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ABSTRACT

Sudan virus (SUDV) is a filovirus that belongs to the genus Ebolavirus. SUDV has been
associated with several human cases of severe viral hemorrhagic fever in Sudan and Uganda. The
average case fatality rate is about 50%. However, there are no licensed therapies or prophylactics
for the treatment of SUDV disease. Initial evaluations of the effectiveness of new filovirus
countermeasures are done in small rodent animals such as mice, hamsters, and guinea pigs.
However, filoviruses are apathogenic in immunocompetent rodents, thus necessitating virus
adaptation through serial passaging in the host. The virus acquires genomic mutations that lead to
increased virulence and lethality during this process. In 2015, the first and only rodent animal
model for SUDV was developed in guinea pigs. The repeated passaging of SUDV in the animal
resulted in a uniformly lethal SUDV with 16 mutations of unknown significance. Here we show
the timeline of mutation appearance during the adaptation process and at what frequencies they
occurred by utilizing an amplicon-based high throughput sequencing approach. It was found that
the viral genome acquired multiple transient mutations during the adaptation process, only 18 of
which were retained in the guinea pig adapted SUDV. Most of these mutations were at a 99%
frequency by passage 17. Three of the adaptive mutations were also already present in the starting
virus and increased in frequency over time. Unique to this study was the identification of a novel
mutation in the VP40 gene that existed early in the series and was selected for by the virus as
passaging progressed. The roles that these 18 adaptive mutations play in the pathogenesis of SUDV
may be related to viral replication and/or immune evasion. Overall, this study highlights hotspots
within the viral genome that might be important in conferring increased virulence phenotype in

the guinea pig host.
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1 INTRODUCTION



1.1 FILOVIRUSES

1.1.1 Phylogenetic classification

GENUS SPECIES VIRUS
Thamnovirus Huangjiao thamnovirus Huangjiao virus (HUJV)
Striavirus Xilang striavirus Xilang virus (XILV)
Dianlovirus Mengla dianlovirus Méngla virus (MLAV)

FAMILY Marburg virus (MARV)

Marburgvirus Marburg Marburgvirus
Ravn virus (RAVV)
Filoviridae
Cuevavirus Lloviu cuevavirus Lloviu virus (LLOV)
Zaire ebolavirus Ebola virus (EBOV)
Sudan ebolavirus Sudan virus (SUDV)
Bundibugyo ebolavirus Bundibugyo virus (BDBV)
Ebolavirus
Tai Forest ebolavirus Tai Forest virus (TAFV)
Reston ebolavirus Reston virus (RESTV)
Bombali ebolavirus Bombali virus (BOMV)

Figure 1.1 Taxonomical classification of filoviruses. The family Filoviridae includes six
genera, four of which are composed of a single species that includes a single virus; while the
genus Marburgvirus, consisting of a single species, includes two viruses. The genus Ebolavirus
is distinctly further subdivided into six species, each typified by one virus.

The Filoviridae family is a member of the Mononegavirales order. It is made up of single-
stranded, non-segmented negative-sense enveloped RNA viruses (Bourgarel & Liégeois, 2019).
They are commonly known for their long, thread-like filamentous morphology with a length of up
to 14, 000 nm and a width of around 80 nm (Geisbert & Jahrling, 1995). According to Kuhn et al.
(2020), members of the family Filoviridae are further divided into six genera: Cuevavirus,
Dianlovirus, Ebolavirus, Marburgvirus, Striavirus, and Thamnovirus. The genera Cuevavirus,
Dianlovirus, Striavirus, and Thamnovirus are each comprised of a single species that includes a
single virus, namely, Lloviu cuevavirus (Lloviu virus), Mengla dianlovirus (Méngla virus
[MLAV]), Xilang striavirus (Xilang virus), and Huangjiao thamnovirus (Hudngjiao virus
[HUJV]), respectively. The genus Marburgvirus includes one species, the Marburg Marburgvirus,
consisting of two viruses, the Marburg virus and Ravn virus. Meanwhile, the genus Ebolavirus is
subdivided into six different species, each represented by a single virus: Bombali ebolavirus

(Bombali virus), Bundibugyo ebolavirus (Bundibugyo virus), Reston ebolavirus (Reston virus),



Sudan ebolavirus (Sudan virus), Tai' Forest ebolavirus (Tai Forest virus), and Zaire ebolavirus
(Ebola virus). Taxonomical classifications of various viruses within the family Filoviridae are
summarized in Figure 1.1. The assignment of species to a specific genus classification is based on
several factors, including genomic features, such as the number and location of gene overlaps, the
number of open reading frames (ORFs) and/or genes, the host and geographic distribution of
filoviruses and the pathogenicity of filoviruses for different organisms are also taken into account

for the assignment of genus (Kuhn et al., 2020).
1.1.2 Emergence of filoviruses

1.1.2.1 Marburg virus

Russia 1990

Netherlands 2008

Germany 1967
Yugoslavia (Serbia) 1967
United States 2008 ¢

{

Guinea 2021 \

Uganda 2007, 2012,
2014, 2017

Kenya 1980 & 1987

Angola 2004-2005

The Democratic Cases

Republic of the Congo
1998-2000 1-65

66-130

130-195
South Africa 1975
© 2021 Mapbox © OpenStreetMap 196-260

Figure 1.2 Countries with reported and isolated cases of Marburg virus disease since 1967.
Total number of cases are presented in each identified country. Data was obtained from Centers
for Disease Control and Prevention and generated using the Tableau software.

The first-ever filovirus to be identified was recognized in 1967 when laboratory workers in
Marburg and Frankfurt, Germany, and Belgrade, Yugoslavia developed a hemorrhagic fever after
handling African green monkeys from Uganda (Feldmann et al., 1996). 11l patients showed signs
of malaise, muscle pain, headache, high fever, and various gastrointestinal symptoms such as
vomiting, nausea, and diarrhea (Slenczka & Klenk, 2007). The etiological agent was later isolated

from patients and African green monkeys and was named Marburg virus (MARV) (Kissling et al.,



1968; Kunz et al., 1968; Siegert et al., 1968). After about two decades since its emergence, a new
representative virus in the Marburgvirus species, Ravn virus (RAVV), was isolated in 1987 from
a fatal case of Marburg virus disease (MVD) in Kenya (Johnson et al., 1996). To date, 14 human
outbreaks of MVD have been recorded since 1967 (Centers for Disease Control and Prevention,
2021b) (Fig. 1.2). Due to its high infectivity and mortality rate, as well as the lack of licensed
prophylactics and therapeutics, MARYV is classified as a biological agent of Biosafety Level 4
(BSL-4) (Brauburger et al., 2012; Meechan & Potts, 2020).

1.1.2.2 Ebolaviruses
1.1.2.2.1 Ebola virus

It was not until 1976 when other filoviruses were recognized when two simultaneous but
separate epidemics of hemorrhagic fever occurred in the Democratic Republic of the Congo (DRC)
(formerly Zaire) and South Sudan (formerly Sudan), which were associated with the Ebola virus
(EBOV) and the Sudan virus (SUDV), respectively (WHO, 1978a, 1978b). The first human case
of EBOV infection was identified in late August 1976 when a resident of Yandogi Village
presented chills, fever, headache nausea, malaise, abdominal pain, and intestinal bleeding at
Yambuku Mission Hospital after a two-week trip to northern Zaire (Breman et al., 2016; WHO,
1978b). Dozens of individuals subsequently succumbed to the same symptoms as in the index case
(Breman et al., 2016). However, the disease that plagued Yambuku at that time was unknown, and
it was not until September 1976 that Dr. Peter Piot and his colleagues from Belgium identified the
pathogen of interest (Aurelie et al., 2018; Breman et al., 2016). EBOV, named after the Ebola
River in DRC, appeared cylindrical like MARV under the electron microscope but was
immunologically distinct (Breman et al., 2016; WHO, 1978b). The first Ebola virus disease (EVD)
outbreak resulted in 318 reported cases with 280 deaths for a case fatality rate of 88% (WHO,
1978a). Since then, EBOV outbreaks have occurred periodically throughout Africa, with the
largest outbreak ever recorded in West Africa from 2013 to 2016 (Jacob et al., 2020). The initial
case of EBOV began with an 18-month-old boy living in Guinea that was believed to have been
infected by bats (Centers for Disease Control and Prevention, 2019). The person-to-person spread
of EBOV occurs via direct contact with bodily fluids of an infected person; therefore, the

widespread infection of EBOV was likely fueled by cultural beliefs and burial rites existing within



affected communities, which involve direct contact with the deceased person (Cenciarelli et al.,
2015). Furthermore, the prevalence of international travel today could also have propagated the
spread of EBOV infection outside of West Africa. The Ebola epidemic in West Africa infected
more than 28,000 people and killed more than 11,000 people, Guinea, Liberia and Sierra Leone
being the most affected countries (Fig. 1.3). Over many decades, EBOV became the most well-
known filovirus, accounting for most recorded outbreaks, as well as the largest outbreak in the

history of filoviruses.

Cases
1-2,900
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Russia
‘ 5,801-8,700
4
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Republic of the Congo t

the Congo <1
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20

© 2021 Mapbox © OpenStreetMap

Figure 1.3 Countries with reported cases of Ebola virus infection since 1976. The total
number of reported cases is presented in each country that was affected by EBOV. Highlighted
in a box are countries in West Africa that were heavily impacted during the West African Ebola
outbreak from 2013-2016. Data was obtained from CDC and Aurelie et al. (2018). The map was
generated using Tableau software.

1.1.2.2.2 Sudan virus

Two months before the first EBOV outbreak in DRC, a similar viral hemorrhagic fever
outbreak was already occurring in the town of Nzara, South Sudan (Breman et al., 2016). The first
cases were determined to have originated from three cotton factory workers who experienced
severe febrile illness and profuse bleeding (WHO, 1978a). The unknown disease of Sudanese

origin traveled to the neighbouring towns of Juba, Tambura, and Maridi, where one, three and 213



people became infected, respectively (WHO, 1978a). There were 284 cases and 151 deaths, a 53%
case fatality rate, that stemmed from this outbreak (WHO, 1978a). The radioimmunoassay
performed on the two virus isolates from the 1976 outbreaks by Richman et al. (1983) confirmed
that the two viruses were antigenically different. SUDV outbreaks have been prominent in east
Africa, particularly in South Sudan and Uganda (Fig. 1.4), with an average case fatality rate of
about 50%. Currently, SUDV has been responsible for seven filovirus outbreaks since 1976
(Aurelie et al., 2018) (Fig.1.4), the outbreak in Uganda in 2000 being the largest SUDV epidemic
(Okware et al., 2002). The SUDV outbreak in 2002 resulted in 425 cases with 224 deaths (Okware
et al., 2002). Unlike EBOV, currently there are no licensed therapeutics and prophylaxis available
for the treatment of SUDV disease (Herbert et al., 2020). Although there are studies that provide
potential therapeutics for the treatment of SUDV disease, including a lipid-encapsulated small
interfering RNA that targets a viral protein of SUDV, favipiravir, and antibodies that are cross-

reactive with other ebolaviruses and filoviruses (Herbert et al., 2020).
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Figure 1.4 Recorded outbreaks in eastern Africa associated with Sudan virus (SUDV). The
total number of reported cases is presented in each county that was affected by SUDV. Data was
obtained from CDC. The map was generated using Tableau software.



1.1.2.2.3 Bundibugyo virus

The Bundibugyo virus (BDBV) made its debut in 2007 in the district of Bundibugyo, Uganda
(Centers for Disease Control and Prevention, 2021a). A total of 131 cases of hemorrhagic fever
were identified: 44 suspected, 21 probable, and 56 laboratory confirmed cases (Centers for Disease
Control and Prevention, 2021a; Macneil et al., 2011; Macneil et al., 2010). Like previous
outbreaks of filovirus disease, confirmed cases experienced fever, fatigue, headache, myalgia, and
various gastrointestinal distress such as abdominal pain, diarrhea, and vomiting (Macneil et al.,
2010). The etiological agent was later confirmed by the Centers for Disease Control and Prevention
(CDC) to be of filovirus origin and distinct from any other previously identified ebolaviruses
(Towner et al., 2008). Five years later, BDBV re-emerged in 2012 in DRC where 64 cases and 34
deaths (38 cases and 13 deaths were laboratory confirmed) were reported (Centers for Disease

Control and Prevention, 2021a; Hulseberg et al., 2021; Kratz et al., 2015).
1.1.2.2.4 Tai Forest virus

Unlike the other ebolaviruses mentioned above, the Tai Forest virus (TAFV) has only been
associated with a single human case that did not result in a fatality. The virus was first identified
in 1994 by a scientist who conducted a post-mortem examination of a chimpanzee originating from
Tai National Park in western Cote-d’Ivoire (Centers for Disease Control and Prevention, 2021a).
The 34-year-old female developed dengue-like symptoms but later recovered without sequelae (Le
Guenno & Formentry, 1995). Subsequently, virus particles with filovirus morphology were
detected from cells infected with the patient’s sera and determined to be serologically related to
earlier identified ebolaviruses (Le Guenno & Formentry, 1995). The source of TAFV infection for
this individual is strongly believed to be from the necropsied chimpanzee from Céte-d'Ivoire, since
the biopsy results from this animal showed the presence of “multifocal necrosis in the liver
infiltrated with inflammatory cells and diffuse fibrinoid necrosis in the red pulp of the spleen” such
as those found in macaques infected with EBOV (Wyers et al., 1999). Furthermore, the presence
of the TAFV viral antigen in macrophages of infected animal tissues was confirmed by the
reactivity of specific antibodies for and cross-reactive with TAFV. No further human cases have
been reported since then, and TAFV research has remained a low priority. Although TAFV has

not caused any significant outbreaks since its discovery in 1994, this virus should still be of



importance as very little is known about this filovirus and the likelihood of an outbreak occurring

cannot be eliminated (Burk et al., 2016).
1.1.2.2.5 Reston virus

The Reston virus (RESTV) is not known to cause any disease in humans. RESTV was first
detected in 1989 in macaques (Macaca fascicularis) that were exported from the Philippines to
Reston, Virginia, United States (Centers for Disease Control and Prevention, 2021a; Hayes et al.,
1992; Miranda et al., 1991). Electron microscopy of cells inoculated with serum and organ
homogenates from sick monkeys revealed the presence of viral particles that were morphologically
similar to previously identified filoviruses and determined to be serologically related to EBOV
(Cantoni et al., 2016; Geisbert & Jahrling, 1990). However, unlike EVD symptoms exhibited by
RESTV-infected monkeys, handlers working at the facility that houses the animals in the United
States and the Philippines did not show symptoms despite serological evidence of infection
(Cantoni et al., 2016; Centers for Disease Control and Prevention, 1990). Currently, RESTV
remains avirulent in humans and has only caused minor outbreaks in monkeys and pigs (Cantoni
et al., 2016). Since RESTV is apathogenic in humans, research on this ebolavirus is also limited,
like TAFV. However, the importance of getting a better understanding of the pathogenesis of
RESTYV should also be emphasized to determine the likelihood of the virus adapting and causing
a huge outbreak, and because of its potential to become an agricultural burden for the pig farm

industry.
1.1.3 Discovery of new filoviruses

In the last decade, several new filoviruses have been discovered but are not yet known to cause
disease in humans. The discovery of the Lloviu virus (LLOV) was prompted by several deaths of
insectivorous Schreiber’s bat colonies (Miniopterus schreibersii) in different parts of Europe, such
as France, Spain, and Portugal in 2002 (Negredo et al., 2011). In 2011, LLOV filovirus-like RNA
was detected in deceased M. schreibersii bat species collected from Cueva del Lloviu in Asturias,
Spain, and from caves in Cantabria, Spain during bat deaths in 2002 (Negredo et al., 2011). In
2016 LLOV resurfaced in Hungary but again was found only in M. schreibersii bat colonies
(Kemenesi et al., 2018). Within the African region, a survey conducted to identify potential host

reservoirs of EBOV and identify new filoviruses in Sierra Leone led to the discovery of a new



ebolavirus, Bombali virus (BOMYV) (Goldstein et al., 2018). Viral RNA was detected in rectal and
oral swabs obtained from insectivorous free-tailed bats (species: Mops condylurus and
Chaerephon pumilus) roost in housing infrastructures (Goldstein et al., 2018). In 2019, BOMV
RNA was detected in other parts of sub-Saharan Africa, such as Kenya and Guinea, in tissues and
extracts of M. condylurus bats (Forbes et al., 2019; Karan et al., 2019; Kareinen et al., 2020). In
addition, in the eastern hemisphere, serological evidence of filovirus infection has been detected
in Rousettus leschenaultia (fruit bat), Pipistrellus pipistrellus (microbat) and Myotis (mouse-eared
bat) bat species in China (Yuan et al., 2012). Viral RNA closely related to filoviruses has also been
found to be prevalent in different fruit bat populations in China (He et al., 2015; Yang et al., 2017);
and in 2019 a new bat-borne virus, named Méngla virus (MLAV), originating from Méngla
County, Yunnan Province, China, was introduced into the family Filoviridae (Yang et al., 2019).
Unlike LLOV, BOMV, and MLAYV, Xildng (XILV) and Hudngjiao (HUJV) viruses were identified
in fish hosts; particularly in frogfish and species of Thamnaconus septentrionalis fish, collected in
the coastal region of Wenling in Zhejiang, China (Kuhn et al., 2020; Shi et al., 2018). The
discovery of new filoviruses in fish continues to this day. In fact, three new filoviruses were
recently discovered in European perch grown in Switzerland by Hierweger et al. (2021) - the Fiwi
virus (FIWIV), Oberland virus (OBLV) and Kander virus (KNDV). Characterization of the viral
genomes of these three viruses and phylogenetic analysis revealed that the viruses are closely
related to HUJV, which is also a fish filovirus (Hierweger et al., 2021). The FIWIV and KNDV
genome sequences were 49% divergent from the HUJV genome and identified as novel species of
the Thamnovirus genus. Meanwhile, OBLV was more than 62% divergent from HUJV and was
therefore assigned its own genus named Oblavirus. Despite the recovery of filovirus-related
genomic sequences in the deceased fish, attempts to detect viral antigens in fish tissues were

unsuccessful (Hierweger et al., 2021).
1.2 BIOLOGY OF EBOLAVIRUSES

Most of the research about members of the genus ebolaviruses has been invested in EBOV species
due to its higher case fatality rate and the greater number of outbreaks it caused over many decades.

Materials described in this section will be primarily in the context of EBOV.



1.2.1 Genomic composition and virion structure

The genome organization of different ebolaviruses is similar. The genome is a single-
stranded, negative-sense, and non-segmented RNA with a size of approximately 19 kilobases (kb)
(Fig.1.5). Seven genes are encoded in the genome, including nucleoprotein (NP), viral protein (VP)
35, VP40, glycoprotein (GP), VP30, VP24, and L polymerase. The genome is flanked by leader
and trailer sequences at the 3’ and 5’ ends, respectively (Baseler et al., 2017; Cantoni & Rossman,
2018; Kirchdoerfer et al., 2017). This conserved leader and trailer regions consist of replication
and transcription promoters and packaging signals (Baseler et al., 2017). The beginning and end
of each gene are bordered by transcription start and termination signals. The regulatory signals
between viral genes are separated by varying lengths of intergenic regions (IR) that do or do not
overlap. In ebolaviruses, the gene boundaries between the genes VP35 and VP40, GP and VP30,
and the VP24 and L overlap with each other (Kuhn et al., 2020). All genes, except the GP gene,
which encodes three proteins, are monocistronic (Volchkova et al., 2011). A total of nine different
proteins are produced from the genome, seven of which are structural proteins (NP, VP35, VP40,
GP, VP30, VP24, and L polymerase) and two secreted proteins from the GP gene (Elliott et al.,
1985). In this thesis, the coding sequence and noncoding sequence region terminologies will be
heavily used. Therefore, for the purposes of this thesis, the coding sequence refers to regions within
the genome that encode an amino acid, while the non-coding sequence region pertains to parts of
the genome that do not encode an amino acid, including the leader and trailer sequence,
transcription start and termination signals, the intergenic regions between genes, and the

untranslated regions of the genome.

Ebolaviruses are morphologically filamentous with a diameter of 96-98 nm and lengths
greater than 200 nm (Kuhn et al., 2020). They are made up of a host-derived lipid envelope that
surrounds the core ribonucleoprotein (RNP) complex, a process facilitated by VP40 as it becomes
recruited to the inner leaflet of the host plasma membrane (PM) and forms oligomers to mediate
virus assembly in the PM (Amiar & Stahelin, 2020). Part of this RNP complex is the viral RNA
encapsidated by multiple viral proteins such as NP, VP35, VP30, VP24 and L polymerase (Jain et
al., 2021). The nucleocapsid appears as a supercoiled helical structure under the electron

microscope (Bharat et al., 2012; Sugita et al., 2018). Finally, the GP, which measures



approximately 7 nm in width, coats the surface of the virus (Kuhn et al., 2020). The roles of

ebolavirus proteins are discussed further in Chapter 1.2.2.
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Figure 1.5 Ebolavirus virion structure and genome organization. Above is a schematic
representation of an ebolavirus virion. Below is the non-segmented, negative-sense and single-
stranded RNA genome flanked with conserved leader and trailer sequences (grey boxes) at the
3’ and 5’ ends, respectively. The genome encodes seven genes: nucleoprotein (NP), viral protein
(VP) 35, VP40, glycoprotein (GP), VP30, VP24, and L polymerase, that are separated by
intergenic regions (IR) (black boxes). Indicated by black triangles are IRs that overlap. Created
with BioRender.com

1.2.2 Proteins of ebolaviruses
1.2.2.1 Nucleoprotein

The NP protein is transcribed from the NP gene. It is a large protein with dimensions of
approximately 53 A x 40 A x 75 A and composed of 739 amino acids (aa), at least for EBOV, with
hydrophobic N-terminal and hydrophilic C-terminal ends (Dong et al., 2015; Noda et al., 2010;
Watanabe et al., 2006). Known as an essential component of nucleocapsid, NP facilitates the
encapsidation of genomic RNA by binding to viral RNA, resulting in a helical complex that offers
protection against recognition of host cell immune responses and ribonucleases and is crucial for
the virus replication (Cantoni & Rossman, 2018; Leung et al., 2015). The length of the N-terminal
domain (NTD) of the protein is approximately 450 aa and consists of an N-terminal arm that is
made up of the N lobe (residues 36-240) and C lobe (residues 241-351) that form the core of the
protein (Dong et al., 2015; Sugita et al., 2018). The N-terminus is then linked to a C-terminal
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domain (CTD) that is approximately 98 aa long by a disordered linking region (Sugita et al., 2018).
According to sequence homology, the N-terminal part of the protein is a conserved region between
paramyxoviruses and filoviruses, while residues spanning the remainder of the 739 aa-long protein

are a region unique to filoviruses (Leung et al., 2015; Su et al., 2018; Watanabe et al., 2006).

NP is capable of self-assembly (Watanabe et al., 2006). Structural analysis of the interaction
of NP-NP by Sugita et al. (2018) reveals that an NP subunit “shares contact regions with two pairs
of neighbours located above and below”. The N-terminal arm is a flexible domain of the protein
that facilitates the oligomerization of individual NP monomers by interacting with the hydrophobic
pocket of neighbouring NP monomers (Lin et al., 2020; Sugita et al., 2018). However, the
oligomerization process is not only facilitated by the first 24 amino acids of the protein, but other
residues located in the core of the NP, such as aa 345-384 in the C-terminal lobe, have been shown
to make contact with adjacent NP monomers (Su et al., 2018; Sugita et al., 2018). Comparison of
mutants with varying lengths of truncated NTD by Watanabe et al. (2006) also identified that aa
1-450 is vital for the interaction NP-NP. Similarly, other studies on the nucleoprotein-
nucleoprotein interaction of the N protein of paramyxoviruses, which share similar aa homology
with the NP of the ebolavirus, have exemplified the importance of the NTD for such interaction
(Watanabe et al., 2006). The association of NP monomers together generates a back-to-back
double-ring configuration that is subsequently stacked and forms tube-like structures (Su et al.,
2018). This formation of NP helix is deemed vital in nucleocapsid formation, as mutants with
deleted aa 2-150 from the NTD failed to form nucleocapsid-like structures (Noda et al., 2010;
Sugita et al., 2018; Watanabe et al., 2006).

The NP core region (residues 20-405) of the protein is also responsible for the encapsidation
of the viral genome through hydrogen bonding and electrostatic interactions between the amino
acids located in the highly positively charged groove of the core and the negatively charged
phosphodiester backbone of the single-stranded RNA (ssRNA) (Dong et al., 2015; Noda et al.,
2010; Sugita et al., 2018). This interaction results in the formation of a loosely coiled nucleocapsid-
like structure (Bharat et al., 2012). Although the solid structure of the NP-RNA interaction is
mainly sustained by the NP-NP interaction (Noda et al., 2010), the NP-RNA interaction is also
essential to the lateral assembly of the NP monomers (Sugita et al., 2018). A study by Noda et al.
(2010) demonstrated that upon treatment of NP-RNA complex with Rnase at low salt

concentration the coiled structure disassembled into oligomers, implying that the RNA serves as a
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foundation upon which the helical structure is built as it holds the NP molecules, aiding in the

orderly packaging of NP monomers (Xu et al., 2020).

EBOV’s NP core also interacts with other viral proteins such as VP35. The NP RNA-binding
domain, which is composed of the N- and C-terminal lobes, forms a bilobed structure that includes
a unique PB-hairpin in the C-terminal lobe. This is similar to the nucleoproteins found in non-
segmented negative-stranded RNA viruses (Kirchdoerfer et al., 2015). Landeras-Bueno et al.
(2019) with the SUDV VP35-NP complex. The crystal structure of the SUDV VP35-NP complex
uncovered a “characteristic bi-lobed configuration” with an RNA binding cleft (Landeras-Bueno
et al., 2019). This structure appeared like the NP of other filoviruses, but also had unique features
that set it apart from the others, specifically from EBOV. With a structural resolution of 2.3 A,
Landeras et al. identified the presence of a 3-sheet that contained additional interaction sites that
were necessary to maintain high-infinity contacts between the hydrophobic pocket of NP and VP35
(Landeras-Bueno et al., 2019).

Unlike the NTD of NP, which forms an ordered structure, the CTD (residues 641-739) part
of the protein is primarily disordered (Kirchdoerfer et al., 2016). NP CTD is presumed to be
involved primarily in the interaction with ebolavirus VP40 along with residues 2-150 found at the
amino termini (Noda et al., 2007). By linking NP to VP40, NP can be embedded in a virus-like
particle (Bharat et al., 2012; Watanabe et al., 2006). Located in the disordered region linking the
NP core and C- terminal tail, there are three motifs (X denotes any amino acid): LxxIxE, SxPxLE,
and PxPxY (Jain et al., 2021). The first two motifs interact with host proteins that regulate viral
RNA transcription and replication (Jain et al., 2021) - the LxxIXE motif is needed for interaction
with PP2A-B56 phosphatase that dephosphorylates NP-VP30 and allows viral transcription (Kruse
et al., 2018), while SxPxLE is crucial for the interaction of SET and MYND-containing domain
protein 3 (SMYD?3) that increases the NP-VP30 interaction and further supports mRNA production
(Chen et al., 2019). On the other hand, the PxPxY motif is needed for the NP-VP30 interaction,

which is important for viral RNA transcription.
1.2.2.2  Viral protein 35

The multifunctional protein VP35 plays an important role in many aspects of the viral

replication cycle. It is a polymerase cofactor and structural component of the nucleocapsid, as well
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as a cofactor in viral RNA transcription and replication. EBOV VP35 is 340 aa in length and is
made up of three known functional domains: an NP chaperoning domain at the N-terminus
(residues 20-47), a homo-oligomerization domain (residues 83-145), and a double-stranded RNA
(dsRNA) binding or interferon (IFN) inhibitory domain closest to the C-terminus end (residues
221-340) (Leung et al., 2009). The NP chaperoning domain of VP35 functions to accompany the
monomeric NP in a free RNA state (Kirchdoerfer et al., 2015; Leung et al., 2015), a state vital for
the accumulation of RNA-free monomeric NP before polymerization of NP to ensure that NP only
oligomerizes and encapsidates viral RNA (Landeras-Bueno et al., 2019). A resolved crystal
structure of the EBOV VP35-NP complex shows that the N-terminal peptide of VP35 almost lacks
secondary structure with only 12 aa forming a helical conformation (Kirchdoerfer et al., 2015).
The interacting peptide was shown to be composed of hydrophilic and hydrophobic regions, but it
uses its hydrophobic face to interact with one side of the C-terminal lobe of the NP core in a

straddling conformation (Kirchdoerfer et al., 2015).

In the case of EBOV, the oligomerization domain of VP35 is composed of 12 protein chains,
each chain forming a continuous a-helix and assembling into trimers and tetramers in solution
(Zinzula et al., 2019). Mass spectroscopy analyses of VP35 from other ebolaviruses revealed that
an oligomeric state is also observed in SUDV, TAFV, BDBV, and RESTV, although the
predominant state in solution was a tetramer (Zinzula et al., 2019). Chemical cross-linking
experiments demonstrated that the VP35 tetramer is in a parallel arrangement (Chanthamontri et
al., 2019). Studies in the past have revealed that region aa 80-120 covers a coiled-coil motif which
controls the protein’s ability to oligomerize to tetramers (Chanthamontri et al., 2019; Ramaswamy
etal., 2018; Reid et al., 2005). Orthologous to the paramyxovirus and rhabdovirus phosphoprotein,
VP35 is one of the main components of the RNP complex, as it bridges NP with L polymerase
(Cantoni & Rossman, 2018; Groseth et al., 2009). Through the N-terminal aa 82-188, homo-
oligomerization of VP35 is believed to be required for the VP35-L interaction (Jain et al., 2021;
Trunschke et al., 2013) consequently relocating the L protein to inclusions derived from NP
(Trunschke et al., 2013) and highlights the importance of VP35 in the formation of the RNP
complex for viral RNA synthesis. Multimeric VP35 has also been shown to be valuable in the [FN
antagonistic properties of the protein (Reid et al., 2005). Reid et al. (2005) concluded that the
existence of an oligomerization activity is necessary for the IFN inhibitory domain of VP35 to

fully execute the IFN antagonistic activity. However, recent exploration by Di Palma et al. (2019)
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on whether a disrupted coiled-coil domain, which consequently affects oligomerization, revealed
that oligomerization may not be a critical factor in VP35’s ability to inhibit the host's immune

response.

VP35 also has antagonistic properties against the host’s type I alpha (a)/beta () IFN host
response (Basler et al., 2003; Basler et al., 2000). During a viral infection, the production of IFN-
o/P cytokines is induced because of the recognition of pathogen-associated molecular patterns,
such as dsRNA, by the host’s pathogen recognition receptors (Zinzula & Tramontano, 2013). The
secretion of these cytokines then promotes viral clearance through the apoptosis of infected cells.
However, transcription of IFN-o/f3 cytokines is inhibited due to the ability of VP35 to block the
activation of an important transcription factor, IFN regulatory factor 3 (IRF-3) (Basler et al., 2003).
VP35 has been shown to stop IRF-3 activation by phosphorylating IRF-3 (Basler et al., 2003).
Furthermore, VP35 aids ebolaviruses in immune evasion by binding dsSRNA. Among its functional
domains is an IFN inhibitory domain and structural analysis of VP35 revealed that within this
domain there are two subdomains comprised of four a-helices in the first domain and four
strands in the other domain, both of which are important for the folding and stability of VP35
(Leung et al., 2009; Leung et al., 2010). Furthermore, the inhibitory domain possesses two areas
of basic residues that are highly conserved in the filovirus family. (Leung et al., 2009). The first
basic path was found in the a-helical subdomain while the other was in the -sheet subdomain
(Leung et al., 2009; Leung et al., 2010). Residues (i.e. Arg305, Lys309 and Arg322) found in the
second basic patch, also known as the central basic patch, were deemed important for immune
suppression by binding of dsSRNA (Leung et al., 2009). The binding of dsRNA is not recognized
by retinoic acid-inducible gene I (RIG-I), a nucleic acid sensor that activates the RIG-I signaling
pathway resulting in the transcription of IFN genes (Chanthamontri et al., 2019). Another immune
evasion tactic associated with VP35 is its ability to obstruct the activation of the IFN-induced
dsRNA protein kinase R (PKR), a phosphorylating enzyme that regulates the transcription of
eukaryotic initiation factor 2 alpha (elF2a) that is critical for mounting the cellular stress response
(Sadler & Williams; Schiimann et al., 2009). This immune evasion strategy has been associated
with the protein’s C-terminal IFN inhibitory domain, as alanine substitutions of basic amino acids

within this domain overturned inhibition of PKR (Schiimann et al., 2009). An investigation by
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Fabozzi et al. (2011) and (Le Sage et al., 2017) also demonstrated that VP35 can mediate

suppression of RNA silencing and blockage of stress granule assembly, respectively.

The role of the IFN inhibitory domain is not limited to immune evasion but also carries
residues that support the VP35 polymerase cofactor role. Residues sitting outside the “central”
basic patch were initially identified to be unimportant to the IFN inhibition function of VP35, but
a study by Prins et al. (2010) show that these may be relevant in viral RNA synthesis as mutation
of outer basic residues in the first basic patch showed decreased replication by the replication
complex. Prins and colleagues further identified that there are residues also located in the first
basic patch that make contact with NP (Prins et al., 2010). The significance of VP35 in the RNP
complex is further exemplified by the presence of a phosphorylation site at aa 210, which has been
shown to be required for the transcriptional activity of the EBOV and VP35-NP binding (Ivanov
et al., 2020). Due to its multi-faceted functional roles in the virus lifecycle and multiple evasion

tactics, VP35 is considered an important determinant of ebolavirus virulence.
1.2.2.3 Viral protein 40

VP40 is the matrix protein of ebolaviruses that associates with the host lipid bilayer and
forms macromolecular complexes (Noda et al., 2007). Produced as the most abundant protein by
EBOV, VP40 is involved in virion assembly and budding during infection (Adu-Gyamfi et al.,
2014; Madara et al., 2015). The protein is 326 aa long with a molecular weight of 40 kDa (Hoenen
et al., 2010; Madara et al., 2015). The protein crystal structure of monomeric VP40 reveals an
NTD (residues 44-194) and a CTD (residues 201-321) that folds into B-sandwich structures
(Dessen, 2000; Madara et al., 2015). Found in the protein is also a disordered interdomain
connecting region (residues 195-200) that contains a zipper of hydrophobic residues (Dessen,
2000; Hoenen et al., 2010). NTD is known to aid with dimerization and oligomerization, while

CTD is required for membrane binding (Hoenen et al., 2010).

VP40 is capable of achieving various oligomeric states — dimers, hexamers, an octameric
ring, and filaments (Jain et al., 2021) (Fig 1.6). Variation in the structural arrangement of the
protein can confer on multiple functions of VP40. VP40 was initially presented as a monomer by
crystallographic structures presented by Dessen (2000); however, it has been determined that VP40

actually exists as a dimer in the solution (Bornholdt et al., 2013) (Fig. 1.6A). Dimerization is
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primarily facilitated by the NTD interface (Adu-Gyamfi et al., 2014; Bornholdt et al., 2013).
Comparison of crystallized VP40 from EBOV and SUDV showed the presence of a conserved
hydrophobic dimeric interface located between the NTDs of two VP40 molecules, specifically
residues 52-65 and 108-117 (Bornholdt et al., 2013). The presence of such a conserved dimeric
interface in SUDV has also been confirmed by Clifton et al. (2015). This dimeric conformation is
critical for trafficking to the host PM and matrix assembly as well as for viral egress (Adu-Gyamfi
et al., 2014; Bornholdt et al., 2013; Jain et al., 2021). Immunofluorescence and transmission
electron microscopy analyses have shown that VP40 mutants with a disrupted dimeric interface
did not migrate to PM and form filamentous VLP (Bornholdt et al., 2013). Similarly, Hoenen et
al. (2010) determined that in the presence of VP40 lacking oligomerization, no infectious VLPs
are produced and showed a reduced efficiency in localization to the PM along with impaired
binding to the cellular membranes. Interestingly, dimeric VP40 can also further assemble into
hexamers (Fig. 1.6B) through hydrophobic CTD interactions; however, performing mutational
analyses in this region did not compromise the ability of VP40 to but did show that the lack of
CTD-CTD interactions negatively affects matrix assembly and budding, highlighting the
importance of the hexameric filament conformation of VP40 in these viral processes (Bornholdt

etal., 2013).

The largest oligomeric state that VP40 can acquire is an octameric ring (Fig. 1.6C) mediated
by the NTD (Bornholdt et al., 2013; Hoenen et al., 2010; Hoenen et al., 2005; Jain et al., 2021;
Timmins et al., 2003). The possibility of octamer formation has been initially associated with the
presence and interaction with nucleic acids, since a free NTD existed mostly in the dimeric form
(Hoenen et al., 2005; Timmins et al., 2003). The crystal structures of Bornholdt et al. (2013) imply
otherwise, as they have obtained an octameric VP40 conformation despite the lack of RNA.
However, a subsequent analysis by them revealed the possible role of RNA in displacing the CTD
from the NTD and consequently initiating ring structure formation. Bornholdt et al., further
identified the existence of an RNA binding interface unique to the octameric ring that binds the
RNA (Bornholdt et al., 2013). The role of the octameric state of VP40 is likely not related to virion
assembly and is most likely associated with the negative regulation of viral transcription through

RNA binding activity (Bornholdt et al., 2013; Hoenen et al., 2010; Hoenen et al., 2005).
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Figure 1.6 VP40 oligomeric states. VP40 is a metamorphic protein that can exist as (A) dimer
(PDB ID: 4LDB, (Bornholdt et al., 2013)), (B) filamentous hexamer (PDB ID: 4LDD,
(Bornholdt et al., 2013)), and (C) an octameric ring (PDB ID: 7K5D, (Landeras-Bueno et al.,
2021)). Each coloured region represents a single VP40 molecule.

1.2.2.4 Glycoprotein

The EBOV GP gene encodes three open reading frames that generate different
glycoproteins (Fig. 1.7 and 1.8): (i) a soluble glycoprotein (sGP), (ii) a membrane-bound surface
glycoprotein (GP12), and (iii) a small soluble glycoprotein (ssGP). sGP and ssGP are both non-
structural proteins while, GP1 > is a structural protein (Zhu et al., 2019). These glycoproteins are a
product of transcriptional slippage that occurs at an RNA editing site, composed of seven
consecutive uridine (U) residues located upstream of the GP stop codon. During transcription,
three scenarios occur: first, the GP gene is transcribed as is and an unedited transcript carrying
seven consecutive adenosine (7A) is produced and translated to sGP (De La Vega et al., 2015;
Sanchez et al., 1996; Viktor E. Volchkov et al., 1995); second, RNA-dependent RNA L
polymerase can stutter at the gene-editing site and slip forward resulting in the addition of a non-
templated A residue yielding a GP transcript with 8A and producing the GPi > protein (Sanchez et
al., 1996; Viktor E. Volchkov et al., 1995); lastly, RNA polymerase slippage can also give rise to
transcripts containing 6 or 9 A which is then translated to ssGP (Mehedi et al., 2011). The
transcripts sGP, GP1,2 and ssGP account for about 70%, 25% and 5% of the total transcripts,
respectively (Mehedi et al., 2011; Zhu et al., 2019).
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Figure 1.7 Transcriptional gene editing at the glycoprotein (GP) gene. (A) The RNA editing
site at the GP gene is composed of seven consecutive uridines (7U). As a result of this
phenomenon, three transcripts are produced: (B) Approximately 70% of the transcripts generated
from the GP gene are accounted for by the soluble glycoprotein (sGP) translated from a transcript
containing the 7 adenosines (A); (C) 25% by the structural glycoprotein GPi > resulting from a
transcript with 8A and (D) 5% by the small soluble glycoprotein (ssGP) from transcripts with
6A/9A. Figure reproduced from Zhu et al. (2019)
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Figure 1.8 Protein products from the ebolavirus GP gene. Transcription of the GP gene
results in three different transcripts which are subsequently translated to pre-sGP, pre-GP, and
pre-ssGP. Post translational proteolytic cleavage of the pre-sGP at the carboxy-terminus yields
two secreted products, a 5 kDa delta peptide, and a 110 kDa homodimeric sGP linked by disulfide
bonds. Pre-GP (GPy) is also cleaved post-translation and produces GP; and GP; proteins that
dimerizes and forms GP;,, which trimerize to a 450 kDA surface GP. The pre-ssGP does not
undergo any cleavage but homodimerizes to a 100 kDa secreted ssGP protein. Both sGP and
ssGP proteins experience N-glycosylation, while GPi> is subject to N- and O-glycosylation.
Figure reproduced from Zhu et al. (2019).

1.2.2.4.1 Soluble glycoprotein

The primary product of the GP gene is sGP, accounting for most of the transcripts (Jain et
al., 2021; Mehedi et al., 2011; Zhu et al., 2019). It is a secreted homo-dimeric glycoprotein that
shares 295 N-terminal aa with the surface glycoprotein, GPi ., but has a distinct C-terminal end
made up of 65 aa (Pallesen et al., 2016; Volchkova et al., 1998). Site-directed mutagenesis studies
by Volchkova et al. (1998) identified residues 53 and 306 of the protein, which both hold Cys, as
critical for the homodimerization of sGP monomers bound by disulfide bond formation.
Dimerization of sGP monomers yields a ~100 kDa protein with monomers arranged in a parallel
orientation (Falzarano et al., 2006). Translated from the unedited version of GP mRNA is a

premature sGP protein in the endoplasmic reticulum (sGPe) that is ~50 kDa and is sensitive to
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endoglycosidase H (endo-H) in the ER (Volchkova et al., 1999). Subsequently, the precursor,
sGP.;, was converted to pre-sGP (~60 kDa) which now becomes insensitive to endo-H (Volchkova
et al., 1999). Pre-sGP is further post-transitionally modified to generate the mature homodimer
sGP by proteolysis at a multibasic amino acid motif, at R324, at the carboxy-terminus by furin and
signalase (Falzarano et al., 2006; Volchkova et al., 1999). The 291 aa-long sGP carries N-linked
carbohydrates attached to various N-glycosylation sites on the protein, including aa 40, 204, 228,
257, and 268 (Falzarano et al., 2006; Jain et al., 2021; Volchkova et al., 1999). A C-mannosylation

site was discovered at aa 28S.

The structural role of sGP remains elusive, but it has been proposed to have the potential to
substitute for the GP; counterpart of the GP; > protein, as it shares the same N-terminus Cys53 with
GP; capable of forming a disulfide bond with Cys609 in GP> (Sanchez et al., 1996; Zhu et al.,
2019). Iwasa et al. (2011) tested such a hypothesis and determined that EBOV sGP can indeed
form a complex with GP», forming an sGP-GP», with the ability to infect being retained; albeit at
lower rates compared to the wild-type strain. Several non-structural roles have also been linked to
sGP. These roles include increasing viral dissemination by inhibiting pro-inflammatory cytokine
production and halting the chemotaxis ability of activated macrophages (Bradley et al., 2018; Jain
et al., 2021; Zhu et al., 2019), inactivation (Kindzelskii et al., 2000), promoting viral replication
by restoring endothelial cell barrier function (Wahl-Jensen et al., 2005), and acting as a probable

antigenic decoy preventing recognition of EBOV GP1, by GP1; antibodies (Mohan et al., 2012).

The cleaved product from sGP, called the delta (A) peptide, is 41 amino acids long and is
made up of cationic and aromatic residues (Jain et al., 2021). It is also non-structural and is secreted
by cells, albeit at a slower speed and lower concentration (Volchkova et al., 1999). In contrast to
sGP, A-peptide undergoes additional modifications through O-glycosylation and sialylation
(Volchkova et al., 1999). It has been demonstrated that the A-peptide by-product of sGP can hinder
viral entry from filovirus-permissive cells and may be a contributing factor to limiting
superinfection in an infected host (Jain et al., 2021; Radoshitzky et al., 2011; Zhu et al., 2019).
The presence of a Lys-rich amphipathic peptide motif in A-peptide and its ability to permeabilize
cultured mammalian cells suggest that the short peptide may act as a viroporin (Gallaher & Garry,

2015; He et al., 2017), although its relevance to EBOV pathogenesis remains to be elucidated.
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1.2.2.4.2 Membrane-bound glycoprotein

GP1, is a type I transmembrane protein expressed on the viral surface (Davey et al., 2017).
In parallel with sGP, mature GPi> originates from the ER in a pre-GP.: form that is eventually
replaced by a Golgi-specific pre-GP/GPg precursor (Volchkov et al., 1998). The GPo form is then
post-translationally cleaved by furin-like proteases at a multibasic site R501, consequently
generating GP1 and GP; that forms heterodimers with each via disulfide bonds between Cys53 and
Cys609 of GP;1 and GP», respectively (Cook & Lee, 2013; Davey et al., 2017; Lee & Saphire, 2009;
Volchkov et al., 1998). The heterodimeric protein then trimerizes with other GP1 > subunits non
covalently on the virus surface and forms the mature and functional, chalice-like shape surface GP
(~450 kDa) (Cook & Lee, 2013; Lee et al., 2008). From the attached trimeric GP, a secreted GP
made up of GP; associated with a truncated GP> is shed by cleavage of tumour necrosis factor
(TNF)-a-converting enzyme or TACE at a site near the transmembrane anchor (Lee & Saphire,
2009). Not much is known about the function of shed GP, but it is believed to compete for anti-
GP1 antibodies (Cook & Lee, 2013) and help reduce the cytotoxicity of membrane-bound GP. It
has also been demonstrated that shed GP can cause immune activation with a downstream effect

of increasing cytokine production and increased vascular permeability (Jain et al., 2021).

The GP; subunit recognizes a variety of receptors expressed on the target host cell surface
that allow viral attachment (Davey et al., 2017; Lee & Saphire, 2009). It consists of four domains:
(1) a base, (i1) a receptor-binding domain (RBD) (aa 54-201), (iii) a glycan cap, and (iv) mucin-
like domain (MLD) (aa 313-464) (Davey et al., 2017; Kuhn et al., 2006). The base domain forms
a semicircular hydrophobic surface that interacts with the GP> subunit to provide structural support
to the other domains and prevents the GP2 subunit from going into a fusogenic stage (Jain et al.,
2021; Lee & Saphire, 2009). The RBD carries residues that contact intracellular host receptors,
while the heavy glycosylation on the MLD and the glycan cap likely protect the GP from antibody
neutralization (Lee & Saphire, 2009; Lennemann et al., 2014). Glycosylation in MLD does not
only confer virus protection against antibody recognition. Past studies have shown that excessive
glycosylation of this domain can prevent the recognition of cell surface proteins such as major
histocompatibility complex (MHC) molecules due to steric shielding, thus hiding the virus from T

cell recognition (Francica et al., 2010; Reynard et al., 2009).
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However, the GP; subunit is essential for membrane fusion with the host membrane with an
overall structure that resembles other viral membrane fusion proteins such as those in HIV and
influenza (Davey et al., 2017; Lee & Saphire, 2009; Malashkevich et al., 1999). It is composed of
a hydrophobic internal fusion loop (aa 511-556), two heptad repeats (HR1, HR2) linked by a 25
aa linker that carries a disulfide bond motif, a membrane-proximal external region, and a
transmembrane [ domain (aa 650-672) (Davey et al., 2017; Lee et al., 2008; Sanchez et al., 1998).
The internal fusion loop of GP> displays a helical hydrophobic peptide whose side chains are
packed into the hydrophobic base domain of the GP; subunit (Lee et al., 2008). This helical peptide
is inserted into the target cell membrane and initiates fusion with the host membrane once the
release of clamped GP; is triggered (Lee & Saphire, 2009). The TM domain of GP, anchors the
trimeric GP to the host membrane (Ning et al., 2017). Adjacent to the TM domain is a sequence
of a heptad repeat (aa 541-593) hypothesized to play a role in the formation of intermolecular
coiled coils during trimerization of GP1 subunits (Sanchez et al., 1998). The GP: subunit is also
capable of altering the immune response due to its anti-tetherin activity (Jain et al., 2021). Tetherin
is an activator of the nuclear factor kappa B (NF-xB) pathway, a signalling pathway that once
activated induces the expression of antiviral genes such as pro-inflammatory genes (i.e. cytokines
and chemokines) (Liu et al., 2017). GP> has been shown to bind tetherin that consequently blocks
NF-kB signalling and promotes VP40-mediated viral budding (Jain et al., 2021; Kiihl et al., 2011).

1.2.2.4.3 Small soluble glycoprotein

ssGP also shares the first 295 N-terminal residues with sGP and GP1, (Mehedi et al., 2011).
Like sGP, this protein is also secreted by infected cells and can form homodimers (~100 kDa)
linked by a disulfide bond in Cys53 and is N-glycosylated (Mehedi et al., 2011). However, due to
the +2-frameshift resulting from RNA transcription editing, a truncated ORF is generated. The
truncated ORF results in a carboxy-terminus distinct from the sGP and GP GPi, (Mehedi et al.,
2011). It may be implied that ssGP can have a function like sGP because of the shared N-terminal
sequences. However, unlike sGP, ssGP did not have the ability to restore the function of the
endothelial barrier (Mehedi et al., 2011). More functional studies are warranted to determine if this

protein shares similar roles with other products of the GP gene.
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1.2.2.5 Viral protein 30

VP30 is a phosphoprotein and an essential component of the polymerase complex that acts
as a transcription activator for EBOV (Cantoni & Rossman, 2018; Jain et al., 2021; Modrof et al.,
2002). It has an estimated molecular weight of 30 kDa (Xu et al., 2017) composed of dimers,
formed by residues 142-264 in the CTD, which assemble into hexamers facilitated by an N-
terminal oligomerization site at aa 94-112 (Hartlieb et al., 2007; Jain et al., 2021). This homo-
oligomerization process of VP30 has been shown to be vital to the role of the protein as a
transcription activator (Biedenkopf, Schlereth, et al., 2016; Hartlieb et al., 2003; Hartlieb et al.,
2007). Hartlieb et al. (2003) identified a cluster of four leucine residues to be critical, as a single
mutation of one of these amino acids resulted in the abortion of VP30 oligomerization and
consequently EBOV transcription. The RNA-binding site in VP30 is mapped at the N-terminus,
residues 26-40, a region that is disordered, non-hydrophobic, and rich in arginine (John et al.,
2007). This RNA binding ability is also critical to activating viral transcription. Multiple factors
can affect it: (i) homo-oligomerization ability of VP30, (ii) disruption of the zinc (Zn) finger
domain, (iii) VP30 phosphorylation state, and (iv) alteration of the RNA binding region
(Biedenkopf, Schlereth, et al., 2016).

According to Schlereth et al. (2016), an ideal RNA substrate for VP30 is about 40 nucleotides
long with a mixed base composition linked to a stem-loop structure, which was indicative of a
quite relaxed binding specificity for VP30. Zn binding also plays a significant role in VP30 RNA
binding, which has a downstream effect on the protein’s ability to activate transcription (Cantoni
& Rossman, 2018; Modrof et al., 2003). An unconventional Zn-binding Cys3-His motif at aa 68-
95 has been shown to bind Zn ions in a 1:1 ratio and if conserved cysteine and histidine were
substituted, a complete loss of Zn-binding ability and transactivating function of VP30 was
observed (Biedenkopf, Schlereth, et al., 2016; Modrof et al., 2003). As a phosphoprotein, a protein
that is post-translationally modified by phosphorylation, its phosphorylation state is essential for
VP30 to bind viral RNA (Biedenkopf, Schlereth, et al., 2016). The protein phosphorylation sites
occur at the serine (Ser) and threonine (Thr) residues (Ilinykh et al., 2014; Jain et al., 2021; Modrof
et al., 2002). In the case of VP30, its phosphorylated version of the protein negatively regulates
viral transcription and increases viral replication due to a weak interaction with other components

of the transcription complex, including VP35 and the viral RNA (Biedenkopf et al., 2013;
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Biedenkopf, Lier, et al., 2016; Biedenkopf, Schlereth, et al., 2016). After dephosphorylation, viral
transcription is up-regulated as the protein becomes better at association with the transcription
complex together with NP and VP35 (Biedenkopf et al., 2013; Biedenkopf, Lier, et al., 2016;
Cantoni & Rossman, 2018).

1.2.2.6 Viral protein 24

VP24 is also a multifunctional protein, making up approximately 7.5% of the total EBOV
proteins (Jain et al., 2021). One of its functions is a structural element of the nucleocapsid along
with NP and VP35, in which VP24 has been shown to have a direct interaction with NP and VP35
(Banadyga et al., 2017; Chen et al., 2019; Huang et al., 2002; Watanabe et al., 2006). NP can self-
assemble and form a loose-coiled helical structure in the presence of RNA; but in the presence of
VP24 and VP35, the former structure is converted to a nucleocapsid structure almost
indistinguishable from those seen in EBOV infected cells (Huang et al., 2002; Watanabe et al.,
2006). Algorithmic prediction recognized residues 169-180 as important for NP interaction, but
functional studies demonstrated that aa 169-176 were detrimental, with aa V170 and N171 as the

two aa responsible for NP interaction (Banadyga et al., 2017).

Like VP35, VP24 is capable of interfering with the host immune IFN response using
numerous mechanisms distinct from VP35. VP24 can antagonize the host immune response
through binding to nuclear transporters, and karyopherin o proteins such as al, a5, and a6,
consequently preventing the nuclear accumulation of phosphorylated signal transducer and
transcription activator protein (STAT) (Mateo et al., 2010; St Patrick Reid et al., 2006; Reid et al.,
2007; Xu et al., 2014). Activation of IFN signaling in the presence of a virus prompts nuclear
transport of tyrosine-phosphorylated STAT1 protein via the karyopherin o proteins, also known
as importin o, resulting in the activation and transcription of antiviral genes (St Patrick Reid et al.,
2006; Xu et al., 2014). Structural mapping of VP24 and karyopherin a5 interactions divulge aa
308-509 of the C-terminal end of karyopherin a5 as the minimum requirement for multiresidue
contacts with VP24 (Xu et al., 2014). A mutagenesis study by Mateo et al., 2010 has shown that
VP24 aa 26-50 and 142-146 is critical for binding with karyopherin al. VP24 also shows
competitive binding to the heterogeneous nuclear ribonuclear protein complex C1/C2, a protein

complex also known to bind the same C-terminal region (residues 424-457) of karyopherin al
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(Shabman et al., 2011). Furthermore, VP24 has been shown to directly bind the STAT1 protein,
regardless of its phosphorylation state, with residues 96-98 and 106-121 as plausible sites of
protein-protein interaction (Zhang et al., 2012). Another mechanistic approach that VP24 uses to
aid in immune evasion is to block the phosphorylation of mitogen-activated protein kinase
(MAPK) (Halfmann et al., 2011; Ilinykh et al., 2015). P38 kinase is a key element of the MAPK
signalling pathway. Once the pathway is activated by binding of type I IFN to receptors, p38
becomes phosphorylated and, as a result, other participating IFN transcription factors are

phosphorylated and activated (Halfmann et al., 2011).
1.2.2.7 L polymerase

The EBOV L protein is 2,212 aa in length with an estimated molecular mass of 253 kDa and
is the largest multisubunit protein encoded by ebolaviruses (Ayub & Waheed, 2016). Unable to
function independently, the L protein is part of the RNP complex together with NP, VP35 and
VP30, acting as the catalytic subunit of the said complex (Ayub & Waheed, 2016). This RNA-
dependent RNA polymerase complex is vital for genomic viral RNA replication and transcription
(Cantoni & Rossman, 2018). In addition to the role of the protein in viral transcription and
replication, L polymerase has been shown to have the ability to edit mRNA (V. E. Volchkov et al.,
1995). Unfortunately, structural and functional analyses on L polymerase are almost nonexistent
and are based on comparisons made with well-studied non-segmented negative-sense RNA viruses
from the family Mononegavirales like vesicular stomatitis virus (VSV) (Ayub & Waheed, 2016;
Trunschke et al., 2013), which are all equipped with a catalytic subunit, L (Liang et al., 2015).
Alignment of a homologous L sequence from EBOV and VSV revealed the same overall
arrangement of the various L protein domains (Liang et al., 2015). From this, five domains make
L protein: (i) RNA-dependent RNA polymerase (RdRp) domain equipped with transcription,
replication  and  polyadenylation  activity, (i1) capping  domain  encoding
polyribonucleotidyltransferase (PRNTase) activity, (iii) connector domain, (iv) amethyltransferase
domain and (v) C-terminal domain (Jain et al., 2021). A homo-oligomerization domain has also
been identified in the first 450 residues of the L protein (Trunschke et al., 2013). Within the same
region, Trunschke et al. (2013) identified an L-VP35 interaction region at aa 1-380; however, the

two domains appear not to not interfere with each other.
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1.2.3 Viral replication cycle in host cells
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Figure 1.9 Ebola virus replication cycle. (1) Infection begins with the virus binding to
attachment factors expressed on the surface of the host cell. (2) The virus is then engulfed by the
cell by the process of micropinocytosis and (3) endocytosed by the cell. (4) In the endosome, the
viral surface glycoprotein GP1; is cleaved by proteases such as cathepsins and binds to the
intracellular receptor NPC1. (4) As the early endosome matures into a late endosome, the pH
inside the vesicle decreases and the viral membrane fuses with the lipid bilayer and (5) eventually
releases the ribonucleoprotein (RNP) complex composed of the viral RNA, NP, VP35, VP30
and L polymerase to the cytoplasm. (6) The RNP complex becomes relaxed and viral RNA is
transcribed from the negative sensed viral RNA (VRNA). (7) Transcripts are further translated
into proteins by the host’s ribosome. (8) Formation of the RNA complex and viral budding then
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1.2.3.1 Viral attachment and entry

The first step in ebolaviruses infection is the attachment of the virion to a receptor of the
target host cell. In the case of EBOV, attachment and entry are mediated by the surface GP. The
GP protein can make contacts with a wide variety of host-cell attachment factors including lectins
(e.g., C-lectins, DC-SIGN, and L-SIGN), Bl-integrins, glycosaminoglycans, folate receptor a,

TYROS3 receptor tyrosine kinase family members, T-cell immunoglobulin, and mucin domain-1

(TIM-1). Three mechanisms
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macropinocytosis (Afelt et al., 2018; Aleksandrowicz et al., 2011; Quinn et al., 2009; Saeed et al.,
2010), (i1) Clathrin-mediated endocytosis (Aleksandrowicz et al., 2011; Bhattacharyya et al., 2011;
Bhattacharyya et al., 2010), and (iii) caveolin-mediated endocytosis (Empig & Goldsmith, 2002).
The primary uptake of the virus into the endosomal compartment is believed to be via
macropinocytosis due its large size, although the ability of EBOV to use alternative uptake
mechanisms may be dependent on the cell type or virion size (Aleksandrowicz et al., 2011). Once
endocytosed, the endosome matures into a late endosome with a low pH inside the vesicle, and
this acidification results in the cleavage of the GP; subunit by proteases like cathepsins B and L
(Brecher et al., 2012; Chandran et al., 2005; Schornberg et al., 2006). Depending on the cell type,
variation in host proteases that cleave the protein may be observed (Martinez et al., 2010). The
cleaved subunit can now interact with intracellular Niemann-Pick C1 (NPC1) receptor primarily
expressed on late endosomes, a crucial step for the virus infectivity (Carette et al., 2011; Coté et
al., 2011). Crystal structures reveal that NPC1 uses two extended loops from its helical core to
interact with the hydrophobic cavity on the GP head (Yu et al., 2017). It is currently unknown
what factors directly trigger fusion conformation change in GP, but proteolytic cleavage of the
GP1, binding to NPC1 and TIM-1 protein that links the protein to the host cell membrane are
believed to influence conformational changes to the GP2 subunit of the protein. Fusion occurs such
that the internal fusion loop and transmembrane domain are placed closed together resulting in the
formation of a fusion pore that facilitates the merging of membranes and release of the viral RNA

into the cytoplasm (Kuroda et al., 2015; Lee & Saphire, 2009; Yuan et al., 2015).
1.2.3.2 Viral genome replication and transcription

The nucleocapsid is released to the host cell cytoplasm upon fusion with the host PM. The
nucleocapsid is composed of the viral RNA bound to various viral proteins, including, NP, VP35,
VP30, VP24 and L (Hume & Miihlberger, 2019). In the cytoplasm, the viral RNA only exists in
the RNP form and both transcription and replication processes are RNP-mediated fields (Yu et al.,
2017). In both its antigenomic and genomic orientation, the viral RNA is sequestered to an RNA-
binding cleft formed by the folding of NP’s amino-terminal end (aa 1-450) into two lobes (Basler
et al.,, 2019; Wan et al., 2017). The cleft binds RNA non-specifically through hydrogen bond
interactions and electrostatic interactions with the negatively charged backbone of the RNA

(Sugita et al., 2018). Occurring concomitantly with RNA encapsidation is viral genome
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replication, which requires the presence of VP35 and L polymerase (Basler et al., 2019;
Miihlberger, 2007). As part of the RNP complex, VP35 acts a non-enzymatic cofactor for the L
polymerase by bridging the NP-RNA complex with the L polymerase (Basler et al., 2019; Hume
& Miihlberger, 2019; Tchesnokov et al., 2018). VP35’s interaction with NP is also deemed critical
for viral genome replication as mutagenesis on a basic patch of the VP35 CTD that interacts with
NP resulted in the loss of viral RNA synthesis (Prins et al., 2010). Once L becomes a part of the
nucleocapsid, along with VP35, NP, and the viral RNA, genome replication can commence. Found
at the 3’ end of the filovirus genomes and anti-genomes are replication promoters for plus for sense
and anti-sense RNA synthesis (Calain et al., 1999; Miihlberger, 2007). Therefore, from the anti-
sense genomic RNA (3°-5’), the antigenomic RNA in the sense orientation (5’-3’) can be
synthesized, which is subsequently used as a template to produce genomic RNA again
(Miihlberger, 2007). RNA synthesis is mediated by the catalytic domain, with magnesium ions
acting as cofactors (Hume & Miihlberger, 2019; Tchesnokov et al., 2018).

From the RNP complex, the non-segmented negative-sense RNA genome is also transcribed
by the RNA-dependent RNA polymerase L, which also has a capping domain and domains capable
of RNA modification activities like guanyltransferase and methyltransferase activities (Basler et
al., 2019; Hume & Miihlberger, 2019). Transcription is believed to begin at a promoter site located
within the leader sequence through binding of the L and VP35 proteins, but the presence of a
secondary RNA loop structure formed by the first 23 nucleotides of the pre-mRNA halts the
movement of RNA polymerase along the template (Miihlberger, 2007). Therefore, in addition to
the L, VP35, and NP proteins, transcription of the viral genome requires a transcription activator
— VP30 (Biedenkopf, Schlereth, et al., 2016; Weik et al., 2002). VP30 abrogates this secondary
RNA structure by being able to bind the RNA and consequently stabilize the complex formed by
the viral RNA, RNA polymerase, and VP35 (Biedenkopf, Schlereth, et al., 2016). In the absence
of the secondary RNA structure, RNA polymerase can now move along transcribe the RNA
template, independent of the presence of VP30, by recognition of start and stop signals that flank
each gene (Hume & Miihlberger, 2019; Miihlberger, 2007). Individual genes are proposed to be
sequentially transcribed in the 3’ to 5" order since the polymerase is believed to only enter at a

single binding site at the 3’ end of the genome (Miihlberger, 2007; Whelan et al., 2004).

Seven monocistronic mRNA transcripts, which are capped and polyadenylated by the RNA

polymerase, encoding for the ebolavirus viral proteins are produced (Miihlberger, 2007).
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Transcription of the viral genes occurs in a gradient for which genes located closer to the 3* end
of the genome generate higher amounts of transcripts compared to genes further at the 5’ end
(Watanabe et al., 2006). This phenomenon is not well understood but one probable reason is that
the polymerase complex ceases to start transcription again at the start signals located downstream
(Miihlberger, 2007). It is postulated that the accumulation of proteins in the cytoplasm is thought
to influence switching from transcription mode to replication of viral RNA. Additionally, it has
also been demonstrated that VP30 has the means to regulate transcription and replication
depending on its phosphorylation state; however, influential factors affecting its phosphorylated
state are unknown (Ilinykh et al., 2014).

1.2.3.3 Viral assembly and budding

Viral assembly and egress of ebolavirus virions are largely regulated by VP40 that assembles
on the inner leaflet of the host PM (Adu-Gyamfi et al., 2014). Even in the absence of other
ebolavirus proteins, filamentous virus-like particles (VLPs) are still generated when VP40 is
expressed alone in human cells (Adu-Gyamfi et al., 2014; Noda et al., 2007). Proper trafficking of
VP40 to the host PM is necessary before VLP production can occur (Yamayoshi et al., 2008). This
trafficking of VP40 is governed by the COPII transport system (Yamayoshi et al., 2008). Along
with VP40, the RNP complex and GP are also transported to the host cell membrane (Jain et al.,
2021). RNP transport is reported to be dependent on actin as depolymerized actin filaments and
inhibition of actin nucleating complex arrested transport of the nucleocapsid (Schudt et al., 2015).
Meanwhile, GP employs the secretory pathway for its trafficking to the cell membrane. Through
this pathway, GP is heavily N- and O-glycosylated and cleaved into its GP; and GP> subunits by
furin (Feldmann et al., 1994; Nehls et al., 2019). The late budding domain of VP40 then interacts
with a transport machinery called endosomal sorting complex required for transport (ESCRT),

releasing new virions from the infected cell.

1.3 EBOLA DISEASE

1.3.1 Reservoir and transmission

A reservoir can be defined as populations of organisms or environments in which a pathogen
can reproduce and be permanently maintained, and from which the pathogen can be transmitted to

the susceptible population (Haydon et al., 2002). The search for an ebolavirus reservoir is still in
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progress and continues to be unsuccessful as no infectious virus has ever been isolated in any of
the proposed host reservoirs for ebolaviruses (Breman et al., 1999; Leendertz et al., 2016; Leirs et
al., 1999). Ever since its first detection in 1976 in Africa, several animal species have been
proposed as potential host reservoirs for ebolaviruses: squirrels, mice, dormice, and shrew (Baseler
et al., 2017), but none has been “officially accepted” because no infectious virus has ever been
isolated in these animals and because of the lack of ebolavirus specific antibodies in the sera of
collect specimens (Breman et al., 1999; Leirs et al., 1999). Bats have been identified as the most
probable host reservoir for ebolaviruses. Bats generally house a wide variety of viruses that have
the potential to be zoonotic, including severe acute respiratory syndrome coronaviruses (SARS-
CoV), Hendra, and Nipah viruses (Han et al., 2015). However, a huge contributing factor to this
hypothesis is detecting and isolating a related filovirus, MARYV, in African fruit bats (Rousetttus
aegypticus) (Jones et al., 2015). Moreover, EBOV RNA and EBOV—-specific antibodies have been
detected in different asymptomatic bat species, which further implicates bats as reservoirs
(Leendertz et al., 2016; Leroy et al., 2005). Bats are often found residing in caves and trees, but
the expansion of infrastructures near or in virgin forest areas make houses, bridges, and barns
attractive roost dwelling for bats (Irving et al., 2021). Interaction between bats, wild animals and
humans becomes inevitable and can create potential spillover or jump of viruses from the reservoir
to the human population. Probable modes of transmission can occur between the reservoir and
humans by means of direct contact with bats and/or contact with an infected intermediate host that
humans closely interact with, like pigs and nonhuman primates (NHPs) that gets in contact with
the bodily fluids or feces of the reservoir (Han et al., 2015). Human-to-human transmission can
also happen following exposure of nonintact skin or mucosal membranes to the blood, secretions,

or bodily fluids of another infected individual (Baseler et al., 2017; Malvy et al., 2019).
1.3.2 Pathogenesis

After entering through the endothelial barrier, the virus initially infects the macrophages,
monocytes, and dendritic cells (Baseler et al., 2017; Mufioz-Fontela & McElroy, 2017; Yamaoka
et al., 2017). These infected cells then migrate to the lymph nodes where they now have the
capability to disseminate EBOV to the other parts of the body (Baseler et al., 2017; Geisbert et al.,
2003). Indeed, the virus is detectable in the blood of patients after 1-3 days of symptom onset

(Lanini et al., 2015). Disseminated virus further affects other cells such as Kupffer cells of the

30



liver, hepatocytes, fibroblasts, and adrenal gland tissue (Furuyama & Marzi, 2019). Proposed key
factors to virus dissemination include the association of EBOV to migratory cells like tissue-
resident DCs and/or inflammatory DCs, involvement of peripheral monocytes, and ability of the
virus to dysregulate the innate and adaptive immune response which results in upregulated

proinflammatory response and inhibited antiviral response (Mufioz-Fontela & McElroy, 2017).
1.3.3 Hallmarks of the disease

Ebola disease (EBOD) is a severe, fatal acute viral hemorrhagic fever disease. Incubation
time after exposure is variable ranging from 2-21 days. Early into the infection, approximately 1—
3 days after onset of symptoms, an infected individual typically presents non-specific febrile
illness with symptoms such as fever, malaise, myalgia, and loss of appetite (Jacob et al., 2020;
Malvy et al., 2019). Unfortunately, with EBOD, the severity of the disease can progress quickly
within 7-14 days after symptom. Patients begin to show gastrointestinal symptoms like nausea,
abdominal pain, vomiting, diarrhea, and dehydration (Jacob et al., 2020). Increasing severity of
clinical manifestations over time can be linked to increases in viral load as most patients show
detectable viremia 6—10 days post-exposure (Jacob et al., 2020). During the complicated or late
stage, gastrointestinal symptoms persist along with hemorrhagic manifestations (e.g. coughing up
blood, vomiting blood, and bloody stool), due to coagulopathy, vascular leakage, and dysregulated
inflammation — all of which may lead to multiple organ failures or even death (Jacob et al., 2020;
Malvy et al., 2019; Yamaoka et al., 2017). Changes in biochemistries are also observed along with
these clinical features. Laboratory findings in EBOD include lymphopenia, leukopenia,
thrombocytopenia, and elevated enzymes (e.g., aspartate and alanine aminotransferases, creatine

phosphokinase, and amylase).
1.3.4. Vaccines and therapeutics

The development of vaccines for ebolaviruses has heightened since the West African Ebola
outbreak in 2013. In 2019, a VSV-based vaccine received FDA approval for the prevention of the
Ebola virus disease (Choi et al., 2021). The recombinant, live, attenuated VSV-ZEBOV vectored
vaccine, known as ERVEBO, is a replication-competent vaccine developed at the Public Health
Agency of Canada (PHAC). The vaccine is comprised of the VSV vector in which the G protein
has been replaced with the EBOV glycoprotein GP (Choi et al., 2021; Malvy et al., 2019).
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However, this vaccine is only approved for use as a preventative measure against EBOV in people
aged 18 or older that are in high-risk exposure to the virus, such as health care responders during
an outbreak and laboratorians handling the virus in high containment facilities (Choi et al., 2021).
The vaccine is administered as a single dose. The search for vaccines against other ebolaviruses,
including SUDV and BDBYV, is still ongoing. In 2020, the U.S Food and Drug Administration
(FDA) approved Inmazeb (Centers for Disease Control and Prevention, 2020a) and Ebanga
(Centers for Disease Control and Prevention, 2020b) as a treatment for EBOV infection in adult
and pediatric patients. Ebanga is a human monoclonal antibody (Ansuvimab-zykl) designed to
target the EBOV GP protein which consequently prevents binding of virus GP to host cell
receptors. Inmazeb, on the other hand, is an antibody cocktail comprised of three different
monoclonal antibodies: atoltivimab, maftivimab, and odesivimab-egn (Centers for Disease
Control and Prevention, 2020a). Like Ebanga, the cocktail was designed to target EBOV GP.
Unfortunately, like the vaccine, these antibody therapeutics are limited for use with EBOV only

as efficacies on other ebolaviruses have not been established.
1.4 EBOLAVIRUSES ANIMAL MODELS

Modelling of human anatomy and physiology in animals has long existed since the 6%
century BCE and remains to exist until this day (Ericsson et al., 2013). Due to the similarities that
animals share with human anatomy and physiology, especially mammals, they have been used to
answer biological research questions from understanding human disease mechanisms to evaluating
novel disease countermeasures like vaccines and antibiotics (Barré-Sinoussi & Montagutelli,
2015; Robinson et al., 2019). For filoviruses, animal models such as NHPs, ferrets, and small
rodents like mice, hamsters, and guinea pigs have been developed to aid in studying filovirus
pathogenesis and evaluation of various vaccines and therapeutics for the treatment of disease.
These animal models can recapitulate several of the clinical hallmarks of filovirus disease in
humans (Siragam et al., 2018). Described below are the different animal models that exist for

ebolaviruses.
1.4.1 Nonhuman primate

NHPs are currently the gold standard for understanding the pathogenesis of ebolaviruses,

the disease, and countermeasure evaluations, as they can be infected with wild-type virus strains
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and resemble clinical features of the disease as seen in humans (Bente et al., 2009; Cross et al.,
2018). Over decades, primates of different species have been used, including African green
monkeys (Chlorocebus sp.), baboons (Papio hamadryas), cynomolgus macaques (Macaca
fascicularis), common marmosets (Callithrix jacchus), and rhesus monkeys (Macaca mulatta)
(Bennett et al., 2017). Among these, cynomolgus and rhesus monkeys have been the popular
choice for screening vaccine and therapeutic candidates, respectively (Bennett et al., 2017; Bente
et al., 2009; Niemuth et al., 2021). Cynomolgus monkeys are considered an exemplary model for
vaccine screening as disease progression is more consistent (Goldstein et al., 2018) and condensed
temporal disease progression (Bennett et al., 2017). Meanwhile, rhesus macaques generally have
slower disease progression, thus making them ideal for therapeutics studies (Bennett et al., 2017).
Due to their common use in the filovirus field, points highlighted in this section pertain to previous

studies performed using these two species.

In an EBOV infection, macrophages and DCs are primarily targeted by the virus and become
sites of virus replication (Geisbert et al., 2003), particularly in Kupffer cells in the liver and
dendritic cells in the lymph nodes. The onset of symptoms typically begins with fever at 2-4 days
post-infection (DPI), and a cutaneous rash between 4-7 dpi (Bennett et al., 2017; Bente et al.,
2009). Time of death varies between the two models, with cynomolgus monkeys succumbing to
disease 6-7 DPI (Geisbert et al., 2003), and rhesus macaques at 5-9 days post-exposure (Bennett
etal., 2017). Over the course of the disease, animals show weight loss mounting up to 10% of their
body weight (Bente et al., 2009) and exhibit high viremia at 2-3 DPI (Bente et al., 2009; Siragam
et al., 2018). As the condition of the animal worsens, their body begins to demonstrate signs of a
systemic dysregulated innate and adaptive immune response. They start to show changes in
biological chemistries like thrombocytopenia, neutrophilia, lymphopenia, granulocytosis, cytokine
imbalance, decreased protein C coagulation inhibitor activity, and decreased fibrinogen levels
(Bente et al., 2009; Nakayama & Saijo, 2013; Siragam et al., 2018). These abnormal
biochemistries were indicative of a disseminated intravascular coagulopathy, which leads to multi-

organ failures and eventually death.

Coined as the gold standard model, using NHPs has its disadvantages too. For instance, the
use of this animal is subject to ethical concerns. They are also large animals, and this translates to
difficulties in housing and handling. NHPs are also expensive and associated with the high price

is the use of a limited number of animals during experiments can also limit result interpretations.
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1.4.2 Ferret

Ferrets (Mustela putorius furo) are small carnivores belonging to the weasel family
Mustelidae and have been existing as domesticated animals for more than 2000 years when they
were first primarily used for rabbit hunting (Davidson et al., 1999; Mayer et al., 2015). Their use
as biological research tools began to gain attention in the 1900s when they were first used as a
model to study influenza virus pathogenesis (Pyle, 1940; Smith et al., 1933). To date, ferrets serve
as the most ideal model to perform pathogenesis studies on influenza viruses and evaluate
countermeasures due to their susceptibility to wild-type strains of influenza, transmission
efficiency, but most importantly, their ability to mimic the clinical hallmarks of a human infection
(Oh & Hurt, 2016). Its use as an animal model also extends to other viruses such as the human
respiratory syncytial virus and SARS-CoV-2, the etiological agent of the ongoing coronavirus
disease 2019 pandemic (Kim et al., 2020; Shi et al., 2020), morbilliviruses (Pillet et al., 2009), and

paramyxoviruses.

The use of ferrets for ebolavirus research is also growing. The first models were established
by research groups at the University of Texas Medical Branch (¢) and PHAC (Schiffman et al.,
2021). In 2016, UTMB developed models for pathogenic ebolaviruses including EBOV (variant
Kikwit), SUDV (variant Gulu), and BDBV (variant Uganda 2007) (Cross et al., 2016). PHAC’s
models were developed using EBOV (variant Makona-C07) and BDBV (variant Uganda 2007)
(Kozak et al., 2016), SUDV (variant Boniface) (Kroeker et al., 2017), and RESTV (Yan et al.,
2019). Models from these groups highlight one of the advantages the ferret model presents — the
use of non-adapted viruses. Without the need for adaptation, all ebolaviruses examined were 100%
lethal in ferrets, although the time of death varied between species. EBOV-infected animals
succumbed to the disease at 5-DPI, 7-8 DPI for SUDV, 8-9 DPI for BDBV, and 9-11 DPI for
RESTYV (Schiffman et al., 2021). Differences in end timepoints may be attributed to differences in
peak titres observed between the three ebolaviruses where EBOV showed the highest viral titre in
infected liver and spleen organs followed by SUDV and BDBV (Cross et al., 2016). Animals from
both models also recapitulated many of the clinical hallmarks seen in NHPs and humans — fever,
diarrhea, dehydration, systemic viral loads, histological lesions, decreased white blood cell counts
and thrombocytopenia, granulocytosis, and coagulopathy (Cross et al., 2018; Cross et al., 2016;
Kozak et al., 2016; Kroeker et al., 2017).
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The domestic ferret animal model remains valuable for filovirus research. The model is
uniformly lethal following infection with several different wild-type ebolaviruses, and it mimics
clinical features of EBOD just like the NHP models. However, ferrets are smaller animals, making
them easier to house and handle in containment facilities and more cost-effective than NHPs
(Schiffman et al., 2021). One might argue, however, that the ferret model is disadvantageous
compared to existing small rodent animals due to it being pricier, needing more complex care and
lacking reagents, such as immunological reagents when dealing with ferret samples (Oh & Hurt,
2016; Schiffman et al., 2021). Nonetheless, considering its advantages over NHP and small
rodents, the appeal of ferrets as good intermediate animal models for pathogenesis modelling and

countermeasure evaluation continues to rise.
1.4.3 Small rodents

Small rodent animal models are useful for the initial evaluation of filovirus countermeasures
before moving forward to NHPs as they are generally cheaper and easier to handle due to their
smaller size, while also being able to mimic some of the clinical features of the disease. These
models include mouse, hamster, and guinea pig animal models. However, a caveat implicated in
using such animal models is the need for adaptation since filoviruses are apathogenic in these
animals (Banadyga et al., 2016). The process of adaptation is performed through serial passaging
— a process that involves challenging an immunocompetent rodent with a wild-type virus,
collecting, and homogenizing infected organs like liver or spleen, and using the homogenate to
inoculate a new set of animals. This process is repeated until the virus becomes 100% lethal in the

animal (Banadyga et al., 2016).
1.4.3.1 Mouse model
1.4.3.1.1 Immunocompetent mouse model

Out of all the Ebolavirus species, mouse models have only been established for EBOV.
Independent of the administration route, the adult immunocompetent mouse does not succumb to
the disease upon infection with wild-type EBOV (Bray et al., 1999). In 1999, the first mouse-
adapted (MA)-EBOV was developed by repeated passaging of wild-type EBOV (isolate Mayinga)
in progressively older suckling BALB/c mice (Bray et al., 1999). The resulting MA-EBOV was
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further used on other mouse strains including C57BL/6 and CD-1 (ICR) mice, in which the
adapted virus was 100% lethal, with animals succumbing between 4-7 DPI (Bray, 2001; Bray et
al., 1999; Bray et al., 2001; Mahanty et al., 2003). As seen in NHPs challenged with WT-EBOV,
MA-EBOV targeted macrophages, monocytes and DCs and replicated in very high viral titres in
the liver and spleen (Bray et al., 1999; Gibb et al., 2001). Systemic organ damage was observed,
with the liver and spleen organs being heavily damaged, because of excessive production of pro-
inflammatory cytokines (Bray et al., 1999; Mahanty et al., 2003). Animals also showed evidence
of lymphocyte apoptosis, as indicated by the presence of lymphoblastic cells; thrombocytopenia
and leukocytosis were also noted (Bradfute et al., 2007; Bray et al., 2001; Gibb et al., 2001). No
hematological abnormalities indicative of coagulopathy and no hemorrhagic signs were observed
in MA-EBOV mice (Bray et al., 1999; Bray et al., 2001; Gibb et al., 2001). But a study by
Rasmussen et al. (2014) noted that a host’s genetic background may influence the presence of
coagulopathy as infection of Collaborative Cross Panel recombinant inbred mice with MA-EBOV

showed prolonged coagulation times and vascular leakage (Siragam et al., 2018).
1.4.3.1.2 Immunocompromised mouse model

Contrary to healthy immunocompetent animals, an immunocompromised mouse model uses
mice that have a defective immune system (Siragam et al., 2018). Since the immune system of the
animal is compromised, a wild-type strain of the virus can be used without the need for adaptation
(Siragam et al., 2018). The susceptibility of known pathogenic and non-pathogenic ebolaviruses
has been evaluated in various immunodeficient mouse models — in interferon pathway deficient
mice, these are knockout (KO) mice lacking either the IFN o/f cell surface receptors (IFN o/BR
—/—) or STATT1 transcription factor (STAT1-/-) (Brannan et al., 2015; Bray, 2001; Escaffre et al.,
2021; Lever et al., 2012; Raymond et al., 2011) and in severe combined immunodeficient (SCID)
mice with compromised B- and T-lymphocytes that results in a defective adaptive immune
response (Bray, 2001). Intraperitoneal inoculation of IFN o/BR —/— KO mice with the wild-type
EBOV (variant Mayinga and Yambuku) showed 100% lethality, with an average time of death at
5 DPI (Bray, 2001; Lever et al., 2012). Lever et al. (2012) further demonstrated that IFN o/BR —
/— KO mice infected wild-type EBOV (variant Yambuku) via the aerosol route also results in
uniform lethality at 8 DPI. Surprisingly, when IFN a/BR —/— KO mice were challenged with the
Kikwit EBOV variant, no significant lethality (0-20%) was observed (Brannan et al., 2015; Bray
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etal., 2001). However, when both variants were tested in STAT1—/— KO mice, a lethal disease was
observed (Bray, 2001; Raymond et al., 2011). Escaffre et al. (2021) also noted lethality in mice
infected with the Kikwit variant, although at a lower lethality rate of 40%. On the other hand, the
susceptibility of immunocompromised mice to SUDV disease is ambiguous — Bray (2001)
observed 100% lethality in IFN a/BR —/— mice that were challenged with SUDV (Boniface), while
no mortality was noted in the same knockout mice infected by Lever et al. (2012). Moreover,
Brannan et al. (2015) revealed that IFN o/BR —/—knockout mice are lethal to 1,000 plaque-forming
units (PFU) of SUDV (variant Boniface) with only about 37% lethality rate. Similar to
observations made between two different variants of EBOV, IFN a/BR —/— knockout mice
challenged with the same PFU of different SUDV variants had contrasting results, with SUDV
(variant Gulu) only having one animal succumbing to the disease (Brannan et al., 2015). However,
when the two SUDV variants were tested in STAT1-/— KO mice, both resulted in a uniform
lethality (Escaffre et al., 2021; Raymond et al., 2011). Lastly, both EBOV (variant Mayinga) and
SUDV (variant Boniface) were lethal to SCID mice, although the progress of the disease was much
slower and lasted for weeks (Bray, 2001).

The presence of virus and viral antigen have both been detected in EBOV- and SUDV-
infected IFN ao/pR —/— KO mice via electron microscopy, immunochemistry, and plaque assay
(Brannan et al., 2015; Bray, 2001). Knockout mice challenged with 1,000 PFU of EBOV and
SUDV had high viral titres in the blood and spleen peaking at 3 DPI, but only SUDV-infected
mice had virus detectable in the liver (Brannan et al., 2015). Their immunohistochemistry analysis
later revealed that despite the absence of replicating viruses in the liver of EBOV-infected mice,
virus replication was still occurring as indicated by detectable viral antigens in the liver Kupffer
cells (Brannan et al., 2015). Biopsy of infected liver tissues showed evidence of hepatocellular
degeneration and necrosis, as well as signs of intravascular coagulation in the blood vessels of the
liver (Brannan et al., 2015). Moreover, spleen tissues of infected mice had exhibited unusual cell
proliferation, one that is not typically observed in other animal models of EBOD, resulting in the
destruction of the red and white pulp regions of the spleen (Brannan et al., 2015). Sick STAT1-/—
KO mice also exhibited hepatocellular degeneration and necrosis, and detectable viral antigen in
the liver Kupffer cells. Moreover, the spleen showed signs of lymphoid hyperplasia and

lymphocytosis instead of the atypical cell proliferation seen in IFN a/BR —/— KO mice.
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Aside from EBOV and SUDV, susceptibility of IFN a/pR —/— and STAT1-/— KO mice in
other pathogenic and non-pathogenic ebolaviruses have also been evaluated. No signs of clinical
disease and mortality were noted in IFN a/pR —/— KO mice that were challenged with BDBV,
TAFV, and RESTV (Brannan et al., 2015; Bray, 2001; Lever et al., 2012). However, Brannan and
colleagues showed that BDBV-infected IFN a/fR —/— KO mice had low but detectable viral titres
in the blood, spleen, and liver (Brannan et al., 2015). Additionally, infected animal tissues also
showed signs of hepatocellular degeneration in the liver and an increased number of lymphocytes
in the spleen (Brannan et al., 2015). Meanwhile, the susceptibility of STAT1—/— KO mice to these
three ebolaviruses was variable. BDBV was 20% lethal in mice and caused noticeable weight loss
in infected animals, while TAFV and RESTV were both non-lethal (Escaffre et al., 2021; Raymond
et al., 2011). No observable clinical signs were noted for the TAFV-infected mice (Escaffre et al.,
2021), but interestingly in RESTV-infected mice, small changes in the liver and spleen tissues
were observed, including, hepatocellular degeneration and necrosis as well as lymphoid

hyperplasia and lymphocytosis (Raymond et al., 2011).

Ultimately, the lack of IFN response plays a critical role in the pathogenesis of some
ebolaviruses. However, elimination of the host-immune response does not completely make less
pathogenic and non-pathogenic ebolaviruses become more virulent in the host, thus indicating that
other host factors and/or inherent differences between the viruses themselves are probable reasons
for the observed pathogenic differences. However, immunocompromised mouse models are still

useful to this date in identifying host-immune factors that limit pathogenesis of filoviruses.
1.4.3.2 Syrian hamster model

Syrian golden hamsters (Mesocricetus auratus) have been substantially used for human
infectious diseases caused by pathogenic RNA viruses (Zivcec et al., 2011). For ebolaviruses,
EBOV is the only well-characterized virus for the hamster model (Ebihara et al., 2013). However,
a limitation of this model is its use of MA-EBOV for infection. Hamsters infected with wild-type
EBOV only showed subclinical disease (Banadyga et al., 2016). Animals challenged with MA-
EBOV intraperitoneally began showing signs of disease three days post-exposure and succumbed
at 4-5 DPI. Similar in humans and NHPs, macrophages and DCs were identified as the target cells.

Systemic viral replication was observed as high viral titres were found in multiple organs,
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particularly in the liver and spleen. Necropsy and histopathological findings showed organs were
heavily damaged as indicated by infiltration of inflammatory cells in the target tissues, extensive
apoptosis, and cellular necrosis resulting from the upregulated and uncontrolled pro-inflammatory
cytokine response. Coagulation dysfunction was also observed. Ebola virus disease manifestations
are currently well represented by the Syrian hamster model compared to other filovirus rodent
models. In conjunction with its ease of use, availability, low cost, and improved availability of
research tools and assays on hamster samples, the hamster model presents itself as an excellent

small animal model for screening therapeutics and vaccines and for modelling filovirus disease

(Wahl-Jensen et al., 2012).
1.4.3.3 Guinea pig model

Guinea pigs (Cavia porcellus) are generally not susceptible to infection with wild-type
EBOV and only develop short-term illness, specifically with strain-13 guinea pigs (Simpson et al.,
1968). Animals experienced fever, diarrhea, loss of appetite, weight loss, and decreased activity
(Ryabchikova et al., 1996; Simpson et al., 1968). Uniform lethality in strain-13 inbred and outbred
Hartley guinea pigs was achieved after a series of passages, particularly for EBOV (Cheresiz et
al., 2016; Connolly et al., 1999; Cross et al., 2015; Subbotina et al., 2010; Volchkov et al., 2000)
and SUDV (Wong et al., 2016). Collectively, the different guinea pig adapted (GPA) Ebola viruses
(isolate Mayinga) require fewer rounds of passaging, up to 8 passages (Connolly et al., 1999; Cross
et al., 2015; Subbotina et al., 2010; Volchkov et al., 2000), while the only GPA-SUDV needed 20
passages (Wong et al., 2016). Infection with GPA-EBOV resulted in the onset of fever between 4-
7 dpi, with viremia being detected very early at 2 DPI, and time of death between 8-12 dpi
(Connolly et al., 1999; Cross et al., 2015; Subbotina et al., 2010). GPA-SUDYV infected animals
showed high viremia starting from 5 days after exposure and eventually died 9-14 DPI (Wong et
al., 2016). High titres of virus were detected in several organs, mainly in the spleen and liver, but
the titres were lower than those observed in mice or NHP (Banadyga et al., 2016; Connolly et al.,
1999; Cross et al., 2015; Wong et al., 2016). Other hallmarks such as leukocytosis, lymphopenia,
thrombocytopenia, and coagulopathy were also present in infected guinea pigs. Lymphocyte
apoptosis and upregulated inflammatory response were only observed in outbred Hartley guinea

pig strains (Banadyga et al., 2016; Cross et al., 2015). Interestingly, infected guinea pigs also
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lacked the maculopapular rash, a similar observation seen with MA-EBOV mice (Bray et al., 1999;

Connolly et al., 1999; Cross et al., 2015).
1.5 THE GUINEA PIG-ADAPTED SUDAN VIRUS

In 2015, Gary Wong and his colleagues developed the first guinea pig model for SUDV and
characterized the first guinea pig-adapted SUDV (GPA-SUDV) (Wong et al., 2016) (Fig. 1.). In
their study, two female Hartley guinea pigs were intraperitoneally inoculated with approximately
1x10° TCID50 of the wild-type SUDV (strain Boniface) and euthanized 7 days post-infection (dpi)
to collect and pool the liver and spleen. Pooled liver and spleen organs were homogenized, filtered,
and the supernatant was used to inoculate a new set of two female Hartley guinea pigs. The process
was repeated, and the virus was serially passaged until it caused 100% lethality in the animals,
which took 20 passages. Genomic comparison, through Sanger sequencing, between the guinea
pig-adapted virus and wild-type virus showed that SUDV acquired 16 nucleotide changes, 6 of
which resulted in an amino acid change (Table 1.1). However, the significance of these adaptive

mutations remains unknown.
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Figure 1.10 Schematic representation of SUDV adaptation in guinea pigs. The first step was
to inoculate healthy guinea pigs with a wild-type SUDV. The liver and spleen were collected
from euthanized animals 7 days post-infection and was pooled and homogenized. The tissue
homogenate was centrifuged and filtered to obtain the cell pellet, which was resuspended in
buffer and homogenized. The resulting cell suspension was centrifuged to pellet cell debris and
subsequently filter out the supernatant, which was used to inoculate a new set of guinea pigs.
The entire process was repeated until 100% lethality was achieved in the animals. Created with
BioRender.com

Table 1.1 Genomic mutations that were identified in the final guinea pig adapted SUDV by
Wong et al. (2016).

Nucleotide . Nucleotide Amino acid
Gene i Region? b
position change change
NP 35 5’UTR t—c —
NP 850 CDS g—a —
NP 2965 3’UTR t—c -
VP35 3288 CDS a—>g N51D
VP35 4348 3’UTR t—c —
VP40 4966 CDS t—>c -
VP40 5378 CDS c—t P309S
VP40 5767 3’UTR c—t —
GP 6085 CDS g—a A30T
GP 6448 CDS t—c YI51H
GP 6454 CDS t—c F153L
GP 6471 CDS t—c —
VP24 9678 3’UTR a—>g -
VP24 10909 CDS c—t P204L
L 12266 CDS t—>c =
L 15047 CDS cot -

ACDS, coding sequence region; UTR, untranslated region
®The amino changes are depicted as original amino acid — protein residue number — new amino
acid.

1.6 THESIS OBJECTIVES
1.6.1 Rationale

Small immunocompetent rodents such as mice, hamsters and guinea pigs do not succumb to
disease following infection of wild-type filoviruses isolated from humans. Adaptation, performed

as a series of passaging of the wild-type virus in the host animal, is required to render the virus
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pathogenic. The virus acquires genomic mutations that contribute to virulence and lethality during
this process. Comparison of genetic differences between the wild-type and rodent-adapted viruses
have been useful in providing insights on “hot spots” for species-specific adaptation and probable
molecular mechanisms governing filovirus pathogenicity. Unlike EBOV, for which several rodent
adaptation and molecular exploration exists, such studies are almost non-existent for SUDV. In
this study, the adaptation of SUDV in the guinea pig animal model will be explored by comparing
the genomic changes in SUDV’s viral genome between the starting wild-type virus and across all
20 passages using high-throughput sequencing technology. Awareness of potential key guinea pig-
adapted SUDV mutations does not only elucidate the potential molecular mechanisms that control
SUDV pathogenicity but will also aid in the development of future prophylactics and

countermeasures for the treatment of SUDV disease.
1.6.2 Hypothesis and Objectives

The GPA-SUDV was 100% lethal to immunocompetent Hartley guinea pigs and has
acquired sixteen nucleotide changes, six of which resulted in an amino acid change (Wong et al.,
2016). However, how these mutations progressed over time during the adaptation series has not

been fully explored. Three main hypotheses have been established:

1. Throughout the adaptation process, the virus acquires several genomic mutations that
fluctuate in frequency over time.

2. Mutations that were retained by the GPA-SUDV by the end of the adaptation process are
those that reached a frequency near 100%.

3. These adaptive mutations likely play a role in the various aspects of the viral replication

cycle and/or immune evasion.

The following objectives were set to determine if such hypotheses were true:
1. Deep sequence SUDV genome from each of the passages and identify SNPs.
2. Track how early or late the mutations appear during serial passaging.

3. Track the changes in the frequency of each identified mutation
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2 MATERIALS AND METHODS
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2.1 GUINEA PIG LIVER AND SPLEEN TISSUE HOMOGENATES

Sudan virus-infected guinea pig liver and spleen tissue homogenates used in this study were
from a previous study by Wong and his colleagues (Wong et al., 2016). At each passage, liver and
spleen organs were collected 7 days post-infection, pooled together, and homogenized. The first
batch of technical duplicates of homogenized tissues for each passage was removed from biosafety
level 4 using the QIAamp Viral RNA Mini Kit (QIAGEN) as per the manufacturer’s instructions
and institutional biosafety protocols. Additional homogenates for passages 3, 8, 9, 13, 16 and 18
were taken out from biosafety level 4 in the same manner as the former samples for extraction

using a magnetic bead-based approach (see Section 2.2.2).
2.2  VIRAL RNA PURIFICATION
2.2.1 Silica-based column extraction

Viral RNA from the first batch of homogenized tissue samples was isolated using the
QIAamp Viral RNA Mini Kit (QIAGEN) as per the manufacturer’s spin protocol. All samples and
reagents were equilibrated to room temperature before use. For each sample, 650 pl of lysate was
loaded to the QIAamp mini-column and centrifuged at 8,000 rpm for 1 minute, and the filtrate was
discarded. This step was repeated until all 1.2 ml of the lysate was loaded to the column. The
column was washed with 500 pl Buffer AW, centrifuged at 8,000 rpm for 2 minutes and the
filtrated discarded. A second was performed with 500 ul of Buffer AW2, centrifuged at 14,000
RPM for 3 minutes and the filtrate discarded. Excess buffer was removed from the column by
centrifuging at 14,000 rpm for 1 minute. RNA was eluted using 50 pl of Buffer AVE and spun at
8,000 rpm for 1 minute. Eluates were collected in 1.5 ml microcentrifuge tubes and stored at -

80°C.
2.2.2 Magnetic bead-based purification

Purification of viral RNA from the second batch of additional tissue homogenates (i.e.,
passages 3, 8, 9, 13, 16 and 18) removed from biosafety level 4 was conducted using Applied
Biosystems™ MagMAX™ Viral/Pathogen IT (MVP IT) Nucleic Acid Isolation Kit (Thermo Fisher
Scientific), following a modified version of the KingFisher Flex — 200 ul sample input 2 wash-
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steps protocol. A 96 deep-well plate was prepared as seen in Fig. 2.1. In a Microtitre 96-deep well
plate, rows A1-A6 were loaded with 20 pl of proteinase K and 10 pl of magnetic beads. 700 pul of
each tissue homogenate was added and mixed subsequently. Rows C1-C6 were filled with 500 pl
of washing buffer, while rows E1-E6 and G1-G6 were filled with 500 pl of 80% ethanol. A
KingFisher Duo Prime 12-tip comb was placed on the last row of the plate. An aliquot of 50 pl of
elution buffer was used to elute RNA into an elution strip. Viral RNA extraction was performed
with KingFisher Duo Prime magnetic particle processor and the Bindlt 4.1 software included with

the instrument (Thermo Fisher Scientific).

20 ul Proteinase K + 10 ul binding beads A
+700 ul tissue homogenate in AVL

500 ul Wash solution C ‘ ‘ ‘ ‘ ‘ L ‘

500 ul 80% Ethanol E ’ ‘ ‘ ‘ ‘ ‘

500 ul 80% Ethanol G ’ ‘
[ [~
L |

KingFisher Duo Prime 12-tip comb H

Elution strip with 50 ul elution buffer W

Figure 2.1 The layout of a Microtitre 96-deep well plate prepared for magnetic bead-based
extraction of GPA-SUDYV tissue homogenates using the KingFisher Duo Prime instrument.
Rows A1-A6 each contained 20 ul of proteinase K and 10 ul of magnetic beads. 700 ul of
passages 3, 8,9, 13, 16, and 18 were then subsequently added to rows A1-A6, respectively. 500
ul of wash solution was added in rows C1-C6, while 500 pl of 80% ethanol wash was allotted to
rows E1-E6 and G1-G6. A plastic 12-tip comb was placed in row H. A single elution strip was
prepared by pipetting 50 ul of elution buffer into the elution strip. This figure was created with
BioRender.com

Concentrations of extracted RNA from both purification methods were determined using the
Qubit™ RNA High Sensitivity (HS) Assay Kit and Qubit 4.0 fluorometer device (Thermo Fisher
Scientific) as per manufacturer’s guidelines. Briefly, a working solution was prepared by diluting
the Qubit HS reagent 1:200 in the Qubit RNA HS buffer. For each sample, 198 pl of working
solution and 2 pl of RNA was added in a 0.5 ml thin-walled PCR tube. Two standard assay tubes
were prepared by adding 10 pl of pre-diluted RNA standards to 190 pl of working solution.

Standards and samples were vortexed and incubated at room temperature for 2 minutes. Upon
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selecting HS RNA Assay on the Qubit 4.0 fluorometer, the device was calibrated using the two
standards and samples were read. RNA samples with concentrations of >1000 ng/ul were diluted

at 1:10 and concentrations were re-measured.
2.3 VIRAL RNA DETECTION IN TISSUE HOMOGENATES USING RT-QPCR

2.3.1 2.3.1. RT-qPCR reaction

Viral genomes were detected from guinea pig tissue homogenates using the Light Cycler®
480 RNA Master Hydrolysis Probes Kit (Roche Life Science) with the NP gene as a target. A
single MicroAmp™ EnduraPlate™ Optical 96-well reaction plate was prepared as seen in Fig.
2.2. SUDV-NP standard, primers, and probe were kindly provided by Dr. Wenjun Zhu (Canadian
Food Inspection Agency). A stock solution of SUDV-NP standard was diluted using a 10-fold
dilution series. Stock solutions of forward and reverse primers were mixed with a final
concentration of 20 uM per primer. Probe concentrations of 10 uM/ul were used. Primers and
probe sequences used in the reactions were as follows: forward (sense), 5’-
GTGACGAAGATGKTGAGAGC-3’; reverse (antisense), S’ TTGTAGACTGGTGCTGGTGG3’;
probe, FAM-CAGRGGAGAACAMCCCAACTGTAGC-BHQI1. Each well contained 5.92 ul of
reagent 3, 7.40 ul reagent 1, 1.28 pl reagent 2, 0.8 ul reagent 4, 0.3 ul primer mix, 0.3 ul probe,
and 4 pl of a template (i.e., RNA or NP standard). DNase/RNase-free water was used as a negative
control template. Reaction conditions used with QuantStudio Real-Time PCR System (Thermo

Fisher Scientific) instrument is found in Table 2.1.

Standards A (9 (o3 ( ) () () (o) (xo)

10]0]0/0/0]0]0]010/0]0]0)

XTI O00]/0/0]0]0/0]0]0]0]0.
homogenates 5 O Q O O O

0]0/0]0]0/0l0)
00000000000
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Figure 2.2 Sample plate layout of viral RNA samples from guinea pig liver and spleen tissue
homogenates in a 96-well plate for detection of SUDV RNA using RT-qPCR. Samples used
were RNA isolated via the silica-column based method. Reaction mixtures was prepared using
Light Cycler® 480 RNA Master Hydrolysis Probes Kit (Roche Life Science). Each reaction
contains 4 pul of RNA or plasmid as template, 7.40 pl reagent 1, 1.28 pl reagent 2, 5.9 ul of
reagent 3, 0.8 ul reagent 4, 0.3 ul primer mix, and 0.3 pl probe. The blue (rows A1-A7) denotes
wells containing the standard curve samples. NC refers to no template negative control for which
RNA was replaced with DNase/RNase-free water. Created with BioRender.com

Table 2.1 Quantitative real-time PCR conditions used during detection of SUDV RNA in guinea
pig tissues.

Temperature Duration
63°C 3 minutes
95°C 30 seconds
95°C 15 seconds
60°C 30 seconds

2.3.2 Calculation of genome equivalents
2.3.2.1 Generating the SUDV NP standard curve

A standard curve was generated from a SUDV NP gene, cloned into a vector, serially diluted
10-fold for six times from a starting concentration of 1.67 ng/ul. Genome equivalents (GEQ) for

each standard dilution were calculated  using the equation: GEQ =

[amount of plasmid (ng)]x6.022x10%3

; where 6.022x10%3 is Avogadro’s number and 650 Da is the

size of virus genome (bp) X 1x10° X 650 Da
average weight of a single DNA bp that can also be expressed in units of g/mole. Cycle threshold
(Ct) values of each standard dilution obtained through qRT-PCR were then plotted against the log-
transformed GEQ values and a simple linear regression analysis was performed to obtain the line
of best-fit equation using GraphPad Prism 9 software (Appendix B.1). The equation of the line
was as follows: y=-3.363x+27.28, where y represents the Ct value, x as the logio GEQ, -3.363 is
the slope of the line, and 27.28 is the y-intercept.

2.3.2.2 GEQ per ml in homogenized tissues

GEQ for each sample was measured against a log-transformed standard curve of the SUDV
NP gene. The Ct values were converted to GEQ using the equation for the slope of the standard

curve (Section 2.3.2.1). To determine the number of GEQ per ml of homogenized sample, the
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extraction volume 1
) X ( )

following equation was used: % = GEQ X (

template volume homegenized tissuevolume

1000 pl
1 ml

( ).

2.4 AMPLIFICATION OF VIRAL GENOME FROM LIVER AND SPLEEN TISSUE
HOMOGENATES OF SUDV-INFECTED GUINEA PIGS

2.4.1 Reverse transcription PCR (RT-PCR)

Extracted RNA (Section 2.2.1) was reverse transcribed into cDNA using SuperScript™ III
First-Strand Synthesis SuperMix Kit (Invitrogen™). In a 0.2 mL, thin-walled PCR tube, a reaction
mixture was prepared as per Table 2.2. A total of 12 gene-specific forward primers, listed in Table
2.3, were pooled in the reaction along with DNase/RNase free-water (MP Biomedicals), annealing
buffer and RNA template. These primers were from Wong et al. (2016). At 75°C, the initial
mixture was incubated for 5 minutes and placed on ice for 2-5 minutes, followed by the addition
of First-Strand Synthesis Mix and SuperScript® III/RNaseOUT™ Enzyme Mix (Invitrogen). The

final mixture was incubated under conditions found in Table 2.4.

Table 2.2 RT-PCR reaction mixture for the synthesis of cDNA from GPA-SUDV RNA.

Components Volume
Annealing Buffer 2 ul
Gene-specific Primers (2 uM) 0.8 pl/primer
RNase/DNase Free Water 0.4 pl

RNA template 4 ul

2X First-Strand Reaction Mix 20 pl
SuperScript® III/RNaseOUT Enzyme Mix 4 pl

Total volume per reaction 40 pl

Table 2.3 Oligonucleotides used for reverse transcription of GPA-SUDYV viral RNA into cDNA.

Oligonucleotide® Sequence (5°-3°)

SBEV IF CGGACACACAAAAAGAAAGA
SBEV 5F TATGCTCCGTTTGCACGTCT
SBEV 9F CCCTTGAAGAAGCCTACCCG
SBEV 15F CTCCCCTGCTTGGTACTATGT
SBEV 20F GCCTGATTAAGG CCCAACCT
SBEV 25F GCTCCAGCCAAATCCTGAGT
SBEV 29F ACTGTCCCTCCAGCACCTAA
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SBEV 32F CAAACACCTTGCTCTGCCAA

SBEV 35F TGTATGATCTCAGTTTAATCTCTCT
SBEV 39F GGCGAAATCAATTCCCACCAC
SBEV 45F CGGTAGACAGTTAATAGG GGCA
SBEV 50F CCCTGAAGAAAGCCGCAGTA

F (forward) primer depicts sense (+) orientation.

Table 2.4 RT-PCR conditions for synthesizing cDNA from GPA-SUDV sample.

Temperature Duration
25°C 10 minutes
42°C 5 minutes
55°C 30 seconds
60°C 5 minutes
85°C 5 minutes
10°C 15 seconds

2.4.2 Amplification of SUDV genomic fragments

The initial amplification of the SUDV genome was conducted using primer sets listed in
Table 2.5 to obtain 16 overlapping amplicons that spanned the entire genome. The selected primers
were from a collection or primers previously used by Wong et al. (2016). The second set of primers
(Table 2.6) was selected from the same pre-existing primer collection as some of the fragments
were not amplifiable by the first set of primers. A new collection of primers was designed using
Primal Scheme (Quick et al., 2017). The amplicon size was set to 300 bp and KT878488.1 was
used as the reference sequence. The designed scheme generated a collection of 87 primers, which
was ordered through Integrated DNA Technologies (IDT) as 100 uM stocks. From these 87 primer
pairs, the list of primer pairs in Table 2.7 were selected to target amplicons that were missing in
different passages and to re-amplify regions of low coverage for some passages. In instances where
the 1-2 kb product did not amplify despite three attempts, a last attempt to amplify these products
into smaller sized amplicons was performed by selecting primers from the Primal Scheme set that
would generate 600-800 bp amplicons. These primers are also listed in Table 2.7. The PCR
reactions were carried out as 25 pl reactions using CloneAmp HiFi Polymerase (Takara Bio). PCR

reactions were prepared as per Table 2.8 and ran under conditions found in Table 2.9.
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Table 2.5 First set of primers used for amplification of whole SUDV genome.

Oligonucleotide?® Sequence (5’-3°) Sense Start Stop Fragment size (bp)
SBEV 3R o R ’ N X £ £
SBEV 7R aecaigagIacngey - o1 238 1561
el i * ne2 3618 1356
gggz }éf{ ftztggggggzzg;ggfgi f 3494 5088 1594
BV e :
e :
S ey :
DRV e :
SBEV 34R o o - o866 11391 1525
gggz ;gf{ Zzigffgtgg%:;:z;%ig f 11127 12665 1538
gggz igf{ itatggggfjétctgg%;fi%tg;;a f 12395 13885 1490
gggz 341&:{ gf&;ﬁf:;?igf:ggcg:t f 13644 15156 1512
gggz féf{ ;%g;iiﬁ%g:;?ﬁiﬁca f 14906 16533 1627
BEVOR  ra, :
BV e :

50



SBEV 53F
SBEV 56R

cttgcectectccaaactga

tggacacacaaaaaagagaa

17790

18875

1085

Table 2.6. List of the second set of primers used for amplification of the whole SUDV genome.

Oligonucleotide?® Sequence (5’-3°) Start Stop Fragment size (bp)
SBEV 3R seacEtEmanspgagata 205 1353 14g
SBEV $R Hgogetaoseetatonses 987 2865 1878
SBEV 128 stotastgncgetestas 2262 4063 1501
SBEV 17R sctagoBestipatgncast 3494 5410 1916
SBEV 20% secoagcoigtontagages 4501 6495 1694
SBEV 268 sacssagcageiEongac 6092 8025 1933
SBEV 30R ceeageasgscctonton 7513 9265 1750
DR e
e e
SBEV 41R ceboaccossatisogatns 12395 14319 1924
SBEV 448 cettaatagogegeigaoet 13348 15156 1508
SBEV 48R tanosgutitiongse 14906 16851 1975
SBEV 48F agctttgttgaggagtgggt 16209 18093 1884
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SBEV 52R cagcatcactcatccggtgt
SBEV 52F gcgatttggatgggatgtac
SBEV 55R tgtgcgcttaattttcetggtg 17422 18831 1409
SBEV 52F gcgatttggatgggatgtac
SBEV 56R tggacacacaaaaaagagaa 17422 18875 1453

aF and R depicts sense (forward) and antisense (reverse) primer orientations, respectively.

Table 2.7 List of forward and reverse primers used to amplify missing SUDV fragments and low coverage areas of SUDV genome.
Primers were designed using Primal Scheme.

Oligonucleotide® Sequence (5°-3°) Start  Stop Fragment size (bp)
SUDVB IR agstescecammtitcccn 2053 3755 1603
SUDVB 4R iectatcnmecigeceeet 647 9391 746
SUDVB 4R cntpagpactaccesicet %09 9719 690
SUDVBATR  gatttogiateotatitgiacong o476 10223 748
UDVB SR ssssgectagsiescansen 9695 11s18 1824
SUDVBAR  pgsctensignasgurgats
SUDVBSIR  peccitcancamentatotzse 10339 11083 745
gggg ggi :;:;ggff:;igtzgtggiﬁtgc 10567 11296 730
SUDVB SR cpstctpatcacacstacen 10999 12835 1837
SUDVBAR  igaiasiopisaacaniggegte oot 1727 727
SUDVB6R  agteastoanscagasgane. a5 12071 747
SUDVB 56F caggatgcggcattccttaatt 11862 12615 754
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SUDVB 58R
SUDVB 57F
SUDVB 64R
SUDVB 58F
SUDVB 60R
SUDVB 60F
SUDVB 62R
SUDVB 62F
SUDVB 64R
SUDVB 64F
SUDVB 70R
SUDVB 64F
SUDVB 66R
SUDVB 66F
SUDVB 68R
SUDVB 68F
SUDVB 70R
SUDVB 69F
SUDVB 76R
SUDVB 75F
SUDVB 83R
SUDVB 81F
SUDVB 87R

tcgaagtctgagcaacagttgg
tggtgattatattttctggaagatcce
tgaggaatatcccacaggcact
gaagatccagtgtccgctgatt
aaggtggactgtagcccaaaac
tgaaacgtactgtgtattcaagtacag
tgtgaattcatacctgaaagccaga
tgccccagaatcgaaatttttett
tgaggaatatcccacaggcactatcgaaatttttctt
acataatgtaactttagagaatagggaatatcc
agtgacccaggttaacctagagg
acataatgtaactttagagaatagggaatatcc
ctggaataggcctgaagtcaca
acttgccagtataggaactgec
ccatctttgaagtgttatctttctgagt
tctttecttcgtcagattgtcaga
agtgacccaggttaacctagagg
ggaaccagaactttattagcatctagaa
tagcggcaaaatgatgtgtgga
actatctccagaaccagatccaca
tggtagtaagtacaactcatggtgc
acacaccgagattggttttcaaa
atttgtgtgcgcttaattttcctg

12092

12315

12752

13162

13586

13586

14045

14481

14691

16009

17238

13899

13062

13472

13899

15221

14343

14783

15221

16535

17990

18836

1808

748

721

738

1636

758

739

741

1845

1982

1599

aF and R depicts sense (forward) and antisense (reverse) primer orientations, respectively.

Table 2.8 PCR reaction mixture for the synthesis of amplicons from GPA-SUDV RNA.

Components Volume
CloneAmp HiFi Premix (2X) 12.5 ul
Forward primer (10 uM) 1 ul
Reverse primer (10 uM) Il
cDNA template 4 ul

DNase/RNase-free water 6.5 ul



Total volume per reaction 25 ul

Table 2.9. PCR reaction thermal profiles for amplification of different GPA-SUDV fragments.

Steps Temperature Duration
Initial denaturation 95°C 3 minutes
Denaturation 95°C 30 seconds
Annealing 56°C 30 seconds
Extension* 72°C 2 minutes
Final extension 72°C 10 minutes

*Duration of extension step was reduced to one minute for fragments < 1 kb.
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2.4.3 Purification of GPA-SUDV amplicons

2.4.3.1. Gel electrophoresis

PCR products were loaded to a 1% agarose gel, made with UltraPure™ agarose (Thermo
Fisher Scientific), using a 6X DNA purple gel loading dye (New England Biolabs). Products were
run with 1X Tris-acetate-EDTA (TAE) buffer for 1 hour at 120 volts. Approximate sizing of the
DNA fragments was determined using the ready-to-use GeneRuler DNA Ladder Mix (Thermo
Fisher Scientific) that was run alongside the PCR products. PCR products were visualized with
SYBR® Safe DNA Gel Stain (Life Technologies) on Safe Imager™ 2.0 Blue-Light
Transilluminator (Invitrogen™) and DNA fragments of the correct size were excised from the gel
using a scalpel. PCR fragments that were re-amplified on a separate occasion were pooled into the

same 1.5 ml microcentrifuge tube.
2.4.3.2. DNA purification and quantification

DNA from excised gels was purified using QIAquick Gel Extraction Kit (QIAGEN). For
each sample, 600 ul of Buffer QG was added to the gel slice(s) to dissolve the gel at 50°C for 10
minutes. After dissolving completely, 200 ul of isopropanol was mixed into the sample. DNA was
then bound to the QIAquick columns as per the manufacturer’s instructions. Since the DNA will
subsequently be used for next-generation sequencing, the spin columns were washed with 500 pl
of buffer QG prior to washing with 750 pl of Buffer PE. DNA was eluted from the QIAquick
columns with 30 pl of Buffer EB. DNA concentration was measured using the Qubit™ dsDNA
HS Assay Kit and Qubit 4.0 fluorometer device (Thermo Fisher Scientific) as per manufacturer’s
guidelines. For each sample, the reaction mixture included 198 ul of working solution and 2 pl of

DNA added in a 0.5 ml thin-walled PCR tube.
2.5 RNA INTEGRITY

The quality of RNA was retroactively measured to potentially identify the reason regarding
the variable success observed in the PCR amplification of amplicons from the different GPA-
SUDV passages. In this study, a bioanalyzer assay was conducted to determine if the extracted

total RNA from each passage was intact or highly degraded. If the starting RNA template is not
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intact, this can subsequently affect downstream applications by producing an incomplete cDNA
during RT-PCR and an unsuccessful PCR amplification of longer amplicons. The state of RNA
quality was also re-confirmed by amplifying housekeeping genes that are ubiquitously expressed
in mammals. If indeed poor in quality, the rest of the RNA co-existing with the viral RNA must
also be degraded.

2.5.1 Bioanalyzer assay

Using the RNA concentrations shown in Appendix A, RNA samples extracted via silica
column and magnetic beads were diluted to 1 ng/ul, heat-denatured at 70°C for 2 minutes and
placed on ice preceding the assay. Priming of the RNA Pico chips with the gel-dye mixture, loading
of conditioning solution and marker, and setting up the bioanalyzer was done in accordance with
the Agilent RNA 6000 Pico Kit instructions (Agilent Technologies). Each RNA Pico chip was
loaded with 1 pl of pre-aliquoted diluted RNA ladder, and 1 pl of experimental samples into each
of the available sample wells. RNA Pico chips were vortexed at 2400 rpm using the IKA vortex
mixer (model MS3) (Agilent Technologies) and assayed using the Agilent 2100 Bioanalyzer by
selecting the Eukaryote Total RNA Pico High Sensitivity Assay found in the 2100 Expert Software
included with the instrument (Agilent Technologies). The chromatograms and gel images were

visually examined and exported using the 2100 Expert Software.
2.5.2 Amplification of housekeeping genes
2.5.2.1 Cell lines

The Madin-Darby canine kidney (MDCK) and baby hamster kidney (BHK) cells used in this
study were from the American Type Culture Collection (ATCC). The MDCK and NIH-3T3 cells
were maintained at 37°C and 5% CO; in Dulbecco’s modified Eagle high glucose medium
supplemented with 10% heat-inactivated bovine growth serum (BGS; Thermo Fisher Scientific),
1% penicillin-streptomycin (Gibco), and 1% L-glutamine. These cell lines were used as internal
controls during the amplification of various housekeeping genes from the GPA-SUDV RNA

samples.
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2.5.2.2 Cell counts and pelleting

Old cell media from each cell line was aspirated, and cells were washed twice with 10 ml of
phosphate-buffered saline pH 7.4. Cells were dissociated from the flask using 3 ml of 0.25%
trypsin EDTA (Gibco) and incubated at 37°C for 3-5 minutes. The reaction was stopped with an
addition of 7.5 ml of fresh media. A 1:1 mix of cell aliquot and 0.4% trypan blue stain (Thermo
Fisher Scientific) was used for cell counting. Cell counts were performed in duplicate for each cell
line using the Countess cell counting chamber slides and Countess™ II FL automated cell counter
(Thermo Fisher Scientific). Average cell counts were used to determine the amount of lysis reagent

to use for RNA purification (Section 2.5.2.3).
2.5.2.3 Total RNA extraction

Pelleted MDCK cells were lysed with 300 pul of Invitrogen TRIzol® Reagent (Thermo Fisher
Scientific), while BHK cells were lysed with 600 ul of the TRI reagent. Direct-zol™ RNA Mini-
Prep Plus Kit (Zymo Research) was used to purify total RNA from these cells following the spin-
column purification guidelines as per the manufacturer’s instructions. During the DNase treatment
step, a 5X reaction mix was prepared by mixing 25 pl of DNase I and 375 pl of DNA digestion
buffer and then aliquoting 80 ul of this mix to each sample. RNA was eluted with 60 pl of
DNase/RNase-free water provided in the kit.

2.5.2.4 Primers and reagents

Primers for housekeeping genes such as (-actin, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and porphobilinogen deaminase (PBGD) were synthesized by Integrated DNA
Technologies. Primer set sequences and expected product size are listed in Table 2.10. The B-actin
and GAPDH primer sequences were from Yamada et al. (2005) and PBGD primers by Shimizu et
al. (1994). All stock primers were diluted to 10 uM with RNase and DNase-free water (MP

Biomedicals, Solon, Ohio, USA) prior to use.

Table 2.10 The sets of primers used for amplification of three different housekeeping genes from
GPA RNA samples.

Primer Name Sequence (5’-3°) Product length
B-actin F ccaactgggacgacatggag 279 bp
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B-actin R cgtagccctcgtagatggge

GAPDH F accacagtccatgccatcac 452 bp
GAPDH R tccaccaccetgttgetgta
PBGD F attcggggaaacctcaaca 152 bp
PBGD R cccacagcatacatgcatt

F depicts sense (forward) primer orientation.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PBGD, porphobilinogen deaminase

2.5.2.5 RT-PCR and PCR reactions

Cellular RNA, extracted from MDCK and BHK cells, and RNA extracted from the 20
homogenized guinea pig tissues were reverse transcribed using SuperScript™ III First-Strand
Synthesis SuperMix Kit (Thermo Fisher Scientific). In a 0.2 mL, thin-walled PCR tube, a reaction
mixture was prepared as per Table 2.11. The initial mixture of annealing buffer, random hexamers,
water, and RNA was incubated for 5 minutes at 75°C for 5 minutes and placed on ice for at least
2 minutes. Afterwards, the First-Strand Synthesis Mix and SuperScript® III/RNaseOUT™
Enzyme Mix were added. The final mixture was incubated under conditions found in Table 2.4.
The cDNA generated from GPA-SUDV RNA samples were quantitated using Qubit™ dsDNA HS
Assay Kit and Qubit 4.0 fluorometer device (Thermo Fisher Scientific) as per manufacturer’s
guidelines. For each sample, the reaction mixture included 198 ul of working solution and 2 pl of
DNA added in a 0.5 ml thin-walled PCR tube. Amplification of housekeeping genes was tested in
all GPA-SUDV RNA samples. BHK cellular RNA was used as an internal control during
amplification of B-actin and GAPDH, while MDCK cellular RNA for amplification of PBGD. A
25 pl PCR reaction mixture was prepared as per Table 2.12 for each sample. The PCR reaction
was carried out using CloneAmp HiFi Polymerase (Takara Bio) under the parameters enlisted in

Table 2.13.

Table 2.11. Reverse transcription mixture for synthesizing cDNA from cellular RNA and GPA-
SUDV RNA

Components Amount (ul)
Annealing Buffer 2

Random hexamers (50 ng/ul) 1
RNase/DNase Free Water 0.4

RNA 4

2X First-Strand Reaction Mix 20

SuperScript® I1I/RNaseOUT Enzyme Mix 4
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Table 2.12. PCR reaction components for amplification of housekeeping genes in GPA-SUDV
RNA samples.

Components GPA-SUDV RNA Control RNA
CloneAmp HiFi Premix (2X) 12.5 pl 12.5 ul
Forward primer (10 uM) 1 ul 1 ul

Reverse primer (10 uM) I ul 1l

cDNA template 50 ng 6.5 ul
DNase/RNase free water up to 25 ul 4 pl

Table 2.13. PCR reaction thermal profiles for amplification of B-actin, GAPDH, and PBGD
housekeeping genes in GPA-SUDV samples.

Steps B-actin & GAPDH' PBGD*

Temperature Duration Temperature Duration
Initial denaturation 94°C 3 minutes 94°C 4 minutes
Denaturation 94°C 5 seconds 94°C 3 minutes
Annealing 65°C 5 seconds 55°C 1 minute
Extension 72°C 10 seconds  72°C 1 minute
Final extension 72°C 5 minutes 72°C 5 minutes

"Thermal conditions as per Yamada et al. (2005)-30 cycles of denaturation, annealing, and
extension.
'Thermal conditions as per Shimizu et al. (1994)-39 cycles of denaturation, annealing and
extension.

2.6 DETECTION OF VARIANTS
2.6.1 Next-generation sequencing

A total of 20 ul of extracted GPA-SUDV PCR amplicons and their sizes were submitted to
an in-house sequencing facility within the Genomics Core of the National Microbiology
Laboratory for next-generation sequencing. The PCR products were quantitated and amplicons
from the same passage were pooled in equimolar amounts based on the concentration and size of
each amplicon. Sequencing libraries from those pools were constructed using the Nextera XT

Sample Prep Kit (96 samples) (Illumina) following the manufacturer’s guidelines.
2.6.2 Quality of raw sequencing data

The raw reads deposited by DNA Core to Integrated Rapid Infectious Disease Analysis
(IRIDA) bioinformatics platform were obtained in FastQ format. Quality control checks on each

raw sequence data were conducted through FastQC available on the Galaxy Project platform.
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Quality parameters inspected were the per-base sequence quality, per-sequence quality scores, and

adapter content. MultiQC report was generated to summarize independent FastQC reports.
2.6.3 Detection of single nucleotide polymorphisms

The pipeline used for variant calling is depicted in Fig. 2.3. Raw sequencing data for each
GPA-SUDYV passage was imported to Geneious Prime software. During the import process, paired
reads with 500 bp insert are set. Raw sequences were then trimmed using the BBDuk tool from
the BBTools plug-in to remove any base calls with a quality score of less than 30 from both ends
of a read and discard any reads that were shorter than 20 bp. Apart from passages 16 and 18, the
rest of the passages were sequenced on three separate occasions. If so, trimmed sequences
belonging to the same passage were grouped. The reads retained after these processes were then
mapped onto the progenitor virus sequence, KT878488.1, using Geneious as the mapper with an
iteration of five times. SNPs that were identified afterwards were those present at a frequency of

5% or higher and with a coverage of 1,000 reads or more.

A separate deduplication analysis was retroactively performed to determine to effects of
deduplication on the frequencies of variants detected before deduplication. The raw reads were
paired and deduplicated with the Dedupe tool in Geneious Prime using the default settings. After
Deduplication, reads were trimmed using the same tool and parameters, grouped, and assembled

in the same manner as the previous analysis.
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Figure 2.3 Pipeline for detection of variants in GPA-SUDYV passages. Quality of raw reads
are inspected using FastQC available in Galaxy. Preprocessing of raw reads were all
performed via Geneious Prime software. Imported reads are paired (inward pairing) with an
insert size of 500 bp. Read ends are then trimmed using BBDuk to discard low quality base calls
of below 30. Short reads of 20 bp and below are also removed. A deduplication step using
Dedupe may be performed to find and remove all contained and overlapping sequences in a read
dataset prior to trimming and assembly. Processed and filtered reads then mapped onto a
reference sequence and single nucleotide polymorphisms (SNPs) present at a frequency of > 5%
are detected.
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3 RESULTS
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3.1 PCR AMPLIFICATION
3.1.1 Viral RNA detected in pooled liver and spleen homogenates

Development of a lethal GPA-SUDYV was initiated in 2016 by passaging a wild-type variant
of SUDV (variant Boniface) twenty times in a guinea pig host (Wong et al., 2016). The serial
passaging process involved pooling and homogenization of liver and spleen organs from two
guinea pigs, followed by inoculation of a new pair of animals with the filtered supernatant from
the homogenized tissues. In this study, homogenates from each of the passages were utilized to
obtain viral sequencing data that will provide insights into the adaptation process of SUDV. Upon
extraction of total RNA from pooled liver and spleen homogenates, the presence of viral RNA in
the homogenates was confirmed by probing for the SUDV NP gene using quantitative RT-PCR.
In the 40 AVL—extracted samples that were tested, SUDV RNA was detected in all of the 20 guinea
pig pooled liver and spleen homogenate samples and their duplicates. The estimated GEQ per ml
depicted in Fig. 3.1 shows that RNA levels between the technical duplicates are about the same.
However, GEQ/ml between replicates for passages 9, 15-18, and 20 differed largely. The first
replicates of passages 9 and 15-17 were much lower compared to the second replicate, while
GEQ/ml was higher in the first replicate for passages 18 and 20. These observed differences can
be a result of a random error that occurred during the handling of the sample. For example, the
abundance of RNA could have varied between two aliquots made from a single homogenate
sample. A low RNA yield could also stem from clogging the column with the sample. In fact,
during the extraction process, the supernatant was hard to pass through the silica columns for some
samples that contained small amounts of remnant tissues. The presence of these excess tissues can
interfere and prevent the efficient binding of RNA to the column. Overall, the RT-qPCR data
presented confirmed the presence of SUDV RNA in each GPA homogenate. These were used as
a reference to select for which replicate in each passage will be used as templates for conventional
PCR. For passages that did not exhibit large differences between the two technical replicates, the
first replicate was used for further processing. But for passages where GEQ/ml differences
between replicates were immense (i.e., passages 9, 15-18 and 20), replicate with the highest

GEQ/ml were chosen as RNA templates.
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Figure 3.1 SUDV RNA genome equivalents in pooled guinea pig liver and spleen
homogenates. Amounts of viral RNA in each passage were measured by quantitative RT-PCR
using the SUDV NP gene as the target gene. The assay mixture was prepared using Light
Cycler® 480 RNA Master Hydrolysis Probes Kit (Roche Life Science) with 4 ul of total RNA
extracted from the GPA-SUDV homogenates as a template. The GEQ/ml of homogenized
samples were calculated from a log-transformed NP standard curve (Appendix A).

3.1.2 The success of PCR amplification

Deep sequencing was performed on a stock RNA of SUDV from a clinical sample (P0) and
pooled liver and spleen homogenates from each passage to track the progress of various GPA-
SUDV mutations (i.e., when mutations appear and at what frequencies the mutations occur at each
passage) and observe how the virus genome changed over time because of the adaptation process.
To conduct next-generation sequencing on these samples, an amplicon-based approach was
performed. The initial approach consisted of 16 PCR amplicons of 1-2 kb in size that spanned the
18,875 bp SUDV (variant Boniface) genome (Fig. 3.3A). The success of PCR amplification for
each passage is shown in Fig. 3.2. The initial attempt was only completely successful on the stock
SUDV RNA or P0O. Except for amplicon #1, the remaining 15 amplicons were amplifiable in
passages 2, 5, 15, 16, and 17 using the first primer set (Fig. 3.3A and Table 2.5) selected from a
list of primers from Wong et al. (2016). Since the first set of primers did not work for every
passage, the second set of primers was selected and put together (Fig. 3.3B and Table 2.6) from
Wong’s GPA-SUDV primer list (Wong et al. 2016). The location of the reverse primers for

amplicons 2-4 and 6-15 was adjusted to generate longer amplicons with longer overlapping
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regions, while the forward primer was adjusted for amplicon #16 to generate such amplicon. The
primers for amplicon 5 were not adjusted as they worked well with all the passages. The second
set of primers worked well for acquiring the missed fragments after the first PCR attempt with
primer set 1 failed. Moreover, the first fragment was only amplified in all the samples when the
forward primer was adjusted to start at position 205 in the genome, yielding a 1,148 bp fragment
(Appendix B). The third set of primers (Fig. 3.3C and Table 2.7) was designed using Primal
Scheme (Quick et al., 2017) to amplify fragments that failed to amplify after trials with the first
and second of primers (Fig. 3.3). In the case of passages 8, 13, and 18, where the third primer set
still didn’t work very well for some amplicons, the amplicons were amplified in smaller-sized
fragments ranging from 600-800 bp and this allowed for amplification of a portion of the missing
fragment (Fig 3.3D and Appendix B). This third set of primers was also used to re-amplify low
coverage areas in some passages, specifically those covered by amplicons 2, 3, 5,9, 11, and 12-15

(Appendix B).
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Figure 3.2 Success of PCR amplification of amplicons from the GPA-SUDV passages. A
total of 16 amplicons (x-axis) spanning the whole viral genome was attempted to be amplified
in all the 20 passages (y-axis). Fragments that were amplified using primer pairs from set 1 are
marked with a triangle, while fragments amplified using primer pairs from a second or third set
of primers are marked with a circle and star, respectively. Amplifiable amplicons in each
passage are highlighted in red while missing amplicons are coloured in red. PCR amplification
of smaller sized fragments ranging from 600-800 bp were attempted in some amplicons and
this resulted in a few amplicons having a portion of its fragment. This partial amplification is
marked by a slash symbol.

Start (0) End (18,875)
A — — _
50007 10,0001 15,000
2 ] 4 | 6 | 8 | 0| 3|
[ 1| I 5 | [ 9 | 2 | T
Start (0) End (18,875)
B _ _ _
50007 10,0001 15,0007
[ 2 ] 4 ] 6 | [ 8 ] [ 10 ] [ 13 ] [ 16
1] [ 3 | [ 5 ] [ 7 | [ 9 1 [ 11 ]
15 |
Start (0) End (18,875)
C — — —
50001 10,0001 15,0001
I T
E—— 11
D Start (0) End (18,875)

— — —
50001 10,0007 15,0001

2 | [+ | 6 | IR 5T TR G167 (e |15 |
I E. s | (2N E5T] R 2 | T
[f12c] G
[[1a]) [Hic ] [1267]

Figure 3.3 Maps of GPA-SUDV PCR amplicons spanning the SUDV genome. (A) The
original PCR amplicons designed using primers listed in Table 2.5 to recover SUDV genome for
sequencing. (B) A second set of PCR amplicons was designed using primers listed in Table 2.6
to recover fragments that did not amplify after the first attempt. (C) A third set of primers listed
in Table 2.7 was used to amplify missing amplicons that failed to amplify after two attempts and
to amplify regions of low coverage. (D) Smaller amplicons of 600 to 800 bp mapped against the
original set of amplicons. Amplification of amplicons 8-12 was further divided to smaller
fragments using primers listed in Table 2.7 to recover at least a portion of the fragment.

3.1.3 RNA quality assessment

The difficulty in amplifying several of the fragments from passages like 8, 9, 16, and 18 was
hypothesized to be due to poor quality RNA, more specifically a degraded RNA. To test this

hypothesis, an RNA bioanalyzer assay was conducted on the RNA extracted from each guinea pig
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passage to determine the quality of RNA being used. The bioanalyzer does not directly verify the
quality of the viral RNA, but rather provides an insight into the overall profile of the total RNA.
In the case of an intact RNA, visual inspection of the electropherogram will show defined 18S and
28S eukaryotic ribosomal RNA (rRNA) peaks between migration times of 39 to 50 seconds, with
the intensity of the 28S rRNA peak being twice as that of the 18S rRNA peak. Meanwhile, a
degraded RNA profile is depicted by a decrease in the signal intensities of the rRNA peaks with a
shift in signal towards shorter RNA fragments that elute at earlier time points. The bioanalyzer
software is also equipped with an algorithm that analyzes the other electrophoretic trace features
of an RNA sample besides the rRNA peaks, such as the pre-, 5S-, fast-, inter-, precursor-, and post-
regions. The algorithm generates a value from 1 through 10 to indicate the quality of RNA, with
10 being a highly intact RNA and 1 as a highly degraded RNA.

All the GPA-SUDV RNA samples showed highly degraded RNA profiles (Fig. 3.4) First,
the bioanalyzer electropherograms showed no distinct RNA peaks between 39-50 seconds, which
corresponds to 18S and 28S rRNA. A highly degraded RNA is also depicted in the electrophoresis
gel images as indicated by the presence of several lower molecular weight RNA bands compared
to higher molecular weight bands. The calculated RIN for all the samples was also below 3 (Fig.
3.4B-4T, 4V) and further suggests a strongly degraded RNA. On the other hand, the RIN for
passage 19 was undetermined (Fig. 3.4U). RIN scores may not be attainable in circumstances
where anomalies are present in the RNA electrophoretic trace. If RNA is immensely degraded,
failure to properly identify different regions may occur and an anomaly might be reported which
results in no computed RIN value. Interestingly, the RNA profiles of samples that were more
successful during PCR amplification attempts were different from the samples that lacked several
PCR fragments despite multiple attempts to amplify with different primer pairs. Passages 8, 9, 16,
17, and 18 show that fragments of larger size (i.e., 1-2 kb) were barely present as indicated by the
lack of peaks or fluorescent signal detected in the 35-45 seconds region (Fig. 3.41-J, N, and S-T).
It was also noted that the fluorescent signal in these passages was more concentrated at the earlier
elution times, indicating most of the fragments were between 200-500 nt. The absence of high

molecular weight bands in the gel image also reveals the same conclusions.

It was further postulated that the degradation of RNA may have been due to the old age of
the samples. Although the homogenized tissue samples were stored at -80 °C from the time of

collection, degradation may have occurred over the years from 2015/2016 to 2019. Therefore, a
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more recent RNA sample from passaging of Bundibugyo virus (BDBV) in guinea pigs, which was
extracted in the same manner as the GPA-SUDV samples, was analyzed. As per Fig. 3.5B, the
fresher BDBV RNA sample appeared to have the same profile as the GPA-SUDV samples in Fig.
3.4, with fewer high molecular weight RNA fragments and more low molecular weight RNA
fragments. Overall, the results showed that regardless of the age of the samples, both the old and
the new RNA samples were heavily degraded, and that age of the sample is likely not a contributing
factor to degradation observed. The silica-based column extraction method used was also
hypothesized to pose a tendency for degradation as RNA becomes prone to mechanical shearing
as it passes through the column. To alleviate this issue, harder to amplify GPA-SUDV passages
(i.e., 3, 8,9, 16, and 18) were extracted using a bead-based approach. To examine if different
extraction methods do affect the integrity of RNA, the GPA-SUDV samples extracted using
magnetic beads were also included in the analyses. The presence of smaller fragments was still
prominent in the bead-based extracted RNA samples; however, it was evident that there was an
increase in longer RNA fragments after the magnetic bead extraction (Fig. 3.4 C-G). This result
confirms that the magnetic bead extraction does lessen RNA degradation but does not completely
resolve the degradation issue on the GPA-SUDYV samples. The use of RNA samples extracted with
a bead-based approach did ease the amplification of some but not all amplicons for passages 3, 8,
9, 16, and 18. This success may be attributed to the increase of longer RNA fragments, which

subsequently allows for the generation of a more complete cDNA template for PCR amplification.

PCR amplification of housekeeping genes, including B-actin, GAPDH and PBGD, was
performed as an additional analysis to assess the RNA integrity of the GPA-SUDV samples. The
rationale is that other RNA present in the samples, like RNA of these housekeeping genes, should
also not be amplifiable if the integrity of the extracted total RNA was indeed compromised.
Passages 9 and 16 were omitted from PCR amplification as the concentration of cDNA was less
than 2 ng and was therefore too low of a concentration to work with. Amplification of these three
housekeeping genes was attempted in GPA-SUDYV samples. Cell lines where these genes are also
expressed, including BHK and MDCK cells, were used as controls. Except for the PBGD
housekeeping gene (152 bp) (Fig. 3.6C), the B-actin (279 bp) (Fig. 3.6A) and GAPDH (452 bp)
(Fig. 3.6B) were amplifiable in the cell lines that were used as controls. However, all three
housekeeping genes were not amplifiable in any of the GPA-SUDV passages (Fig. 3.6 A and B).
The failure to amplify other RNAs present in the extracted total RNA, such as these housekeeping
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genes, further attest to the poor-quality state of the GPA-SUDV samples and compliments the

former bioanalyzer assay results.

Overall, SUDV RNA was detectable in all the RNA samples that were extracted from the
pooled guinea pig liver and spleen homogenate samples. For each passage, the extracted RNA was
further used as a template to generate cDNA, from which amplification of 16 amplicons spanning
the whole viral genome was attempted. The success of PCR amplification varied between passages
— some passages only needed one set of primer pairs to amplify the 16 fragments, some required
the use of primers from as second set to fill in the missing fragments, while others still failed to
generate amplicons despite the use of three different primer sets. To investigate the source of this
variation, the quality of extracted RNA was assessed using a bioanalyzer. The RNA bioanalyzer
results revealed that the starting materials used were highly degraded, but even though all the RNA
samples were degraded, the extent of RNA degradation differed between passages (Fig. 3.4) —
RNA samples from which all the 16 amplicons were obtained had longer RNA fragments, while
cumbersome RNA samples had little to no presence of larger RNA molecules and consisted of
mostly short RNA fragments. The poor quality of RNA was verified further through the
amplification of multiple housekeeping genes, which all failed to amplify in the GPA-SUDV
samples (Fig. 3.6). The possible underlying cause(s) of RNA degradation was also determined.
The comparison of RNA bioanalyzer profiles of samples collected about five years ago and a
freshly extracted RNA suggest that the age of the samples is most likely not a contributing factor
to RNA degradation as both old and new RNA samples were heavily degraded. Observations made
from the RNA profiles of samples extracted using magnetic beads (Fig 3.6 C-G) and samples
extracted using a silica column (Fig. 3.4) suggest that the silica-based column extraction can
additionally fragment the extracted RNA. As a collective, since both the fresh and old RNA
samples had similar RNA profiles and the bead-based extraction did not seem to eliminate the
presence of degraded RNA fragments, the observed RNA degradation is probably inherent in the

sample itself.
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Figure 3.4 Bioanalyzer RNA profiles of total RNA extracted from homogenized guinea pig liver and spleen. (A) Defined sets of
RNA fragments were used as ladders. (B-U) Electropherograms of RNA from passages 1-20 that was extracted using QTAGEN’s Viral
RNA Mini Kit show highly degraded RNA. Assay was conducted using RNA Pico 6000 chips and Agilent 2100 bioanalyzer instrument
using Eukaryote Total RNA Pico High Sensitivity Assay. Retention times of fragments separated by size are shown on the x-axis, while
arbitrary fluorescence units (FU) are depicted on the y-axis.
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Figure 3.5 Bioanalyzer RNA profiles of freshly extracted total RNA and bead-based extracted RNA. (A) Defined sets of RNA
fragments were used as ladders. (B) Electropherogram and gel image of a less than 1 year old total RNA from a GPA-BDBV
homogenate that was extracted using QTAGEN’s Viral RNA Mini Kit. (C-F) Electropherograms of passages 3, 8, 9, 16, and 18 that
were extracted with magnetic beads from the Applied Biosystems™ MagMAX™ Viral/Pathogen IT (MVP II) Nucleic Acid Isolation
Kit. Assay was conducted using RNA Pico 6000 chips and Agilent 2100 bioanalyzer instrument using Eukaryote Total RNA Pico High

Sensitivity Assay. Retention times of fragments separated by size are shown on the x-axis, while arbitrary fluorescence units (FU) are
depicted on the y-axis. Region of 1000 — 2000 nucleotides is highlighted with yellow.
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Figure 3.6 PCR amplification of multiple housekeeping genes in GPA-SUDYV passages. (A) PBGD, (B) GAPDH, and (C) B-actin
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3.2 EFFECT OF DEDUPLICATION ON SEQUENCING READS

During next-generation sequencing a phenomenon occurs where numerous copies of DNA
fragments that arose from a single DNA molecule bind to multiple sequencing flow cells and are
sequenced, and as result, identical reads known as PCR duplicates are generated (Ebbert et al.,
2016). As a result of this phenomenon, some researchers involve the removal of duplicated reads
(i.e., deduplication) to avoid the possibility of false positives during variant calling. For this
project, the original pipeline did not involve a deduplication step. To determine if and how this
additional step would change the number of variants identified and the frequencies of each
mutation in each passage, the Dedupe tool available in the Geneious Prime bioinformatics software
was retroactively applied on the initial sequencing results. Fig. 3.7 shows that the following
deduplication, the number of detected mutations and frequencies of variants did not change

drastically for almost all the passages.

For passages, 0-3 (Fig. 3.7 A-D), 5 (Fig. 3.7F), 7 (Fig. 3.7H), and 9-20 (Fig. 3.7 J-U) the
same number of mutations that were detected and variant frequency did not change at all or only
changed by 0.03 at maximum after the removal of duplicates. Meanwhile, passages 4, 6 and 8
surprisingly had a slightly different result. In all three cases, deduplication resulted in the loss of
variants as frequencies decreased below the detection limit of 0.05 or 5%. For example, at passage
4 (Fig. 3.7E), frequencies of mutations g340t and t14920c (I111129T) decreased from 0.05 to 0.02
and 0.08 to 0.04, respectively, after deduplication. Some mutations in passage 4 also experienced
an increase in frequency after deduplication, including g850a and t15104c, which both increased
by 0.08 or 8%. On the other hand, in passage 8, the frequency of the synonymous g9924t mutation
changed from 0.06 to 0.02 (Fig. 3.71). Passage 6 had the highest number of mutations that
experienced frequency changes of 0.05 or higher (Fig. 3.7G). Mutations that fell below the
detection limit after deduplication was the non-synonymous mutations t13897¢ (L788P) and
al4928c (T1132S), which both decreased in frequency from 0.10 to 0.04. Overall, even though
the deduplication step decreased and increased the frequencies of some mutations at these three
passages, many of the mutations from these passages remained relatively the same in terms of

frequencies and a deduplication step seemed to be unnecessary.
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Figure 3.7 Changes

in each passage at frequencies > 5% and had coverage of > 1,000 reads, while the y-axis represents the frequencies of each mutation.
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3.3 GENOMIC MUTATIONS ACQUIRED BY SUDV DURING ADAPTATION IN
GUINEA PIGS

3.3.1 Sequencing depth

The collected amplicons from each GPA-SUDV passage were submitted for next-generation
sequencing to an in-house sequencing facility, DNA Core, at the NML. A volume of 20 ul was
provided to the sequencing facility for each of the PCR products along with the concentration and
size of the amplicons, as well as information on the pooling of the amplicons. The DNA Core
facility was involved in the library preparation and sequencing of libraries using a MiSeq
sequencer. The MiSeq sequencing coverage, which is the number of reads that mapped to the
reference sequence (Illumina, 2022b; Sims et al., 2014), for each of the GPA-SUDV and the
unpassaged virus is shown in Fig. 3.8 The median coverage was 42,027 reads (IQR: 54,159; range:
0-539,250). Depending on the passage, 70-99% of the genome had coverage of 1,000 reads or
more. Passages 0-2, 4-7, 10-12, 14-16, and 19-20 had more than 90% of the genome covered by >
1,000 reads while 83-89% of the viral genome from passages 3, 8, 13, and 18 were covered.
Contrarily, passages 9 and 17 had the lowest coverage with only 71-73% of the genome being
covered by at least 1,000 reads.
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Figure 3.8 Sequencing coverage of each GPA-SUDYV passage. MiSeq sequencing coverage
(y-axis) at each nucleotide position of the genome (x-axis) from the unpassaged virus (P0) (row
1, column 1) to the final GPA-SUDV (P20) (row 5, column 1). The median coverage for each of
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the passages is depicted by a red line. Coverages for passages 0 to 20 are depicted from left to
right.

3.3.2 Changes in the genome of SUDV during serial passaging

The variant calling analysis pipeline established for this project began with the import of
raw sequencing reads to Geneious bioinformatics software, where reads were trimmed, filtered,
and mapped to the SUDV (variant Boniface) genome. Single nucleotide polymorphisms (SNP)
that were identified were those existing at a minimum frequency of 0.05 (5%) and had a coverage
of > 1,000 reads. A total of 333 point mutations having coverage of 1,000 reads or higher and
were present at a frequency of 5% or higher were identified between the non-adapted SUDV and
the 20 GPA SUDV passages — 78% of these mutations were transitions, a pyrimidine to pyrimidine
or purine to purine base change, and 22% were transversions, which happens when a pyrimidine
base is substituted with a purine base (or vice versa). Despite the large number of mutations found
throughout the entire adaptation series, most were only transient, with some mutations appearing
only once throughout the passaging and others appearing over multiple passages. Mutations
appearing only once are likely to be a result of the error-prone RNA polymerase, while short-lived
mutations appearing multiple times during the passaging series may be of significance to the
adaptation process of virus in guinea pigs. The final GPA-SUDV genome (i.e., passage 20), only
retained 18 mutations (Fig. 3.9) — 5 were in the noncoding regions and 13 were in the coding
sequence (CDS) regions. No insertions or deletions were detected to be present in frequencies
above 5% in the final adapted virus. Mutations identified in these regions and how their

frequencies changed over time are described below.
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Figure 3.9 Mutations identified in the final GPA-SUDV. A total of 18 mutations were
detected in the viral genome after 20 passages in the guinea pig host — 13 were found in
the coding regions and 8 were found in the noncoding regions, particularly at the 5° and
3’ untranslated regions. Nucleotide substitutions that resulted in an amino acid change
are depicted in red along with the corresponding amino acid change in parenthesis.

3.3.2.1 Mutations in the glycoprotein

Most of the mutations were in the coding sequencing region of the genome. Overall, the GP
gene had the greatest number of mutations identified throughout the passaging series. Out of the
68 mutations, 45 resulted in an amino acid change (nonsynonymous) while 22 did not
(synonymous). However, only four of the mutations were found in the final passage: g6058a
(A30T), t6448c (Y151H), t6454c (F153L), and t6471c (Fig. 3.10D). Nonsynonymous mutations
t6448c (Y151H) and t6454c (F153L) were detected early at passages 5 and 6, respectively. The
trend in the change in frequencies of these two mutations over time also appeared to be like one
another as they both started at frequencies just above 5% and increased in frequencies at the same
time points. For example, both mutations reached frequencies of ~ 40% by passage 11 and another
increase to near 50% by passage 12. Both mutations finally reached a frequency of above 90% by
passage 16 and eventually to 99% at passage 19. Another nonsynonymous mutation, g6058a
(A30T), appeared much later at passage 15 at a frequency of 6.4%. But surprisingly it did not take
long for this mutation to increase and achieve the same level of frequency as the other mutations
as it reached a frequency of 99% by passage 18. The synonymous mutation t6471c was also

detected later in the passaging series at passage 12 with a frequency of 29.4%. The frequency of
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this mutation did not fluctuate much (i.e., 30-40%) between passages 13 -16. Although, like the

g6058a mutation, t6471c jumped to 99% in frequency after two more passages at passage 18.
3.3.2.2 Mutations in the RNA polymerase

The L CDS region had the second-highest number of mutations, a total of 66 mutations, over
20 passages. Unlike GP, however, most of the mutations (40 mutations) in this region were
synonymous and 26 were only nonsynonymous. From the 66 mutations detected in the L CDS
over time, only three were found in the last passage — t12266¢, a14928t, and c15047t (Fig. 3.10G).
Both t12266¢ and c15047t synonymous mutations were identified at passage 14 at similar
frequencies as well at around 30%. These two mutations also show an increase and decrease in
frequencies at the same passages. For example, both increased to a frequency of close to 50% by
the 15™ passage and then decreased to very similar frequencies, at about 40%, at passage 16. The
frequencies of t12266¢ and c15047t mutations then reached 99% at passage 18, which remained
until passage 20. Synonymous mutation al4928t, on the other hand, appeared very early at the
second passage but remained relatively low in frequency (< 15%). The mutation peaked in
frequency at passage 17, although it was only about 40%. In the last three passages, al4928t
decreased in frequency and was present in the final passage at a frequency of just about 5%. Along
with the a14928t mutation, the t15104c synonymous mutation also appeared relatively early during
the series at passage 4 at a frequency of 13%. Although this mutation was not observed in the final
GPA-SUDV virus, the mutation progressed in an interesting manner. Upon its first detection at
passage 4, the mutation increased in frequency over time until it reached a frequency of 100% by
the 9" passage. The mutation was able to reach this very high frequency two more times at passages
13 and 18 but was completely lost in the last two passages. Even though this mutation was not
retained by the virus until the last passage, this mutation was selected for by the virus during the
adaptation process and may have contributed to the progression of disease severity in the guinea

pig animal.
3.3.2.3 Mutations in the nucleoprotein

Following the L gene, the CDS region of the NP gene also had many mutations with
approximately half of the mutations being nonsynonymous. However, only a single synonymous

mutation, g850a, was maintained until passage 20 (Fig. 3.10A). The mutation was first observed
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in the first passage at a frequency of 50% but remained below 30% after the next eight passages.
At passage 10, the mutation was found to be present at a frequency of 98.6% but soon fell below
75% and 38% over passages 11 and 12, respectively. The g850a mutation peaked again with a
frequency of 95.5% at passage 13 but again dipped to frequencies of < 50%. The synonymous

mutation was only able to maintain a frequency of 99% from passage 18-20.
3.3.2.4 Mutations in viral protein 35

The VP35 coding region also only had one mutation retained in the final adapted virus —
mutation a3288g (N51D) (Fig. 3.10B). Several of the transient mutations were found early in the
passaging series and only appeared once, while some appeared no more than three times.
Moreover, these short-lived mutations were found in low frequencies of less than 25%. Contrary,
the nonsynonymous a3288g (N51D) mutation was first detected at passage 13 at 9% and increased
quite quickly to 54% by the 15" passage. By passage 16, the mutation decreased to a frequency of
40% but soon recovered as it reached a frequency of almost 100% in the subsequent passage (i.e.,

passage 17) and maintained to do so until passage 20.
3.3.2.5 Mutations in the viral protein 24

The VP24 CDS also only had one nonsynonymous mutation, c10909t (P204L), present by
the end of the adaptation series and exhibited the fewest number of mutations out of all the CDS
regions (Fig. 3.10F). Unique from the previously mentioned mutations, the ¢10909t (P204L)
mutation was already present in the stock virus (passage 0) that was sequenced at 56.4%. The
mutation immediately reached a frequency of 99% after the first passage but was unable to
maintain such a high frequency over the next six passages. On the 8 passage, the mutation was
detected again at a very high frequency at 100%; however, the frequency declined again until
passage 16. From passage 17 the frequency of the mutation picked up again to 100% and declined
slightly to 99.8% at the last passage. Present alongside the c10909t (P204L) mutation at PO is the
£10905a nonsynonymous mutation which results in a glutamic acid (E) to lysine (K) amino acid
change at position 203. This trend in the frequency changes of this mutation over time seems to be
the opposite of what was seen in 10909t (P204L). The g10905a (E203K) mutation was initially
found at 25% and decreased in frequency whenever the frequency of the 10909t (P204L) mutation

83



increased, and vice versa. Moreover, if the frequency of c10909t (P204L) reaches above 90%,

£10905a (E203K) was not detected under the set parameters for variant detection.
3.3.2.6 Mutations in the matrix viral protein 40

The final GPA-SUDV genome had a total of three mutations in the VP40 coding region —
one synonymous mutation, t4966c, and two nonsynonymous mutations, t5061c (L203P) and
c5378t (P309S). The ¢5378t (P309S) and t4966¢ mutations were first recognized at around the
same time. The ¢5378t (P309S) was detected at passage 13 at 13.3%, while t4966¢ was at passage
14 at 26.1% (Fig. 3.10C). Starting at passage 14 both mutations increased and decreased in
frequencies that were very close to each other. The only difference was t4966¢ reached 99% by
passage 17 while this happened for the c5378t (P309S) mutation at passage 18. Both remained to
be at this frequency until the very last passage. Results also show detection of a novel mutation
that has not been recognized by Wong et al. (2016) in the VP40 CDS region — t5061c (L203P).
This nonsynonymous mutation was first observed at passage 3 occurring at a frequency of 5%.
The mutation gradually increased in frequency over time until it peaked at passage 8 at 77%. Since
then, its frequency declined until passage 16, with small increases at some passages. The t5061c

(L203P) only attained a frequency of 99% at passages 17 to 20.
3.3.2.7 Mutations in the viral protein 30

A total of 14 mutations was identified in the VP30 CDS. Unlike the other CDS regions, no
mutation was present at a frequency of 5% or higher with 100 reads or more in the VP30 CDS
region (Fig. 3.10E). Almost all the mutations were only detected once or twice; except for two
nonsynonymous mutations, g8795a (A119T) and a8910a (Q157R), which were found over
multiple passages. Both mutations were first identified in passage 7 at a frequency of 29% and
16%, respectively. Over time, the frequency fluctuated but both mutations never reached a
frequency of > 60%. After passage 13, where both mutations peaked in terms of frequency,
frequencies of g8795a (A119T) and a8910a (Q157R) declined to 5% by passage 16 and were

undetectable afterwards.
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3.3.2.8 Mutations in the noncoding sequence region

The noncoding regions of the viral genome include the leader and trailer regions as well as
the 5 and 3’ untranslated regions of each gene. Dissimilar from the coding sequence region, the
noncoding region, in general, did not obtain many mutations during the adaptation process (Fig.
3.11). No adaptive mutations in the leader, trailer, and the UTRs of the GP, VP24, and L genes
were found to exist at 5% or higher with a coverage of 1,000 reads or more by the 20" passage
(Fig. 3.11D, F, and H). All mutations in these regions were short-lived. The first mutations were
recognized at passage 0 in the VP40 and VP30 regions. The ¢5767t mutation in VP40 was initially
found at a frequency of 29.5% and was present throughout the entire 20 passages except at passage
17 (Fig. 3.11C). Increasing in frequency for the next seven passages, the mutation first peaked at
a frequency of 91% at passage 8. It then experienced a decline in frequency for the remaining
passages until passage 16. But from passages 17 to 20, the mutation was found to exist at a
frequency of 99%. In contrast, the a9678g mutation in VP30 was only at 6%, much lower than the
c5767t mutation in VP40 (Fig. 3.11E). Additionally, this mutation was only detected at 5% or
higher in about half of the total number of passages. Results also revealed that this mutation
remained quite low throughout the passaging series in frequency as even by the 16" passage, the

frequency of a9678g was only at about 40%. Although it did reach 99% by passage 18.

Later into passages are the occurrence of three other mutations in NP and VP35 noncoding
regions (Fig. 3.11A-B). The NP noncoding region acquired two mutations by passage 20 — g235a
and t2965¢ (Fig. 3.11A). The t965¢ mutation was initially observed at passage 8 at a 9% frequency.
Its frequency stayed low and only fluctuated between 5-8% at passages 11-13 before it reached a
frequency of ~35% at passage 14. But soon after, the frequency reached 99% from passages 17 to
20. Alongside the t965¢ mutation, is the g235a which only appeared at the final passage albeit at
a very low frequency of 8.1% compared to t295c. Contrarily, the VP35 noncoding region only had
a single mutation that was maintained until passage 20 (Fig. 3.11B). The t4349¢ mutation seemed
to have increased in frequency quickly as it was able to attain a frequency of 99% after three
additional passaging from the first time it was detected at passage 14. The mutation was at a
frequency of 36% starting at passage 14 and was able to gain an additional 63% in frequency by
passage 17.
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3.4 SUMMARY

Overall, SUDV RNA was detectable in all the GPA-SUDV homogenate samples (Fig. 3.1).
The whole SUDV genome, except for the first 205 bp, was recovered successfully in 16 out of the
20 GPA-SUDV passages, as well as in the stock virus, using an amplicon-based approach (Fig.
3.3). Although the viral genome coverage obtained was variable between passages, more than 70%
of the viral genome in each passage was covered with reads greater than 1000 (Fig. 3.8). However,
this approach required the use of three different primer pair sets as not all the 16 amplicons were
attainable by using just a single set of 16 primers pairs. The quality of the RNA templates was
investigated by conducting a bioanalyzer to identify the potential source of why PCR amplification
was more successful in some passages but not in others. The bioanalyzer assay results show that
all the total RNA extracted from the pooled liver and spleen homogenates were heavily degraded,
but in passages where it was difficult to obtain amplicons, like passages 8, 9, and 13, long RNA
fragments were almost non-existent (Fig. 3.4). This may be why it was difficult to obtain some of
the 1 to 2 kb amplicons. The underlying cause(s) of degradation remains unknown but appears to
be inherent of the sample source rather than due to the old age of the samples as the bioanalyzer
RNA electrophoretic trace of old (Fig. 3.4) and newer (Fig. 3.5B) RNA samples both showed signs
of heavy degradation. The silica-based column extraction method may act as contributing factor
that further degrades the RNA since upon using a bead-based extraction method, a slight shift in
the signal towards high molecular weight RNA fragments was observed (Fig. 3. 5C-F).

Previous passaging of SUDV in guinea pig host resulted in a lethal GPA-SUDV (Wong et
al. 2016). Deep sequencing of the viral genome from each guinea pig passage revealed that the
virus acquired hundreds of mutations between those 20 passages. Out of these hundreds of
mutations, the final GPA-SUDV only retained 18 mutations, 13 of which were in the coding
sequence region of the genome and 5 were in either the 5° or 3’ UTR noncoding regions (Fig. 3.9).
Moreover, almost all these mutations have been previously identified by Wong and his colleagues
(Wong et al., 2016). The only exception was the t5061c (L203P) mutation in VP40, which is a
novel discovery resulting from this exploration. Except for mutations g253a in the NP gene (Fig.
3.11A) and a14928t in the L gene (Fig. 3.10G), which both existed at a frequency of ~5% in the
final passage, the other 16 guinea pig-adapted mutations existed in frequencies of 99% by the 20
passage (Fig. 3.10 and 3.11). In addition, it was observed that these 16 mutations only retained
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their high frequencies of over 95% starting at either passage 17 or 18. Interestingly, three of these
mutations were found to have existed in the unpassaged SUDV — two were in the noncoding
sequence in VP40 (c5767t) and VP30 (a9678g), one in the coding sequence of VP24 (c10909t).
The earliest mutations that appeared once the passaging was initiated were in NP, L, and VP40,
with the appearance of synonymous mutation g850a at passage 1, al4928t at passage 2, and
nonsynonymous mutation t5061c (L203P) at passage 3, respectively. Two nonsynonymous
mutations in GP, t6448c (Y151H) and t6471c (F153L) were detected afterwards at passages 5 and
6, respectively. By the 8" passage, an NP mutation (t2965¢) was located at the 3> UTR appeared.
The remainder of guinea pig-adapted mutations identified in the final adapted virus appeared only
appeared after the 10" passage. Overall, these 18-guinea pig adaptive mutations have been selected
for by SUDV during the duration of the passaging and therefore have the potential to have
implications in the ability of the virus to overcome the selective pressures existing in the guinea

pig host.
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Figure 3.10 The genomic changes observed in the coding sequence regions of GPA-SUDV over 20 passages. Figures A-G depict
genomic mutations identified to be present at a frequency of > 5% and had a coverage of 1,000 reads or more in the coding sequence
regions of the NP, VP35, VP40, GP, VP30, VP24, and L genes, respectively, of the GPA-SUDV genome. The x-axis represents the
passages in which each mutation was identified and on the y-axis is the frequency at which each mutation occurred per passage.
Nucleotide changes are expressed in lower-case letters along with their corresponding amino acid changes which are written in upper-
case letters. Transient mutations are shown in dashed lines while the progress of adaptive mutations found in the final GPA-SUDV is
highlighted as a solid line.
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Figure 3.11 The genomic changes in the noncoding sequence region of the GPA-SUDV genome over 20 passages. Figures A-H show
genomic mutations identified in the noncoding sequence regions of the NP, VP35, VP40, GP, VP30, VP24, and L genes and in the
leader and trailer regions of the GPA-SUDV genome that were present at a frequency of > 5% and a coverage of > 1,000 reads. The x-
axis represents the passages in which each mutation was identified and on the y-axis is the frequency at which each mutation occurred
per passage. Nucleotide changes are expressed in lower-case letters. Transient mutations are shown in the dashed lines while the
progress of adaptive mutations found in the final GPA-SUDV is shown as a solid line.
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4 DISCUSSION
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4.1 PREFACE

The pathogenesis of SUDV is less understood compared to its well-known relative filovirus,
EBOV. The previous work laid out by Wong and his colleagues in which avirulent SUDV was
passaged in guinea pigs (Wong et al., 2016) presented adaptive mutations that was acquired by the
guinea pig-adapted SUDV (GPA-SUDV), however, which mutations are relevant for the observed
virulence in adapted virus remain unknown. Central to this thesis was exploring the changes that
occurred in SUDV’s genome at each passage to get a detailed snapshot of the viral evolution that
transpired during the adaptation process. For this study, the following three hypotheses were
postulated: (i) throughout the adaptation process, the virus acquired several genomic mutations
that fluctuate in frequency over time, (i) mutations that were retained by the GPA-SUDYV by the
end of the adaptation process are those that reached a frequency near 100%, and (iii) these adaptive
mutations likely play a role in the various aspects of the viral replication cycle and/or immune
evasion. By utilizing a high-throughput sequencing approach on the pooled liver and spleen
homogenates collected from each passage, this study was able to show that different regions of the
viral genome experienced genomic changes that varied in frequencies from time to time, and those
retained by the GPA-SUDV existed at frequencies near 100%. Achieving a detailed glimpse of the
viral adaptation that occurred in guinea pigs offers a foundation for identifying which viral proteins
may be key to the increased virulence phenotype observed in the host. Furthermore, having a fuller
comprehension of the viral process that can render a virus pathogenic can also aid in the
acceleration of developing licensed SUDV countermeasures such as vaccines and therapeutics,

which is currently lacking.

The discussion section curated below expands on the probable roles that the different
adaptive mutations identified in the coding and noncoding regions of the viral genome play in the
viral replication cycle or on the immune evasion strategies of the virus to attempt to answer the
third hypothesis of this thesis. How the GPA-SUDV differed from various rodent-adapted EBOV
was also considered. Addressed in the latter half of this section are the limitations that the study
holds, particularly the sequencing strategy employed to sequence the whole genome of the virus

and the poor-quality state of the RNA samples used in this study.
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4.2 POTENTIAL IMPLICATIONS OF NONSYNONYMOUS MUTATIONS ON VIRAL
PATHOGENESIS

4.2.1 Functional roles of nonsynonymous mutations in VP40 and GP genes
4.2.1.1 VP40 mutations are important for viral morphogenesis and budding

Based on the published crystal structures of VP40 from SUDV (Bornholdt et al., 2013;
Clifton et al., 2015), both the L203P and P309S VP40 mutations sit at the C-terminal domain
(CTD) of the protein. VP40 is an important viral protein critical for the formation of the viral
matrix that gives ebolaviruses their filamentous structures. The CTD of the protein is primarily
involved in two main processes that govern proper viral matrix formation — the association of
VP40 with the inner leaflet of the host PM and oligomerization of VP40 to hexamers (Gc et al.,
2016; Stahelin, 2014). It appears that during the adaptation process, the L203P mutation was
constantly selected for in every round of passaging as evidenced by its presence and increasing
frequency over time. This mutation may therefore be important in the adaptation of SUDV in the
guinea pig. Structural characterization of SUDV’s VP40 reveals that this L203 residue is part of
the hydrophobic CTD-CTD interface comprised of 1237, M241, M305, and 1307 residues, that is
formed when VP40 dimers oligomerize into a filamentous hexamer as shown in Fig. 1.7B
(Bornholdt et al., 2013). Mutagenesis of EBOV VP40 residues M241 and 1307 within the CTD-
CTD interface resulted in the absence of filamentous virus-like particles, which emphasizes the
significance of these residues and the CTD-CTD interface in morphogenesis and budding
(Bornholdt et al., 2013). The L203 residue is also buried at the CTD-CTD interface similar to
M241 and 1307, hence it will be of value to perform mutational analysis and determine if L203 is
also a critical residue important for CTD-CTD interaction. Moreover, the interest in elucidating
the probable effects of this mutation is heightened since L203P mutations is unique to this study

and has not been reported by Wong and his colleagues previously.

The change from leucine to proline at position 203 in GPA-SUDV should not significantly
alter the hydrophobicity of the CTD-CTD interface as proline is still a hydrophobic amino acid
that tends to adopt positions that are buried in the protein (Morgan & Rubenstein, 2013). However,
replacement with cyclic amino acid can alter the original secondary structure along with this

interface which can either disrupt or improve interactions with other residues. Hence, a structural
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analysis will be warranted to determine if the L203P substitution stabilizes or destabilizes the
original protein structure. A stabilizing feature could potentially aid in enhancing the ability of
VP40 to form filamentous hexamers and increase virus particle formation and release. On the other
hand, a destabilizing characteristic can allow for the transition of VP40 to a different oligomeric
state. For example, a switch from the filamentous hexameric form to an octameric ring-like
structure due to the dissociation of the CTD can flip the function of VP40 from associating with
the host cell PM to binding with the viral RNA (Hoenen et al., 2005) and help regulate viral

transcription (Radzimanowski et al., 2014).

Residue P309, however, is not considered to be a part of the CTD-CTD interface (Clifton
et al., 2015). In EBOV VP40, mutagenesis of the Q309 residue still resulted in a functional CTD-
CTD interface as transfected cells produced VLPs at levels similar to the wild-type (Bornholdt et
al., 2013). Residues between SUDV and EBOV differ at position 309 — a hydrophobic proline
exists in SUDV, while EBOV carries hydrophilic glutamine. Interestingly, the GPA-SUDV
genome had a substitution from proline to serine (P309S), which is a hydrophilic amino acid. This
change would have altered how the amino acid is positioned within the protein structure. The initial
proline residue would theoretically be positioned within the protein due to its hydrophobicity, but
a serine would be exposed to the solvent just like the Q309 residue in EBOV (Bornholdt et al.,
2013). Like Q309, the P309S mutation may not influence filoviral matrix assembly. However, a
study by Panchal and colleagues revealed that amino acids 309- 317 of the CTD is critical to viral
egress as a mutant lacking these 18 residues did not yield VLPs. Failure to generate VLPs was
shown to be because of the inability of the mutant VP40 to bind microdomains on the host PM
known as cholesterol-enriched detergent-resistant membrane domains or DRMs. Hence, the
substitution of proline with the hydrophilic serine residue could have restored or enhanced this

VP40-DRM interaction.
4.2.1.2 GP mutations are relevant for viral entry

At the opposite end of the virus replication cycle is viral attachment and entry to host cells
mediated by GP. The final GPA-SUDV GP acquired three nonsynonymous mutations: Y151H,
F153L, and A30T, all of which are located at the GP; subunit of the full GP. The Y151H and
F153L mutations are both situated at the RBD of GPi, a region comprised of ~150 amino acids

95



and important for recognition of the endosomal receptor NPC1 (Brindley et al., 2007;
Manicassamy et al., 2005) and interaction with the GP, fusion subunit (Jeffers et al., 2002;
Volchkov et al., 1998). Hence, it is hypothesized that these two mutations influence the ability of
GPA-SUDV’s GP to facilitate viral entry. Multiple studies have explored possible EBOV receptor-
binding domain (RBD) residues on GP; that are important for receptor binding (Brindley et al.,
2007; Manicassamy et al., 2005; Wang et al., 2011). Among these, an alanine mutational analysis
by Brindley et al. (2007) displayed the significance of amino acids F153 and H154 in the viral
entry process. Virions that carried a double F153A/H154A mutation showed reduced transduction
efficiencies in Vero and human glioblastoma (SNB-19) cell lines and poor competitive binding
with wild-type EBOV (Brindley et al., 2007). The minimized transduction and binding efficiencies
were linked to the protein’s insensitivity to the cathepsin cleavage (Brindley et al., 2007).
Manicassamy et al.’s mutagenesis analyses on residues F153A and H154A further supports the
importance of these residues. An F153A substitution resulted in decreased GP incorporation in
pseudotype viruses and infectivity versus wild-type, while the H154A mutation abolished GP
processing and/or expression as no GP; product was detected (Manicassamy et al., 2005). Mapping
of key EBOV RBD residues highlights the importance of F153 residue in viral entry, although not
by direct binding with the endosomal receptor. This residue has been mutated in the GPA-SUDV
GP, suggesting that wild-type SUDV’s entry into guinea pig cells was likely limited. The F153L
substitution could have provided conformational changes to the protein that allowed for better GP
incorporation to budding virions, which can positively affect the ability of the virus to enter the
cells as it has been previously demonstrated that increased numbers of EBOV GP inserted into the
viral envelope augments viral attachment (Marzi, Wegele, et al., 2006). Bearing in mind that the
Y 151H progressed in a very similar trend as the F153L mutation, the existence of Y151H might
be necessary and have a synergistic effect on viral entry along with FI153L. Indeed, when a
substitution was placed on F151 of EBOV’s GP, relative infectivity of pseudotyped virus bearing
the mutated GP had a dramatic increase — over 200% of wild-type GP-pseudotyped virus (Wang
etal., 2011).

On the other hand, the A30T mutation is in the signal peptide region (amino acids 1-32) at
the N-terminus of the GP; subunit. The signal peptide of GP is responsible for the translocation of
a developing GP peptide chain to the endoplasmic reticulum where the protein is folded and

modified (Marzi, Akhavan, et al., 2006). Functional roles of the signal peptide from ebolaviruses
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are not well-studied with only a single study published to date. A study by Marzi and colleagues
demonstrated the additional role of the signal peptide in modulating the glycosylation of GP and
how the protein’s glycosylation state influences the viral entry (Marzi, Akhavan, et al., 2006). The
function of GPA-SUDV’s A30T substitution is perhaps related to this function and may alter the
glycosylation state of SUDV GP for improved viral entry. This notion arose from a study by Marzi,
Akhavan, et al. (2006), where wild-type SUDV was shown to lack high mannose carbohydrates
and low cell infectivity. Upon replacement of the signal peptide sequence with EBOV’s signal
peptide sequence, infectivity increased and was attributed to the presence of high mannose
carbohydrates. The very late appearance of A30T at passage 15 at a low frequency of ~5% could
mean that the mutation may not be needed in the early stages of the adaptation process. However,
unlike other GPA-SUDYV mutations, the A30T mutation was highly selected for by the virus in the
last five rounds of passaging as it reached a frequency of 99% by the 18" passage. Suggesting,

otherwise, that this mutation is very likely critical for lethality in guinea pigs.
4.2.1.3 The need for VP40 and GP mutations in commencing increased virulence

The coding sequence region of the VP40 and GP genes retained two and three
nonsynonymous mutations, respectively, by the end of the series of passages. Most mutations from
these genes were among the earliest mutations to appear during the adaptation process. The VP40
L203P mutation was detected at passage 2 at a frequency of 5.4% (Fig. 3.5C), while GP’s Y151H
and F153L mutations were first identified at passages 5 and 6, respectively, at a frequency of
approximately ~6% (Fig. 3.5D). Early detection of mutations above the set frequency threshold of
5% may imply the need of the SUDV to initiate infection in the host by refining the ability of
SUDV to enter and exit out of the cells. The selection for these mutations at earlier passages until

the very last passage also highlights their importance in establishing lethality in guinea pigs.
4.2.2 Effects of VP35 and VP24 mutations on virus pathogenicity
4.2.2.1 NS5I1D potentially affects viral nucleocapsid formation

The coding region of VP35 only acquired one nonsynonymous mutation — N51D (Fig.
3.10B). Characterization and structural analyses on EBOV VP35 reveal the protein consists of

three main domains including an NP-chaperoning domain, homo-oligomerization domain, and a
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dsRNA binding or inhibitory domain (Kimberlin et al., 2010; Zinzula et al., 2019). Unlike the
other nonsynonymous mutations identified in GPA-SUDYV, the N51D VP35 mutation falls within
a linker region that links two functional domains, NP chaperoning domain (residues 20-47) and
homo-oligomerization domain (residues 83-145) (Zinzula et al., 2019). A linker or spacer is a short
stretch of amino acids that spaces the various domains of a single multidomain protein (Reddy
Chichili et al., 2013). Linkers can adopt rigid structures to prevent negative interactions between
domains or take on a flexible structure to connect domains, both of which are influenced by the
sequence of the spacer (Reddy Chichili et al., 2013). Hence, a single amino acid change in the
linker region of GPA-SUDV VP35 could have a profound effect on the flexibility or rigidity of
the linker, which then affects interactions of the various functional domains within VP35. The N-
terminus of EBOV VP35 has been shown to be a region of flexibility as evidenced by the rapid
exchange of hydrogen and deuterium during a deuterium exchange mass spectrometry analysis
(Kimberlin et al., 2010). The change from a polar uncharged asparagine to a negatively charged
aspartic acid may confer more flexibility on the overall protein structure, particularly at the NP-
chaperoning domain considering the very close proximity of N51D mutation to this domain.
Increased flexibility at this domain may allow VP35 to bind and release monomeric NP more
efficiently during nucleocapsid assembly. Taking into consideration how late this mutation
appeared (i.e., at passage 13) may suggests that the environment within the host animal is not
completely restrictive towards viral nucleocapsid assembly and that appearance of the N51D

mutation could have led to a more efficient nucleocapsid assembly.
4.2.2.2 Selection of P204L mutation linked to immune evasion

Like the VP35 gene, the VP24 gene attained only one nonsynonymous mutation in its CDS
region — P204L (Fig. 3.5E). Interestingly, compared to other nonsynonymous mutations, this
mutation was found to exist in the unpassaged wild-type stock virus at a frequency of ~55%. The
presence of this variant in the virus population even before passaging and its persistence in the
viral population throughout the series of passages indicate that this mutation is of value to the virus
and likely contributed to the progressive development of disease severity in guinea pigs. VP24 is
a multifunctional protein with functions linked to both the viral replication cycle (Mateo,
Carbonnelle, Martinez, et al., 2011; Watanabe et al., 2007) and viral immune evasion tactics

(Mateo et al., 2010; St. Patrick Reid et al., 2006; Reid et al., 2007; Xu et al., 2014; Zhang et al.,
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2012). The protein suppresses the host immune response by dampening the IFN response (Mateo
et al., 2010). One of the many proposed mechanistic approaches that VP24 uses is binding to
various members of the NPI-1 a-karyopherin nuclear transporter family (Reid et al., 2007).
Characterization of the binding interface between EBOV VP24 and karyopherin a5 (also known
as importin a.6) reveal that VP24 binds to the importin a6’s armadillo arm repeats (Xu et al., 2014),
where each arm is made up of a series of tandem repeat sequences (Coates, 2003). Among the key
residues identified to make contacts with importin a6 was residue P204 and the conservation of
proline in both EBOV and SUDV underscores the importance of this amino acid in the function
of VP24. The P204 was shown to make non-bonded contact with importin a6 (Xu et al., 2014).
Recent exploration by Pappalardo et al. (2017) further investigated the molecular dynamics of
binding between VP24 and importin at6. Their study revealed the presence of a solvation site near
amino acids E203, P204, and D205 where water molecules get trapped and confer protein stability
(Pappalardo et al., 2017). Substituting proline with a more hydrophobic leucine residue potentially
makes the folding of VP24 even more stable by creating a hydrophobic effect, and as consequence,

also stabilizing contacts with importin o6.
4.3 SIGNIFICANCE OF SILENT MUTATIONS ON VIRAL FITNESS

In conjunction with the nonsynonymous mutations, synonymous mutations or substitutions
that do not cause an amino acid change was also detected in the CDS of the various SUDV proteins
(Fig. 3.5). Several of these mutations were found to exist in the NP (g850a), VP40, (t4966¢c), GP
(t6471c), and L (t1226¢ and c15047t) genes. The significance of synonymous mutations is
sometimes overlooked because they do not cause changes in the actual sequence of the protein and
therefore, effects are presumed to be minute. Although silent in nature, these mutations can still
heavily influence viral fitness. The genetic code is degenerate, such that amino acid is coded for
by multiple codons; hence, when a synonymous mutation occurs, the code on the mRNA is
changed but not the actual amino acid (Crick et al., 1961). However, there is codon usage bias
because codons do not exist in equal frequencies in a cell — some codons appear more often than
others (Cuevas et al., 2012). In the case of viruses that are programmed to hijack the host’s
translational machinery, they will need to employ codon usage patterns like that of the hosts to be
able to adapt and use the host’s tRNA to efficiently translate proteins (Tian et al., 2018). In fact,

some studies have shown resemblance in codon usage patterns between viruses and mammalian
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host genes (Hernandez-Alias et al., 2021; Jitobaom et al., 2020; Miller et al., 2017). Introduction
of SUDV to a new host may have decreased the productivity of protein production due to a low
abundance of appropriate tRNAs in the host to deliver the amino acids, and that altering its codon
usage can help circumvent this adversity such that it can use tRNAs that are abundant in guinea

pigs and improve the synthesis of viral proteins.

Recoding the mRNA sequence can also substantially affect the RNA secondary structures
of viruses. Modifications on such structures can influence the regulatory processes and viral
replication (Kiening et al., 2019). Although RNA secondary structures are more commonly found
at the untranslated regions of the viral genome, presence of functional RNA structures in the
protein coding regions of viruses also exist (Ball, 1973; Dutkiewicz et al., 2020; Frolov &
Schlesinger, 1996; Lobert et al., 1999; Vasin et al., 2016; Watts et al., 2009). These RNA structures
can act as translation controls of viral genome expression. For example, disruption of a hairpin
structure found in influenza virus A’s NS1 open reading frame resulted in decreased expression of
the NS1 protein, a key protein involved in antagonizing the host IFN response (Baranovskaya et
al., 2019). Similar results were observed in the destabilization of a secondary structure located
downstream of the capsid protein’s start codon of the Sindbis virus (Frolov & Schlesinger, 1996).
Secondary structures can also act as replication signals. In a study by Lobert and colleagues, cis-
acting replication signals situated in the unpaired bases of the RNA secondary structures formed
in the capsid protein of cardioviruses were deemed necessary for the genome replication (Lobert
et al., 1999). Probing for the presence of secondary structures along with the NP, VP40, GP, and
L genes can help in pinpointing whether any of the synonymous guinea pig-adapted mutations lie

within any secondary RNA structures.
44 CONSEQUENCE OF MUTATIONS IN THE NONCODING REGIONS

The noncoding regions of the SUDV genes also gained changes by the end of the adaptation
series. These regions carry regulatory sequences that manage transcription initiation and
termination of SUDV genes (Neumann et al., 2009) and translation of mRNA transcripts. The
t4348c and c5767t mutations were found at the overlapping of intergenic regions of VP35 and
VP40 (VP35/VP40), and VP40 and GP (VP40/GP), respectively, while t2965¢ and a9678g were
detected at the 5° end of the NP and VP30 genes. None of these mutations were located at the

predicted start and stop sites for each of the genes but were rather located at the 3> UTRs of NP,
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VP35, VP40, and VP30. Placements of these mutations at these regions potentially affect
transcriptional regulation of mRNA transcripts, and indeed, EBOV UTRs have been deemed
critical for regulation of gene expression (Brauburger et al., 2015; Brauburger et al., 2014;
Neumann et al., 2009). These 3> UTR mutations may have been selected by the virus to increase
transcription of these genes and therefore generate more of the filoviral proteins carrying beneficial
mutations for the virus. UTRs can also hold translational control on protein production. A recent
study by Khadka et al. has shown that 3> UTR edits on EBOVs VP40 enhanced the replication
(Khadka et al., 2021). A similar observation was also seen in a related filovirus, MARV when the
3’UTR of its nucleoprotein was modified (Khadka et al., 2021). Increased translational efficiency
of transcripts encoding proteins with advantageous mutations can be beneficial as the virus can

then incorporate these proteins as it makes more virions during infection.
4.5 EFFECTS OF TRANSIENT MUTATIONS ON VIRAL ADAPTATION

Evident in the sequencing of the SUDV genome from each passage was the presence of
mutations that appeared transiently, were not enriched in most cases, and did not become fixed in
the genome. In a broad perspective, mutations may be categorized as deleterious, neutral, or
beneficial to the fitness of the virus (Loewe, 2008). Most of the mutations that existed temporarily,
were not enriched over time, and were immediately lost only after a couple of passages were likely
to be deleterious. A study by Pybus and colleagues of the natural populations of 143 RNA viruses
revealed that a significant proportion of the amino acid variation observed in the natural population
of RNA viruses consisted of short-lived deleterious mutations (Pybus et al., 2007). Deleterious
mutations may need to be negatively selected for in a viral population to ensure that beneficial
mutations are retained in the population, thus keeping an improved viral fitness (Loewe, 2008).
On the other hand, transient mutations that lasted over a longer period of passaging and were
enriched may either be neutral or beneficial. They can be neutral, meaning they do not have a
positive or a negative impact on the viral fitness (Duret, 2008). Although no added fitness benefits
are incurred by neutral mutations, their existence may influence the trajectory of the evolution of
the viral population by acting as a stepping stone for the generation of a new phenotype in the
population (Payne & Wagner, 2019). On the flip side, transitory mutants whose frequencies were
enriched over several passages may have added advantages to the fitness of the virus. The

appearance of a mutation that is more fitted to the selective environment that the viral population
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is subject to may be a reason for the loss of transitory mutations that never got fixed into the GPA-
SUDV. Overall, regardless of whether the roles of these transient mutations may be deleterious,
neutral, or beneficial, the significance of these mutations should be acknowledged as they have the

potential to shape the adaptive mutational landscape of SUDV in guinea pigs.

4.6 COMPARISON OF GPA-SUDV MUTATIONS WITH DIFFERENT RODENT-
ADAPTED EBOLA VIRUSES

Small rodent adaptation of filoviruses is not uncommon. In fact, multiple lethal rodent—
adapted viruses are already established for EBOV — two mouse-adapted EBOV (variants Makona
and Mayinga) (Chan et al., 2019; Ebihara et al., 2006) and multiple GPA-EBOV variants (Cheresiz
et al., 2016; Cross et al., 2015; Mateo, Carbonnelle, Reynard, et al., 2011; Subbotina et al., 2010;
Volchkov et al., 2000). Contrary to the rodent—adapted Ebola viruses, the number of passages
required to obtain a lethal GPA-SUDV were greater — 20 passages for SUDV and < 10 passages
for EBOV (Chan et al., 2019; Cheresiz et al., 2016; Cross et al., 2015; Ebihara et al., 2006; Mateo,
Carbonnelle, Reynard, et al., 2011; Subbotina et al., 2010; Volchkov et al., 2000). Why such
differences in the number of passages occur is yet to be determined but could possibly be due to
the inherent increased virulence already observed in EBOV compared to SUDV and other
ebolaviruses (Yamaoka & Ebihara, 2021). Comparison of the adaptive mutations in GPA-SUDV
and variations of the GPA-EBOV reveal commonalities and differences. One obvious similarity
between the two is the existence of a VP24 mutation. But dissimilar from GPA-EBOV where
multiple nonsynonymous mutations accumulated in the VP24 gene of some variants of GPA-
EBOV (Cheresiz et al., 2016; Cross et al., 2015; Mateo, Carbonnelle, Reynard, et al., 2011), only
one VP24 non-synonymous mutation was detected in GPA-SUDYV, similar to one of Volchkov et
al.’s GPA-EBOV variant (Volchkov et al., 2000). The proposed possible role of the GPA-SUDV
VP24 mutation, P204L, in this study (Section 4.4.2.2) does not agree with previous mutational
analyses conducted using different variations of recombinant EBOV. A comparison of a wild-type
EBOV and a recombinant EBOV comprised of three VP24 mutations (i.e., M711, L147P, and
T187I) revealed that the recombinant virus exhibited a more robust replication in guinea pig
macrophages compared to wild-type EBOV and that only the recombinant EBOV was able to
produce inclusion bodies containing nucleocapsids characteristic to that of the original GPA-

EBOV (Mateo et al., 2011). Surprisingly, both the wild-type and the recombinant EBOV inhibited
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the IFN response to a similar degree (Mateo, Carbonnelle, Reynard, et al., 2011). Therefore, the
impression is that VP24 is a key determinant of EBOV pathogenesis in guinea pigs by modulating
viral nucleocapsid assembly and is less likely related to the immune evasion (Banadyga et al.,

2016; Mateo, Carbonnelle, Reynard, et al., 2011).

Another striking difference is the accumulation of several synonymous and nonsynonymous
mutations in the NP gene of GPA-EBOYV variants, while GPA-SUDV only had one synonymous
mutation. However, mutations within NP are presumed to be not significant to the adaptation of
EBOV in the guinea pigs (Cheresiz et al., 2016). This assumption was supported by an analysis by
Mateo et al., where the presence of an NP F648L mutation (Volchkov et al., 2000) alone only
resulted in the death of 1 animal out of 6 (Mateo, Carbonnelle, Reynard, et al., 2011). This was
only a single analysis conducted on a single GPA-EBOV NP mutation and further investigation
needs to be conducted to get a better understanding of the role(s) of NP mutations identified in
other variants of GPA-EBOV. It may be possible that NP alone cannot cause a huge effect on the
fitness of the virus, but when present in combination with other mutations within the genome, NP
mutations may provide an additive or synergistic effect on the phenotypic outcome of the virus.
Results from this study may agree with the perception above as the GPA-SUDV did not really gain
multiple mutations in NP. However, SUDV did acquire many transient mutations in NP which
may foreshadow the relevance of NP in the adaptation process. A unique feature of the GPA-
SUDV is the presence of four VP40 mutations — three in the CDS region and one in the noncoding
region. The absence of VP40 mutations in the GPA-EBOV variants implies that viral
morphogenesis and budding are most likely not hindered in the guinea pig host, while this aspect

of the viral replication cycle is probably hindered for SUDV.

Overall, it appears that pathogenesis resulting from the adaptation of GPA-EBOV is most
likely governed by the structural roles that VP24 and NP provide, particularly by enabling proper
assembly of the nucleocapsid. Meanwhile, in GPA-SUDV, the virulence of the adapted virus is
potentially influenced by a combination of improved viral replication and the ability to evade the
host immune response, with mutations in V40 and GP facilitating an efficient virion formation
process and the VP24 mutation aiding in avoiding the host IFN response. Apart from identifying
molecular determinants that allow a pathogen to cause harm and morbidity in its host, it is also
important to acknowledge the existence of unknown hosts and environmental factors that help

shape the mutations that arise during the adaptation process.
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4.7 ACHIEVING A HIGH RESOLUTION WITH VARIANT DETECTION USING NGS

The work presented used a high throughput DNA sequencing technology, MiSeq, for variant
detection. Unlike Sanger sequencing, where a single DNA fragment is sequenced one at a time
(Hall, 2007), high throughput sequencers or next-generation sequencing (NGS) platforms were
invented with the capacity to simultaneously and accurately sequence millions of fragments per
sequencing run (Tucker et al., 2009). The advent of massively parallel sequencing technologies
has changed the game of genome sequencing as it made it feasible to perform large-scale
sequencing and generate an extensive amount of data, in megabase and gigabase (Gb) scales, with
a short turn-around time and at a significantly reduced cost (Metzker, 2010; Tripathy & Jiang,
2012). The MiSeq system is one of the most widely used NGS platforms developed by Illumina in
2011 that uses a sequencing-by-synthesis technology. This approach uses a single fluorescently
labelled deoxynucleoside triphosphate (ANTP) that is incorporated into the synthesized strand,
imaged subsequently, and enzymatically cleaved to allow for the next dNTP to polymerize with
the growing nucleic acid chain (Illumina, 2010). This sequencing cycle is repeated to resolve the
sequence of the fragment one base at a time (Illumina, 2010). The MiSeq system can yield a
maximum output of 15 Gb with 25 million reads per run and a max paired-end read-length of 300
bp (Illumina, 2022a). How much data output and sequencing reads will be needed in a study will
depend on the intended experimental design, the size of the genome, and the power of detection
required (Illumina, 2022b). Run time can vary and ranges from as short as 4 hours to as long as 55
hours (Illumina, 2022a). Since its release in 2011, the MiSeq benchtop sequencer has become a
popular choice for many laboratories that require a sequencer with a smaller lab bench footprint
and require a relatively small data output. Additionally, MiSeq has high reported accuracy, can do
long read lengths and is low cost. Some of the most common applications of MiSeq include small
genome sequencing of microbial and viral genomes, targeted gene sequencing, small RNA
analysis, targeted RNA sequencing, and DNA-protein interaction analysis in combination with

chromatin immunoprecipitation assays (Illumina, 2022c).

In this study, the whole genome of SUDV was deep sequenced prior to passaging and during
subsequent passages in guinea pigs to confirm and explore at which frequencies the guinea pig
adapted mutations previously presented by Wong et al. (2016) were existing in each passage.

Although Sanger sequencing can be used for mutation screening, this sequencing approach will
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only resolve the consensus sequence of the viral population represented by the most abundant
quasispecies (Posada-Cespedes et al., 2017), which are a collection of mutated genomes that makes
up viral populations (Domingo et al., 2012). This was in fact true for several of the mutations
identified in the final GPA-SUDV by Wong and his colleagues (Wong et al., 2016) that were found
to exist at a frequency of 99% by the 20" passage. Moreover, deep sequencing of the initial stock
virus used in passaging showed that viral strains with mutations ¢5767t and c10909t (P204L)
already existed in the viral stock. These two mutations were found at frequencies of approximately
30% and 54%, respectively (Fig. 3.9A). Since these strains are of lower frequencies in comparison
with the strains carrying the original nucleotides, these would have been missed by Sanger
sequencing and as reported by Wong et al. (2016), the consensus sequence of the progenitor virus
retains the original base at those positions. To gain valuable insight on which adaptive mutations
may be critical in the pathogenesis of SUDV in guinea pigs over time, it was critical to sequence
the viral genome in higher resolution to be able to monitor the progress of each mutation at each
passage as accurately as possible. Employing the use of a high throughput sequencer that generates
immense numbers of sequencing reads, a high sequencing coverage was attainable, which enabled
the detection of minority variants that existed in frequencies as low as the set detection limit of

5%.
4.8 STUDY LIMITATIONS
4.8.1 Single-plex long amplicon-based PCR approach is labour-intensive

To sequence the entire viral genome, a single-plex long amplicon PCR approach was used.
Several primer pairs were selected to produce 16 different amplicons of 1 to 2 kb in size that were
gel purified and sequenced with a MiSeq sequencer. However, this approach presented some
challenges. First, the process was time-consuming and laborious because of the need to set up
individual PCR reactions per fragment for each of the GPA-SUDYV passages, amounting to at least
336 reactions. To circumvent this issue, a multiplex tiling PCR approach can be implemented to
stitch the viral genome sequence together (Quick et al., 2017). With the multiplex approach, the
tiled amplicons will be generated using two different sets of multiplex primers that will be
separated into two PCR primer pools where the fragments produced will overlap between but not

within the reactions (Quick et al., 2017). This approach would ideally only require 42 PCR
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reactions for the 21 GPA-SUDYV samples. The efficiency of this method further extends to library

preparation for NGS where only two products would be pooled per sample instead of 16 amplicons.
4.8.2 Poor quality RNA hindered amplification of long amplicons

Another pitfall of the long-amplicon PCR attempt was the difficulty in acquiring all the 16
fragments for all the passages. RNA bioanalyzer profiles of the GPA-SUDV samples showed that
the total RNA in these samples was heavily degraded and different hypotheses were postulated as
to why this may be the case. One of the many potential reasons is that degradation could be due to
the RNA extraction method. RNA was extracted from pooled liver and spleen homogenates using
silica-based columns. As the bound RNA is eluted from the column, shearing of longer RNAs to
shorter fragments can be inevitable (Murphy, 2021). This appeared to be true as some samples
extracted with magnetic beads, which should lessen RNA shearing, showed improvement in their
RNA bioanalyzer profiles with a slight shift of peaks towards higher molecular weight RNAs (Fig.
3.5 C-G). However, the use of an alternative extraction method did not eliminate the presence of
lower molecular weight RNA fragments, suggesting that degradation may be an intrinsic
characteristic of these samples. The samples were of liver and spleen origin, which are both known
to possess high amounts of RNases that are omnipresent in these tissues (Javan et al., 2020). If
high levels of RNases are released from intracellular vesicles following tissue damage from the

homogenization process, heavy degradation of RNA could occur (Vehnidinen et al., 2019).

Taking a multiplexed short-amplicon PCR approach may assist in recovering sequences

from shorter RNA fragments. Using a free online primer designing tool, Primal Scheme

(http://primal.zibraproject.org), multiplexed primers can easily be designed to generate amplicons
of as short as 200 nucleotides by simply uploading the reference sequence of choice and specitying
the desired amplicon size (Quick et al., 2017) . Moreover, the software also predetermines for the
user the two primer pools needed for this type of PCR approach. This approach has been widely
used for sequencing of Zika virus in samples with low viral loads (Black et al., 2017; Dudley et
al., 2017; Faria et al., 2017; Grubaugh et al., 2017; Magnani et al., 2018; Metsky et al., 2017;
Quick et al., 2017) and of other arthropod-borne viruses like West Nile (Hepp et al., 2018) and
Dengue (Stubbs et al., 2020). Multiplex primers have also been used for surveillance of EBOV in
Guinea (Quick et al., 2016) and Sierra Leone (Arias et al., 2016). Multiplex PCR was not attempted

in this study and primers generated through Primal Scheme that was designed to generate 300 bp
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amplicons were ordered with the desire to use newer primers stocks in obtaining the missing
amplicons and re-amplify amplicons that gave low coverage after sequencing. However, an
attempt to recover amplicons small than 1 kb (~ 600 to 800 bp) was conducted using primers from
this Primal Scheme. In some instances, amplification of amplicons that were 600-800 bp was
successful, but there were cases where it did not (see Appendix B). This could be because the sizes
of the RNA fragments in the extracted RNA are much shorter than 600 nucleotides (Fig. 3.4) or
simply because the RNA was of poor quality since even amplification of small sized housekeeping
genes were unsuccessful in these RNA samples (Fig. 3.6). Overall, the development of an
optimized sequencing protocol involving the use of multiplex primers may be worthwhile for
future sequencing of ebolavirus genomes as previously established protocols appear to be easily
adaptable to various virus genomes, the process is time-saving with the need of only two PCR

reactions, and the process is more cost-effective with the reduced use of consumables and reagents.
4.8.3 Sequence data lacked the genomic 3’ terminus region

The initial attempt to sequence the first 1300 nt of the genome proved to be difficult with the
long amplicon-based approach that used a forward primer positioned from nt 1 to 20 as no
amplicon was obtained from all the 20 passages. However, when a different forward primer that
binds at nt positions 205 to 224 was selected and used for PCR along with the same reverse primer
positioned at nucleotides 1334 to 1353, a 1352-bp PCR amplicon was attained easily. Since the
original forward primer failed to work, the sequence for the first 200 nt of the SUDV genome was
not obtained. The missing 200 nt encompasses the genomic leader sequence (nt 1-53) and a part
of NP’s UTR region (nt 54- 457). Difficulty in sequencing the termini of viral genomes is not
uncommon (Alfson et al., 2014) and is an adversity faced by researchers in the field because
producing full-length cDNA from the template RNA is often problematic (Chenchik et al., 1996;
Coutts & Livieratos, 2003). In the case of ebolaviruses, the synthesis of partial cDNA templates
may be likely due to the presence of a hairpin structure formed in the leader region of the genome
(Bach et al., 2021). The existence of such a secondary structure can lower amplification efficiency
by limiting the access of primers to bind to the target region and thus interfere with the production
of a cDNA template containing a copy of the 3’ end sequences of the viral genome. Performing
3’-end rapid amplification of cDNA ends (RACE) can help address this issue. To execute a 3’
RACE: (i) first, the viral RNA is tagged with a poly-A “adapter” sequence, (ii) then the tagged
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viral RNA is reverse transcribed using oligo-dT primers complementary to the poly-A region, and
lastly, (iii) specific primers complementary to a known region of the cDNA template and the
adapter sequence are used to perform a nested PCR to amplify the unknown 3’ end sequences

between the known region of the cDNA and the poly-A region (Yeku & Frohman, 2011).
4.9 IS DEDUPLICATION OF SEQUENCING READS NECESSARY?

The core workflow of preparing DNA samples for NGS involves fragmentation of DNA,
ligation of sequencing adapters on both ends of the DNA fragment, and a few rounds of PCR
amplification for the enrichment of the DNA fragments with adapters (Head et al., 2014). During
the sequencing of the prepared library, PCR duplicates arise from the sequencing of two or more
copies of the exact DNA molecule that exist because of the library enrichment step prior to the
sequencing (Ebbert et al., 2016). This phenomenon is inevitable for two main reasons, (i) it is
unpredictable and uncontrollable which of the PCR products will bind to the sequencing flow cell,
and (ii) because of PCR bias (Ebbert et al., 2016). Computational tools that enable the removal of
these PCR duplicates can be incorporated in various sequencing analysis pipelines to mitigate this
inherent consequence of the NGS (Ebbert et al., 2016; Zhou et al., 2014). The presence of PCR
duplicates can particularly be detrimental to viral population diversity analyses as it can lead to
false-positive variant calls (i.e., misidentification of a PCR-induced error as a true variant) and
inflate sequencing coverage that leads to the overestimation of variant allelic frequencies (Olson

etal., 2015; Tin et al., 2015).

To determine if this was the case for this study, a deduplication step was added to the original
variant calling pipeline (Fig. 2.3). The effects of deduplication were afterwards assessed by
examining if any of the previously identified mutations were lost after deduplication and if the
frequencies of each mutation were changed dramatically. Surprisingly, none of the mutations
formerly recognized using the pipeline that lacked the deduplication step were lost or fell below
the set limit of detection for frequency, which was 0.05 (or 5%) after deduplication (Fig. 3.7). The
majority of the called mutations did experience a drop in frequency after deduplication, although
the difference observed from the original frequencies was no more than 1% and was overall non-
significant. These data suggest that the deduplication of PCR duplicates had a negligible effect on
the accuracy of variant calling. A comparison made by Ebbert et al. between variant calls made

with and without PCR duplicates on 99 whole-genome sequencing samples from an Alzheimer’s
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Disease study yielded similar results, where the accuracy of variant calls between the different
pipelines they used were similar and thus questions the need for PCR deduplication (Ebbert et al.,
2016). The true need for removing duplicate reads remains debatable as not many comparative

studies exist on this issue.
4.10 MAJOR FINDINGS AND CONCLUSIONS

The use of an amplicon-based high throughput sequencing approach to examine the SUDV
genome in each passage provided a detailed view of the genomic changes that occurred as the
passaging progressed in guinea pigs and answered the hypotheses outlined in Section 1.6. The first
hypothesis states that throughout the adaptation process, the virus acquired several genomic
mutations that fluctuate in frequency over time, and indeed, the first major finding of this study
revealed that the SUDV genome acquired a total of 333 mutations between the wild-type SUDV
and the 20 passages that existed at different frequencies — from 5% to 100%. The second major
finding of this study was the identification of the 18 mutations in the genome of the GPA-SUDV
— 13 were in the coding sequence and 5 were in the noncoding sequence. Apart from the g253a
and al4928t mutations in the NP and L genes, respectively, 16 of the adaptive mutations were
present at a frequency of 99%. This finding confirms the second hypothesis to a certain extent
where it was postulated that mutations retained by the GPA-SUDV by the end of the adaptation
process are those with frequencies near 100%. Surprisingly, considering that the L203P mutation
existed at a frequency of almost 100%, this mutation was not detected by Wong and his colleagues
when they Sanger-sequenced GPA-SUDV. Therefore, the identification of this mutation was
unique to this study. Not only was this study able to determine the frequencies of the adaptive
mutations at the last passage where the GPA-SUDV was recovered, but the study was also able to
provide a timeline of when the adaptive mutations appeared and the frequencies at which they
existed. It was determined that the c5767t, a9678g, and c10909t (P204L) mutations in the VP40,
VP30, and VP24, respectively, were already present in the unpassaged wild-type SUDV and was
selected for by the virus over time. The earliest mutations that appeared subsequently after 1 to 6
passages were found in NP (g850a), VP40 (L203P) and GP (Y151H and F153L), which initially
started at low frequencies and consistently increased in frequency over time. Meanwhile, the rest

of the adaptive mutations appeared much later after the 10" passage. Interestingly, although the
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mutations appeared at different points in time, most of the mutations were able to retain frequencies

above 95% starting at the same passage, passage 17.

Considering that the mutations present in the GPA-SUDV were in various regions of the
genome, it was hypothesized that the adaptive mutations likely contribute to various aspects of the
viral replication cycle of the virus and/or immune evasion tactics of the virus. To investigate the
probable functional roles of the different mutations identified in the viral genome, a literature
search was conducted. Nonsynonymous mutations found in the VP35, GP and VP40 genes likely
augments viral replication by enabling a more efficient nucleocapsid formation, improved viral
entry, and enhanced morphogenesis and budding, respectively. Meanwhile, the P204L mutation in
VP24 was hypothesized to confer increased virulence in the host by dampening the host IFN
immune response. Synonymous mutations were also present in the adapted genome and may have
contributed to increased virulence by altering the codon usage of the virus to be able to translate
proteins more efficiently or alter the regulatory process of the virus that leads to better viral
replication by modifying the secondary structures that may be present in the open reading frame
(ORF) region of the genes. Probing for secondary structures in the ORF of the SUDV genome can
aid in confirming the latter hypothesis. Lastly, mutations located in the UTR regions of the genes
may be beneficial to the virus by boosting the translation efficiency of the transcripts. Overall, the
adaptive mutations obtained by the SUDV when passaged in guinea pigs likely refine viral

replication and the immune evasion strategies of SUDV.

Aside from addressing the core hypotheses of this thesis, this study was also able to gain
insights into the quality of the RNA samples that were used. Determining the quality of the RNA
samples was determined to be detrimental to elucidating why the success in PCR amplification
was variable between passages. Both the RNA bioanalyzer assays and attempts to amplify different
housekeeping genes from the extracted RNA reveal that the RNA from the guinea pig liver and
spleen homogenates were of poor quality as they were highly degraded. The degradation observed
was determined to be not primarily because of the old age of the samples but was most likely due
to the origin of the samples themselves as the liver and spleen organs are known to carry high
amounts of RNases that degrade RNA. The lack of long fragment RNA in these samples may be

a reason why obtaining all the 16 amplicons was not uniformly achievable in all the passages.
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Employing a multiplex-PCR approach with amplicons sizes of less than 1 kb may be more feasible

compared to the approach used for this study.

Overall, this study provided insight into the virus evolution that occurred during the
adaptation process and can help identify hotspots in the genome that may be important in
conferring virulence. Being able to provide a detailed timeline of when mutations appeared and
what frequencies they occurred can be used as a guide to select for mutations that might be worth
investigating further. Exploration of actual key mutations that leads to lethality in guinea pigs and
the potential impacts of these mutations in the fitness of the virus is still warranted and could be

an extension of this study.
4.11 FUTURE DIRECTIONS

Central to this thesis was providing a detailed overview of the progress of the adaptive
mutations identified in the GPA-SUDV genome during the passaging series. However, which viral
mutations are key to the virulence and lethality observed in guinea pigs remain to be elucidated.
To identify the molecular determinant(s) responsible for the lethality in guinea pigs, creating
SUDV variants with different combinations of the adaptive mutations will be important. The use
of molecular cloning techniques will be an indispensable tool that will help generate different
variants of SUDV. First, the full-length genome construct of the wild-type SUDV (variant
Boniface) will be cloned to a cloning vector. Following cloning, site-directed mutagenesis will be
performed to introduce the 18 adaptive mutations to the wild-type construct. A variety of GPA-
SUDV mutants will also be generated by switching out the mutated regions with the wild-type
SUDV sequence. A schematic representation of constructs that can be explored for future
experiments is highlighted in Fig. 4.1. The full-length plasmid constructs will further be used to
rescue recombinant SUDVs using a reverse genetics system. Characterization of these
recombinant viruses, like their virulence and replication kinetics, may then be explored in vivo in
guinea pigs and/or in vitro in a commercially available guinea pig cell-line. The examples of
constructs listed in Fig. 4.1 can be used to initially screen and narrow down which regions in the
viral genome that carries the adaptive mutations contribute to virulence. Alternatively, the
previously collected pooled liver and spleen homogenates may also be used to deduce mutations

that could be crucial for GPA-SUDV’s increased virulence in guinea pigs. In vitro infectivity
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assays using plaque-purified viral stocks from each passage be used to initially characterize the
replication kinetics of each virus, which subsequently allows for comparing differences in the
replication kinetics of viruses from different passages. The viruses can then be used to challenge
a set of guinea pigs from which virulence will be monitored. Combining the clinical data and the
sequencing data obtained from this study will make it possible to have a fuller comprehension of

when animals began to get sick and which mutations were present at that time.
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Figure 4.1 Full-length genome constructs of recombinant SUDV viruses. The following
constructs will be used to initially screen regions in the viral genome that may be crucial for
SUDV pathogenesis in guinea pigs.

The probable roles of the adaptive mutations were also described in this thesis, but the true
contributions of these mutations to the fitness of the virus are not clear. To deduce the roles that
the mutations from each of the SUDV proteins play in the viral replication cycle, developing a
tetracistronic transcription and replication-competent virus-like particle (trVLP) system is
proposed. This tetracistronic trVLP system is a life-cycle modelling system that can model various
aspects of the filovirus replication cycle, including viral entry, genome replication and
transcription, and viral egress (Watt et al., 2014). The SUDV trVLP system will be comprised of
a tetracistronic minigenome that encodes a reporter gene and structural proteins such as VP40,
GP1., and VP24, as well as RNP proteins that will be supplied exogenously and expressed from
expression plasmids (Fig. 4.2). To produce trVLPs, the said components will be transfected in
producer cells along with an expression plasmid encoding for a T7 polymerase that will initially
transcribe the minigenome to produce the viral RNA (VRNA). In the presence of the RNP proteins,
the VRNA will be encapsidated, replicated, and transcribed. The resulting mRNAs are then
translated, producing the structural proteins that aid in viral assembly and budding of
nucleocapsid-bearing trVLPs coated with GP1. The detected reporter activity in these producer
cells reflects the VRNA synthesis, transcription, and trVLP production (Watt et al., 2014). The
generated trVLPs can be subsequently used to infect desired target cells which may or may not be
pre-transfected with the RNP helper plasmids. If introduced in targets cells with pre-transfected
RNP plasmids, the reporter activity relies on VRNA synthesis, transcription, and trVLP formation
in both the producing cells and the target cells, as well as in viral entry in the target cells (Hoenen
etal., 2011). Meanwhile, in naive cells lacking the RNP proteins, reporter activity is dependent on
VRNA synthesis in the producer cells only, and primary transcription, viral entry, and trVLP
production in the target cells (Hoenen et al., 2011). Using this system, the effects of each GPA-
SUDYV mutation or a combination of these mutations on the viral replication cycle can be evaluated
in vitro by cloning the mutation(s) of interest to the desired viral protein and then measuring the

level of reporter activity in the target cells, which will be compared relative to wild-type.
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Figure 4.2 Production of transcription and replication competent virus-like particles
(trVLP) with a tetracistronic minigenome. Producer cells are tranfected with RNP proteins
and T7 polymerase encoded in an expression plasmid, pCAGGS, and tetracistronic minigenome.
The tetracistronic minigenome encodes for a reporter gene (e.g. luciferace gene) and viral
structural proteins — VP40, GPiz, and VP24. Upon transfection, initial transcription of
minigenome to viral RNA (VRNA) by the exogenous T7 polymerase occurs. Encapsidation,
genome replication, and transcription VRNA occurs subsequently in the presence of RNP
proteins. Transcription of VRNA results in the production of VP40, GP1 2, and VP24, thus leading

to formation of trVLPs.
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Figure 4.3 Schematic representation of trVLP assay with a tetracistronic minigenome. A
stock of human embryonic kidney 293T cells split and propagated for 24 hours to serve as
producer cells for initial production of trVLPs. After 24 hours, the producer cells are transfected
with the tetracistronic minigenome and RNP proteins and T7 polymerase that are individually
cloned to a pCAGGS expression plasmid. After transfection, fluorescence signal is measured
and trVLPs are harvested and used to infect target cells. The desired target cells can either be
cells pre-transfected with RNP plasmids and an attachment factor, Tim-1, or naive cells lacking
the RNP plasmids.
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6 APPENDICES
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Appendix Al. Real-time quantitative reverse transcription PCR standard curve. This
standard curve of genome equivalents (GEQ) versus cycle threshold (Ct) was used to estimate
the amount of SUDV RNA present in extracted pooled guinea pig liver and spleen homogenate
samples. GEQ was determined using the equation y =-3.363x +27.28 with an R?value 0f 0.9993,
where y is Ct and x is the logi0GEQ. The standard curve was generated from a serially diluted
SUDV NP gene cloned to a vector.
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Appendix B1. Gel electrophoresis of amplicons collected from each GPA-SUDV passages. The cDNA
generated from reverse transcription of total RNA extracted from the GPA-SUDV homogenates was used as
templates for amplification of 16 amplicons that spans the whole virus genome. The success of amplification varied
between passages 1 to 20 (A-T). Passage 9 (I) had the greatest number of missing fragments (7 total), while
passages 8 (H), 13 (M), and 18 (R) had a single fragment missing. Amplicons that were re-amplified by primers
that were designed using PrimalScheme are highlighted with an asterisk (*). The rest of the amplicons were
amplified using selected primers from Wong et al. (2016). All PCR products were run in 1% agarose gel stained
with SYBR Safe DNA gel stain in 1X TAE buffer for 30 minutes. Sizes of amplicons were estimated using
GeneRuler 1 kb DNA ladder (Lane M).
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