA TCA CAA GTT
2166-2188 65.5°C
NP-R CAT CGC AAC ATG TCT CC
GAA TTC GCC ACC ATG AAG ACC
EcoRI-Musoke
GPF ACA TGT TTC CTT ATC AGT CTT 5941-5973 64.5°C
ATC
GP 1979 bp
GCT AGC TTA TCA ATG ATG ATG
Nhel Musoke
ATG ATG ATG TGT CCA CCA TTT 7852-7878 68.7°C
GP-His-R
ACC ACCCAG ACCCCA

2 Purple coloured nucleotides indicate restriction enzyme sites (EcoRI for forward primers and Nhel for reverse
primers), blue nucleotides indicate Kozak sequences, green nucleotides indicate 6 x Histidine (His) and red

nucleotides indicate stop codons

b Position numbered according to Marburg virus Musoke reference sequence, GenBank accession number
NC_001608.3 (Enterlein et al., 2006)

2.2.1.2 Ribonucleic acid extraction

Marburg virus RNA was extracted from the supernatant of Vero E6 cells infected with the
Musoke strain using the QIAamp Viral RNA Mini kit (QIAGEN) according to the
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manufacturer's instructions. Supernatant from an uninfected control flask of Vero E6 cells was
identically processed as a negative control. Briefly, 140 pl of supernatant was added to a
microcentrifuge tube with 560 ul AVL lysis buffer containing 5.6 pul carrier RNA (1 pg/ul).
The contents of the tube was mixed for 15 seconds and incubated at 25°C for 10 minutes. A
volume of 560 pul 96% ethanol (Merck) was added and the contents mixed for 15 seconds. Six
hundred and thirty microliters of the solution was added to a QlAamp Mini column in a
collection tube. The tube was centrifuged at 8 000 x g for 1 minute (Eppendorf MiniSpin,
Merck). The filtrate was discarded and the previous step repeated. Five hundred microliters of
buffer AW1 was added and the tube centrifuged at 8 000 x g for 1 minute (Eppendorf Mini
Spin, Merck). After discarding the filtrate, 500 pl of buffer AW2 was added. The tube was
centrifuged at 12 100 x g for 3 minutes (Eppendorf Mini Spin, Merck). The QIAamp Mini
column was placed into a sterile microcentrifuge tube and centrifuged at 12 100 x g for 1 minute
(Eppendorf Mini Spin, Merck). After placing the column into a clean microcentrifuge tube,
60 ul of buffer AVE was added. The tube was incubated at 25°C for 1 minute, followed by
centrifugation at 8 000 x g for 1 minute (Eppendorf Mini Spin, Merck). The eluted RNA was
stored at -70°C until required.

2.2.1.3 Reverse transcription polymerase chain reaction (cDNA synthesis)

A two-step reverse transcription polymerase chain reaction (RT-PCR) was performed using the
Moloney murine leukaemia virus (M-MLV) reverse transcriptase kit (Invitrogen) as follows:
8 ul of MARV Musoke RNA or negative control eluate (see section 2.2.1.2) and 2 pl gene-
specific forward primer (10 uM; Sigma-Aldrich) (Table 2.1) was added to a PCR tube. The
tubes were incubated in a thermocycler (2720 Thermal Cycler, Applied Biosystems) at 70°C
for 5 minutes and cooled at 4°C. Eight microlitres of 5 x buffer (250 mM Tris hydrochloride
(Tris-HCI), 375 mM potassium chloride (KCl) and 15 mM magnesium chloride (MgCl,)), 4 pl
dithiothreitol (DTT) (0.1 M), 1 pl RNase inhibitor (40 units/pl), 1 pl M-MLV reverse
transcriptase (200 units/pul), 2 pl deoxyribonucleotide triphosphate (ANTP, 10 mM) and 14 pl
nuclease-free water was added to the control and template tubes (final volume: 40 pl). The PCR
tubes were incubated in a thermocycler (2720 Thermal Cycler, Applied Biosystems) at 42°C
for 1 hour and 98°C for 5 minutes. The MARV complementary DNA (cDNA) and negative

control PCR product were stored at 4°C until required.
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2.2.1.4 Amplification of Marburg virus Musoke glycoprotein and nucleoprotein genes

The MARV Musoke GP and NP gene fragments were amplified using the KOD-Plus-Neo kit
(Toyobo) as follows: 5 ul of 10 x KOD PCR buffer, 5 ul of 2 mM dNTPs, 3 ul of 25 mM
magnesium sulphate (MgSOs), 1.5 pl of each primer (forward and reverse) (10 uM; Sigma-
Aldrich), 1 pl KOD-Plus-Neo enzyme (1 unit/ul), 2 pl template cDNA, negative control PCR
product from section 2.2.1.3 or positive control DNA template (Zero Blunt TOPO PCR cloning
kit; Invitrogen) and 31 pl nuclease-free water was added to a PCR tube (total reaction volume:
50 ul). Primers for the amplification of NP and GP genes are described in Table 2.1. The same
primers were used for the negative control reactions. To amplify the positive control DNA
template, M13 forward (5' GTA AAC GAC GGC CAG 3') and reverse (5' GTC ATA GCT
GTT TCC TG 3'") primers were used. For amplification of the NP gene and positive control
DNA template, the cycling conditions were set according to the manufacturer’s instructions,
with a pre-denaturation step at 94°C for 2 minutes, followed by 40 cycles of denaturation at
98°C for 10 seconds, annealing at 55°C for 30 seconds and extension at 68°C for 30 seconds.
A two-step protocol was followed for the amplification of the His-tagged GP gene as follows:
pre-denaturation at 94°C for 2 minutes, followed by 40 cycles of denaturation at 98°C for 10

seconds and extension at 68°C.

2.2.1.5 Analysis and purification of amplification products

The amplification products were analysed using agarose gel electrophoresis as described by
Sambrook and Russell (2001). Briefly, 5 pl of template or control and 1 pl blue/orange 6 x
loading dye (Promega) was loaded onto a 0.8% (m/v) agarose (Seakem LE) gel containing 1 x
GelRed (Biotium). A 1 000 bp molecular weight marker (Nippon Genetics) was included as a
reference for each gel. The samples were electrophoresed (Power Pac 300, BioRad) for 40
minutes at 110 V. The amplicons of the RT-PCR reactions were visualised using an ultraviolet
light box (White/UV Transilluminator, UVP). The expected band sizes were approximately
1 980 bp for the GP gene (Table 2.1), 2 100 bp for the NP gene (Table 2.1) and 800 bp for the

positive control.
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The PCR products were purified using the Wizard SV Gel and PCR Clean-Up System
(Promega) according to the manufacturer’s instructions. Briefly, 45 pl of membrane binding
solution was added to the PCR amplicons. An SV minicolumn was positioned in a collection
tube for each PCR product. The prepared PCR product was transferred to the minicolumn
assembly and incubated at 25°C for 1 minute, followed by centrifugation (Zentrifugen Mikro
200, Hettich) at 14 000 x g for 1 minute. The filtrate was discarded, the minicolumn was
returned to the collection tube, and 700 pl of membrane wash solution (diluted with 95%
ethanol (Merck)) was added. The SV minicolumn assembly was centrifuged (Zentrifugen
Mikro 200, Hettich) for 1 minute at 14 000 x g. The collection tube was emptied, and the wash
was repeated with 500 pl of membrane wash solution. Centrifugation was performed for 5
minutes at 14 000 x g (Zentrifugen Mikro 200, Hettich). The SV minicolumn was transferred
to a new, sterile 1.5 ml microcentrifuge tube. Fifty microlitres of nuclease-free water was added,
and the column assembly was incubated at 25°C for 1 minute. The column assembly was
centrifuged (Zentrifugen Mikro 200, Hettich) at 14 000 x g for 1 minute to elute the purified
DNA. The concentration of the DNA was calculated by means of spectrophotometry using the
Nanodrop 1 000 (Thermo Fisher Scientific). Briefly, after making a blank measurement with
1 ul nuclease-free water, 1 pl of purified DNA was pipetted onto the measurement pedestal of
the Nanodrop 1 000. The sampling arm was closed, and a spectral measurement was initiated
using the nucleic acid application module of the system operating software, which measures
the absorbance of the sample at 260 nanometers. The DNA was stored at -20°C until required

for further processing.

2.2.1.6 Cloning of the Marburg virus glycoprotein and nucleoprotein genes into the pCR-
Blunt II-TOPO vector

To facilitate easy sequencing and ensure efficient restriction enzyme digestion, the GP and NP
genes of MARV Musoke, and positive control DNA were cloned into a TOPO vector using the
Zero Blunt TOPO PCR cloning kit (Invitrogen) according to the manufacturer’s instructions.
Briefly, 3 pl of purified PCR product (GP DNA: 58.3 ng/ul; NP DNA: 126.5 ng/ul; positive
control DNA: 26.9 ng/pl) or nuclease-free water (vector-only control), 1 pl of salt solution
(1.2 M sodium chloride and 0.06 M magnesium chloride), 1 pl of nuclease-free water and 1 ul
pCR-Blunt II-TOPO vector (Figure 2.2) solution (10 ng/ul plasmid DNA in 50% glycerol,
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50 mM Tris-HCI, pH 7.4, 1 mM EDTA, 2 mM DTT, 0.1% Triton X-100, 100 pg/ml bovine
serum albumin and 30 uM bromophenol blue) was added to a sterile tube. The reaction was
mixed lightly, incubated at 25°C for 30 minutes, and placed on ice. Two microlitres of each
TOPO cloning reaction was added to separate vials (50 pl) of One Shot TOP 10 chemically
competent Escherichia coli (E. coli) cells and mixed gently. As a transformation control, an
additional vial of E. coli was transformed using 10 picograms of pUC19 vector (Invitrogen).
The cells were incubated on ice for 20 minutes, and heat shocked at 42°C for 30 seconds. The
tubes were immediately transferred to ice, and 250 pl super optimal broth with catabolite
repression (SOC) medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KClI,
10 mM MgClz, 10 mM MgSO4 and 20 mM glucose) was added. The tubes were placed
horizontally in a shaking incubator (Labcon, VacTech) at 200 revolutions per minute (rpm) at
37°C for 1 hour. The contents of the tubes were spread onto pre-warmed Luria Bertani (LB)
agar plates (1% tryptone, 1% NacCl, 0.5% yeast extract, pH 7.4) (Merck) containing 50 pg/ml
Kanamycin (Invitrogen) or 100 pg/ml Ampicillin (Invitrogen) (pUC19 transformation control)
and incubated overnight at 37°C. As a negative control, untransformed E. coli was plated onto

LB agar containing 50 pg/ml Kanamycin and incubated overnight at 37°C.
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Figure 2.2: Map of pCR-Blunt II-TOPO vector (3.5 kb) containing a T7 promoter, pUC
origin of replication, and Kanamycin and Zeocin resistance genes. The yellow

bars next to the EcoRI restriction sites in the top panel highlight the insertion

site for the blunt PCR product. Image obtained from Invitrogen
(https://tools.thermofisher.com/content/sfs/vectors/pcrbluntiitopo_map.pdf).

2.2.1.7 Confirmation of clones by PCR and sequencing

Eight colonies were selected per plate. The inserts of the cloning vectors were confirmed using
the GoTaq PCR kit (Promega) as follows: a master mix was prepared for eight reactions using
16 pl of 5 x buffer, 1.5 pl of ANTPs (10 mM), 1 pl of M13 forward primer (20 uM, Invitrogen),
1 pl of M13 reverse primer (20 uM, Invitrogen), 0.5 pl Taq polymerase (5 units/ul) and 60 pl
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nuclease-free water. Ten microlitres of master mix was added to each PCR reaction tube. A
pipette tip was touched to the selected colony, and the bacteria were mixed into the reaction
mix. The tubes were placed in a thermocycler (2720 Thermal Cycler, Applied Biosystems).
Cycling conditions were set to 95°C for 2 minutes, followed by 30 cycles of 95°C for 30
seconds, 50°C for 60 seconds and 72°C for 150 seconds, and a final extension step at 72°C for
7 minutes. The PCR products were analysed and purified as described in section 2.2.1.4. The
concentration of the purified DNA was determined by means of spectrophotometry using the

Nanodrop 1 000 (Thermo Fisher Scientific) as previously described (section 2.2.1.5).

Sequencing of the DNA from colonies with the correct size insert (as determined by agarose
gel electrophoresis) was performed using the BigDye Terminator v3.1 cycle sequencing kit
(Applied Biosystems). Two tubes were prepared for each sample by adding 1 pl of sequencing
buffer, 1 pl primer (M13 forward or reverse primer, 1.6 pM), 2 pl BigDye v3.1 mix, 5 pl
nuclease-free water and 1 pl template DNA (approximately 30 ng/ul) to each tube. The tubes
were placed in a thermal cycler (2720 Thermal Cycler, Applied Biosystems) and cycling
conditions were set to the following: 94°C for 1 minute, followed by 25 cycles of 94°C for 10
seconds, 50°C for 5 seconds and 60°C for 4 minutes. One microlitre of 125 mM EDTA (Merck),
1 ul of 3 M sodium acetate (pH 5.2) (Merck) and 25 pl of 100% ethanol (Merck) was added to
each tube. The tubes were shaken and incubated at 25°C in the dark for 15 minutes. The samples
were centrifuged (Eppendorf MiniSpin, Merck) for 30 minutes at 12 100 x g. The supernatant
was removed by pipetting, and 100 pl of 70% ethanol (Merck) was added. The samples were
centrifuged (Eppendorf MiniSpin, Merck) for 15 minutes at 12 100 x g and the supernatant was
removed. Another volume (100 pl) of 70% ethanol (Merck) was added, and the samples were
centrifuged (Eppendorf MiniSpin, Merck) at 12 100 x g for 15 minutes. The supernatant was
removed, and the samples were air-dried in the dark. Twenty microlitres of Hi-Di formamide
(Applied Biosystems) was added to each tube, followed by denaturation in a thermal cycler
(2720 Thermal Cycler, Applied Biosystems) at 95°C for 5 minutes. Each sequence preparation
was added to a 96-well optical reaction plate (Applied Biosystems), and the plate was placed in
an ABI 3130 Genetic Analyzer (Applied Biosystems) for sequencing.

Sequences were analysed using the BioEdit Sequence Alignment Editor Version 7 (Hall, 1999),

and compared to the MARV Musoke reference strain, accession number NC 001608.3
52



(Enterlein et al., 2006), available in the public domain (GenBank, www.ncbi.nlm.noh.gov).
Colonies containing TOPO vectors with identical sequence inserts to the MARV Musoke
reference strain in the correct orientation were selected from the LB agar plates and cultured
individually in 50 ml centrifuge tubes (NEST) containing 5 ml LB broth (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.4) (Merck) with 50 pg/ml Kanamycin (50 mg/ml stock
concentration, Invitrogen). The tubes were placed horizontally in a shaking incubator (200 rpm;

Labcon, VacTech) and incubated at 37°C overnight.

2.2.1.8 Plasmid DNA purification

The Wizard Plus SV Minipreps DNA Purification System (Promega) was used to purify
plasmid DNA from the overnight cultures. Three millilitres of overnight culture (section
2.2.1.7) was pelleted by centrifugation (Zentrifugen Mikro 200, Hettich) at 10 000 x g for 5
minutes. The pellet was resuspended in 250 pl cell resuspension solution (50 mM Tris-HCI, pH
7.5, 10 mM EDTA, 100 ug/ml RNase A). Two hundred and fifty microlitres of cell lysis
solution (0.2 M NaOH, 1% SDS) was added to each sample, and the tubes were inverted four
times to mix the reagents. Ten microlitres of alkaline protease solution (25 pug/ul) was added to

each sample, and the tubes were inverted four times to mix the reagents.

The tubes were incubated at 25°C for 5 minutes. Three hundred and fifty microlitres of
neutralising solution (4.09 M guanidine hydrochloride, 0.759 M potassium acetate, 2.12 M
glacial acetic acid, pH 4.2) was added to each sample, and the tubes were inverted four times
to mix the reagents. The tubes were centrifuged (Zentrifugen Mikro 200, Hettich) at 14 000 x g
for 10 minutes. A spin column was inserted into a collection tube for each reaction, and 850 pl
of cleared lysate was added. The spin columns were centrifuged (Zentrifugen Mikro 200,
Hettich) at 14 000 x g for 1 minute and the filtrate was discarded. Seven hundred and fifty
microlitres of column wash solution (60% ethanol, 60 mM potassium acetate, 8.3 mM Tris-
HCI, pH 7.5, 0.04 mM EDTA, pH 8.0) was added, and the spin columns were centrifuged
(Zentrifugen Mikro 200, Hettich) at 14 000 x g for 1 minute. The filtrate was discarded, 250 pl
of column wash solution was added, and the spin columns were centrifuged (Zentrifugen Mikro
200, Hettich) at 14 000 x g for 2 minutes. The spin columns were transferred to new sterile

1.5 ml Eppendorf tubes and 100 pl of nuclease-free water was added. The tubes were
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centrifuged (Zentrifugen Mikro 200, Hettich) at 14 000 x g for 1 minute. The DNA
concentration was measured by means of spectrophotometry using the Nanodrop 1 000
(Thermo Fisher Scientific) as previously described. Plasmid isolation was verified by
performing agarose gel electrophoresis as described in section 2.2.1.5. Expected band sizes
were 5 498 bp for the TOPO-MARYV GP plasmid and 5 633 bp for the TOPO-MARV NP

plasmid.

2.2.1.9 Restriction enzyme digestion

The constructed plasmids (TOPO-MARV GP 176.6 ng/pl; TOPO-MARV NP 195.3 ng/ul)
(section 2.2.1.8) and pCAGGS-MCS expression vector (56.7 ng/pl) (kindly donated by
Professor Ayato Takada, Centre for Zoonosis Control, Hokkaido University, Japan) were
subjected to restriction enzyme digestion. Briefly, 2 pl of NEBuffer 2.1 (50 mM NaCl, 10 mM
Tris-HCL, 10 mM MgClz, | mM DTT, pH 7.9) (New England Biolabs), 16 ul plasmid DNA or
4 ul pCAGGS-MCS expression vector and 12 pl nuclease-free water, and 1 pl of each
restriction enzyme (EcoRI (20 000 units/ml) and Nhel (10 000 units/ml); New England Biolabs)
was added to a PCR tube. The tubes were incubated in a thermal cycler (2720 Thermal Cycler,
Applied Biosystems) at 37°C for 1 hour. Agarose gel electrophoresis was performed by loading
the contents of the tubes alongside a 1 000 bp marker (Nippon Genetics), and the bands of the
correct sizes (GP insert — 1 979 bp, NP insert — 2 114 bp, pPCAGGS backbone — 4 707 bp) were
cut out of the gel. The DNA was purified from the gel using the Wizard SV Gel and PCR Clean-
Up System (Promega) as described in section 2.2.1.4. The DNA concentration was measured
by means of spectrophotometry using the Nanodrop 1 000 (Thermo Fisher Scientific) as
described previously (section 2.2.1.5).

2.2.1.10 Sub-cloning of Marburg virus glycoprotein and nucleoprotein genes into the

pPCAGGS-MCS expression vector

After restriction enzyme digestion and purification, the inserts (section 2.2.1.9) were ligated
into the pCAGGS-MCS expression vector as follows: 3 pl of GP or NP insert (~20 ng/pl) or
nuclease-free water (negative control), 2 ul of the pCAGGS-MCS expression vector (diluted

10 x) (6.1 ng/ul) and 5 ul of solution I of the DNA ligation kit version 2.1 (T4 DNA ligase in
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reaction buffer; contents not specified by manufacturer) (Takara) was added to a
microcentrifuge tube and mixed well. The tubes were placed in a cooling block at 16°C for 30
minutes. The ligation reactions were added to microcentrifuge tubes containing 100 ul of DH5a
E. coli (Life Technologies) and incubated on ice for 20 minutes. In addition, DH5a were
transformed with uncut plasmid as a vector-only control. The E. coli were heat-shocked in a
hot water bath at 42°C for 30 seconds and placed on ice. Two hundred and fifty microlitres of
SOC medium was added to each tube. The tubes were placed horizontally in a shaking incubator
(200 rpm; Labcon, VacTech) and incubated for 1 hour at 37°C. The transformed E. coli, as well
as untransformed E. coli (negative control), were plated onto LB agar containing 100 pg/ml

Ampicillin (100 mg/ml stock concentration; Invitrogen) and incubated at 37°C overnight.

2.2.1.11 Confirmation of cloning into pCAGGS-MCS

Cloning of the inserts into the pPCAGGS-MCS vector in the correct orientation was confirmed
by conventional PCR and sequencing as described in section 2.2.1.7, except that pPCAGGS
plasmid-specific forward (5' TGC CTT CTT CTT TTT CCT AC 3') and reverse (5' ATT AGC
CAG AAG TCA GAT GC 3') primers (1.6 uM; Inqaba) were used instead of M13 primers.
Transformed colonies, containing plasmids with inserts with identical sequences to the MARV
Musoke reference strain NC_001608.3 (Enterlein et al., 2006), were selected and cultured in
200 ml LB broth containing 100 pg/ml Ampicillin (Invitrogen) in a shaking incubator (200
rpm; Labcon, VacTech) at 37°C overnight.

2.2.1.12 Purification of expression plasmids

Expression plasmids containing the desired insert were purified from the overnight culture in
LB broth using the High Purity Plasmid Maxiprep system (Origene) according to the
manufacturer’s instructions. Briefly, a maxiprep column was equilibrated using 30 ml of
equilibration buffer (600 mM NaCl, 100 mM sodium acetate (pH 5.0), 0.15% Triton X-100
(v/v)). The solution was allowed to drain by gravity flow. Two hundred millilitres of overnight
culture was pelleted by centrifugation (Allegra X-12R, Beckman Coulter) at 2 380 x g for 30

minutes. All medium was removed thoroughly. The cells were resuspended in 10 ml of cell
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suspension buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA). Ten millilitres of cell lysis
solution (200 mM NaOH, 1% SDS (w/v)) was added, and the tube was inverted five times to
mix the contents. The tube was incubated at 25°C for 5 minutes. Ten millilitres of neutralisation
buffer (3.1 M potassium acetate (pH 5.5)) was added, and the contents of the tube were mixed
by inverting until the solution was homogenous. The mixture was centrifuged at 2 380 x g for
10 minutes. The supernatant was applied to the equilibrated column, and the solution was
allowed to drain by gravity flow. The column was washed with 60 ml wash buffer (800 mM
NaCl, 100 mM sodium acetate (pH 5.0)), and allowed to drain by gravity flow. Fifteen
millilitres of elution buffer (1.25 M NaCl, 100 mM Tris-HCI (pH 8.5)) was added to the column
and allowed to drain by gravity flow to elute the DNA. The eluted DNA was collected in a
50 ml centrifuge tube (NEST) and 10.5 ml isopropanol (Sigma-Aldrich) was added and mixed.
The solution was centrifuged (Allegra X-12R, Beckman Coulter) at 2 380 x g for 30 minutes at
4°C. The supernatant was discarded, and 5 ml of 70% ethanol (Sigma-Aldrich) was added. The
solution was centrifuged at 2 380 x g for 5 minutes at 4°C. The ethanol was discarded, and the
pellet was air-dried for 10 minutes. The pelleted DNA was resuspended in 500 pl nuclease-free
water, and the concentration was measured by means of spectrophotometry using the Nanodrop
1 000 (Thermo Fisher Scientific) as previously described (section 2.2.1.5). Plasmid isolation
was verified by performing agarose gel electrophoresis as previously described (section
2.2.1.5). Expected band sizes were 6 727 bp for pPCAGGS-MARYV GP, 6 862 bp for pCAGGS-
MARYV NP and 4 748 bp for pPCAGGS without insert. A stock solution with a concentration of

1 mg/ml was prepared from the DNA and was stored at -20°C until further use.

2.2.2 Expression and purification of recombinant Histidine-tagged Marburg virus
glycoprotein

2.2.2.1 Cultivation of human embryonic kidney 293T cells

A 90% confluent 75 cm? flask of human embryonic kidney 293 cells with SV40 large T-antigen
(HEK 293T) (ATCC) was sub-cultured as follows: a sterile aspirator was used to remove
medium from cells. The cells were washed once with 10 ml DPBS (Lonza) (pH 7.2). The DPBS
was aspirated and 2 ml trypsin-EDTA (Highveld Biologicals) was added. The cells were

incubated (Forma Series II, Thermo Fisher Scientific) at 37°C for 2 minutes. Ten millilitres of
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Dulbecco’s Modified Eagle Medium (DMEM) containing 1% L-glutamine (200 mM solution
in 0.85% sodium chloride; Lonza) and 1% antibiotics (penicillin, streptomycin and
amphotericin B) (100x concentration; Lonza) was added and mixed lightly using a 10 ml
pipette. The cells were transferred to a 50 ml centrifuge tube and centrifuged (Allegra X-12R,
Beckman Coulter) at 200 x g for 5 minutes. The supernatant was removed and the cells
resuspended in 10 ml DMEM. The cells were counted by mixing 25 pl of 0.5% Trypan Blue
(Sigma-Aldrich) in DPBS with 25 pl of the cell suspension and applying the mixture to a
haemocytometer (Neubauer). Two millilitres of the cell suspension (2 x 10° cells/ml) was added
to 18 ml DMEM supplemented with 10% irradiated FBS (Hyclone) and transferred to a 75 cm?
tissue culture flask (NEST). Four additional flasks of cells were prepared in the same manner.
The cells were incubated (Forma Series II, Thermo Fisher Scientific) at 37°C in a 5% COz

atmosphere overnight.

2.2.2.2 Transfection of cells with Marburg virus GP expression plasmids

Transfection reagent was prepared by adding 15 pg of pPCAGGS-MARYV GP (1 mg/ml; section
2.2.1.12) or pCAGGS-MCS (1 mg/ml, negative control; section 2.2.1.12) and 60 pl linear
25 kilodalton (kDa) polyethylenimine (1 mg/ml; Sigma-Aldrich) to 600 ul Hank’s balanced salt
solution without calcium and magnesium (GIBCO, Life Technologies) and mixing well. The
solution was incubated at room temperature for 30 minutes. The transfection mixture was gently
added to the HEK 293T cells at 50% confluency. The cells were incubated (Forma Series 11,
Thermo Fisher Scientific) at 37°C in a 5% CO» atmosphere for 48 hours.

2.2.2.3 Nickel nitrilotriacetic acid purification

The supernatant was collected from the five flasks of pCAGGS-MARYV GP-transfected cells
after 48 hours of incubation. Supernatant from cells transfected with pCAGGS-MCS was
collected and processed in the same manner as a control. The supernatant was centrifuged
(Avanti J-E, Beckman Coulter) at 12 000 x g for 10 minutes at 4°C and filtered through a
vacuum filter system (pore size 0.45 pM; Corning). Nickel nitrilotriacetic acid (Ni-NTA)
agarose resin (Invitrogen) was prepared by mixing well and adding 1.5 ml of the resin to 50 ml

centrifuge tubes (NEST). Five millilitres of deionised water was added, and the tubes were
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centrifuged (Allegra X-12R, Beckman Coulter) at 800 x g for 2 minutes at 4°C and slow
acceleration/deceleration. The water was removed, and 5 ml of 1 x Native Purification Buffer
(250 mM NaH2POy4, pH 8.0; 2.5 M NaCl) (Invitrogen) was added. The tubes were centrifuged
(Allegra X-12R, Beckman Coulter) at 800 x g for 2 minutes at 4°C and slow
acceleration/deceleration. The 1 x Native Purification Buffer and centrifugation step was
repeated. The supernatant was removed and discarded. The pH of the MARV GP supernatant
was adjusted to 8.0 using either | M NaOH (Merck) or 1 M HCI (Merck). Fifty millilitres of
MARYV GP supernatant was added to the prepared Ni-NTA resin in each tube, and the tubes
were placed in a tube rotator (TAITEC RT-5) at 4°C overnight. The tubes were centrifuged
(Allegra X-12R, Beckman Coulter) at 800 x g for 2 minutes at 4°C and slow
acceleration/deceleration. Approximately 45 ml of supernatant was removed into a sterile
container, taking care not to disturb the resin. The resin and remaining supernatant was
transferred to an Econo-Column 2.5 cm x 10 cm chromatography column (Bio-Rad) and the
eluate collected into a sterile container by allowing the column to drain by gravity flow. The

eluate was stored at 4°C until required.

Wash buffer was prepared by adding 2.5 ml imidazole (3 M, pH 6.0) (Sigma-Aldrich) to 500 ml
1 x Native Purification Buffer. The pH was adjusted to 8.0 using 1 M NaOH (Merck) or 1 M
HCI (Merck). The buffer was filtered through a vacuum filter system (pore size 0.45 puM;
Corning). Thirty millilitres of wash buffer was added to the resin in the drained chromatography
column and allowed to drain into a 50 ml centrifuge tube (NEST) by gravity flow at 4°C. The
tube containing the wash step eluate was stored at 4°C until required. Elution buffer was
prepared by adding 25 ml imidazole (3 M, pH 6.0) (Sigma-Aldrich) to 300 ml 1 x Native
Purification Buffer. The pH was adjusted to 8.0 and the buffer filtered through a vacuum filter
system (pore size 0.45 puM; Corning). Three mini protease inhibitor cocktail tablets (Roche)
were added to the elution buffer. After all wash buffer had drained from the chromatography
column, 30 ml elution buffer was added to the resin and the eluate collected in fractions of 6 ml
each into 15 ml centrifuge tubes. The fractions were stored at 4°C until required for sodium

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting.
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2.2.2.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

An 8% resolving gel was prepared by mixing 4.6 ml deionised water, 2.7 ml of a 30% (W/v)
acrylamide/bis-acrylamide solution (Sigma-Aldrich), 2.5 ml Tris-HCI (1.5 M, pH 8.8) (Bio-
Rad), 0.1 ml of a 10% SDS solution (Sigma-Aldrich), 0.1 ml of a 10% ammonium persulfate
solution (Sigma-Aldrich) and 6 pl tetramethylethylenediamine (TEMED) (Thermo Fisher
Scientific). The mixture was poured into an SDS-PAGE cassette (Bio-Rad) and allowed to set.
A stacking gel was prepared by mixing 1.72 ml of deionised water, 0.5 ml of a 30% (w/v)
acrylamide/bis-acrylamide solution (Sigma-Aldrich), 0.76 ml Tris-HCI (0.5 M, pH 6.8) (Bio-
Rad), 30 pl of a 10% SDS solution (Sigma-Aldrich), 30 pl of a 10% ammonium persulfate
solution (Sigma-Aldrich) and 3 pl TEMED (Thermo Fisher Scientific). The stacking gel
mixture was added on top of the resolving gel, a comb was inserted, and the gel was allowed to
set. The SDS-PAGE samples, including the supernatant, wash eluate fractions and elution
fractions from section 2.2.2.3 (MARV GP and pCAGGS control) were prepared by mixing
15 pl of sample with 15 pl of 2 x Laemmli sample buffer containing B-mercaptoethanol
(65.8 mM Tris-HCI, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue) (Bio-
Rad). The samples were incubated in a heating block (Digital Dry Bath, Labnet International,
Inc.) at 95°C for 5 minutes. The samples, together with a chemiluminescent protein marker
(WesternSure; LiCor) were loaded onto the SDS-PAGE gel. The SDS-PAGE was performed
in duplicate to facilitate Coomassie staining and western blotting. The gel tank was filled with
SDS-PAGE tank buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) (Bio-Rad) and

connected to a PowerPac (Bio-Rad). Electrophoresis was performed at 125 V for 1 hour.

2.2.2.5 Western blotting and Coomassie staining

An SDS-PAGE gel from section 2.2.2.4 was removed from the cassette, and the stacking gel
was removed. The gel was covered with InstantBlue Coomassie protein stain (Expedeon) and
placed on a shaker (Orbital Shaker, Optic Ivymen System) for 1 hour. The stain was removed,
and bands were visualised by eye. The expected band sizes for the GP were approximately
150 kDa (GP;) and 40 kDa (GP; without the transmembrane domain (5 kDa) and with a His-
tag (1 kDa)).

59



A polyvinylidene difluoride blotting membrane (Invitrogen) was soaked in 99.8% methanol
(Sigma-Aldrich) and placed on a shaker (Orbital Shaker, Optic Ivymen System) for 1 minute.
The methanol was discarded, and western transfer buffer (70 ml deionised water, 20 ml 99.8%
methanol and 10 ml 10 x Tris-Glycine buffer) (Novex, Life Technologies) was added to the
membrane. The membrane was placed on a shaker (Orbital Shaker, Optic Ivymen System) for
10 minutes. The second SDS-PAGE gel from section 2.2.2.4 was removed from the cassette,
and the stacking gel was removed. The resolving gel was placed in a container, and western
transfer buffer was added to the gel. The gel was placed on a shaker (Orbital Shaker, Optic
Ivymen System) for 10 minutes. The western blotting membrane was placed under the gel, and
thick blotting paper (Bio-Rad) was placed under the membrane and on top of the gel. The
membrane-gel sandwich was placed on a Trans-Blot SD semi-dry transfer cell (Bio-Rad). The
transfer cell was connected to a PowerPac (Bio-Rad), and western blotting was performed at

25 V for 25 minutes.

A blocking buffer was prepared by dissolving 3 g of skim milk powder (Sigma-Aldrich) in
30 ml of 0.05% DPBS containing 10% Tween-20 (PBS-T) (Sigma-Aldrich). The blotting paper
and the gel were removed from the membrane, and the membrane was transferred to a container
with PBS-T. The container was placed on a shaker (Orbital Shaker, Optic [vymen System) for
5 minutes. The PBS-T was poured off, and the blocking buffer was added to the membrane.
The membrane was placed on a shaker (Orbital Shaker, Optic Ivymen System) for 1 hour. The
blocking buffer was poured off, and the membrane washed by adding PBS-T and placing the
membrane on a shaker (Orbital Shaker, Optic Ivymen System) for 5 minutes. The PBS-T was
poured off. A 1:2 000 dilution of polyclonal rabbit anti-MARYV (in-house) was prepared in 1%
skim milk in PBS-T and added to the membrane. The membrane was placed on a shaker (Orbital
Shaker, Optic Ivymen System) for 1 hour. The antibody was poured off, and the membrane was
washed three times with PBS-T, placing the membrane on a shaker (Orbital Shaker, Optic
Ivymen System) for 5 minutes between each wash. The PBS-T was discarded. A 1:2 000
dilution of goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate (1 mg/ml, Novex, Life
Technologies) in 1% skim milk in PBS-T was added to the membrane. The membrane was
placed on a shaker (Orbital Shaker, Optic [Ivymen System) for 1 hour. The conjugate was poured
off, and the membrane was washed three times with PBS-T, placing the membrane on a shaker
(Orbital Shaker, Optic Ivymen System) for 5 minutes between each wash. The PBS-T was
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poured off, and the membrane was placed on a transparent film. Immobilon western
chemiluminescent HRP substrate (Merck) was added to the membrane. Bands were visualised

using a ChemiDoc imaging system (Bio-Rad).

2.2.2.6 Dialysis and ultrafiltration

Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific) were used to perform dialysis on
the fractions containing MARV GP (identified in section 2.2.2.5). The cassette membranes were
wet using DPBS (Sigma-Aldrich). The fractions containing the correct proteins were injected
into the membranes using a syringe, and excess air was removed. Membranes were secured in
a float, placed on 5 L of DPBS (Sigma-Aldrich) and placed on a magnetic stirrer (Monostir,
Rodwell Scientific Instruments Ltd) at 4°C overnight. The sample was aspirated from the
membrane using a syringe, and the protein concentration was measured using the Nanodrop
1 000 (Thermo Fisher Scientific). Briefly, after making a blank measurement with 1 ul DPBS,
1 ul of dialysed protein solution was pipetted onto the measurement pedestal of the Nanodrop
1 000. The sampling arm was closed, and a spectral measurement was initiated using the protein
A280 application module of the system operating software, which measures the absorbance of

the sample at 280 nanometers.

Ultrafiltration was performed using Amicon Ultra-15 centrifugal filters (Merck). The dialysis
sample was transferred to the ultrafiltration tube and centrifuged (Allegra X-12R, Beckman
Coulter) at 2 380 x g for 10 minutes. Six millilitres of DPBS was added to the ultrafiltration
tube and centrifuged (Allegra X-12R, Beckman Coulter) at 2 380 x g for 10 minutes at a time
until 500 pl of the sample remained in the filter membrane. The liquid was aspirated from the
filter and the protein concentration measured using the Nanodrop 1 000 (Thermo Fisher
Scientific) as described before. A stock solution of 1 mg/ml was prepared. One microlitre of
100 x protease inhibitor (Thermo Fisher Scientific) was added, and the protein was stored at -

70°C until required.
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2.2.3 Expression and purification of recombinant Marburg virus nucleoprotein
2.2.3.1 Cultivation and transfection of cells with Marburg virus nucleoprotein

expression plasmids

Human embryonic kidney 293 cells with SV40 large T-antigen were prepared as described in
section 2.2.2.1. Transfection of MARV Musoke NP expression plasmids (pCAGGS-MARV
NP) or pPCAGGS-MCS expression vector (control) into a 75 cm? cell culture flask of HEK 239T
cells was performed when the cells reached approximately 80% confluency. The transfection
agent was prepared by adding 19 ug purified plasmid DNA (1 mg/ml, from section 2.2.1.12) or
pCAGGS-MCS plasmid DNA (1 mg/ml, negative control) and 57 pl TransIT-LT1 transfection
reagent (Mirus Bio LLC) to 1.9 ml 1 x Opti-MEM I containing HEPES, L-glutamine and 2.4 g/
sodium bicarbonate (Invitrogen). The mixture was incubated at room temperature for 30
minutes and added to the HEK 293T cells. The cells were incubated (Forma Series II, Thermo
Fisher Scientific) at 37°C in a 5% CO> atmosphere for 72 hours.

2.2.3.2 Cesium chloride density gradient ultracentrifugation

After 72 hours of incubation at 37°C, the pPCAGGS-MARYV NP and pCAGGS-MCS transfected
HEK 293T cells were lysed as follows: working on ice, 2.5 ml lysing agent (10 mM Tris-HCI
(pH 7.8), 0.15 M NaCl, 1 mM EDTA, 0.1% Nonidet P-40 and protease inhibitor mixture
(Roche)) was prepared in a 15 ml centrifuge tube (NEST). The supernatant was removed from
the transfected HEK 293T cells, and 600 ul of the lysing agent was added to the cells. The cells
were incubated for 30 minutes at 4°C. The cell lysate was collected into a 1.5 ml Eppendorf
tube and mixed well. The tube was centrifuged (Sorvall Legend Micro 17, Thermo Fisher
Scientific) at 13 800 x g for 15 minutes at 4°C. Cesium chloride (CsCl) (Sigma-Aldrich)
solutions (15%, 25%, 35% and 40% w/v) were prepared in 50 mM Tris-buffered saline (TBS),
pH 7.6 (Merck). A CsCl gradient was prepared in an ultracentrifuge tube (1/2 x 2UC tube,
Beckmann Coulter) by carefully adding 1 ml of 40% CsCl, followed by 1 ml of 35% CsCl, 25%
CsCl and finally 15% CsCI to the tube. The MARV NP or control cell lysate was carefully
added on top of the CsCl gradient. The ultracentrifuge tube was placed in SW 55 Ti rotor
adapters (Beckmann Coulter) and clipped onto the SW 55 Ti rotor. The tube was centrifuged at

327 327 x g for 2 hours at 4°C. Fractions of 500 pl each were collected from the tube by
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carefully pipetting. Fractions were stored at 4°C until required for SDS-PAGE and western
blotting.

2.2.3.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis, Coomassie staining

and western blotting

Sodium dodecyl sulphate polyacrylamide gel electrophoresis was performed on the fractions
collected in section 2.2.3.2 as described in section 2.2.2.4. Western blotting and Coomassie
staining was performed as described in section 2.2.2.5. The expected band size for MARV NP
was approximately 96 kDa.

2.2.3.4 Dialysis and ultrafiltration

Dialysis of the fractions containing NP was performed using the EasySep kit (TOMY)
according to the manufacturer’s instructions. Corresponding fractions of CsCl-purified control
lysate was dialysed using the same procedure. Briefly, the correct fraction was applied to the
dialysis membrane. The membrane was attached to a float and placed in 50 mM TBS, pH 7.6
(Merck) to wet the membrane. A tube was attached to the dialysis membrane, placed in the TBS
on a float, and placed on a magnetic stirrer (Monostir, Rodwell Scientific Instruments Ltd) at
4°C for 6 hours. The TBS was replaced with a fresh batch and placed back onto the magnetic
stirrer at 4°C overnight. The tube with the dialysis membrane was centrifuged (Sorvall Legend
Micro 17, Thermo Fisher Scientific) at 13 800 x g for 1 minute. The protein concentration was
measured using the Nanodrop 1 000 (Thermo Fisher Scientific) as described previously (section

2.2.2.6).

Ultrafiltration was performed using Amicon Ultra 0.5 ml centrifugal filters (Merck) according
to the manufacturer’s instructions. Briefly, the filter was inserted into a tube, and TBS (Merck)
was applied to wet the membrane. The tube was centrifuged at 13 800 x g for 2 minutes. The
TBS was discarded, and the sample containing the desired protein (from the dialysis step) was
added to the tube containing the filter. The sample was centrifuged at 13 800 x g for 5 minutes.
The filter was inverted and placed into a new tube. The tube was centrifuged at 13 800 x g for

5 minutes. The protein concentration was measured using the Nanodrop 1 000 (Thermo Fisher
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Scientific) as described in section 2.2.2.6. One microlitre of 100 x protease inhibitor (Thermo

Fisher Scientific) was added to the protein. The protein was stored at -70°C until required.

2.2.4 Optimisation and evaluation of indirect enzyme-linked immunosorbent assays

2.2.4.1 Test and control sera

Approval for using ERB sera in the development of I-ELISAs for MARV was obtained from
the Department of Agriculture, Forestry and Fisheries of South Africa (12/11/1/1/13; Appendix
A). Ethics approval for the use of bat serum in the evaluation of the I-ELISAs developed in this
study was obtained from the University of Pretoria Animal Ethics Committee (EC056-14;
Appendix A). Seven bat panels were used for the development and evaluation of the [-ELISAs.
Briefly, a gamma-irradiated serum pool from ERBs inoculated with MARYV during a previous
experiment (Paweska et al., 2015) was used as a high positive control (panel 1). Negative
control serum was obtained by pooling the sera of six captive-bred ERBs with no history of
exposure to MARYV (panel 1). Potential intra-colony transmission of MARYV from bats collected
in the wild to captive-bred ERBs was excluded by testing sera and swabs collected from these
bats on a regular basis. For an assessment of the analytical specificity of each assay, serum
specimens collected from bats seronegative to MARV and experimentally infected with
EBOV/Hsap/GAB/96/Zaire-SPU220-96 (fourth passage in Vero cells) during a previous
experiment (Paweska et al., 2016) were tested using both I-ELISAs (panel 2). Sera from wild-
caught bats brought into captivity, and for which previous ELISA results were available, were
used to assess the analytical sensitivities, robustness, repeatability and intermediate precision
of the [-ELISAs (Appendix B) (panel 7). A large serum panel from wild-caught (Paweska et
al., 2018) and experimentally MARV-infected bats (Paweska et al., 2015) was also used to
compare results between the two assays (Appendix B) (panel 6). These sera were previously
tested using an [-ELISA based on commercially available recombinant MARV GP (Integrated
BioTherapeutics). Sera from captive juvenile ERBs collected at 5 and 7 months of age were
used to determine the cut-off value for each assay (panel 3). For estimates of the diagnostic
sensitivity and specificity of the I-ELISAs, serum specimens collected previously from
experimentally MARV-infected bats (Paweska et al., 2015) (panel 4), real-time quantitative

reverse transcription polymerase chain reaction (QRT-PCR)-negative control bats (Paweska et
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al., 2015) (panel 5) and 7 month old captive juvenile MARV-naive bats (panel 3) were used.
Further details of the bat serum panels are provided in Appendix B.

2.2.4.2 Optimisation of indirect enzyme-linked immunosorbent assays

Optimal reagent concentrations for the I-ELISAs were determined by means of standard
checkerboard titration procedures (Crowther, 2009). Flat-bottom Maxisorp 96-well
immunoplates (Nunc) were coated with 50 ng/100 pl/well purified recombinant MARV GP or
NP antigen and pCAGGS control antigen (sections 2.2.2.6 and 2.2.3.4) diluted in DPBS pH 7.2
(Table 2.2), and incubated at 4°C overnight.

Table 2.2: Dilutions of reagents for the recombinant Marburg virus glycoprotein- and

nucleoprotein-based indirect enzyme-linked immunosorbent assays

Concentration of Dilution of Dilution of anti-bat
Indirect ELISA Dilution of bat
recombinant/ recombinant/control conjugate (1 mg/ml
antigen serum
control antigen antigen stock)
Marburg virus
1 mg/ml 1:2 000 (50 ng/100 pl) 1:100 1:2 000 (50 ng/100pl)
Musoke GP
Marburg virus
0.62 mg/ml 1:1 200 (50 ng/100 pl) 1:100 1:2 000 (50 ng/100 pl)
Musoke NP
pCAGGS control 1 mg/ml 1:2 000 (50/ng/100 pl) 1:100 1:2 000 (50 ng/100ul)

Plates were washed three times using 300 pl/well PBS-T washing buffer (Sigma-Aldrich).
Plates were then blocked using 200 pl/well of 10% fat-free milk powder in DPBS and incubated
in a humid chamber for 1 hour at 37°C. Plates were washed three times using 300 ul/well PBS-
T. Control and test sera were diluted 1:100 (Table 2.2) in 2% fat-free milk powder in DPBS,
and 100 pl/well was added to the plates. Test sera (section 2.2.4.1), conjugate controls (2% fat-
free milk powder in DPBS) and negative control serum (panel 1; Appendix B) were assayed in
duplicate, while positive control serum (panel 1; Appendix B) was assayed in quadruplicate.
The plates were incubated at 37°C in a humid chamber for 1 hour. Plates were washed six times

using 300 pl/well PBS-T. A volume of 100 pl/well goat anti-bat (1 mg/ml; Bethyl)
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immunoglobulin G-horseradish peroxidase conjugate, diluted 1:2 000 in 2% fat-free milk
powder in DPBS, was added to the plates. According to the manufacturer, this antibody
conjugate specifically detects IgG of a variety of bat species including Pteropus vampyrus,
Desmodus rotundus, Eptesicus fuscus, Tadarida pumila, Hypsignathus monstrosus, Rousettus
aegyptiacus, Epomophorus crypturus, Molossus molossus and Phyllostomus hastatus. The
plates were incubated at 37°C in a humid chamber for 1 hour. Plates were washed six times
using 300 ul/well PBS-T. A volume of 100 ul/well pre-warmed 2,2’-Azino di-ethyl-
benzothiazoline-sulfonic acid substrate (ABTS) was added to the plates, and plates were
incubated in the dark at 25°C for 30 minutes. The reactions were stopped by adding 100 ul/well
of 1% sodium dodecyl sulphate solution to the plates. Optical density (OD) values were
measured at 405 nm using a microplate reader (ELx800, Bio-Tek Instruments Inc.). The means
of the OD values of the test sera replicates were calculated and converted to a percentage
positivity (PP) relative to the positive control serum using the following equation (Paweska et

al., 2005):

Mean net OD of test sera replicates

Percentage positivity = x 10
ger Y = Mean net 0D of positive control serum replicates

Conversion of raw OD values to PP values results in a continuous scale for [-ELISAs and is
recommended by the World Organisation for Animal Health (OIE) (Wright et al., 1993). The
method offers an advantage in that it does not assume uniform background activity and enables

inter-laboratory assay standardisation (Wright et al., 1993).

2.2.4.3 Internal control limits

Upper and lower limits for the internal controls (high positive bat serum - C++; negative bat
serum — C-) were determined by testing four (C++) or two (C-) replicates of the control sera on

20 plates during routine runs of the assay. Upper control limits (UCL) were determined by

calculating the mean OD value from the control replicates plus two standard deviations, and
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lower control limits (LCL) were determined by calculating the mean OD value from the control

replicates minus two standard deviations.

2.2.4.4 Analytical specificity

The analytical specificity of each I-ELISA (the ability of the assay to distinguish between the
analyte of interest and other components in a test specimen) was determined by testing five
serum specimens from ERBs that had previously been experimentally infected with EBOV but

were MARYV seronegative and qRT-PCR negative (Paweska et al., 2016; panel 2; Appendix B).

2.2.4.5 Antibody dose/response curves

Antibody dose/response curves were generated for each [-ELISA using high positive and
negative bat control sera, as well as five serum samples from captive wild-caught bats that
previously tested positive for anti-MARYV antibodies (low (PP value range: 17- 30), medium
(PP value range: 31-70) or high antibody levels (PP value > 71)) using an [-ELISA based on a
commercially available recombinant MARV GP (Paweska et al., 2018; panel 7; Appendix B).
The sera were serially diluted (two-fold) from a 1:100 dilution to extinction of the assay’s

response in 2% skim milk in DPBS, and the [-ELISAs were performed as described in 2.2.4.2.

2.2.4.6 Robustness

The robustness of the MARV GP and NP [-ELISAs (the ability of the assay to remain
unaffected by minor variations in assay procedures) was evaluated by performing the [-ELISAs
using four replicates of three bat specimens (negative serum (PP value < 17), low positive serum
(PP value 17 — 30) and high positive serum (PP value > 71) based on a commercial recombinant
MARYV GP-based [-ELISA (Integrated BioTherapeutics); panel 7; Appendix B) under variable
conditions including incubation temperature (room temperature (25°C) versus 37°C) and
incubation time variations (incubation times increased or decreased by 5 minutes). The I-
ELISAs were performed as described in 2.2.4.2. Means, standard deviations (SD) and
coefficients of variation (CV) of the PP values were calculated for the replicates tested with

each variable. Coefficients of variation were calculated using the following formula:
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SD
%CV = — x 100
Mean PP

2.2.4.7 Repeatability and intermediate precision

To assess the repeatability (intra-plate variation) and intermediate precision (inter-plate
variation) of each I-ELISA, ten bat serum specimens with antibody activity within the MARV
NP and GP I-ELISA operating range were selected (panel 7; Appendix B). Of these specimens,
five were negative sera, and the remaining five were sera containing low (PP value 17 — 30),
medium (PP value 31-70) or high (PP value > 71) anti-MARYV IgG antibody levels based on
previous results obtained from a commercial recombinant MARV GP-based I-ELISA
(Integrated BioTherapeutics). Four replicates of each serum sample were prepared by creating
individual working dilutions (1:100 in 2% skim milk in DPBS), and testing each replicate on
five Maxisorp 96-well (Nunc) ELISA plates on five separate occasions. The means, SD and
CV of the PP values were calculated from the replicates within each plate and between each

run to determine the repeatability and intermediate precision of the assays.
2.2.4.8 Selection of cut-off values

The cut-off for each [-ELISA was determined by calculating the mean plus 3 SD from PP values
obtained from testing 42 serum specimens of 5 to 7 month old juvenile ERBs that had been
brought into captivity at approximately 2 months of age, with no previous exposure to MARV

(panel 3; Appendix B).
2.2.4.9 Diagnostic sensitivity and specificity

Estimates of the diagnostic sensitivity (the proportion of known positive sera that test positive
using the assay) and specificity (the proportion of known negative sera that test negative using
the assay) of each I-ELISA were determined by testing 81 sera from known MARV-positive
ERBs (bats experimentally infected with MARV and that tested positive by qRT-PCR and/or

virus isolation) (Paweska et al., 2015; this thesis chapter 3; panel 4; Appendix B) and 96 sera
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from known negative ERBs (7 month old captive juvenile bats with no residual maternal
antibodies to MARYV, bats that served as controls during previous experimental MARV
infection studies and that tested negative by qRT-PCR (Paweska et al., 2015; this thesis chapter
3; panel 3; Appendix B), and bats inoculated with EBOV in a previous study that tested negative
for MARV by qRT-PCR (Paweska et al., 2016; panel 5; Appendix B)). Sera were collected
from bats of different ages and sexes, and at different stages of infection. Diagnostic sensitivity

and specificity estimates were determined using the following formulae (Jacobsen, 1998):

True Positives

Diagnostic Sensitivity = 100

x
(True Positives + False Negatives)

True Negatives

Diagnostic Specificity = X
g pecificity True Negatives + False Positives

2.2.4.10 Comparison of Marburg virus glycoprotein- and nucleoprotein-based indirect
enzyme-linked immunosorbent assay performance in naturally and

experimentally infected Egyptian rousette bats

A panel of 652 bat sera, including 480 serum specimens from wild-caught ERBs (287 females
and 193 males; 40 adults, 82 juveniles and 232 sub-adults; panel 6; Appendix B), 146 serum
specimens from experimentally MARV-infected ERBs (10 females and 9 males; 4 juveniles
and 15 adults; panel 4; Appendix B) or control bats (7 males and 6 females, all adult; panel 5;
Appendix B), and 26 serum specimens from juvenile ERBs brought into captivity at
approximately 2 months of age (13 males and 13 females; panel 3; Appendix B) and that had
lost their maternal immunity, was tested to compare results between the two I-ELISAs. The
results were further compared to results obtained using an [-ELISA based on commercially

available recombinant MARV GP (Integrated BioTherapeutics).
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2.2.4.11 Predictive values of positive and negative test results

The apparent prevalence of MARV exposure was determined using the data obtained from
testing the sera of 480 wild-caught ERBs with each I-ELISA by dividing the number of test
positives with the number of bats tested. Subsequently, the following calculations were

performed (Jacobsen, 1998):

Number of bats exposed = Number of bats tested x apparent prevalence
Number of true positive tests = Diagnostic sensitivity x number of bats exposed
Number of false negative tests = Number of bats exposed — number of true positive tests
Number of bats unexposed = Number of bats tested — number of bats exposed
Number of true negative tests = Diagnostic specificity x number of bats unexposed

Number of false positive tests = Number of bats unexposed — number of true negative tests

Finally, the positive predictive values (PPV; the probability that a subject which tests positive
using the assay truly has been exposed to the virus) and negative predictive values (NPV; the
probability that a subject which tests negative using the assay truly has not been exposed to the
virus) of the recombinant MARV GP- and NP-based [-ELISAs were determined using the

following formulae (Jacobsen, 1998):

Number of true positive tests .

Positive predictive value = x
p Number of true positive tests + Number of false positive tests

Number of true negative tests

Negative predictive value = x
g P Number of true negative tests + Number of false negative tests

2.2.4.12 Antibody dynamics to the Marburg virus nucleoprotein and glycoprotein in

experimentally infected Egyptian rousette bats

In order to identify the antibody dynamics of experimentally infected bats against the MARV
GP and NP proteins, 75 serum specimens collected from 14 experimentally MARV-infected
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ERBs (8 males, 6 females, 4 bats less than 1 year old, 10 bats more than 1 year old) (panel 4;
Appendix B) over the course of 42 days were tested. The serum was obtained from a previous
study in which captive-bred MARV-naive bats were subcutaneously inoculated with MARV
(isolate SPU 148/99/1 Watsa) (Paweska et al., 2015) at the CEZPD, NICD-NHLS. Indirect
ELISAs were performed as described in 2.2.4.2.

2.2.4.13 Statistical analysis

Statistical analysis and basic calculations of means, SDs and CV's were performed in Microsoft
Excel. Estimates of the diagnostic sensitivity and specificity of each assay were determined at
the 95% confidence interval. Agreement between test results obtained from the commercial
recombinant MARV GP-based [-ELISA (Integrated BioTherapeutics), and the MARV GP and
NP I-ELISAs developed in this study was determined using Lin's Concordance Correlation
Coefficient (CCC) (MedCalc version 18.2.1; www.medcalc.org). The Student's t-test was
performed to determine whether there was a statistically significant difference in the mean
levels of anti-MARV NP and anti-MARV GP antibodies in the experimentally infected bats

over the course of 42 days (two-tailed p-value < 0.05).

2.3 Results
2.3.1 Amplification, cloning and sequencing of Marburg virus glycoprotein and

nucleoprotein genes

The MARV Musoke GP and NP genes were successfully amplified using the primer sets
described in Table 2.1, with agarose gel electrophoresis revealing bands of approximately
1 980 bp (GP) and 2 100 bp (NP) alongside a positive control band of 800 bp produced using
M13 forward and reverse primers (results not shown). To aid in sequencing and efficient
restriction enzyme digestion, the inserts were initially cloned into the pCR-Blunt II-TOPO
cloning vector. Following transformation of E. coli and overnight incubation on LB agar, no
colonies formed on the negative control plate (untransformed E. coli) or on the plate with E.
coli transformed with vector only, while more than 50 colonies formed on the plates with
transformed E. coli containing the pCR-Blunt II-TOPO vector plus either the positive control,
MARYV GP or MARV NP insert. The transformation control (pUC19 vector) plate contained
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more than 100 colonies. Polymerase chain reaction analysis using M13 primers revealed
colonies containing TOPO plasmids with the desired inserts (MARV GP - 2 223 bp; MARV
NP - 2 360 bp; positive control - 800 bp). Subsequent sequencing using M13 primers further
revealed colonies with inserts cloned into the TOPO vector in the correct orientation. The
nucleotide sequences of the cloned genes were evaluated against that of the MARV Musoke
reference strain available in the public domain (GenBank, www.ncbi.nlm.noh.gov; accession
number NC_001608.3) (Appendix C and D). Plasmids were successfully isolated from colonies
in which no difference in the sequences could be observed between the MARV GP and NP
genes and the MARV Musoke reference strain. Agarose gel electrophoresis of the plasmids
revealed bands of the correct sizes (5 500 bp for TOPO-MARV GP and 5 600 bp for TOPO-
MARYV NP) (results not shown).

Following isolation of the TOPO-MARYV GP and TOPO-MARYV NP plasmids, the MARV GP
and NP genes were sub-cloned into the pCAGGS-MCS expression vector using restriction
enzyme digestion and ligation. Digestion of the TOPO-MARYV GP plasmid using EcoRI and
Nhel restriction enzymes resulted in two bands of approximately 3 500 bp (pCR-Blunt II-TOPO
vector backbone) and 2 000 bp (MARV GP gene), and digestion of the TOPO-MARV NP
plasmid resulted in two bands of approximately 3 500 bp (pCR-Blunt II-TOPO vector
backbone) and 2 100 bp (MARV NP gene) following agarose gel electrophoresis. Restriction
enzyme digestion of the pPCAGGS-MCS expression vector using the same enzymes revealed a
band of approximately 4 700 bp (digested pCAGGS-MCS backbone) upon agarose gel
electrophoresis analysis. Purified MARV GP and NP inserts were ligated into the digested
pCAGGS-MCS expression vector, and DH5a E. coli were transformed using the resulting
plasmids. After overnight incubation on LB agar containing Ampicillin, several colonies (~20)
were observed on each plate containing the pPCAGGS-MARV GP, pCAGGS-MARYV NP and
pCAGGS-MCS transformants, and none were observed on the control plates with
untransformed E. coli or E. coli transformed with digested pCAGGS vector only. Polymerase
chain reaction performed using pCAGGS-specific primers, and agarose gel electrophoresis
analysis of colonies revealed that sub-cloning of the inserts into the pCAGGS expression vector
was successful (Figure 2.3; expected band sizes were approximately 2 123 bp for MARV GP
and 2 259 bp for MARV NP). Subsequent sequencing using pCAGGS-specific primers
indicated that the inserts were present in the correct orientation in the expression plasmid, with
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no differences in the sequences of the MARV GP and NP genes and the MARV Musoke

reference strain.

M 1 2 M 1 2 3

10 000 bp—»>
10 000 bp —»

5000 bp—»
3000 bp—> 5000 bp —»
2000 bp—» 3000 bo —>
2000 bp —>

1000 bp—»
1000 bp —p

500 bp—»
500bp _p

A B

Figure 2.3: Amplification of the Marburg virus (MARYV) Musoke genes from Escherichia
coli successfully transformed with pCAGGS-MARYV glycoprotein (GP) and
pPCAGGS MARYV nucleoprotein (NP) plasmids using pCAGGS-specific
primers. The presence of bands indicates the presence of the gene of interest.
A) Nucleoprotein. M = 1 kb marker (Nippon Genetics), 1 = colony without
insert, 2 = colony with the correct size insert (MARV NP - 2 259 bp). B)
Glycoprotein. M = 1 kb marker (Nippon Genetics), 1 = colony without insert,
2, 3 = colonies with the correct size insert (MARYV GP —2 123 bp).

The pCAGGS-MARV GP and pCAGGS-MARYV NP expression plasmids were successfully
isolated from the correct colonies using a maxiprep plasmid DNA purification kit. Agarose gel

electrophoresis of the plasmids revealed the expected band sizes of approximately 6 700 bp

(pCAGGS-MARYV GP), 6 800 bp (p)CAGGS-MARYV NP) and 4 700 bp (pCAGGS-MCS).
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2.3.2 Expression and purification of recombinant Marburg virus Musoke proteins

Human embryonic kidney 293T cells were transfected with the pCAGGS-MARV GP
expression plasmid or pCAGGS-MCS control plasmid using linear polyethylenimine as a
transfection reagent. After 48 hours of incubation, the presence of expressed MARV GP in the
supernatant of the pPCAGGS-MARYV transfected cells, but not in the pCAGGS-MCS transfected
cells, was confirmed by western blot (insufficient resolution of the Coomassie-stained SDS-
PAGE gel warranted use of the more sensitive western blot technique) (results not shown). The
His-tagged MARV GP was subsequently purified from the supernatant using Ni-NTA agarose
resin. Western blot analysis revealed the presence of purified MARV GP (~150 kDa (GP) and
~40 kDa (GP> without 5 kDa transmembrane domain and with 1 kDa His-tag), as expected) in
the first elution fraction following binding to the Ni-NTA resin and wash steps, but not in the
corresponding fraction of supernatant from cells transfected with pCAGGS-MCS purified in
the same manner (Figure 2.4). The heavily glycosylated nature of MARV GP resulted in slowed
migration of the protein in the SDS-PAGE gel, resulting in the diffuse appearance of the bands
on the blot (Martina et al., 1998; Gerpe et al., 2015). Following dialysis and ultrafiltration,
approximately 1 mg/ml of MARV GP could be purified from the pCAGGS-MARV GP-

transfected cell supernatant.
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Figure 2.4: Western blot showing the successful purification of Histidine-tagged Marburg
virus glycoprotein (GP1 ~ 150 kDa; GP: ~ 40 kDa) using nickel nitrilotriacetic
acid agarose resin. Lane 1 = chemiluminescent protein marker (LiCor); lane
2 = Marburg virus (MARYV) glycoprotein (GP) supernatant pre-purification;
lane 3 = eluate post binding to column; lane 4 = wash step eluate; lane 5 =
MARYV GP elution; lane 6 = pCAGGS control supernatant pre-purification;
lane 7 = control eluate post binding to column; lane 8 = control wash step

eluate; lane 9 = pCAGGS control elution.

Trans-IT LT1 transfection reagent was used to transfect HEK 293T cells with the pCAGGS-
MARYV NP expression plasmid or pCAGGS-MCS control plasmid. After 72 hours of
incubation, expressed MARV NP was detected in the lysate of pCAGGS-MARV NP
transfected cells by Coomassie staining of an SDS-PAGE gel and western blot (results not
shown). The MARV NP was subsequently purified from the cell lysate using CsCl density
gradient ultracentrifugation. Purified MARV NP (~100 kDa) could be detected in fractions five
to seven, and no protein was detected in the corresponding fractions of pCAGGS-MCS-
transfected cell lysate purified in the same manner (Figure 2.5). Pooling of the fractions in
which MARV NP was present, followed by dialysis and ultrafiltration, yielded approximately
600 pg/ml protein.
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Figure 2.5: Coomassie stained SDS-PAGE gel (A) and western blot (B) showing the
successful purification of Marburg virus (MARY) nucleoprotein (NP) (~100
kDa) using cesium chloride density gradient ultracentrifugation. Lane 1 =
chemiluminescent protein marker (LiCor); lane 2-6 = NP purification

fractions 3-7; lane 7-11 = pCAGGS purification fractions 3-7.

The MARV GP, NP and pCAGGS controls were sufficiently expressed and purified by the

respective methods for use as antigens or control antigens in subsequent serological assays.

2.3.3 Evaluation of indirect enzyme-linked immunosorbent assays

2.3.3.1 Internal control limits

Both the MARV GP- and NP-based I-ELISAs could clearly differentiate between high positive
and negative controls, with little variation in the OD values of the internal controls within and
between runs (Figure 2.6 and 2.7). Upper control limits for the high positive control were
established at OD values of 1.3 and 1.7 for the MARV GP- and NP-based assays, respectively,
while LCL were established at OD values of 1.1 and 1.5 for the MARV GP- and NP-based I-

ELISAs, respectively.
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Figure 2.6: Upper (—) and lower (- - -) internal control limits for optical density values of
high positive (C++) and negative serum (C-) in the recombinant Marburg
virus glycoprotein-based indirect enzyme-linked immunosorbent assay.
Results are shown for the controls (mean * standard deviation (represented as

error bars)) tested in 20 plates during routine runs of the assay.

The upper control limit for the negative control was established at an OD value of 0.2 for both

the MARYV GP- and NP-based I-ELISAs, while the LCL was established at an OD value of 0.1.
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Figure 2.7: Upper (—) and lower (- - -) internal control limits for optical density values of
high positive (C++) and negative serum (C-) in the recombinant Marburg
virus nucleoprotein-based indirect enzyme-linked immunosorbent assay.
Results are shown for the controls (mean + standard deviation (represented as

error bars)) tested in 20 plates during routine runs of the assay.
2.3.3.2 Analytical specificity
There was no cross-reaction between the EBOV positive bat sera and the recombinant MARV

GP antigen; however, cross-reaction occurred between 3/5 (60%) EBOV positive bat sera and

the recombinant MARV NP antigen (mean PP value: 29.64) (Figure 2.8).
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Figure 2.8: Serological reactivity of sera from Egyptian rousette bats experimentally

infected with Ebola virus (EBOV) to commercially available recombinant

EBOY glycoprotein (GP) and the recombinant Marburg virus (MARYV) GP

and nucleoprotein (NP) developed in this study.

2.3.3.3 Antibody dose/response curves
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