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Abstract

Ticks are vectors capable of transmitting viruses, such as those within the order
Bunyavirales. These interactions between virus and vector are severely understudied, despite
ticks and the viruses they transmit posing an ever-increasing risk to human and animal
health. Once exposed, ticks can be persistently infected, capable of transmitting the virus to
other hosts for the duration of their lifespan and in some cases can pass on the virus to any
offspring through vertical transmission. Additionally, as the impact of climate change
increases, the abundance, activity window and geographical reach of ticks is expanding,
further increasing the risk of exposure to the viruses they carry.

Over the last 80 years, the emergence and re-emergence of tick-borne bunyaviruses has led
to several epidemics, with the mortality of some of these virus species exceeding 30%.
However, as it stands, little information is known about the factors which dictate the vector
specificity of these viruses, and the intracellular interactions within the tick that allow for
persistent infection to be established. The work carried out within this thesis aims to begin
tackling both gaps within our understanding. By using Uukuniemi virus (UUKYV) as a model
bunyavirus, the vector specificity of UUKYV for ticks is confirmed and the stage at which
viral replication is unable to proceed in non-vector arthropod cells has been identified. This
work highlights the interactions within vector and non-vector arthropod cells in order to
determine the requirements needed for UUKYV to overcome this transmission barrier and
demonstrates UUKYV is unable to infect and replicate in cell lines derived from mosquitoes
but readily infects human and tick cell cultures. In tandem with these findings, this work also
presents the first tick cell line-derived RNA binding proteome (RBPome), achieved by using
a cell line from the tick species Ixodes scapularis. The work also elucidates RNA binding
proteins that are significantly differentially expressed during UUKYV infection. As this
methodology employs the use of RNA interactome capture through UV crosslinking and
oligo(dT) capture beads to isolate samples for mass-spectrometry, the proteins highlighted
in these findings reflect changes of activity within the cell as opposed to changes in overall
protein abundance, as is seen with classical whole cell proteomics. Further biochemical
analysis and downstream validation through dsRNA transfections to achieve gene
knockdowns gives insights into both the makeup of the ISE6 cell line derived RBPome and
preliminary insights into the importance of these proteins in viral replication kinetics. In
summary, this work lays the foundations to elucidating the molecular determinants of

Uukuniemi virus tropism within vector cells, alongside providing novel data on the



intracellular landscape of the ISE6 cell line RBPome in naive and rUUKV-infected

conditions.
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This chapter will discuss ticks, in the context as both vectors of pathogens and cell lines
derived from tick embryos as a laboratory tool. Following this, an overview of the order
Bunyavirales, including classification, structure, disease prevalence and vector transmission,
is given. Examples from both tick-borne and mosquito-borne species within are described,
before concluding with a more detailed review of the species Uukuniemi uukuniemiense,
herein referred to by the isolate used, Uukuniemi virus (UUKYV), as a model tick-borne
bunyavirus. With the exception of hantaviruses, which use small mammals as vectors and
are transmitted through the aerosolised excreta, all bunyaviruses are arthropod-borne
(Albornoz, Hoffmann, Lozach, & Tischler, 2016; Boshra, 2022; Burrell, Howard, &
Murphy, 2017). For the purposes of this research, the Hantaviridae will not be discussed in
this thesis.

1.1 Ticks

It is estimated that fewer than 10% of known tick species are competent vectors of viruses.
Despite this, these organisms pose a substantial and increasing risk to animal and human
health (Kazimirova et al., 2017; Mazelier et al., 2016; Romano, Stefanini, Canale, & Benelli,
2018). There are large gaps in knowledge surrounding ticks, partially due to their difficulty
to maintain within a laboratory setting. This was particularly true before the establishment
of artificial blood feeding, as rearing is time consuming, expensive, and requires specialist
resources (Elhachimi et al., 2021). Although artificial blood-feeding has now lightened these
burdens, there are very few facilities globally which contain tick-colonies, and as a result
these species are still highly understudied (Fogagca et al., 2021; Romano et al., 2018). Cell
lines derived from various tick species offer a compromise to these drawbacks, allowing for
infection studies to be performed and the intracellular mechanisms to be investigated.
However, more work is required to characterize these cell lines. Many gaps within our
understanding of tick biology have begun to be tackled within the past 60 years through the
use of these tools, alongside experiments using whole organisms (both laboratory-reared and
from the wild), clinical data, and disease and vector surveillance (Bell-Sakyi, Zweygarth,
Blouin, Gould, & Jongejan, 2007). All species of ticks are grouped into three families:
Argasidae (soft-shell), Ixodidae (hard-shell), and Nuttalliellidae (monotypic). The focus of
this work, in relation to bunyaviruses, is limited to the study of the hard-shelled Ixodidae
family and therefore all further references to tick species will be from the Ixodidae family

unless specified otherwise (Nava, 2009).

At an organismal level there is little published within the literature on the genomes of ticks.
Despite being arguably one of the most important vectors for the transmission of tick-borne
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diseases, only relatively recently has the genome sequence for 1. ricinus been published, with
the most recent draft covering approximately 67% of the non-repetitive sequences within the
genome. The group also used BLAST to compare the protein scaffolds to the annotated
proteins of Ixodes scapularis (I. scapularis) to enhance this mapping (Cramaro, Hunewald,
Bell-Sakyi, & Muller, 2017; Cramaro et al., 2015). The first tick genome to be sequenced
was that of I. scapularis in 2016, covering around 57% of the total genetic material (Gulia-
Nuss et al., 2016). Following this, a higher-quality I. scapularis genome with an improved,
continuous genome and over 10,000 extra defined protein-coding genes has been published.
In addition, this work used nano- liquid chromatography—mass spectrometry (LC-MS/MS)
to identify 4927 proteins from I. scapularis across different life stages of the tick (De et al.,
2023). This is currently the most detailed genomic report for any tick species, although more
work is required to ascertain the protein products for many of the transcripts, and their

function within the organism (Fogaga et al., 2021).

1.1.1 Organism
1.1.1.1 Lifecycle

Although timings and exact environmental conditions may differ between species, most ticks
follow a very similar lifecycle. This begins with the egg stage followed by hatching and three
life stages: larva, nymph, and adult. To move from one life stage to the next a blood meal is
required (James H. Oliver, 1993; Kahl & Gray, 2023). Depending on the life stage of the
tick, the length of time spent taking a blood meal can vary from two days at the larval stage,
to up to ten days as an adult female (Suss, Klaus, Gerstengarbe, & Werner, 2008).
Completing this life cycle may take anywhere between 2-6 years, dependent on
environmental conditions. Once a bloodmeal is taken, the tick will detach from the host and
shelter, usually within undergrowth or leaf litter to preserve energy and resources. During
this time, the tick will wait until the weather is warmer (typically June-October) to moult,
meaning depending on when the blood meal is taken the tick may remain sheltered for
several months in an engorged state (H. G. Koch & Tuck, 1986). The process of moulting,
triggered by the apolysis (separating the layer to be shed from the underlying epithelium)
takes several weeks to complete. The ectodermal tissue degenerates and allows for the
formation of new tissues, with old tissue being digested and new tissue forming
simultaneously. In the last two weeks of this process, the tick sheds any remaining waste
leftover from the process, and is then considered to have begun the next stage of its life cycle
(James H. Oliver, 1993; Kahl & Gray, 2023). If the tick is an adult female at the time of

taking the bloodmeal, and is mated during or before the bloodmeal, once engorged the
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female will detach and immediately lay eggs as long as the temperature remains above 4 °C
(if the temperature drops the laying will pause until it is increased above the threshold), and
once laying is complete the female dies (J. S. Gray, Kahl, Lane, Levin, & Tsao, 2016; Kahl
& Gray, 2023). To take a blood meal (at any life stage), the mouth parts pierce the skin,
causing the blood to pool due to damage to the blood vessels and skin tissue. The mouthparts
contain a barbed structure that acts as an anchor and a straw to imbibe the blood meal.
Following penetration of the mouth parts, saliva secretions act to further anchor the tick in
place during feeding. The saliva additionally acts to counter the hosts blood-clotting abilities
and reduce detection of the bite by the host, with acquisition of blood alternating with the
secretion of saliva during feeding (Richter, Matuschka, Spielman, & Mahadevan, 2013;
Vancova et al., 2020). The compounds released by tick saliva vary depending on the species,
life stage, and sex of the tick, and many of the compounds isolated require further
experimental testing to confirm their function. Briefly, compounds have been identified that
target vasodilation/vasoconstriction, wound healing/angiogenesis, platelet aggregation,
blood coagulation, innate immune response, the compliment system, and acquired immune
response (Diaz-Martin et al., 2013; P. A. Nuttall, 2023; Ribeiro et al., 2006; Simo,

Kazimirova, Richardson, & Bonnet, 2017).

1.1.1.2 Immune System
Most of the knowledge on arthropod immune responses has been gained from studies on
species from the Aedes and Anopheles genera of mosquito or the fruit fly genus Drosophila
(Blair, 2011; Fogaca et al., 2021; Y. Li et al., 2017). The arthropod immune system
incorporates only an innate immune response, which can be divided into two main factions:
cellular and humoral. The cellular response is predominantly carried out by dedicated
immune cells, named haemocytes, responding to microbes such as bacteria, yeast and
spirochetes. Within the humoral response, a variety of pattern-recognition proteins trigger
four major immune signalling pathways: Toll, immune deficiency (IMD), Jun-N-terminal
kinase (JNK), and Janus Kkinase/signalling transducer and activator of transcription
(JAK/STAT). Through additional experiments on the species previously mentioned and
other works on mites, lice and others, it is widely agreed that arthropod immune systems
display a wide diversification within these pathways (Baxter, Contet, & Krueger, 2017;
Fogaca et al., 2021; W. J. Palmer & Jiggins, 2015; Rosa et al., 2016; Sheehan, Garvey,
Croke, & Kavanagh, 2018). For example, through microbial challenge experiments in BMEG6
cells (derived from the Rhipicephalus microplus tick species) it was revealed that, unlike
mosquitoes, ticks may lack central components of both the Toll and JAK/STAT signalling
pathways (W. J. Palmer & Jiggins, 2015). Despite this, when 1. scapularis were exposed to
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Anaplasma phagocytophilum bacteria, silencing of STAT or JAK components, but not
components of the Toll or IMD pathways, resulted in an increase in bacterial output,
indicating the JAK/STAT pathway is involved in controlling bacterial infection though
regulating the production of antimicrobial peptides (AMPSs) (L. Liu et al., 2012). It has also
been determined that some immune-signalling genes within arthropods are constitutively
transcribed, with microbial challenge causing differences in transcriptional patterns rather
than an ‘on-off” system (Rosa et al., 2016). Triggering of these pathways can have a variety
of outcomes, including producing effector molecules such as AMPs. When the mosquito
Aedes aegypti is infected by viruses the Toll pathway is triggered, culminating in specific
AMP expression (Baxter et al., 2017; Xi, Ramirez, & Dimopoulos, 2008). When using basic
local alignment search tool (BLAST) for immune pathway components, 234 genes were
found which were associated across nine families involved in humoral or cellular immune
response, including 55 genes relating to Toll, IMD and JAK-STAT in I. scapularis (A. A.
Smith & Pal, 2014).

Several studies have been carried out at both the proteomic and transcriptomic levels to
explore the response of ticks (both cell lines and organism) to various microorganismal
infections. In ISE6 cells, infection with Anaplasma phagocytophilum resulted in the
upregulation of ~300 miRNAs associated with infection response and cellular metabolic
processes, and downregulation of ~33 miRNAs associated with gene expression and
development (Artigas-Jeronimo et al., 2019). By comparing the transcriptional response of
A. phagocytophilum infection in ISE6 and IRE/CTVM20, the ISE6 response resembled that
of the tick haemocyte immune cells, whereas the IRE20 cell line behaviour to infection more
closely resembled the response of an infected midgut. In the ISE6 cells, of the 174
differentially expressed, 45 were upregulated with the other 129 genes were downregulated
during infection. Both upregulated and downregulated transcripts were involved with
cellular and metabolic processes, alongside homeostasis functions. This pathogen also
causes the downregulation of proteins associated with apoptosis to inhibit cell death (P.
Alberdi et al., 2015; P. Alberdi et al., 2016).

In the context of viral infection, the RNA interference (RNAI) pathways are the primary
antiviral defence mechanism employed in arthropods. Within these pathways, viral dSRNA
is cleaved into single-stranded siRNAs, roughly 21 nucleotides in length in mosquitoes and
22 nucleotides in length in ticks, by a Dicer (Dcr) protein. These are known as viral
interfering RNAs (ViRNAS) and are then loaded into Argonaute (Ago) proteins, which use
the VIRNA as guides to degrade any RNA the guide associates with. This complex will

further couple to other related proteins, such as RNA dependant RNA polymerases (e.g.
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EGO-1), to form a RNA induced silencing complex (RISC) (Aliyari & Ding, 2009; Asgari,
2014; Blair, 2011; Grubaugh et al., 2016; Obbard, Gordon, Buck, & Jiggins, 2009; W. J.
Palmer & Jiggins, 2015; Schnettler et al., 2014). It is important to note that, as bunyaviruses
have negative-sense RNA genomes, the path to RNAI production is unclear. This is because
it has been widely demonstrated that dSRNA is not usually detectable during the replication
cycle of negative-strand RNA viruses during host infection, meaning the production of the
VIRNAs may be reliant on ssRNA secondary structures (Blair, 2011). Beyond this, the Dcr
and Ago proteins are very interesting proteins. Not only do they act as PRRs to activate the
pathways mentioned upon detection of VRNA or transposable elements, but additionally
through the formation of the RISC complexes, they are able to carry out their own anti-viral
functions (Aliyari & Ding, 2009; Blair, 2011; Jaronczyk, Carmichael, & Hobman, 2005;
Obbard et al., 2009; Paradkar, Duchemin, Voysey, & Walker, 2014). When mapping
VIRNAs from the antiviral response to a flavivirus and bunyavirus infection, the ViRNAS
mapping to the viral genome were found at the highest frequency around the 5” and 3’ UTRs,
although the ORF was also seen to be targeted (Asgari, 2014; Brackney, Beane, & Ebel,
2009; Brackney et al., 2010; Dietrich, Shi, et al., 2017; Grubaugh et al., 2016).

As it stands, there are four known RNAI pathways arthropods employ. Three where the
source of the RNA is endogenous; piRNA (piwi-interacting RNA), endo-siRNA
(endogenous small interfering RNA), and miRNA (microRNA). The main difference in
these pathways is that the former pathway is Dicer-independent and involves the PIWI
family of Ago proteins, whereas the latter two require both Ago or Ago-like and Dcr
proteins. The fourth pathway is exo-siRNA (exogenous small interfering RNA) which is
often considered the most important mosquito antiviral innate immune response (Blair,
2011). Of these pathways, it is the siRNAI pathways which shows the highest diversification
across arthropod species and a high evolution, which may be due to this pathway being the
most dominant antiviral defence (Aliyari & Ding, 2009; Fogaca et al., 2021; Obbard et al.,
2009; W. J. Palmer & Jiggins, 2015). miRNAs, on the other hand, show less diversification
and are also able to regulate mRNA translation and stability through binding to 5’-UTR
recognition sites to alter cellular function (Asgari, 2014; Fabian, Sonenberg, & Filipowicz,
2010). The production and differential transcription of endogenous miRNAs in Aedes
aegypti is triggered by blood feeding, and these transcripts are important for development
and producing a ‘pre-emptive’ immune response (Hussain, Walker, O'Neill, & Asgari,
2013). A similar reaction occurs upon blood feeding in ticks, for example the acquisition of
a blood meal over 3-days in I. scapularis nymphs is accompanied by transcription levels in

salivary glands. Although many of these transcripts were undefined within the study,
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differential regulated transcripts involved with producing putative secreted proteins,
lipocalins, Kunitz domain-containing proteins, and anti-microbial peptides were detected
(McNally et al., 2012). The specific mechanisms by which these genes are induced in either
case are unclear, as taking a blood-meal not only produces an influx of nutrients but thermal
stress due to the heat of the blood meal (Rosche, Sidak-Loftis, Hurtado, Fisk, & Shaw, 2020).

RNAI responses can be detected at all stages of a ticks lifecycle (Grubaugh et al., 2016), and
I. scapularis has shown significant gene expansion of RNAI elements. For example, their
genome contains five Ago homologous genes: Ago-78, Ago-96, Ago-68, Ago-16, and Ago-
30, and two Dcr genes: Dcr-89 and Dcr-90. Of these genes, Ago-78 is homologous to insect
Ago-1, whilst the rest are homologous to insect Ago-2, and the Dcr genes were homologous
to Drosophila Dcr-2 and Dcr-1, respectively (Baxter et al., 2017; Fogaca et al., 2021).
Approximately 31 key RNAI-related proteins and 23 homologous proteins related to dSRNA
up-taking and processing have been identified through genomic analysis, including Ago-2,
FMRp, and EGO-1, with loss-of-function studies also supporting these genes for tick-
specific RNAI pathways (Kurscheid et al., 2009; A. A. Smith & Pal, 2014). Despite evidence
of RNAI, Toll, IMD, and JAK/STAT components being present in the genome, limited
experimentation has been conducted leading to a paucity of information as to whether all
these components are transcribed and involved in the tick antiviral response. The piRNA
response to infection has not been touched on within the literature, although this may be due
to I. scapularis lacking an Ago3 homolog which is integral to ping-pong amplification
needed in this process and the biogenesis of piRNA varying between germline and somatic
cells. The piRNA pathway appears to be triggered by ssSRNA (Asgari, 2014; Blair, 2011;
Fogagca et al., 2021; Grubaugh et al., 2016; Perveen et al., 2023; Schnettler et al., 2014). The
RNAI response does not just affect the vector. In the salivary glands of I. scapularis,
Powassan virus (POWYV) infection causes differential expression of miRNAs, 35
upregulated and 17 downregulated, which are secreted with the saliva and can affect the host
response to POWYV (Hermance, Widen, Wood, & Thangamani, 2019).

When challenged with viral infection, sub-genomic flavivirus (sf)RNAs are expressed in
cells infected with many different Flaviviridae members, such as POWV, Langat virus
(LGTV) and TBEV, which act to counter the tick RNAI system and can be required for
transmission (Fogaca et al., 2021; Schnettler et al., 2014; Slonchak et al., 2020; Weisheit et
al., 2015). Endogenous miRNA expression also appears to be able to be modulated by
viruses as a method of controlling replication within the vector (Asgari, 2014; Fogaga et al.,
2021). This antiviral RNAI responses promotes viral evolution by creating positive selection

pressure, and this pressure causes escape mutations depending on the target of the RNAI.
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RNAI that targets the 3* and 5’ end is more likely to produce escape mutations, compared to
RNAI that targets the structural regions of the VRNA which is less likely to produce
mutations and is hypothesised to be a method of controlling virus replication within the tick
(Grubaugh et al., 2016). When the RNAI system is activated against one virus segment in a
recombinant virus system, RNA silencing can work against subsequent infection for the
wild-type virus. For example, when recombinant SFV containing the Hazara virus (HAZV)
nucleoprotein is used to induce the RNAI response in ISE6 cells prior to super-infection,
upon challenge with the wild-type HAZV, replication of the virus was inhibited. However,
this was sequence specific, as infection with a recombinant SFV containing the CCHFV
nucleocapsid sequence did not illicit silencing of HAZV upon challenge (Garcia et al., 2005).
This does indicate that once a better understanding of the intracellular workings of the tick
vector is achieved, we can establish pathogen-derived resistance via exploiting the RNAI
pathway (Garcia et al., 2005; Garcia et al., 2006).

There is evidence that the RNAI pathways and immune signalling pathways interact and
display crosstalk (Fogaga et al., 2021; Paradkar et al., 2014). In Culex species mosquitoes,
when Dcr-2 recognises West Nile Virus (WNV) dsRNA the signalling cascade causes
increased Vago expression, which is in turn secreted from the infected cells. This compound
then interacts with cellular receptors in surrounding uninfected cells, triggering the
JAK/STAT pathway and inducing an anti-viral state through upregulation of anti-viral genes
such as vir-1 (Fogaca et al., 2021; Paradkar et al., 2014; Paradkar, Trinidad, Voysey,
Duchemin, & Walker, 2012). In both Ae. aegypti derived cell lines (Aag2) and in whole
Drosophila flies, crosstalk has been seen between the RNAI and Toll pathway. In the former
species, endogenous miRNA inhibited activation of NF-xB, reducing AMP synthesis and
enhancing dengue virus (DENV) infection. In the latter, endogenous miRNA regulates a
Toll-derived anti-microbial peptides. miRNAs co-targeting the same transcripts is also an
example of the tight regulation within the arthropod cells to allow for a balanced immune
response (Baxter et al., 2017; Fogaca et al., 2021; Xi et al., 2008). Currently however, there
is only one study reporting crosstalk in immune signalling where the authors knocked down
the transcription factors Dorsal, Relish, or STAT in organism R. microplus and challenged
these knockdowns with A. marginale, indicating the crosstalk of the immune pathways in
ticks may enhance the immune response, although these studies need further investigation.
Additionally, there is an indication that apoptosis (programmed cell death) plays a role the
immune response of ticks, and pathogens may try to inhibit this apoptotic response (P.
Alberdi et al., 2016; Capelli-Peixoto et al., 2017; Fogaga et al., 2021).
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1.1.1.3 Geographical distribution and Climate Change

To date there are over 700 known species within the Ixodidae family, spread worldwide over
226 countries and territories (Guglielmone, Nava, & Robbins, 2023; Nava, 2009). For
example, 1. scapularis is established in the eastern United States and Canada, |. pacificus in
the western United States, I. ricinus in Europe and Asia, and I. persulcatus in Asia. I. ricinus
alone is estimated to account for up to 95% of all human tick bite incidences in Europe
(Rahlenbeck, Fingerle, & Doggett, 2016; Schotthoefer & Frost, 2015; Suss et al., 2008).
Species within the Ixodes genus are vectors of several pathogens that can have a severe
impact on human health (including Lyme borreliosis and tick-borne encephalitis virus
(TBEV)).

The main factors to determine if an environment is suitable for tick survival are high
humidity, warm temperatures, vegetation for questing (host finding behaviour)/shelter, and
the presence of hosts. Hard ticks only take on water by absorption and during blood meals,
meaning the tick may regurgitate the water back into the host to prevent an excess influx of
water into its system. In addition to the secretion of saliva, this is an additional means by
which pathogens may be transmitted during feeding. High humidity and vegetation to
provide shelter from direct sunlight prevent ticks from desiccation, and warmer temperatures
allow ticks to be active (ticks are known to become dormant when the temperature decreases
below 4-6°C on average) (Bertrand & Wilson, 1996; Fielden & Lighton, 1996; Leger,
Vourc'h, Vial, Chevillon, & McCoy, 2013; Suss et al., 2008). As climate change causes an
increase in average precipitation/humidity and global temperature, more favourable
environmental conditions are being created for ticks. Additionally, increased human
activities such as travel, livestock transport, and environmental modifications are providing
more opportunities to expand their geographical reach (Dantas-Torres, 2015; Lauterbach,
Wells, O'Hara, Kalko, & Renner, 2013; Leger et al., 2013; Suss et al., 2008). There are many
studies within the literature which directly tie climate change to the expansion of tick
populations geographically, the increased number of ticks within populations, and an
increase in the activity timeframe of ticks throughout the year (Leger et al., 2013; van Oort,
Hovelsrud, Risvoll, Mohr, & Jore, 2020). One study noted that, in central Germany, during
the winter period (September to March) of 2006/2007 tick activity could be seen throughout
the timeframe as opposed to the expected winter dormancy period (Suss et al., 2008). More
recently, according the European Centre for Disease Prevention and Control (ECDC), as of
November 2023 I. ricinus has become established within new areas of Croatia, France and

Spain  (https://www.ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-

maps [accessed January 2024]).
32


https://www.ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-maps
https://www.ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-maps

Chapter 1

When looking at the impact of tick populations on instances of tick-borne viruses, the
increased distribution of these vector species is reflected within the increased incidence of
disease in areas where the pathogen is already established, and as the vector expands into
new territories the risk of transmission in these naive territories increases (Rochlin & Toledo,
2020; Suss et al., 2008; van Oort et al., 2020). Using mathematical modelling to analyse the
impact of different types of transmission on the average number of cases of an infectious
disease (Ro) of TBEV, it is theorized that the co-aggregation of ticks is more impactful on
the Ro than the number of systemically infected hosts, meaning any increase in tick numbers
or geographical distribution will substantially increase the risk of virus transmission and
outbreaks (Johnstone-Robertson, Diuk-Wasser, & Davis, 2020). Modelling has also been
applied to try to calculate the impact of variables such as climate change on the movement
of ticks and tickborne diseases. However, this is only able to predict the likelihood of
outcomes and should be used as a guide rather than a certainty. For example, in a study
published in 2015, climate change models did not predict the incursion of TBEV in the UK,
however as of 2019 TBEV seropositive samples, and ticks containing TBEV RNA, was
detected within the UK for the first time. Since then, several cases of TBEV infection have
been confirmed within humans in the UK ((Holding et al., 2020; Medlock & Leach, 2015)

https://www.gov.uk/quidance/tick-borne-encephalitis-epidemiology-diagnosis-and-

prevention [accessed January 2024]). This is particularly alarming as other, more highly
pathogenic viruses such as Crimean Congo haemorrhagic fever virus (CCHFV), have also
begun to move into more highly populated areas of countries such as Spain where the virus

had not previously been considered endemic before 2010 (Carrera-Faja et al., 2022).

1.1.2 Tick- derived cell culture systems

In the past 60 years, over 40 cell lines have been developed from 13 Ixodidae and one
Argasidae tick species (Bell-Sakyi et al., 2007), and have been crucial for elucidating the
biology of ticks, particularly concerning their immune responses (Bell-Sakyi et al., 2007;
Sidak-Loftis et al., 2022; Simser, Macaluso, Mulenga, & Azad, 2004). However, despite the
development of these pivotal reagents, there are still large gaps in knowledge regarding these

resources, with only one cell line (ISE6) having a published genome (Miller et al., 2018).

The ISE6 cell culture, derived from 1. scapularis embryos, is one of the most widely used
tick-derived cell lines for examining tick-pathogen interactions (Mateos-Hernandez et al.,
2021). This cell line was produced in 1994, and although several tick cell lines had been
produced before this date, most cell lines were unable to be maintained past 6 months in

culture. Munderloh, alongside developing the ISE6 cell line, developed a reliable method
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for the freezing and regeneration of the tick cell lines which allowed them to have a greater
application in research (Bell-Sakyi et al., 2007; Munderloh, Liu, Wang, Chen, & Kurtti,
1994). One of the main factors to note for tick cell line production is that due to their
establishment from embryonic cells and the immortalisation methodology used, no selective
efforts were made to differentiate the cells into a specific tissue type. The cells contained
within these cultures show a variety of morphologies and cell types, which can decline as
passage number increases. However, analysis of the several isozymes including
phosphogluconate dehydrogenase, acid phosphatase, lactate dehydrogenase (LDH), malate
dehydrogenase (MDH), and esterases remained consistent even after a year of cell line
propagation. The presence and banding patterns of these isozymes were also consistent with
enzyme activity data from Ixodes tick tissue extracts. It is therefore unclear what causes these
morphological changes, or the extent at which the intracellular landscape of the cells differs
over time (Munderloh et al., 1994). Interestingly, cells within these homogenous mixes can
gain or lose chromosomes without affecting survival, but attempts to isolate singular cells
for cloning and cell culture growth have proved unsuccessful, implying that this co-culturing
of different cell types is required for cell line survival (Bell-Sakyi et al., 2007; Kotsarenko
et al., 2020). In a laboratory setting, unlike most tick cell cultures which are not strongly
adherent, ISE6 cell cultures are able to be cultured on various tissue culture surfaces. Tick
cell lines have a replication time of 5 to 6 days, and do not exhibit monolayer contact
inhibition (Bell-Sakyi et al., 2007; Thorpe, Wang, Munderloh, & Kurtti, 2021).

In terms of cell line sequences, as mentioned previously, only ISE6 has a published genome,
as many ‘omic’ analyses employing the use of tick cell lines have focussed on the changes
in the genome under different conditions. The draft genome sequence of ISE6 cell cultures
was first published in 2018 by Miller and colleagues and was produced using single-
molecule, long read sequencing technology (Miller et al., 2018). This lack of genomic data
is due, in part, to the large size and the high percentage of repetitive sequences within the
tick cell genome, which can range from ~50% to ~70% making sequencing and construction
of the genome difficult. In addition, as mentioned the genetic characteristics of the cell line
can change over passaging, and the genetic diversity within the same species of tick in nature
is currently unknown (Cramaro et al., 2017; De et al., 2023; Fogaca et al., 2021; Jia et al.,
2020; Meyer, Kurtti, Van Zee, & Hill, 2010; M. J. Palmer, Bantle, Guo, & Fargo, 1994;
Ullmann, Lima, Guerrero, Piesman, & Black, 2005). The ISEG6 cell line currently has ~19000
identified protein coding messenger RNA (mRNA) transcripts for which protein FASTA
files are accessible, and 4408 non-coding RNA gene transcripts (Miller et al., 2018). By

using protein BLAST analysis of known sequences for both tick and other species homologs
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and orthologs (respectively), in addition to further proteomic and functional analysis, many
of the mRNA gene transcript products have been identified and characterised. For example,
BLAST analysis of known H. longicornis and I. ricinus iron storage proteins (ferritins) and
iron regulatory proteins (IRPs), important in iron homeostasis, allowed for sequence
prediction and primer design to these transcripts within ISE6 cells. Further exposure of the
cell lines to different concentrations of ferrous sulphate to induce gene expression, and gene
silencing assays, confirmed the identity of these genes within ISE6 cell cultures and the
mechanism of action was elucidated (Hernandez et al., 2018). Prior proteomic analysis
indicated that the ISE6 cells contained neuronal and immune-response protein markers. In
the study of ‘An Ixodes scapularis cell line with a predominantly neuron-like phenotype’,
322 proteins were identified in the ISE6 cell line, compared to 200 from native I. scapularis
synganglia and 355 in IDE/CTVM12 samples, these markers were in significantly larger
quantities when compared to IDE/CTVM12, but synganglia possessed more unique neuronal
proteins. To support these data, modified ISE6 cells expressing mCherry were injected into
unfed I. scapularis larva and nymphs incubated for 6 weeks. When ticks injected with these
were allowed to feed and moult, the fluorescent ISE6 cells further differentiated into
elongated neuron-like cells within the organism (Oliver, Chavez, Felsheim, Kurtti, &
Munderloh, 2015). Much of the characterisation of the ISEG6 cell line investigated the cellular
response resulting from exposure to different pathogens compared to other tick-derived cell
lines. When exposed to the bacterium Anaplasma phagocytophilium, the ISE6 cell line
transcriptional response resembled that of haemocytes (P. Alberdi et al., 2016), which are
cells that circulate through the haemolymph (circulating fluid) and can be considered the

arthropod equivalent of mammalian immune cells (Simser et al., 2004).

Finally, many pathogens that were previously unable to be grown efficiently in mammalian
culture have been propagated and studied in the ISE6 cell line, including Anaplasma
phagocytophilum (Massung et al., 2007), Borrelia burgdorferi (Bugrysheva, Dobrikova,
Godfrey, Sartakova, & Cabello, 2002), TBEV (Kevely et al., 2022), louping ill virus,
Powassan virus (POWV) and West Nile virus (WNV) (Lawrie, Uzcategui, Armesto, Bell-
Sakyi, & Gould, 2004).
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1.2 The Bunyavirales order

1.2.1 Classification

Upon establishment in 2017 by the International Committee on Taxonomy of Viruses
(ICTV), the order Bunyavirales (commonly referred to as Bunyaviruses) contained nine
families. Prior to this, the Bunyavirales was first recognised as a family, in 1975. This order
was further developed through subsequent taxonomic updates, and currently contains 14
families and over 400 named virus species in total. (Abudurexiti et al., 2019; Blitvich et al.,
2018; Kuhn et al., 2022; Maes et al., 2019; Maes et al., 2018; Plyusnin, 2012).

Most known bunyaviruses show vector specificity, for example a bunyavirus vectored by
mosquitoes will not be isolated in ticks (Psylvia Léger & Lozach, 2015; Anna Papa, Zelena,
Papadopoulou, & Mrazek, 2018). There is limited evidence to show there has been isolation
of a small number of bunyaviruses in non-vector arthropod species. To date there are no
conclusive studies to show in these cases the infected arthropods are able to transmit the
isolated bunyavirus. It is hypothesised that non-vector arthropods may take blood meals from
infected hosts, and although not infected themselves, if the arthropod is then probed for the
presence of virus the infected blood meal present within the gut causes a false positive
(Fontenille et al., 1998; Linthicum, Davies, Kairo, & Bailey, 1985; Pepin, Bouloy, Bird,
Kemp, & Paweska, 2010). Therefore, when discussing vector tropism of these viruses within
this thesis, where appropriate these viruses can be broadly categorized into ‘mosquito-borne’

(vectored by mosquitoes) and ‘tick-borne’ (vectored by ticks).

1.2.2 Structure

Most bunyaviruses have tri-segmented, linear, single-stranded, negative- or ambisense-
RNA genomes, packaged within virions of 80-120 nm in diameter (Blitvich et al., 2018;
Plyusnin, 2012). An exception to this is the Arenaviridae family, as species within this
family have been found to have bi-segmented negative or ambisense genomes. The
Arenaviridae family was first established in 1976 and reclassified to be within the order
Bunyavirales in 2018. Similar to Hantaviridae, many of the species within this family are
transmitted via rodents. Due to the genome structure and vector species, Arenaviridae will
not be discussed within this thesis (Maes et al., 2018). These viruses A schematic
representation of a bunyavirus particle is shown in Figure 1.1. Bunyaviruses express four
structural proteins; glycoprotein n (Gn) and glycoprotein ¢ (Gc) which are produced as a
polyprotein from the medium (M) segment before being cleaved by host cell enzymes post-

translationally, the nucleocapsid (N) protein encoded in the small (S) segment, and an RNA-
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dependent RNA polymerase encoded by the large (L) segment. Non-structural (NS) proteins,
termed NSs (encoded for on the S segment) and NSm (encoded for on the M segment) are
produced in some bunyavirus species. The presence of these proteins is not mutually
exclusive, and to date NSm has only been found in one of the tick-borne bunyaviruses, the
highly pathogenic CCHFV. Use of reverse genetic systems to knockout this NSm protein
from CCHFV indicated the protein is involved in promoting virion assembly and secretion,
but is not required to complete the replication cycle or cause lethality (Burrell et al., 2017;
Fares & Brennan, 2022; Freitas et al., 2020; A. Papa, Kontana, Tsioka, Chaligiannis, &
Sotiraki, 2016; M. G. a. R. Rossmann, V.B, 2012; Welch et al., 2020). There is evidence to
suggest that NSm is involved in vector-competence, while NSs is often associated with
evasion of the mammalian hosts immune system, although further research is needed to fully
elucidate the roles and mechanisms of these proteins (Kading, 2014). Additionally, no
research has been published within the literature to determine if host factors are present
within the viral particle, from either the host or the vector depending on the origin of the
virus. This incorporation of host or vector cellular factors is likely to occur, as demonstrated
in plant infecting RNA viruses, where packaging of host RNA and protein has been
demonstrated, and these packaged factors influence the course of viral infection (Pena et al.,
2022; Ranjan et al., 2023; Slater et al., 2022)
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Figure 1.1: Schematic representation of a Bunyavirus particle and genome. Diagram of a
bunyavirus particle with labelled structural proteins and viral RNA (left) and known genome

structures (right), based on work by Léger and Lozach (Psylvia Léger & Lozach, 2015).
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The production of bunyavirus proteins is regulated through the genus conserved 5° and 3’
untranslated regions (UTRs), which are associated with regulation of transcription and
replication of sub genomic messenger RNAs from which the viral proteins are translated.
Previous work in a severe fever with thrombocytopenia syndrome virus (SFTSV) reverse-
genetics system highlighted the importance of these sequences. A deletion in the 5 UTR
and 3” UTR of the S segment abolished the minigenome/S segment activity, which was fully
restored when both single nucleotide deletions were corrected (and half restored when only
one was corrected) (Brennan et al., 2015; Gauliard, Billecocq, Flick, & Bouloy, 2006).
Although this virus was renamed in 2023, for the writing within this thesis the species Dabie
bandavirus will be referred to by the virus isolate name (SFTSV or HB29), as the acronym
for Dabie bandavirus has not been confirmed within the literature.

1.2.3 Replication within the mammalian host

Infection of a mammalian host with a bunyavirus usually occurs via the bite of an infected
arthropod, meaning the first cells to encounter the virus are likely Langerhans cells (a type
of dendritic cells found in the skin), and dermal macrophages. These provide a pathway
through the lymphatic system for the virus to spread throughout the host (Heath & Carbone,
2013; Le May & Bouloy, 2012; Psylvia Léger & Lozach, 2015). The virus particles bind to
host cells via the viral glycoproteins, which are ‘spike-like’ projections spaced in an
icosahedral lattice on the surface of the viral particle (Albornoz et al., 2016; Overby,
Pettersson, & Neve, 2007). The binding specificity and efficiency of the viral particle varies
between each viral species. UUKYV binds to specific receptors, but this binding is inefficient.
The UUKYV virus particles are endocytosed in a mostly clathrin-coat independent manner,
while opposite seems to occur with Rift Valley fever virus (RVFV), which mainly undergoes
endocytosis in a clathrin-dependent manner (Psylvia Léger & Lozach, 2015; Lozach et al.,
2010). Binding triggers endocytosis and internalisation of the receptor protein, carrying the
virus with it, before the two dissociate within the early endosome. At this point, the receptor
proteins are most likely recycled to the cell surface, whilst the endosome carrying the viral
particles progresses through the endocytic pathway. Co-receptor or additional receptors may
also be utilized in this process, but further investigation of these is needed for each viral
species and vector/host cell combinations (Hofmann & Pohlmann, 2011). For example, there
is evidence to suggest that in the case of RVFV infection, heparin sulphate is an attachment

factor for the virus (Ganaie, Leung, Hartman, & Amarasinghe, 2023).

Bunyaviruses are late-penetrating, requiring being transported to late-stage endosomes

where the pH is below 5.8. This allows the virus to gain access to the cell cytoplasm through
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an acid-triggered membrane fusion activity mediated via Gc (a class Il membrane fusion
protein) (Garry & Garry, 2004; Plassmeyer, Soldan, Stachelek, Martin-Garcia, & Gonzalez-
Scarano, 2005). Host or vector cell factors also play a key role in this stage, although the
potential arthropod factors have not been explored in detail. In UUKYV infection, mammalian
host cell factors such as VAMP3, LAMP1, and BMP are important in trafficking the virus
to late-endosomes and supporting fusion (J. Koch, Xin, Tischler, & Lozach, 2021; Meier et
al., 2014). In comparison, RVFV used low-density lipoprotein (LDL) to increase infection
and CCHFV depends on the presence of adaptor protein complex 2 (AP-2) to gain entry to
the cells during endocytosis (Ganaie et al., 2023; Shtanko, Nikitina, Altuntas, Chepurnov, &
Davey, 2014) Once fused, the ribonucleoprotein (RNP) is released into the cytosol and the
replication lifecycle (as defined in Figure 1.2) can begin (Psylvia Léger & Lozach, 2015).
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Figure 1.2: Schematic of Bunyavirus replication cycle within a host cell. Diagram showing a
simplified Bunyavirus replication cycle within a host cell. Arrows indicate the movement through
the stages of the viral lifecycle. Viral particles with pink membranes, such as those on the top left
corner, represent infecting particles. Viral particles with blue membranes, such as those in the top
right corner, represent viral progeny produced through the replication cycle. Negative sense viral
genomic RNA (VRNA) is represented by blue lines. Positive sense complementary viral RNA
(cRNA) is represented by red lines. Ribosomes are defined as solid blue circles on the membrane of
the endoplasmic reticulum, and attached chained circles represent proteins being produced through
translation.
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As the RNP is released into the cytosol, the viral RNA (VRNA) of the bunyavirus must first
undergo a round of replication in a primer-dependent manner to produce complementary
RNA (cRNA) to act as a template, from which copies of viral RNA (VRNA) can be produced
and translated into viral proteins (M. G. Rossmann & Rao, 2012; Walter & Barr, 2011).
However, during the first attempts of the virus to transcribe its genome, the process
undergoes premature termination to produce sub-genomic VRNASs. Transcription
termination is believed to be caused through the action of termination sequences in the
intergenic regions or UTRs, however RNA secondary structure may also play a role.
Through this, the shorter sub-genomic VRNAS are transcribed through the action of the
RdRp, allowing for the translation of viral proteins from the virally encoded ORF, which in
turn increases the quantity of viral proteins within the cell. Translation occurs simultaneously
alongside transcription to prevent the recognition of spurious termination signals that would
otherwise form within the secondary structure. Once large enough quantities of N proteins
have amassed within the cell, the interaction between the cRNA and N protein prevent
premature transcription termination. This allows the production of full length antigenomic
segments to be packaged into new virions (Barr, 2007; Boshra, 2022; Leger et al., 2013;
Malet, Williams, Cusack, & Rosenthal, 2023; M. G. Rossmann & Rao, 2012; Spiegel,
Plegge, & Pohlmann, 2016; Walter & Barr, 2011).

When cRNA and VRNA is made through the action of the viral RNA-dependant RNA-
polymerase (RdRp), the RdRp ‘cap snatches’ via an endonuclease activity (similar to
influenza A) the 5° sequence from a host RNA to use as a primer to begin transcription.
During these processes, the newly produced viral proteins and cRNA assemble in ‘tube-like’
replication factories produced through the modulation of the Golgi complex to produce
VRNA. This is advantageous as it allows maximal packaging of new virion RNPs and
additionally adds a level of ‘shielding’ to minimise interaction with host ‘immunity
surveillance’ proteins (M. G. Rossmann & Rao, 2012; Walter & Barr, 2011). The
mechanisms behind the formation of replication factories have only been investigated with
a few species of bunyaviruses, primarily RVFV and BUNV. For species which produce
NSm, studies using NSm deletant BUNV have demonstrated that this protein plays a role in
forming tubules (alongside host proteins such as actin) that support the structure of the
replication factories and therefore viral assembly (Fontana, Lopez-Montero, Elliott,
Fernandez, & Risco, 2008).

The following rounds of replication/transcription produce copies of both VRNA and cRNA
(and therefore viral proteins). Further study needs to be done to elucidate what host factors

interact with the replication, transcription, and translation of the virus in a pro-viral manner.
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However, it is known that several cellular proteins are involved in the correct folding and
maturation of Gn and Gc, including golgi-specific brefeldin A-resistance guanine nucleotide
exchange factor 1 (GBF1), BiP, calnexin, and calreticulin (Boshra, 2022; Malet et al., 2023;
R. Persson & Pettersson, 1991; Uckeley et al., 2019; Veijola & Pettersson, 1999). The
glycoproteins dimerize and are trafficked to the Golgi apparatus where, when critical viral
protein concentration is reached, viral particle assembly and budding occurs (Gahmberg,
Kuismanen, Keranen, & Pettersson, 1986; Overby, Pettersson, et al., 2007). This
translocation and protein accumulation also allows for the association of the nucleocapsid
proteins of newly formed RNPs with the processed glycoproteins, triggering budding of new
viral particles into the Golgi lumen and release through the exocytic pathway (Andersson,
Melin, Bean, & Pettersson, 1997; Gahmberg et al., 1986; Overby, Pettersson, et al., 2007;
Overby, Popov, Pettersson, & Neve, 2007; Ronnholm, 1992).

This association between the RNP and glycoproteins to induce packaging of the genomic
segments of bunyaviruses prior to release appears to not be a highly selective process, relying
more on each of the viral RNA segments stochastic, non-specific interactions with Gn. One,
two, and four segmented viral replicons have been visualised when investigating RVFV
replication in mammalian cells, alongside some virions which were engineered to contain
packaged cRNA. Most virions lack one or more genomic segments, however these virions
are still able to infect cell cultures, as the lack of segments is compensated through having
many virions binding the same cell in a trans complementation mechanism. In addition,
during studies using RVFV infection of mammalian Vero E6 cells, 50% of the particles
produced contained no viral genomic segments at all. Further work needs to be carried out
to determine if these ‘empty’ particles carry host proteins or mRNA that may affect infection
of RVFV within subsequent cells (Bermudez-Mendez et al., 2022; Bermudez-Mendez,
Katrukha, Spruit, Kortekaas, & Wichgers Schreur, 2021; Wichgers Schreur & Kortekaas,
2016; Wichgers Schreur, Oreshkova, Moormann, & Kortekaas, 2014).

1.2.4 Mammalian host immune interactions

Despite the replication factories, the products of RNA virus infection, such as
5’triphosphorylated uncapped single-stranded (ss)RNA and dsRNA — collectively known as
pathogen-associated molecular patterns (PAMPs), are sensed by the pattern recognition
receptors (PRRS) in the host cell. When activated, these PRRs go on to signal downstream
pathways that produce an antiviral immune response through establishing an antiviral
intracellular environment and activating the innate and following adaptive immune

responses. Unlike arthropods, which as mentioned rely on the RNAI system during viral
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infection, the mammalian immune response relies more heavily on interferon-mediated
responses, and there is evidence to suggest that cross-talk occurs between the interferon and
RNAI pathways (Backes et al., 2014; Rezelj et al., 2017; Watson, Knol, Witteveldt, &
Macias, 2019). Bunyaviruses have evolved different methods to suppress the immune
response in hosts, varying by viral species due in part to the variability in amino acid
sequence of the NSs protein (Rezelj et al., 2017). For example, despite the NSs amino acid
sequences of RVFV and UUKYV having 70% sequence similarity, RVFV NSs localizes to
the nucleus (although is also present within the cytoplasm), whereas the NSs of SFTSV and
UUKY localize within the cytoplasm (Giorgi et al., 1991; Ly & Ikegami, 2016).

Many of the more highly pathogenic bunyaviruses demonstrate some overlap in their
mechanisms of action. The NSs proteins of SFTSV and HRTV contain 63% homogeneity,
and can both effectively prevent activation of IRF-3 as they inhibit signalling proteins further
downstream within the IFN induction pathway. These proteins interact and block IFN type
I and Il signalling and production by inhibition of the phosphorylation and therefore
activation of TANK-binding kinase 1 (TBK-1), and signal transducer and activator of
transcription (STAT)-2 (Billecocq et al., 2004; McMullan et al., 2012; Rezelj et al., 2017).
Both NSs proteins are incapable of effectively blocking the action of IFN type Il signalling
due to their lack of direct interaction with STAT-1 (Feng, Deng, Hu, Wang, & Ning, 2019;
Kitagawa et al., 2018; Rezelj et al., 2017). However, beyond the previously mentioned
mechanisms of action, SFTSV can further impair the IFN signalling pathway due to the
differences in distribution within the cytoplasm compared to HRTV (J. K. Lee & Shin, 2021;
Rezelj et al., 2017). Whilst NSs appears to usually have a generalized cytoplasmic
distribution when localised to this compartment of the cell, SFTSV NSs proteins form
aggregates in the cytoplasm when examined by immunofluorescent staining, termed
inclusion bodies, capable of isolating the factors mentioned previously and preventing them
from interacting with the IFN signalling pathway. These allow for association and isolation
of proteins involved in downstream immune signalling; tripartite motif-containing protein
25 (TRIM25), retinoic acid-inducible gene | (RIG-I), TBK1, IRF-3, STAT1 and STAT2
(Brennan et al., 2015; Feng et al., 2023; J. K. Lee & Shin, 2021; Min, Ning, Wang, & Deng,
2020; Ning et al., 2015; Rezelj et al., 2017). RVFV NSs achieves this block in IFN by
interacting with sin3A associated protein 30 (SAP30), which is part of a repressor complex
that interacts with the Yin Yang 1 (YY1) transcription factor, forming a complex on the IFN-
B promoter that inhibits recruitment of the necessary proteins to carry out IFN-B
transcription. RVFV NSs also interacts with other promoters and cellular factors in order to

modulate activities such as increased degradation of protein kinase RNA-activated (PKR).
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The formation of filamentous NSs structures co-localize with p44, disrupting its assembly
with transcription factor Il H (TFIIH) and inhibiting cellular transcription of host genes
(Eifan, Schnettler, Dietrich, Kohl, & Blomstrom, 2013; Ikegami et al., 2009; Kalveram,
Lihoradova, & lkegami, 2011; Le May & Bouloy, 2012; Le May et al., 2008). Unlike the
other species mentioned in this paragraph, this species also codes for a non-structural protein
in the viral M segment, NSm. When deleting NSm using a reverse genetic systems the virus
maintained some virulence in animal models, however the deletion of both RVFV NSm and
NSs prevented the virus from causing illness and allowed an immunological response to be
built in the models (Kading, 2014; Kreher et al., 2014). Work carried out by Won and
colleagues also demonstrated that RVFV NSm has anti-apoptotic properties through
suppressing caspase-3 activation and inhibiting the staurosporine-induced activation of
caspase-8 and caspase-9, enhancing infection through preventing the death of infected cells
(Won, Ikegami, Peters, & Makino, 2007). The NSm of RVFV also has the ability to interact
with cleavage and polyadenylation specific factor 2 (CPSF2), peptidylprolyl isomerase like
2 (PPIL2), and synaptosomal-associated protein, 25kDa (SNAP-25), which indicate that this
protein also has roles in neuro-invasion, protein trafficking, and mRNA nuclear transport
(Engdahl, Néaslund, Lindgren, Ahlm, & Bucht, 2012; Kreher et al., 2014). RVFV is not the
only bunyavirus to inhibit cellular apoptosis. Bunyamwera virus (BUNV) also acts on the
interferon signalling pathway by inhibiting the activation of IRF-3 by suppressing its
promoter. This is achieved through the NSs protein in BUNV, meaning although BUNV also
produces NSm protein, individual bunyaviruses will employ the NSm and NSs proteins
(where applicable) in species specific ways when interacting with the host (Blakqori et al.,
2007; Burrell et al., 2017; Engdahl et al., 2012; Kohl et al., 2003; Weber et al., 2002).

1.2.5 Virus transmission cycles

Many Bunyaviruses are spread by hematophagous ectoparasitic arthropods that feed
externally on the blood of their host, namely mosquitoes and ticks. Non-hematophagous
arthropods, such as thrips, are also capable of transmitting Bunyaviruses such as species
within the Tospoviridae family, however these organisms transmit between plant species
and do not affect mammals (Riley, Joseph, Srinivasan, & Diffie, 2011). When discussing
vector transmission this work focuses on hematophagous arthropods. Depending on the
organism, the arthropods will either actively search for (e.g. mosquitoes) or passively seek
by living close to (e.g. most species of tick) the hosts. The hosts can be sensed through a
variety of means including visual, odour, increased CO., and temperature. Studies have been

undertaken to discern what factors are most influential in the likelihood of arthropod biting,
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and there is some evidence to suggest that infection within a host may increase the attraction
of arthropods to the host (Coutinho-Abreu, Riffell, & Akbari, 2022; Cozzarolo, Glaizot,
Christe, & Pigeault, 2020; Poldy, 2020; Verhulst, Boulanger, & Spitzen, 2018).

The presence of bunyaviruses within the population is believed to be maintained through a
cycle of horizontal transmission between vectors and hosts as shown in Figure 1.3, and all
vector species appear to be asymptomatic upon infection, although some argue that virus
infection can affect behaviour (Horne & Vanlandingham, 2014; Moutailler et al., 2011; Sim,
Jupatanakul, & Dimopoulos, 2014). Direct transmission from an infected arthropod to a
naive arthropod via taking a blood meal can be broken down into two routes, systemic or via
co-feeding. Systemic transmission occurs when an infected arthropod causes a systemic
infection in the host it feeds from through taking a blood meal, following which a naive
arthropod will take a blood meal containing the virus causing an infection within the naive
arthropod (the bottom two dark blue arrows in Figure 1.3). Transmission via co-feeding can
theoretically occur in an infected host, although this is less likely to occur or be detectable
due to systemic transmission. It is more likely to occur when a naive arthropod feeds in close
proximity to an infected feeding arthropod, thereby taking up some of the virus released by
the infected arthropod during feeding (top two dark blue arrows in Figure 1.3). This can also
then lead to a systemic infection of the host (Johnstone-Robertson et al., 2020). As
previously highlighted, tick saliva contains many compounds, of which many are capable of
impacting virus transmission. In the case of tick-borne viruses for example, saliva-activated
transmission occurred when mice were exposed to low doses of virus of POWV (Hermance
& Thangamani, 2015). In mosquitoes, the saliva can have a variety of impacts on infection.
Aedes aegypti saliva contains sialokinin, a compound that increases vascular permeability in
the host and therefore enhancement of arbovirus infection (Lefteri et al., 2022). This saliva
also contains venom allergen-1 (VA-1) which promoted Flavivirus infection by inducing
autophagy in the hosts immune cells (Sun et al., 2020). While the modulation of the hosts
physiology and immune system may have evolved for the mosquitoes benefit, it appears that
this has been coopted by arboviruses to aid in transmission from the vector to the host
(Visser, Koenraadt, Koopmans, & Rockx, 2023).

It has been shown that a singular bite is enough to expose the host to pathogens carried by
the vector, and vice versa. This arguably has different implications for pathogens, including
viruses, transmitted by mosquitoes and ticks. In nature, mosquitoes can feed almost daily,
and take multiple blood meals, which may be on different hosts across larger distances,
increasing the likelihood they will encounter an infected host (Brackney, LaReau, & Smith,

2021; Scott & Takken, 2012). In comparison, as previously mentioned, ticks feed far less,
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often requiring only one meal per life stage (except for adult females in order to lay eggs),
where feeding can take 4-10 days when uninterrupted. Additionally, ticks will often stay
close to where they’ve hatched, meaning many will feed on the same host at the same time
(alongside other ticks from the surrounding area), which is an important factor for increasing
the likelihood of transmission via co-feeding (Brackney et al., 2021; Johnstone-Robertson
et al., 2020; Kahl & Gray, 2023; Migne et al., 2022; Scott et al., 2000). Once a bloodmeal is
taken, the virus is able to infect the arthropod, resulting in infection of the salivary glands
which allows for vector to then further transmit the virus upon its next blood meal (Franz,
Kantor, Passarelli, & Clem, 2015; Sanchez-Vargas, Olson, & Black, 2021; Simo et al.,
2017). This process has not been well examined within ticks, due to the difficulties in rearing
tick colonies and lack of dissection optimization, with the focus of the current work to date
being on the dissemination of bacteria such as Borrelia burgdorferi and what occurs within
mosquitoes (Dunham-Ems et al., 2009; J. Gray, Kahl, & Zintl, 2021; Hadi & Adventini,
2015; Kahl & Gray, 2023; Kocan, de la Fuente, & Coburn, 2015). Briefly, the midgut cells
become infected, and following this the virus is able to traverse the basal lamina of the
midgut (a dense network of proteoglycans which protect the internal tissue), as blood feeding
degrades the integrity of this barrier. Once this is breached, the virus can disseminate through
the circulatory system within the vector, infecting secondary tissues including the salivary
glands (Armstrong et al., 2020; Brackney et al., 2021; Franz et al., 2015). As ticks undergo
moulting post-blood meal to move onto the next life stage, the virus must ensure infection
of cells within the tick which are not affected by the moulting histolysis, with different
viruses appear to target different tissues in order to establish a persistent infection (P. A.
Nuttall, Jones, Labuda, & Kaufman, 1994).

As shown in Figure 1.3, transmission can also be carried out transovarially in the absence of
taking a blood meal. This occurs when the female adult is infected prior to laying eggs, and
so the virus is present within the ovaries and passed on to the offspring. Many studies have
provided evidence to show this occurs both within a laboratory setting and within nature.
For example, in mosquitoes, it has been demonstrated that Zika virus (ZIKV) and
chikungunya virus (CHIKV) was passed on to the offspring of infected Aedes aegypti in the
Brazilian Amazon (da Costa et al., 2018). However, there is also evidence to suggest that
CHIKYV infection negatively impacts mosquitoes’ fertility (Resck et al., 2020). Within ticks,
research carried out within the bunyavirus field has shown that SFTSV is able to infect the
ovaries of Haemaphysalis longicornis, with no mention of impact on the fertility or survival
rate of the offspring (Hu et al., 2020; Zhuang et al., 2018). On the other hand, when looking

at Heartland virus (HRTV), infection of A. americanum caused the females to lay eggs at a
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later timepoint than uninfected females and caused the production of fewer eggs, thereby
suggesting that HRTV infection negatively affects tick fertility (Godsey, Savage, Burkhalter,
Bosco-Lauth, & Delorey, 2016). Despite tick eggs often requiring an incubation period of
several weeks or months before hatching, it is unknown what occurs intracellularly during
infection of the eggs in order to allow the virus to be maintained in ovo. (Hadi & Adventini,
2015). Given the presence or existence of reservoir species for many bunyaviruses (outside
of the vectors) is unknown, transovarial transmission is considered a key part of maintaining

the presence of virus in nature (Hartman & Myler, 2023).

The strategy of switching between vector and host constrains bunyavirus evolution and
prevents genomic instability and natural attenuation. Evidence for this includes that when
RVFV was passaged through either arthropod or mammalian cells as opposed to alternating
between the two, significant mutations occur — particularly within the NSs coding region
(Elliott, 2009; Horne & Vanlandingham, 2014; Moutailler et al., 2011). The replication of
the virus within the vector or host also affords the viral particles different molecular
compositions, which may yield advantages when carrying out the next transmission to a new
host or vector (Psylvia Léger & Lozach, 2015; Anna Papa et al., 2018). Due to the
segmented nature of bunyaviruses and the potential for co-infection with other species, it is
also believed that reassortment can occur, leading to the emergence of new viruses (Hartman
& Myler, 2023). This has been seen in within a laboratory setting, where mosquitoes were
infected with both wild-type LACV and snowshoe hare virus (SSHV), following which 2-
3% of genomes produced showed reassortment (Borucki, Chandler, Parker, Blair, & Beaty,
1999). Interestingly, when investigating the reassortment potential of Batai and
Bunyamwera orthobunyavirus (BATV and BUNV, respectively), Heitmann and colleagues
found reassortment occurred within mammalian (host) cell lines to produce Ngari-like and
novel reassortment viruses, but no reassortment was observed within arthropod cells.
Therefore, the potential for reassortment may depend on the infected organism alongside the
species of virus involved (Heitmann et al., 2021). Within nature, Ngari virus itself is
evidence that bunyavirus reassortment occurs. Ngari virus a reassortant virus first isolated
in East Africa in 1997, and is made up of the BUNV L and S segments combined with the
M segment of a Batai virus (Briese, Calisher, & Higgs, 2013; Gerrard, Li, Barrett, & Nichol,
2004).
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Figure 1.3: Schematic demonstrating generalized horizontal and vertical transmission of
arboviruses in arthropods. Using ticks to represent arthropods, and cows to represent host species,
the schematic shows a simplified representation of the transmission cycle that occurs in nature. The
dark blue arrows (square end arrows) dictate direct transmission via taking a blood meal blood meal
from an infected host to a naive tick (left to right) and vice versa (right to left). The light blue arrows
(pointed end arrows) represent vertical transmission; However, this is often arthropod and virus
species dependent (Crispin et al., 2014; Le May & Bouloy, 2012).

1.2.6 Replication within the vector

In the context of virology, arthropods as vectors are severely understudied both within the
areas of susceptibility to infection and the replication cycle that occurs once vectors are
infected. This is particularly worrying as upon exposure to bunyaviruses, most arthropods
become persistently infected for life (Ballinger & Taylor, 2019). When Chen and colleagues
undertook a review of all mosquito-arbovirus competence experiments reported within the
literature, they concluded that over 90% of potential mosquito-virus interactions had not
been tested in experimental settings, despite many having potential clinical and public health
relevance. This study also noted that the combinations published in literature tended to centre
more on flavi- and alphaviruses, with less focus on bunyaviruses (B. Chen et al., 2023).
Although bunyaviruses show vector specificity as previously described, this level of

specificity can vary, i.e. although RVFV is transmitted selectively by mosquitoes it has been
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shown that over 40 different species of mosquitoes can transmit the virus. It remains unclear
what factors determine whether a mosquito species can spread the virus, and from mutational
studies different factors seem to impact different species (Horne & Vanlandingham, 2014).
As ticks are even less well studied than mosquitoes, the gaps in knowledge that are present
when investigating virus-vector interactions are even greater. The knowledge and gaps
therein are expanded on in Chapter 1.3.1, however an overview of virus-arthropod
interactions is described below.

Unlike mammalian hosts, the exact factors and mechanisms by which bunyaviruses bind and
infect arthropod cells (either mosquito or tick) are unknown, although the main steps of the
cycle (such as replicating within the cytoplasm) remain consistent (Bermudez-Mendez et al.,
2021; Horne & Vanlandingham, 2014). As mentioned in Section 1.2.3, mammalian
infections with bunyaviruses often yield viral progeny which do not contain all three
genomic segments, but it has been demonstrated that these viruses can efficiently
complement each other to produce a persistent infection that results in the mosquito being
able to achieve viral transmission (Bermudez-Mendez et al., 2022). When comparing
infections of RVFV and Sindbis virus (SINV) in mosquito cells to the equivalent within
mammalian cultures, the copy numbers of each genomic RNA segment were seen to be
higher in mammalian cell culture, however this did not always correspond to higher
infectious viral titres. When analysing infected cells individually, it was seen that lower
levels of genomic material within the mosquito cells yielded higher titres. Both of these
results suggest that packaging of bunyavirus segments is more efficient within insect cells.
Additionally, unlike mammalian cells where the S segment is packaged more often than the
M and L segments, the opposite is seen within the mosquito, and the percentage of empty
virions drops from 50% to 30% (Bermudez-Mendez et al., 2021). When the RVFV genome
is edited using recombinant systems to produce viruses with four segments; such as
separating the NSm-G,, and G¢ open reading frames (ORFs) within two separate segments,
the virus is able to replicate (although at a reduced rate) within the mammalian cells but has
a highly limited spread in the mosquito cells, further indicating that replication within the
arthropod is, although more specific, also more efficient and requires the virus segments to
be intact (Wichgers Schreur et al., 2014).

When focusing on the persistence of infection, it has been shown in infection of mosquitoes
by bunyaviruses (e.g. BUNV and LACV) that the virus carries out replication limiting steps,
which may contribute to establishing a persistent infection (Hacker, Raju, & Kolakofsky,
1989). For example, the progeny virus produced from persistent BUNV infection had a

higher proportion defective-interfering particles, and within the cells higher ratios of S
48



Chapter 1

segment compared to the other genomic segments and detectable sub genomic RNAs derived
from the L segment were present. It is still to be confirmed what the exact mechanisms are
by which these factors support persistent infection (Scallan & Elliott, 1992). In the case of
LACV, over time the genome replication is downregulated as the S segment becomes
encapsidated and is therefore unable to be accessed by the host machinery, although as seen
in BUNV it is unclear how significant this process is when establishing persistence (Hacker
et al., 1989).

As mentioned in host immune interactions (Section 1.2.4), NSs antagonizes the hosts
immune response in order to promote infection. Arthropods lack an adaptive immune
system, but do possess an innate immune system primarily (in the context of viral infection)
relying on the use of RNAI pathways via machinery including dicers, argonauts, dSRNA
binding proteins, exonucleases and RdRps (P. Léger et al., 2013). This immune system has
been shown to be competent in silencing viral genomic segments in sequence specific
manners. When using the Semliki Forest virus (SFV) replicon system to express the gene
corresponding to the Hazara virus (HAZV) nucleoprotein, the tick RNAI pathway was able
to silence the expression of this gene, however this system was also unable to silence the
gene corresponding to CCHFV nucleoprotein (Garcia et al., 2005). Due to the specificity of
the response, different viruses have evolved different methods to counteract the intracellular
immune pathways of the vector. Both the NSs and NSm proteins have been implicated in
the response to the intracellular immune system of the vector and the establishment of
persistent infection, alongside replication and vector tropism, although no NSm protein has
been found to be produced by the majority of tickborne bunyaviruses. As much of the
research surrounding the non-structural proteins is concerned with the impact on the
mammalian host, there are still large gaps in the current understanding of these proteins

within the vector.

NSs is required for the establishment of BUNV infection in Aedes albopictus U4.4 or Aedes
aegypti cell cultures, and caused lower infection rates in Aedes albopictus C6/36 and C7-10
cell lines when deleted (Szemiel, Failloux, & Elliott, 2012). In comparison to this, in RVFV-
infected arthropod cells, the mosquito RNAI pathway suppresses the formation of NSs
filaments seen in mammalian host infection, restricting viral replication (Horne &
Vanlandingham, 2014). This seems to be enough to control but not clear viral infection,
allowing the infected vector to go on to infect new hosts (Kading, 2014). Deleting the RVFV
NSs protein had no impact upon the virus being able to infect the mosquito vector, although
it did lower the virus dissemination rate within the arthropod, supporting the role of NSs in

causing a persistent infection. Instead, in RVFV the deletion of the NSm protein abolished
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the ability of the virus to replicate in the vector (Crabtree et al., 2012; Kading, 2014;
Moutailler, Krida G Fau - Madec, Madec Y Fau - Bouloy, Bouloy M Fau - Failloux, &
Failloux). As mentioned previously, NSm is not as extensively studied in relation to the
Phenuiviridae family (of which UUKYV is a member), as SFTSV, HRTV, and UUKYV do not
express an NSm protein (Leventhal, Wilson, Feldmann, & Hawman, 2021). For mosquito-
borne viruses that do express the protein, such as RVFV, NSm is produced by the cleavage
of the M segment polyprotein precursor using either host or vector cellular protease,
alongside a 78-kDa protein NSm-Gn. The NSm, an additional protein of RVFV, is arguably
the most well studied of the bunyaviral NSm proteins (Eifan et al., 2013; Won et al., 2007).
The deletion of the NSm protein for RVFV appears to prevent the virus breaching and
escaping the epithelial barrier within an infected mosquito, although it is unclear by what
mechanism NSm allows the virus to overcome this barrier (Kading, 2014).

1.2.7 Prevalence and disease

Bunyaviruses are present in almost all corners of the globe, with many re-emergences and
spread since individual viruses were first isolated (Ferron, Weber, de la Torre, & Reguera,
2017; MacLachlan & Dubovi, 2017). Some of the notable examples of bunyaviruses
previously mentioned within this introduction, which cause disease in both humans and
animals, are described briefly below. The first example being a mosquito borne bunyavirus,

with the latter three being tick borne.

One of the earliest isolated bunyaviruses was RVFV, a member of the Phlebovirus genus
within the Phenuiviridae family. Although reports of high mortality rates in sheep across
farms in the Rift Valley of East Africa were recorded as early as 1912, RVFV was first
isolated in 1930 during investigations into these high mortality rates (Daubney, Hudson, &
Garnham, 1931; Nicoletti, 2014; Swanepoel & Paweska, 2011). For the first 20 years after
isolation, outbreaks were confined to areas of Rift Valley corresponding to areas where
livestock were maintained and flooding occurring, after this point outbreaks began occurring
further afield at an average of one outbreak per 3.6 years (Murithi et al., 2011). RVFV has
spread from Kenya to not only throughout Africa but into the Arabian Peninsula. (Grossi-
Soyster & LaBeaud, 2020; Rolin, Berrang-Ford, & Kulkarni, 2013; Tong et al., 2019). In
smaller, younger animals, such as kids and lambs, RVFV mortality rate is above 70%. In
humans, and other older animals such as cattle, goats, and buffalo, the mortality on average
reaches up to 10-20% (Bird, Ksiazek, Nichol, & Maclachlan, 2009; Chevalier, Pépin, Plée,
& Lancelot, 2010). In addition to this, acute RVFV infection is associated with an increased

chance of miscarriage for both humans and animals, partially through targeting the maternal-
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foetal interface (Baudin et al., 2016; Budasha, Gonzalez, Sebhatu, & Arnold, 2018; Oymans,
Wichgers Schreur, van Keulen, Kant, & Kortekaas, 2020). In humans, after an incubation
period of 1 to 6 days, RVFV infection produces milder, self-limiting clinical manifestations
including fever, nausea, vomiting, abdominal pain, jaundice. In 1-2% of cases, these
symptoms can develop further to include thrombocytopenia, renal failure encephalitis,
blindness, and haemorrhagic syndrome (Anywaine, Lule, Hansen, Warimwe, & Elliott,
2022; Kahlon et al., 2010; Madani et al., 2003). There are currently no antiviral treatments
specifically targeting RVFV, no licensed vaccines against RVFV in humans, and only live
attenuated or inactivated commercially available vaccines for ruminants (however these are
unsuitable to be used in non-endemic countries) (Kitandwe, McKay, Kaleebu, & Shattock,
2022). Advances are being made within this area, with several new vaccines based on a
variety of techniques including DNA, virus-like particles (VLPs), and genetically attenuated
viruses currently undergoing clinical trials. One of the most prominent candidates from this
work is the ChAdOX1 RVF vaccine, which appears able to provide immunity in both
animals and humans with minimal side effects (Jenkin et al., 2023; Kitandwe et al., 2022).

The first tickborne bunyavirus to be isolated, based on the published literature, Bhanja virus
(BHAV) was originally isolated in 1954 in India from a paralyzed goat. This virus is
currently classified as a member of the Bandavirus genus within the Phenuiviridae family
(Shah Kv Fau - Work & Work, 1969). BHAV has been found across Asia, Africa, and
Europe within several tick species within the Ixodidae family (Hubalek, 1987; Hubalek,
Mittermayer, Halouzka, & Cerny, 1988; D. K. Lvov, Shchelkanov, Alkhovsky, & Deryabin,
2015; Pavlov et al., 1978; Verani, Balducci, Lopes, & Sacca, 1970; J. Vesenjak-Hirjan et al.,
1977; Vilibic-Cavlek et al., 2023). To date no large outbreaks have been noted within the
literature, despite BHAV appearing to have the ability to cause disease and mortality when
able to access the CNS/brain, particularly in younger animals (Hubalek, 1987; Oluwayelu,
Adebiyi, & Tomori, 2018; Sikutova et al., 2009). In humans, most infections of BHAV
appear to be asymptomatic. The clinical manifestations of BHAV are fever, muscle and joint
pain, headache and photophobia which lasts on average 48 hours, however infections can
progress to more severe symptoms including meningoencephalitis (Calisher & Goodpasture,
1975; D. K. Lvov et al., 2015). The first case of disease caused by BHAV was in 1974,
where a laboratory worker accidentally infected himself with the virus. Following this, two
additional accidental laboratory infections and one retrospective diagnosis of BHAV from a
‘natural’ infection have been recorded (Calisher & Goodpasture, 1975; D. K. Lvov et al.,
2015; Punda, Beus, Calisher, & Vesenjak-Hirjan, 1980; J Vesenjak-Hirjan, Calisher, Beus,
& Marton, 1980; Vilibic-Cavlek et al., 2023). As these symptoms are quite generic, as there
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are few reported cases, it is likely the number of infections is underreported. At the time of
writing there are still large gaps in the knowledge surrounding BHAV, and no treatments or

vaccines in development or available for either humans or animals.

Although BHAV was the first tickborne Bunyavirus to be isolated, it is not the first tickborne
Bunyavirus to be identified. Crimean Congo haemorrhagic fever was first identified in 1944
in the Crimean Peninsula by Dr A. P. Gutfraind, but the virus was not isolated or
characterized until 1967. CCHFV is now categorised as a member of the Orthonairovirus
genus in the Nairoviridae family. (Gligi¢, Stamatovié, Stojanovi¢, Obradovié¢, & Boskovié,
1977). CCHFV is now considered to be endemic in all of Africa, the Balkans, the Middle
East and Asia, and there is evidence to show that that due to the expansion of the vector
Hyalomma marginatum the virus is spreading further into Europe. When assessing the
seroprevalence in Hungary (where H. marginatum were first found to have migrated to in
2011) by analysing the serum samples of 2700 healthy volunteers, 0.37% of those tested
were positive for CCHFV, which is the first concrete evidence of CCHFV presence within
the Hungarian population (Hawman & Feldmann, 2023; Magyar et al., 2021; Messina et al.,
2015). Currently, the risk estimates for the establishment of CCHFV has increased from low
to medium for both France and Italy (Bernard et al., 2022; Fanelli & Buonavoglia, 2021).
CCHFV has demonstrated the ability to infect a variety of different species of animals, both
wild and domesticated. Although many of these animal infections produces viremia,
currently only humans exhibit a severe illness, allowing CCHFV to establish a variety of
asymptomatic reservoir hosts that can result in zoonotic spillover (Atim et al., 2023; Fanelli
& Buonavoglia, 2021; Fanelli, Tizzani, & Buonavoglia, 2022; Hawman & Feldmann, 2023;
Shepherd, Leman, & Swanepoel, 1989; Sorvillo et al., 2020; Spengler, Bergeron, & Rollin,
2016; Zeller, Cornet, & Camicas, 1994). The fatality rate of CCHFV in humans is estimated
to be 30% at a minimum, but this can reach up to 80%. After an incubation period of 1 t0 9
days, patients begin to experience symptoms such as fever, nausea, headache, and myalgia.
By day 6, more severe symptoms present such as epistaxis and thrombocytopenia, with most
deaths occurring 5-14 days after the onset of symptoms if the patient doesn’t recover (Aslam
et al., 2016; Cevik et al., 2008; Hawman & Feldmann, 2023; Swanepoel et al., 1989). As
there was an increase in human cases and isolation in ticks of CCHFV in non-endemic areas
around 2019-2020, a renewed One Health push for both surveillance and therapeutic/vaccine
development began (Charrel et al., 2004; Kuehnert, Stefan, Badger, & Ricks, 2021; A. A.
Patel, Dalal, Parikh, Gandhi, & Shah, 2023). Although currently there are no licensed
treatments or vaccines available for CCHFV, several antiviral and vaccine candidates

currently in development have shown promise with high efficacy in preclinical models (de
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la Calle-Prieto et al., 2018; Hawman & Feldmann, 2023). Similar to RVFV, a vaccine against
CCHFV based on the COVID-19 ChAdOx2 system launched safety trials of the 4™ of
August 2023 after ChAdOx2 CCHF completed preclinical trials (Saunders et al., 2023)

Although the above viruses were isolated over 50 years ago, many more bunyaviruses have
been discovered since this time. Severe fever with thrombocytopenia syndrome virus
(SFTSV), being proposed for renaming by the type species Dabie bandavirus in July 2022
and this change was ratified in March 2023 Dby the ITCV
(https://ictv.global/taxonomy/taxondetails?taxnode_id=202000166  [accessed  January

2024]) and will be referred to by the acronym SFTSV in this text. This virus is a member of
the genus Bandavirus in the family Phenuiviridae. SFTSV was first isolated in China in
2009 after an increased number of cases of acute febrile illness within several provinces (Yu
etal., 2011). This disease has since become endemic in China and spread to other East Asian
countries such as Korea and Japan, which both reported cases in 2012-2013. This spread is
believed to be a combination of the migratory pattern of bird present within the country, and
the geographical expansion of the tick vectors (the principle vector being H. longicornis) (K.
H. Kim et al., 2013; Takahashi et al., 2014; S. Wang et al., 2015). Similar to CCHFV, many
animals are able to be infected with SFTSV, most of which do not show symptoms. One of
the exceptions to this is domestic cats, where the estimated mortality rate is around 62% of
those infected (Mekata, Umeki, Yamada, Umekita, & Okabayashi, 2023). The detection of
VRNA and antibodies has occurred in many domestic animals, including sheep, cattle, dogs,
pigs and chickens, which play an important role in being reservoir species for the virus and
the potential for zoonotic spillover (Mekata et al., 2023; Niu et al., 2013). The mortality rate
of SFTSV is up to 30%, although after the development of a more efficient luciferase
immunoprecipitation system assay in the early 2020’s many patients which were not
previously diagnosed due to mild or subclinical symptoms tested positive for serological
evidence of SFTSV infection (S. Chen et al., 2022; Xiong et al., 2016; Yu et al., 2011). The
incubation period of SFTSV is 5 to 14 days, with common symptoms being fever, nausea,
vomiting, abdominal pain, diarrhoea, and neurological symptoms. These symptoms can
progress in severity to thrombocytopenia, leukopenia acute kidney injury, myocarditis,
arrhythmia, and meningoencephalitis, with an average of 9 days from symptom onset
occurring to death (J. C. Li, Zhao, Li, Fang, & Liu, 2022; Q. Liu, He, Huang, Wei, & Zhu,
2014; S. Miyamoto et al., 2019; Park et al., 2018; Seo, Kim, Yun, & Kim, 2021; Yu et al.,
2011). In terms of treatment, several therapeutic treatments are currently being evaluated,
such as Favipiravir, Quinoline analogues, and corticosteroids (Bang, Kim, Kim, & Yun,
2022; J. C. Li et al., 2022; Y. Zhang, Huang, & Xu, 2022). Similarly to the antiviral
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treatment, at present there is no approved SFTSV vaccine, although live-attenuated virus-
based, viral vector-based, mRNA-based, or DNA-based vaccine candidates are in
development, with efficacy being confirmed in animal models (Brennan et al., 2015; Bryden
et al., 2022; J. Y. Kim, Jeon, Hong, et al., 2023; J. Y. Kim, Jeon, Park, et al., 2023;
Yoshikawa, 2021).

The recent emergence of several tick-borne bunyaviruses, likelihood of further disease-
causing bunyaviruses being discovered, and the lack of available treatments or vaccines has
highlighted the need for further study into this area, as these viruses are an increasing threat
to human and animal health (Albornoz et al., 2016; Elliott & Brennan, 2014; B. Hoffmann
et al., 2012; McMullan et al., 2012; J. Wang et al., 2014; Yu et al., 2011). There are large
gaps in our knowledge not only about the mechanisms of entry, replication and interaction
with host cell factors employed by these viruses, but also their global geographical
distribution, meaning future outbreaks of known and novel bunyaviruses are likely (Psylvia
Léger & Lozach, 2015; Matsuno et al., 2015). As mentioned previously, the potential for
segment reassortment between members of the same species and even members of the same
genera further complicate the matter, not just by making identification of the virus more
difficult, but by increasing the likelihood of vector or host expansion or increase in virulence
(Horne & Vanlandingham, 2014). Beyond this, the ever-expanding population and
urbanization of the globe, increased travel, and climate change means that contact with
arthropod vectors is becoming more likely and frequent, and so too is the likelihood in
contracting one of the diseases they carry (Elliott, 2009; Léger and Lozach, 2015).
Organizations such as World Health Organisation (WHQO) and Coalition for Epidemic
Preparedness Innovations (CEPI) list several bunyaviruses such as CCHFV, RVFV, Lassa
fever and other arboviruses like CHIKV on their vaccine development priority list. Due to
the severity of the disease these viruses cause, they are more difficult and time-consuming
to study, requiring specialist facilities given the statuses of these viruses as Hazard Group 3
or 4 microorganisms requiring their use in specialist containment facilities. Therefore, model
bunyaviruses such as UUKV have been fundamental in expanding our knowledge and are
used to lay the groundwork in studying these more highly pathogenic viruses (Mazelier et
al., 2016).

1.3 Uukuniemi virus

UUKYV has yet, to date, been associated with disease, despite evidence of seropositivity in
both human and animal populations alongside its ability to infect several species (Matsuno
et al., 2015). This makes it an ideal candidate to study more pathogenic related bunyaviruses
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as the lower risk allows it to be handled at containment level 2 within the UK and much of
Europe (Mazelier et al., 2016; A. Papa et al., 2016). However, it is important to note that
UUKY is not the perfect model for several reasons, such as the huge genetic divergence
between bunyavirus species even between species within a genus. Additionally, deep
sequencing analysis of suspected bunyavirus samples on a large scale is not currently
feasible (Matsuno et al., 2015), and so our current knowledge is based on a comparatively
small number of isolates (Albornoz et al., 2016).

1.3.1 Discovery, prevalence, and disease

UUKYV was first isolated in Finland in 1959 in Ixodes ricinus ticks (Kreher et al., 2014;
Saikku & Brummer-Korvenkontio, 1973; Wrdblewska-Mularczykowa, Sadowski, &
Zukowski, 1970). Various isolates have been found in other locations including Scandinavia,
Central and Eastern Europe, (CDC Arbovirus catalogue [wwwn.cdc.gov/arbocat/], (Charles
et al., 2021), England (Eley & Nuttall, 1984) and Scotland (Mazelier et al., 2016; P A
Nuttall, Carey, Reid, & Harrap, 1981; Anna Papa et al., 2018). Currently, UUKV is one of
23 species assigned to the Uukuvirus group, a genus within the Phenuiviridae family

(https://ictv.global/report/chapter/phenuiviridae/phenuiviridae/uukuvirus [accesses January

2024]) The known geographical distribution corresponds to the geographical range of its
primary vector Ixodes ricinus, which have been expanding into new territories over the last
30 years (Jaenson, Jaenson, Eisen, Petersson, &  Lindgren, 2012)

(https://www.ecdc.europa.eu/en/publications-data/ixodes-ricinus-current-known-

distribution-march-2022 [accessed January 2024]). Other closely related Ixodes spp. ticks,

such as Ixodes scapularis and Ixodes pacificus, which may also be able to vector UUKYV are
found further afield. Ixodes scapularis, for example, was originally localized across the
Eastern Seaboard and in the upper Midwest of the USA. However, since 1975 the population
has expanded West and further inland within the USA, into Canada and into Mexico (L.
Eisen & Eisen, 2023). In 1979, UUKV was also isolated from Ixodes persulcatus in the
Belozersky District in Russia (D. Lvov, 1979).

1.3.2 Genome and structure

Characterization of UUKV was achieved through investigating the UUKV S23 prototype
strain in the early 1970’s. This work revealed a virus with a novel structure, made up of four
structural proteins and a segmented, sSRNA genome (R. Pettersson & Kaariainen, 1973; R.
Pettersson, Kaariainen, von Bonsdorff, & Oker-Blom, 1971; R. F. Pettersson & von

Bonsdorff, 1975). A schematic of the structure and genome of UUKYV, adapted from the
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previous generic bunyavirus in Figure 1.1, is shown in Figure 1.4. UUKV has a tri-
segmented genome, where each segments contains a unique primary sequence that does not
contain a significant amount of overlap between the segments. These segments have negative
or ambisense polarity and are the; L segment, M segment, and S segment (Elliott, Dunn,
Simons, & Pettersson, 1992; R. F. Pettersson, Hewlett, Baltimore, & Coffin, 1977). The L
segment contains a single ORF which produces the RdRp, with the isolation of this activity
being the first instance an RNA polymerase was shown to be contained within a bunyavirus
(Elliott et al., 1992; Ranki & Pettersson, 1975). Although the M segment also consists of a
single OREF, this is a precursor for the glycoproteins G, and G (originally named G1 an G»),
which are produced through cleavage of the polyprotein by the host post-translation
(Mazelier et al., 2016; Ronnholm & Pettersson, 1987). These proteins also undergo further
post-translational modifications (primarily glycosylation), although the nature of these
modifications is dependent on the species from which the infected cell is derived from. For
example, when virus progeny was produced in tick cells, the Gc protein was highly
mannosylated, with the Gn protein containing N-glycans (Mazelier et al., 2016). Unlike the
L and M segments, the S segment has an ambisense coding strategy, where the N and NSs
proteins are encoded in separate ORFs transcribed with opposite polarities from wither the
genomic or antigenomic sense RNAs. When Simons and colleagues probed for the viral
negative sense RNA and complementary positive sense RNA, they found that despite no
positive M segment RNA was packaged in virions, a ratio of 1:10 positive to negative S
genomic segments were packaged (Simons, Hellman, & Pettersson, 1990). Interestingly,
although UUKYV is a ss negative sense RNA virus, reverse genetic systems based on the
positive sense or negative sense sequences have shown no significant difference in rescuing
both minigenome RNAs and recombinant virus, indicating that the cRNA can aid in the
establishment of infection (R. Flick & Pettersson, 2001; Overby, Popov, Neve, & Pettersson,
2006; F. Ren et al., 2021; Rezelj, Overby, & Elliott, 2015). Each segment is flanked by a 3’
and 5’ untranslated region (UTR) that mediate replication and transcription, the promoter
strength of which (in decreasing order) is M>L>S in mammalian reverse genetic systems
(K. Flick et al., 2004). When virions are visualised utilising electron microscopy, the
genomic segments appear to be circularized. However, it was found the UTR sequences for
each segment showed that this circularization is not covalently closed. When the genomes
were subjected to denaturing conditions these circular forms were linearized, with
recirculation occurring when annealing conditions were introduced. This circularization is
maintained through the complementary sequences within the terminal nucleotides of the

viral UTRs to form a ‘panhandle’ secondary structure and increases the efficiency of
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replication and transcription (K. Flick et al., 2004; Hewlett, Pettersson, & Baltimore, 1977,
Overby, Pettersson, Grunewald, & Huiskonen, 2008; R. F. Pettersson et al., 1977).

UUKYV virions, like most bunyaviruses, are roughly spherical with a ~100nm diameter
(Burrell et al., 2017). The membrane of these virions, taken from the cell the virus was
produced from, are covered in glycoproteins. There is experimental data to suggest that
infection of UUKYV upregulates the production of the glycolipid glucosylceramide (GlcCer)
within the infected cell, and that not only is this lipid enriched within the viral progeny, but
is important for virus attachment to host cells (Uckeley et al., 2022). The external structure
of UUKV shows pleomorphism, and on examination using electron cryotomography two
distinct ‘spike” (glycoprotein protrusions) conformations were observed, extruding from the
membrane at 5-10nm. The shape of the particles is due to the interactions of the two
membrane glycoproteins, with the most regular particles showing an icosahedral lattice (with
a triangulation of T = 12) arrangement. This was also the first time this structural
arrangement had been confirmed within a virus (Overby et al., 2008). The two different
conformational states occurred depending on the pH, as G is a class Il membrane protein
fusion protein that undergoes a conformational change to allow fusion in acidic conditions
(Garry & Garry, 2004; Halldorsson et al., 2018; Overby et al., 2008). Through comparative
work with the G protein of RVFV it is believed that UUKV G, functions to prevent
premature fusion of UUKV by shielding the hydrophobic fusion loops of the G¢ protein,
alongside its role in attaching to cells for infection through its glycosylation (Halldorsson et
al., 2018; Lozach et al., 2010). The C-terminus of these glycoproteins was also visualized to
interact with the RNPs during electron microscopy within the viral particle. Overby and
colleagues determined, through mutational analysis and minigenome systems to generate
VLPs, that four amino acids within the Gn cytoplasmic tail were key to packaging RNPs
through interaction with RNPs regardless of the segment (Overby, Pettersson, et al., 2007).
UUKYV N protein oligomerizes through the a-helices on both termini of the protein, with the
core region for the stability of this polymerization being within the N-terminal. Due to
sequence similarities, it is likely this fold is used throughout the Phlebovirus genus. The
current mechanistic model is that the N protein associates with the VRNA, causing a
conformational change and allowing the recruitment and oligomerization of further N
proteins onto the RNA (Hornak, Lanchy, & Lodmell, 2016; Katz et al., 2010). This
association of N and VRNA is also required for transcription to occur, alongside aiding
shielding and transporting the RNA within the cell (Hornak et al., 2016; Katz et al., 2010;
Lopez, Muller, Prehaud, & Bouloy, 1995; Overby et al., 2006; F. Ren et al., 2021). Finally,
NSs is the only non-structural protein produced by UUKV. UUKYV is unable to fully prevent
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interferon regulatory factor 3 (IRF-3) activation, subsequent interferon (IFN) production and
does not suppress IFN signalling. The NSs protein directly interacts with mitochondrial
antiviral-signalling protein MAVS, but this interaction is weak and does not inhibit where
other signalling pathways converge to stimulate IFN production. This is likely the reason
UUKY does not cause disease. This protein may also have a role in vector competence,
although further investigations need to be carried out in order to confirm this, and it is also
unclear if this protein is packaged within viral progeny during infection (Rezelj et al., 2017;
Rezelj et al., 2015).

Gn

. L Protein

@ N Protein

Lipid
Envelope — VRNA

S 34]_ NSs|

MS Gn Ge 0
L 3 L 5

Figure 1.4: Schematic of Uukuniemi Uukuvirus. Diagram of a bunyavirus particle with labelled
structural proteins (top) and genome structure (bottom) with direction of protein translation (black
arrows), based on work by (Burrell et al., 2017; Hewlett et al., 1977; R. F. Pettersson et al., 1977)

58



Chapter 2 Aims




Chapter 2

Ticks and tickborne diseases are an ever-increasing threat to human and animal health. In
particular, emergence and re-emergence of several species within the Bunyavirales order
have led to outbreaks across the globe over the last 80 years. These viruses cause disease
with mortality rates reaching 30% or higher in some cases. Despite this, factors which dictate
the vector specificity of these viruses and the mechanisms by which the vectors are able to
be persistently infected remain elusive.

The overarching aim of this work was two-fold. Firstly, using a model bunyavirus
Uukuniemi virus (UUKYV), determine the stage at which viral replication was blocked during
UUKY replication in non-vector (mosquito) cells. Secondly, utilizing UV crosslinking and
oligo(dT) capture, to determine the intracellular factors within tick cells that impact UUKV
Kinetics to begin elucidating the mechanisms by which a persistent infection is established

in arthropod cells.
Specifically, I aimed to:

e Confirm the replication kinetics of UUKV in vector and non-vector arthropod cells,
using mammalian cells as a control baseline for replication.

e Visualize, using fluorescent glycoprotein dye and confocal microscopy, if UUKV
was able to bind and be internalized by non-vector arthropod cells to begin
elucidating the factors preventing UUKYV replication in non-vector cells.

e Optimize RNA interactome capture (RIC) through the use of UV crosslinking and
oligo(dT) capture beads in tick cell culture (ISE6), as this technique has previous not
been carried out on any tick cell line.

e Establish the first tick cell line RNA binding proteome (RBPome) through isolating
ISE6 RNA binding proteins (RBPs) using RIC for mass-spectrometry analysis.

e Establish the first UUKV infected tick cell line RBPome using RIC and mass-
spectrometry analysis.

e Compare the naive, non-infected ISE6 RBPome to the RBPome of UUKYV infected
ISE6 cells to elucidate the differentially expressed RBPs during infection and
identify proteins which are significantly upregulated within UUKV-infected ISE6
cells.

e Optimize a magnetofectamine dsRNA knockdown protocol within ISE6 cells and
design dsRNA against the proteins that are significantly upregulated within the
infected ISE6.
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e Transfect dsRNA into ISE6 cells to degrade the target protein in question and
visualize the effects on UUKYV viral replication within the vector cell line in order to

begin elucidating the vector factors important to establishment of UUKV infection.
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3.1 Cell Culture

3.1.1 Mammalian cell lines

The mammalian cell lines used in this project are as follows:

A549: Obtained from the European Collection of Authenticated Cell Cultures
(ECACC), derived from human lung adenocarcinoma basal epithelial cells. This cell
line is maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher
Scientific) supplemented with 10% (v/v) Foetal Bovine Serum (FBS). Incubation
conditions are 37°C, 5% CO2. Cell line was passaged when confluency was reached,
on average 3 times per week, with a 1:10 split.

BHK-21 clone 13: Referred to as BHK cells, obtained from the University of
Glasgow MRC Experimental virus research unit, derived from baby hamster kidney
fibroblast cells (Macpherson & Stoker, 1962). This cell line is maintained in Glasgow
modified Eagle’s medium (GMEM) (Gibco) supplemented with 10% (v/v) FBS and
10% (v/v) Tryptose Phosphate Buffer (TBP) (Gibco). Incubation conditions are
37°C, 5% COz. Cell line was passaged when confluency was reached, on average 3
times per week, with a 1:10 split.

BSR: Kindly provided by Dr Karkl-Klaus from the Ludwig-Maximilians-Universitét
Miinchen, this cell line is a clone of BHK-21 (Sato, Maeda, Yoshida, Urade, & Saito,
1977). This cell line is maintained in DMEM (Thermo Fisher Scientific)
supplemented with 10% (v/v) FBS. Incubation conditions are 37°C, 5% COa. Cell
line was passaged when confluency was reached, on average 3 times per week, with
a 1:10 split.

BSR-T7/5-CL21: Referred to as BSR-T7 cells. Kindly provided by Dr Karl-Klaus
from the Ludwig-Maximilians-Universitdt Miinchen, this cell line is a modified BSR
cell line stably transfected with the bacteriophage T7 RNA polymerase (Buchholz,
Finke, & Conzelmann, 1999). This cell line is maintained in DMEM (Thermo Fisher
Scientific) supplemented with 10% (v/v) FBS, 10% (v/v) TBP, and 1mg/ml of the
selection agent Geneticin (G418). Incubation conditions are 37°C, 5% COx. Cell line
was passaged when confluency was reached, on average 3 times per week, with a

1:10 split.

Incubation temperatures are the optimal growth temperatures for the respective cell line and

are used for the respective cell lines unless stated otherwise.

63



Chapter 3

3.1.2 Arthropod cell lines

All tick cell lines for this research were provided by Lesley Bell-Sakyi from the University

of Liverpool Tick Cell Biobank. Cell lines were grown in flat-sided tubes (Nunc) for

maintenance and transferred to sealed T25 or T80 non-vented flasks (Nunc). Cell lines

required passaging when confluency was sufficient for cells to begin detachment from the

surface of the tube, on average once per two weeks with a 1:2 split. L-15 (Leibovitz) basal

medium is required for all tick cell culture, composition of the media required are listed in

the table below.

L15B Basal Media
MilliQ Water (Autoclaved) 1 Litre
L- 15 Powder (Thermo Fisher #41300-021) 1 Packet
L- Aspartic Acid (Thermo Fisher #A13520.30) 299mg
L-Glutamic Acid (Thermo Fisher #156212500) 500mg
L-Proline (Thermo Fisher #157620250) 300mg
A-Ketoglutaric Acid (Thermo Fisher #439351000) 299mg
D-Glucose (Thermo Fisher #A16828.36) 2239mg
Mineral Stock* Iml
Vitamin Stock™** Iml
Table 3.1.A: Composition of L15 B Basal Media
*Mineral stock
Reduced glutathione (Thermo Fisher #78259) 1000mg
Ascorbic acid (Thermo Fisher #A15613.36) 1000mg
Ferrous sulphate (Merck # 7782-63-0) 50mg
Stock solution A*** Iml

Sodium molybdate dihydrate (Merck #10102-40-6)

Sodium selenite (Merck #10102-18-8)

Iml of 20mg/100ml
solution
Iml of 20mg/100ml

solution

Table 3.1.B: Composition of Mineral Stock required for L15B Basal Media

H-O

H-O
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***Stock solution A

MilliQ water (autoclaved) 100ml

Cobalt(II) chloride hexahydrate (Merck #7791-13-1) 20mg

Copper(II) sulphate pentahydrate (Merck #7758-99-8) | 20mg

Manganese(II) sulphate monohydrate (Merck #10034- = 160mg

96-05)

Zinc sulphate heptahydrate (Merck #7446-20-0) 200mg
Table 3.1.C: Composition of Stock Solution A required for Mineral Stock

** Vitamin stock

MilliQ water (autoclaved) 100ml
p-aminobenzoic acid (Merck #150-12-0) 100mg
Cyanocobalamin (B12) (Merck #68-19-9) 50mg
d-biotin (Merck #58-85-5) 10mg

Table 3.1.D: Composition of Vitamin Stock required for L15B Basal Media

All mosquito cell lines were obtained from the ECACC.

All arthropod cell lines were maintained in dry incubators with 0% CO.. All tick media were

adjusted using sterile 1M sodium hydroxide to achieve a deep orange colour before adding

to the cell monolayers. The arthropod cell lines used in this project are as follows:

BME/CTVMG6: Referred to as BMEG cells, this cell line is derived from embryonic
stem cells from the tick species Rhipicephalus microplus (Bell-Sakyi, 2004). This
cell line is maintained in L-15 complete media (by volume); 70% L-15 (Leibovitz)
basal medium (described above), 10% TBP, 20% FBS, and 1% 200mM L-glutamine
(Thermo Fischer). Incubation temperature for this cell line is 28°C.

BME/CTV23: Referred to as BME23 cells, this cell line is derived from embryonic
stem cells from the tick species Rhipicephalus microplus (M. P. Alberdi, Nijhof,
Jongejan, & Bell-Sakyi, 2012). This cell line is maintained in L-15 complete media
(see above). Incubation temperature for this cell line is 32°C.

IRE/CTV20: Referred to as IRE20, this cell line is derived from embryonic stem
cells from the tick species Ixodes ricinus (Bell-Sakyi et al., 2007). This cell line is
maintained in L-15 complete media (see above). Incubation temperature for this cell
line is 28°C.

ISE6: This cell line is derived from embryonic stem cells from the tick species Ixodes
scapularis (Kurtti, Munderloh, Andreadis, Magnarelli, & Mather, 1996). This cell

line is maintained in L-15B300 media (by volume); L-15 basal medium (65ml),
65



Chapter 3

sterile MilliQ water (20ml), TBP (10ml), FBS (5ml), bovine lipoprotein (ICN) 10%
solution in L-15 basal medium (1ml), and L-glutamine 200mM (1ml). Incubation
temperature for this cell line is 32°C.

e AFS5. This cell line is a single cell clone derived from the Aag2 (4edes aegypti 2 cell
line). Aag2-AF5 is immunocompetent for RNAi (siRNA and piRNA pathways) and
NF-kB signalling (Varjak et al., 2017). This cell line is maintained L-15 Media
(Thermo Fisher #31415) supplemented with 10% TBP and 10% FBS. Incubation
temperature for this cell line 1s 28°C.

e AF319. This cell line is a clonal homozygous cell line derived from the Aag2-AF5
clonal derivative of the Aag?2 cell line that is deficient in siRNA pathway activity due
to a Dicer2 knockout mutation, (Varjak et al., 2017). This cell line is maintained L-
15 Media (Thermo Fisher #31415) supplemented with 10% TBP and 10% FBS.

Incubation temperature for this cell line is 28°C.

3.1.3 Competent bacterial strains

Plasmid stocks for recombinant virus production (rUUKV and rUUKVdelNSseGFP) were
generated using the bacterial E. coli strain JM109 (Promega #P9751) genotype endAl,
recAl, gyrA96, thi, hsdR17 (r., m«"), relAl, supE44, A(lac-proAB), [F" traD36, proAB,
lacl9ZAM15]. The bacteria were made competent using the Mix & Go E. coli transformation
kit and buffer set (Zymo research # T3001). The bacteria were grown at room temperature,
either in Luria-Bertani (LB) broth or on LB agar plates which have been supplemented with

100 pg/ml of ampicillin as the selection agent.

3.2 Virus strains and seguence accession
numbers

3.2.1 Virus strains

The wild-type UUKYV used in this project was a recombinant UUKYV based on the prototype
tick isolate S-23, whose plasmids were designed by Dr Veronica Rezelj (Rezelj et al., 2015).
This research also produced the rUUKVdeINSseGFP virus. Dr Rezelj kindly provided both
the recombinant virus and the plasmids used to rescue both rUUKV and
rUUKVdeINSseGFP for use within this research. Further working stocks of both viruses

were generated through recombinant virus rescue.

The recombinant BUNV used within this study was kindly provided by the Dr E. Pondeville

at the University of Glasgow MRC - Centre for Virus Research. Viral stocks were amplified
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in the same manner as described for rUUKV (Hart, Kohl, & Elliott, 2009; Pingen et al.,
2016).

3.2.2 Virus sequence accession numbers

The accession numbers of the nucleotide sequences used for the generation of the previously
mentioned virus rescue plasmids and for the design of sequencing, RT quantitative (q)PCR,
and dsUUKV N RNA primers are listed in Table 3.2:

GenBank accession

Virus Segment umber
S M33551.1

UUKV M M17417.1
L D10759.1

Table 3.2: Accession numbers corresponding to Uukuniemi viral genomic segments.

3.3 Oligonucleotides

All primers used in this project and a description of their purpose are listed in Table 3.3.
Primers were designed using the National Center for Biotechnology Information (NCBI)
primer production tools or Benchling using the appropriate species as a background (Ye et
al., 2012). Primers are standard desalted synthetic 25 nM scale oligonucleotides purchased
from Integrated DNA technologies (IDT) and reconstituted sterile H2O to a stock solution
of 100 nM.

Primers
Overall Where primers
Description of
research = Primer name Primer sequence _ were acquired
primer use
purpose from
UUK L ACACAAAGTCCGC
Rescue Forward 1 CAAGATGGAAG
) Sequencing the Made by Dr
plasmid UUK L CTCTGCTGAGACC . .
L segment of Veronica Rezelj
and viral Forward 2 ATCCAGCATC
UUKY and the (Rezel;j et al.,
cDNA UUK L GAAGGACGCTTTT _ .
‘ rescue plasmid | 2017; Rezelj et
sequencin Forward 3 GAGAATCTC
pT7UUKL al., 2015)
g UUK L CAGAATGCCTGCT
Forward 4 GCTTCAATTC
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UUK L
Forward 5
UUK L
Forward 6
UUK L
Forward 7
UUK L
Forward 8
UUK L
Forward 9
UUK L
Forward 10
UUK L
Forward 11
UUK L
Forward 12
UUK L
Forward 13
UUK L

Reverse 1

UUK M

Forward 1

UUK M
Forward 2
UUK M
Forward 3
UUK M
Forward 4
UUK M
Forward 5
UUK M
Forward 6
UUK M

Forward 7
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CAGCTGTGCCGGA
GTCAACCTGG
GTACTTGAATCCT
GATAGACCAG
CTGAGCTCTGCAA
GACATCCAC
GAATGGCCAGTTT
TTGCTTTGG
CATCACTAGGAGG
GTCCCCAAG
CTCATTCCCAGCC
CAGAAGGGTAC
GTGCTCATTGTTG
AACATCAAGTC
CCTTAACCATGTTC
AAGCTCTCC
GAGATTGTTCCTG
GTCTGACCGG
ACACAAAGACGCC
AAGATGCTTTTA
ACACAAAGACAC
GGCTACATGGAAC
AAC
GACTTTTCAAGCG
TGTTCTTCAC
GAAACTTTGTGCC
GTGTAGATCC
GATCCTAATAGAG
TCCACTGCTG
GACCTCACTGCAA
CTAGTATTAG
GCATGTGAATTCT
GTGCAAAAC
GTGATTGACACTG
ACTTCATCAATG

Sequencing the
M segment of
UUKY and the
rescue plasmid

pT7UUKM
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UUKVM
RT qPCR

UUK M
Reverse 1
UUK S
Forward 1
UUK S
Forward 2
UUK S
Forward 3
UUK S
Forward 4
UUK S
Reverse 1
UUK S
Reverse 2
UUK S

Reverse 3

UUKM
Standard

Forward

UUKM
Standard

Reverse

UUKM
qPCR
Forward
UUKM
qPCR

Reverse
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ACACAAAGACGG
CTACCATGGTAAG
ACACAAAGACCCT
TCCAACATTAAGC
ATAAGGAGAATGA
AGCTCACTG
GCTCAGCAGGTAA
GCTCTCTTCTG
ATGTCCCTCAGCA
TCTGGTCCC
ACACAAAGACCTC
CAACTTAGC
CCAGCAGGCTGCA
ACTGTCCTC
CCCTTGTGACTAG
TCTTTTCTGG

ACTTGGCATCTGC
CACCATGTTAATC

GCCGACCCACACA
AAGACA

TGCTACTTTCGGT

GCCCTAA

CAGGAGGCTTTGA
ACCAACC

Sequencing the
S segment of

UUKY and the

rescue plasmids;
pT7UUKS,

pT7UUKSdelN
SseGFP, and

pT7UUKSNSse

GFP

Producing the
DNA standards
from reverse
transcribed
UUKV M RNA
for UUKV M
RNA detection
using RT qPCR

Performing RT
qPCR to detect
UUKV M

Designed during

this research
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18s Standard = CGTAGTTCCGACC

Forward

ATAAACGA

18s Standard | CATCTAAGGGCAT

18s RT
qPCR Reverse
18s gPCR
Forward
18s gPCR
Reverse

CACAGACC

GACTCAACACGGG
AAACCTC
TAACCAGACAAAT
CGCTCCAC
GTAATACGACTCA

Production | eGFP dsRNA = CTATAGGGATGGT

of Forward GAGCAAGGGCGA
negative GGAGCTGTTC
control GTAATACGACTCA
eGFP eGFP dsRNA | CTATAGGGCTGGG
dsRNA Reverse TGCTCAGGTAGTG
GTTGTCGGGC
UUKV N ' GTAATACGACTCACTA
Production dsRNA TAGGGATGAGACCCTC
of positive Forward CCTGAGGAC
control GTAATACGACTCA
UUKV N
eGFP CTATAGGGATCTG
dsRNA
dsRNA AGGACAGTTGCAG
Reverse
CcC
Production GTAATACGACTCA
AGO2
of ISE6 CTATAGGGACGTG
dsRNA
gene AACAAGACGTCTC
Forward
dsRNA CC

Producing the
DNA standards
from reverse
transcribed 18s
isolated from
BSR whole cell
lysate for
UUKYV 18s
detection using

RT qPCR

Performing RT
gPCR to detect
18s

Producing
cDNA from
PCR of
pT7UUKSdeIN
SseGFP for
making eGFP
dsRNA

Producing
cDNA from
PCR of
pT7UUKS for
making UUKV
N dsRNA

Producing the
corresponding
ISE6 gene
cDNA from

Designed during
this research
using Homo
sapiens 18S

ribosomal RNA

(LOC100008588

), non-coding
RNA -
Nucleotide —
NCBl as a

reference

Designed during
this research
using Genbank
accession number
M17417.1 (UUK

M) as a reference

Designed during

this research

Designed during
this research
using FASTA

files acquired
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AGO2
dsRNA

Reverse

PABP1
dsRNA

Forward

PABP1
dsRNA

Reverse

XRNI1
dsRNA

Forward

XRNI1
dsRNA

Reverse

TOP3B
dsRNA

Forward

TOP3B
dsRNA

Reverse

SND1
dsRNA

Forward

SND1
dsRNA

Reverse
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GTAATACGACTCA
CTATAGGGGGAGC
TCCTTCACCATCG
AG
GTAATACGACTCA
CTATAGGGGGCTG
TTCCCCCTCATCCA
C
GTAATACGACTCA
CTATAGGGTCACT
CCTTCTTGAGCGA
G
GTAATACGACTCA
CTATAGGGCAACT
GCCGGAAAGGTGT
TG
GTAATACGACTCA
CTATAGGGCTGCTT
GTTGGGTGGCTTT
C
GTAATACGACTCA
CTATAGGGCCGTC
TACGAGTACATGG
GC
GTAATACGACTCA
CTATAGGGGGTAG
TCACAGCCTTGAC
CC
GTAATACGACTCA
CTATAGGGTTGAC
TACGGCAATCGGG
AC

GTAATACGACTCA
CTATAGGGGACCA

PCR of whole from ISE6
ISE6 cell lysate | genome (Miller
RT for making et al., 2018) as

specific gene reference

dsRNA
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RBMSA
dsRNA

Forward

RBMSA
dsRNA

Reverse

EIF3A
dsRNA

Forward

EIF3A
dsRNA

Reverse

UNKL
dsRNA

Forward

UNKL
dsRNA

Reverse

RUXE
dsRNA

Forward

RUXE
dsRNA

Reverse

Chapter 3

GCAGGGTCACAAA
GT
GTAATACGACTCA
CTATAGGGGGAAG
GCTGGATCCTGTA
CG
GTAATACGACTCA
CTATAGGGTGCGG
CGATGACTTCTTTT
C
GTAATACGACTCA
CTATAGGGTGCCA
CACCGTTCTATCTC
G
GTAATACGACTCA
CTATAGGGATTCCT
TGATCTCGTCCGG
C
GTAATACGACTCA
CTATAGGGCCTGT
ACGAGTACCAGGG
GG
GTAATACGACTCA
CTATAGGGTCCAG
GTCCTGTGGCCTA
A
GTAATACGACTCA
CTATAGGGGGACC
AGGCCAAAAAGTT
CAG
GTAATACGACTCA
CTATAGGGCCAAA
CCTGAATCCGAGC
CC
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ISE6 gene
RT qPCR

CULI1
dsRNA

Forward

CUL1
dsRNA

Reverse

PRKRA
dsRNA

Forward

PRKRA
dsRNA

Reverse

AGO2 gPCR
Forward
AGO2 gPCR
Reverse
PABP1 qPCR
Forward
PABP1 qPCR
Reverse
XRNI qPCR
Forward
XRNI gPCR
Reverse
TOP3B
qPCR
Forward
TOP3B
qPCR

Reverse

Chapter 3

GTAATACGACTCA
CTATAGGGATGTG
CTGCGGTTCTACA
CA
GTAATACGACTCA
CTATAGGGATCTCG
TAGATGCCCTTGC
G
GTAATACGACTCA
CTATAGGGCTACAT
GGGGCTGAAGGA
GC
GTAATACGACTCA
CTATAGGGGTGCT
GAGCTCGTCTATG
GG
CGAGAGCGGGAG
ATCAACAA
GAATGCGACCTCG
TACCTCC
ACATGATCACTCG
CCGATCC
TCGGCTTGTTCTT
GATGGCA
GCTCCGAATCTCT
GGACGAG
CGCCCGAAAAAGT
GACTTGG

GCGTGGAGGCTGT
ACGATTA

CCCGGATTGATGA
CGCTCTT

Performing RT
gqPCR to detect
the
corresponding
ISE6 gene
mRNA

Designed during
this research
using FASTA
files acquired

from ISE6
genome (Miller
etal., 2018) as

reference
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SNDI1 qPCR = GACAACGGTCACT
Forward GGAGGTT
SNDI gPCR | GCGGAGTAGTCCT
Reverse TCCACAG
RBMSA
CTGAAGGAACGA
qPCR
GCTCGGAA
Forward
RBMSA
TTCATCCGTGTCC
qPCR
ATGGCTT
Reverse
EIF3A gPCR | ACCCCCTGGAAGA
Forward GAGGTG
EIF3A qPCR = ATGTCCCTCGAAC
Reverse GGTCCAT
UNKL gPCR | TACGACGAGACGA
Forward CGGGTAT
UNKL gPCR | GCCCGTCTTGTAG
Reverse TAACGCA
RUXE qPCR | CTACAGAACAGGG
Forward CTCGGATT
RUXE qPCR | GCTTCCGCTGCTT
Reverse AGTCTTTG
CUL1 gPCR | GAGGCCAGCATGA
Forward TCTCCAA
CUL1 gPCR | AAGGGCCTCTTCG
Reverse GAGTTTG
PRKRA
TTTGGCATCTCTTG
qPCR
CCTCGT
Forward
PRKRA
ATCATCTTGTAGGC
qPCR
AGCCTGG

Reverse

Table 3.3: Table of primers used in this research including primer name, sequence and

description of use.
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3.4 Enzymes

PCR — Either GoTaq® G2 Flexi DNA polymerase (Promega), or KOD Hot Start DNA

polymerase (Novagen, Sigma) were used for PCR.

RT gPCR - Reverse transcription reactions were carried out using GoScript reverse
transcriptase (Promega) and random hexamers (50 uM) (Promega). Real-time quantitative
PCR (RT gqPCR) was carried out using SYBR™ Green PCR Master Mix (Thermo Fisher).

Nucleic acid digestion — Benzonase® nuclease (Sigma) was used to remove all DNA and
RNA from protein samples, for example during cell lysis for western blot. DNase |, RNase-
free (1 U/uL) (Thermo Fisher) was used to remove template DNA for PCR and reverse
transcription outputs. RNase A (Promega) was used to remove RNA from oligo(DT) capture

and cDNA samples.

dsRNA production — MEGAscript™ RNAI kit enzymes (T7 enzyme mix, RNase, and
DNase 1) were used to produce dsRNA.

Cloning — In-Fusion enzyme (Takara) was used for restriction-free cloning.

Protein digestion — Proteinase K (Qiagen) was dissolved in proteinase K buffer (1jpug/1ul);
50mM Tris-HCI (pH 7.5), 750mM NaCl, 1% (wt/vol) SDS, 50mM EDTA, 2.5mM DTT,
and 25mM CaCl..

3.5 Plasmids

The plasmids used in this project are listed below in Table 3.4, and all contained an

ampicillin resistance gene (amp®).
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Plasmid Description Source
Whole antigenomic sense UUKV S
segment subcloned into the pTVT7
plasmid (Johnson, Zeddam, & Ball, 2000). Made by Dr
The segments are flanked by a Veronica Rezelj
pT7UUKS(+) bacteriophage T7 promoter at the 5’ end, (Rezelj et al.,
and a hepatitis A ribozyme at the 3’ end, 2017; Rezelj et
followed by a T7 terminator. Rezelj et al al., 2015)
2015 introduced a silent mutation resulting
in an Xhol restriction site at 963.
Whole antigenomic sense UUKV M
segment subcloned into the pTVT7 Made by Dr
plasmid (Johnson et al., 2000). The Veronica Rezelj
pT7UUKM(+) segments are flanked by a bacteriophage (Rezel;j et al.,
T7 promoter at the 5’ end, and a hepatitis | 2017; Rezel;j et
A ribozyme at the 3’ end, followed by a T7 al., 2015)
terminator.
Whole antigenomic sense UUKV L
segment subcloned into the pTVT7 Made by Dr
plasmid (Johnson et al., 2000). The Veronica Rezelj
pT7UUKL(+) segments are flanked by a bacteriophage (Rezel;j et al.,
T7 promoter at the 5’ end, and a hepatitis | 2017; Rezel;j et
A ribozyme at the 3’ end, followed by a T7 al., 2015)
terminator.
Modified pT7UUKS(+) plasmid. The Made by Dr
UUKYV NSs 874-1696 nucleotide ORF Veronica Rezelj
pT7UUKdeINSsGFP(+) was excised and replaced by enhanced (Rezelj et al.,

GFP (eGFP) in the same negative-sense

orientation.

2017; Rezelj et
al., 2015)

Table 3.4: Table of Plasmids used within this research, including plasmid description and

plasmids source.
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The antibodies used in this project are listed in Table 3.5 below:

Company and Western Immuno-
Antibody Catalogue Target Blot fluorescence
Number Dilution Dilution
Mouse anti-
UUKV
(generated from
hybridoma N/A UUKV N 1:1000 1:500
8B11A3, kindly
provided by Dr
Anna Overby)
Mouse, Human
Mouse anti-o
Sigma - T6199 and Tick a- 1:1000 -
tubulin
tubulin
Rabbit anti- Atlas Antibodies -
Human DDX1 1:1000 -
DDX1 HPA034502
Rabbit anti- Cell Signalling - Human 1500
FUS/TLS 48858 FUS/TLS .
Rabbit anti- Cusabio - CSB- Human 11000
HNRNPA1 PAO10600HAO1HU HNRNPA1 .
Mouse anti- Sigma -
Human PTBP1 1:1000 -
PTBP1 WHO0005725M1
Rabbit anti- Cusabio - CSB-
Human MOV10 1:1000 -
MOV10 PAB62068LA01IHU
Rabbit anti-
ProSci - 7349 Human DDX41 1:1000 -
DDX41
Rabbit anti- Cusabio - CSB-
Human PA2G4 1:1000 -
PA2G4 PAR91987LA01HU
Rabbit anti-
ProSci - 7715 Human HMGBI1 1:1000 -
HMGBI1
Rabbit anti- Human
AbClonal - A5027 1:1000 -
Hsp90a/p Hsp900o/p
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Anti-mouse .
) Mouse primary
IgG (H&L) Invitrogen - T6199 o 1:5000 1:1000
antibodies
Secondary
Anti-rabbit IgG ) o
Invitrogen - Rabbit primary
(H&L) o 1:5000 1:1000
SA535521 antibodies
Secondary
Anti-mouse )
Mouse primary
IgG & IgM Sigma - A11011 - 1:1000
_ antibodies
HRP conjugate

Table 3.5: List of antibodies used within this research, their source, their targets, and dilutions

used for each technique.

3.7 Reagents and chemicals

3.7.1 Bacterial culture

Ampicillin sodium: used at a concentration of 100 pg/mL in LB agar and LB broth
was purchased from Formedium.

LB agar: 4% (w/v) LB Agar Miller (Formedium) dissolved in MilliQ H>O and
sterilized via autoclaving.

LB broth: 2.5% (w/v) LB Broth Agar Miller (Formedium) dissolved in MilliQ H20

and sterilized via autoclaving.

3.7.2 Eukaryotic and arthropod cell culture

PBS: Cell culture grade DPBS; no calcium, no magnesium, pH 7.4 was purchased
from Gibco.

FBS; foetal bovine serum (FBS) was purchased from Gibco.

Mammalian cell base medias: both DMEM and GMEM were purchased from Gibco.
Arthropod cell base medias: L15 was purchased from (Sigma-Aldrich), tryptose
phosphate buffer (TBP) was purchased from Gibco.

Formaldehyde fixative solution: 8% (v/v) formaldehyde (Fisher Scientific) was
diluted in pre-autoclaved MilliQ H>O.

Opti-MEM; Opti-minimum essential media (Opti-MEM) was purchased for Gibco
and used in all transfections.

Mammalian transfection: TransIT-LT1 transfection reagent was purchased from

MirusBio.
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Arthropod transfection: magnet, CombiMag, and MTX reagent (Magnetofectamine
02 transfection kit) was purchased from Oz Biosciences.

Viability assay: CellTiter-Glo® 2.0 Cell Viability Assay was purchased from
Promega.

Luminescence reader: GloMax® Navigator Microplate Luminometer (Promega) was
used to measure luminescence.

Laemmli buffer: 100mM Tris-HCl, 4% (v/v) SDS, 20% (v/v) glycerol, 200mM DTT,

0.2% bromophenol blue (v/v), and 3ul/ml endonuclease.

3.7.3 Foci-forming and plague-forming assays

1X PBS: 10X PBS was purchased from Gibco and diluted to 1X in MilliQ H>O.
PBST; 0.1% (v/v) tween (Sigma) in PBS.

Permeabilization solution: 0.5% (v/v) Triton X-100 (Roth) in PBS.

2X MEM: Media was made up prior to plaque/foci forming assays and stored for up
to 3 months. 20% (v/v) 10x Modified Eagle’s Medium (MEM) was purchased from
Gibco, diluted in H2O and supplemented with 2% (v/v) L-glutamine and 0.453%
(v/v) sodium bicarbonate (Gibco).

Avicel overlay: Purchased from FMC, 1.2% Avicell (w/v in MilliQ H;0), after
sterilization via autoclaving, was diluted in a 1:1 ratio with 2X MEM and
supplemented with 2% (v/v) FBS directly prior to use.

Plaque assay stain: Toluidine blue stain was purchased from Sigma-Aldrich and
diluted to 1% (v/v) in MilliQ H2O.

Blocking buffer: 4% (w/v) semi-skimmed milk powder in PBST.

Immunodetection substrate: TrueBlue Peroxidase Substrate was purchased from

KPL.

3.7.4 DNA and RNA analysis

Plasmid isolation from bacterial cultures: For small volumes of bacteria (<50ml of
LB broth) the QIAprep Spin Miniprep kit (Qiagen) was used. For larger volumes, the
QIAprep Spin Maxiprep kit (Qiagen) was used following the instructions for midi-
prep.

1X TAE buffer: 50X TAE buffer was purchased from Thermo Fisher and diluted 1:50
with MilliQ H2O.
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Agarose gel: 1-2% (w/v) molecular grade agarose (Bioline) was dissolved in 1 X TAE
buffer before being supplemented with ethidium bromide (3pul per 100ul of agarose
gel) (Promega) and allowed to solidify.

DNA ladder: 1 Kb Plus DNA ladder from Thermo Fisher Scientific.

Nucleotide loading buffer: DNA Gel Loading Dye (6X) was purchased from Thermo
Fisher Scientific.

Nucleotide product isolation from gels: purification and extraction of nucleotide
products from agarose gels was done using the Wizard® SV Gel and PCR Clean-up
System purchased from Promega. Nucleotide products were eluted in nuclease-free
water (Qiagen).

Measuring nucleotide product purity and concentration: Eluted nucleotide products
were measured using a Nanodrop One (Thermo Scientific).

DNA sequencing: All DNA sequencing was done through Eurofins and Source

Bioscience using the primers listed in Table 3.2 unless otherwise stated.

3.7.5 Total cellular RNA extraction

Cell lysis: TRIzol® was purchased from Thermo Fisher Scientific.

Phase separation: Chloroform was purchased from Sigma-Aldrich.

RNA precipitation: GlycoBlue™ Coprecipitant (15 mg/mL) was purchased from
Invitrogen. Propan-2-ol was purchased from VWR Chemicals.

RNA wash: 75% (v/v) ethanol was purchased from VWR chemicals and diluted in
MilliQ HO.

Resuspending RNA: RNA was dissolved in nuclease-free water purchased from

Qiagen and measured using a Nanodrop One (Thermo Fisher Scientific) at 260mn.

3.7.6 Reverse Transcription

Reverse transcription (RT): RT was carried out using the SuperScript™ Reverse
Transcriptase kit purchased from Thermo Fisher Scientific, following the
manufacturer’s instructions.

Non-specific primer amplification: Random hexamers (50uM) were purchased from
Thermo Fisher Scientific.

RNase inhibition: RNaseOUT™ Recombinant RNase Inhibitor was purchased from

Thermo Fisher Scientific.
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3.7.7 Real-time Quantitative PCR

Thermocycler: All RT qPCR reactions were carried out using a QuantStudio™ Real-
Time PCR System (Thermo Fisher), using consumables (e.g. 384 well plates)
compatible with this machine which were purchased from Thermo Fisher Scientific.
SYBR Green: SYBR™ Green PCR Master Mix was purchased from Fisher
Scientific.

Primers: The primers specified in Table 3.2 were diluted to a concentration of 10uM

in nuclease-free H>O.

3.7.8 dsRNA Production

MEGAscript™ RNAi1 Kit with Manual was purchased from Thermo Fisher

Scientific.

3.7.9 Dying viral particles

Coomassie blue staining solution was purchased from Abcam.

UltraPure™ BSA (50 mg/mL) was purchased from Thermo Fisher Scientific.

10X HNE buffer: 100mM HEPES (Sigma), 1.5M NaCl (VWR Chemicals), 10mM
EDTA (Sigma) were prepared in MilliQ H20O and filtered through a 0.2um filtration
membrane (Starlab).

Sucrose density gradient: Sucrose was purchased from Sigma-Aldrich and dissolved
in filtered 1X HNE buffer (10X HNE supplemented in sterile MilliQ) to produce
10%, 20%, 25%, 30%, 35%, and 50% (w/v) sucrose solutions.

Density gradient ultracentrifugation: Virus ultracentrifugation was carried out using
the Sorvall™ WX+ Ultracentrifuge (Thermo) with a drum compatible Sml open-top
thinwall polypropylene tubes purchased from Beckman Coulter.

Extracting density separated virus: Sml syringes (HENKE-JECT) with 27G gauge
needle (Sterican) were used to extract banded dyed virus.

Negative stain electron microscopy preparation was carried out through the CVR
microscopy facilities and imaging done on a JEOL JEM 1400 (JEOL, Japan) electron
microscope.

AF647: Alexa Fluor 647 succinimidyl ester dye (AF647) was purchased from
Thermo Fisher Scientific.

Confocal microscopy was carried out using a Carl Zeiss LSM 880 confocal

microscope equipped with a 64x objective.
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3.7.10 Immunofluorescence

DAPI: DAPI was purchased from Thermo Fisher Scientific.

Membrane Dye: CellMask™ Green Plasma Membrane Stain was purchased from
Invitrogen.

Hoechst Stain: Hoechst 33342 nuclear counterstain solution (20mM) was purchased

from Thermo Fisher Scientific.

3.7.11 Protein analysis and western blotting

Gels: NuPAGE Novex (4-12%) Bis-Tris protein gels and NuPAGE™ MES SDS
Running Buffer (20X) were purchased from Thermo Fisher Scientific. Running
bufter was diluted 1:20 in MilliQ H>O.

Electrophoresis: Gels were subjected to electrophoresis using the Invitrogen ™
XCell SureLock™ Mini-Cell.

Protein loading buffer: NuPAGE™ LDS Sample Buffer (4X) was purchased from
Thermo Fisher Scientific.

Protein ladder: PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa was
purchased from Thermo Fisher Scientific.

Gel Fixative: 10% (v/v) glacial acetic acid and 30% (v/v) ethanol were purchased
from VWR Chemicals and diluted in MilliQ H>O.

Gel Wash: 10% (v/v) ethanol was purchased from VWR Chemicals and diluted in
MilliQ H-O.

Silver stain: Pierce™ Silver Stain Kit was purchased from Thermo Fisher Scientific.
Silver stain stop solution: 5% (v/v) Glacial Acetic Acid was purchased from VWR
Chemicals and diluted in MilliQ H>O

Western blotting: NuPAGE™ Transfer Buffer (20X) was purchased from Thermo
Fisher Scientific and diluted in a 1:20 ratio in MilliQ H2O. Amersham Hybond ECL
nitrocellulose membrane was purchased from GE Healthcare Life Sciences and
blotting pads purchased from VWR Chemicals.

Protein transfer: Semi-dry western blotting was carried out using the Trans-Blot®

Turbo™ Transfer System (Biorad).

3.7.12 UV crosslinking and oligo(dT) capture

All Oligo(dT) buffers components were dissolved in nuclease-free water (Qiagen) and

filtered through a 0.2um filtration membrane (StarLab) before use.
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e UV exposure: Cells were exposed to 254nm UV using a CL-508 Crosslinker
(UVITEC Cambridge).

e Oligo(dT) capture beads: Dynabeads™ Oligo(dT)s and DynaMag-2 magnetic rack
were purchased from Invitrogen.

e Oligo(dT) lysis buffer: 20mM Tris-HCI (pH 7.5), 500mM LiCl, 0.5% (w/v) LiDS,
ImM EDTA, 0.1% (v/v) IGPAL, and 5mM DTT.

e Lysis homogenization: Lysis was homogenized through 5ml syringes (HENKE-
JECT) with 27G gauge needle (Sterican).

e Oligo(dT) buffer 1: 20mM Tris-HCI (pH 7.5), 500mM LiCl, 1mM EDTA, 0.01%
(v/v) IGEPAL, and 5mM DTT.

e Oligo(dT) buffer 2: 20mM Tris-HCI (pH 7.5), 500mM LiCl, 1mM EDTA, 0.01%
(v/v) IGPAL, and 5mM DTT.

e Oligo(dT) buffer 3: 20mM TrisOHCI (pH 7.5), 200mM LiClL, 1mM EDTA, and 5SmM
DTT.

e Oligo(dT) elution buffer: 20mM Tris-HCI (pH 7.5) and 1mM EDTA.

3.7.13 SP3 and mass spectrometry

SP3: Bead-based single-pot, solid-phase-enhanced sample-preparation (SP3) was performed

by our collaborator Dr Wael Kamel following (Hughes et al., 2019).

e Reduction and alkylation buffer: 10mM TCEP, 50mM C-IAA.

e (Carboxylated beads: Speed Bead Magnetic Carboxylate Modified Particles (Sigma-
Aldrich)

e 100% acetonitrile (ACN)

e 70% ethanol

e Trypsin: Trypsin Gold (MS grade; Promega)

e DMSO

e Formic Acid

Mass spectrometry: ISE6 RIC prepared samples were sent to Prof. Shabaz Mohammed at
the Rosalind Franklin Institute, who provided the raw data files upon completion. All other
samples were sent to the Dundee proteomics facility, where SP3 preparation was performed
in house before being subject to mass spectrometry analysis. For immunoprecipitation
samples, SP3 was not performed, and instead in-gel digestion carried out after separating the
samples via gel electrophoresis. Nano-liquid chromatography tandem mass spectrometry
with data-dependent analysis (DDA) (for ISE6) or data-independent analysis (DIA) (in
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A549) label-free quantification (nLC-MS/MS (DDA/DIA-LFQ)) was used to analyse the
mass spectrometry samples.

3.8 Software Packages

3.8.1 Bioinformatics and qPCR analysis

e Primers were designed using Benchling or NIH Primer-BLAST online tools.

e RT gPCR data was measured and analysed using QuantStudio (Thermo Fisher
Scientific).

e Mass spectrometry data analysis was carried out using MaxQuant (Cox & Mann,
2008), Perseus (Tyanova et al., 2016), and R Studio (R version 4.3.1).

e Downstream analysis of proteins produced from mass spectrometry analysis was
carried out by the tools available in VectorBase, InParanoiDB (version 9),

InterproScan (version 97.0), MobiDB Lite (version 5.0).

3.8.2 Graphing, statistical analysis and figures

e (Graphing and statistical analysis was carried out using R studio (R version 4.3.1) and
GraphPad Prism version 10.

e Diagrams and schematic figures were produced using BioRender.

e For mass spectrometry data statistical analysis was carried out in R using the
empirical Bayesian method moderated t test, where p values were adjusted for

multiple-testing using the Benjamin-Hochberg method.

3.8.3 Imaging

Imaris for cell biologists (Oxford Instruments), ZEN (Zeiss) software, and ImageJ
(Schneider, Rasband, & Eliceiri, 2012) were used for processing of confocal and EVOS

images.
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4.1 Cell Culture

4.1.1 Eukaryotic cell line maintenance

Cells were grown in T-75 cm? or T-175 cm? vented flasks and split 1:10 when monolayers
reached 90% confluency. To split, the cell media was removed, and the monolayer washed
with PBS before being incubated with trypsin for 5 minutes at 37°C. Trypsin treated cells
were resuspended in appropriate fresh media upon detachment. Cells were incubated in the

conditions outlined in Materials.

4.1.2 Arthropod cell line maintenance

All arthropod cells were maintained in enriched media.

Mosquito cells were grown in T-80 cm? non-vented flasks (Nunc) and split 1:5 when cells
reached 100% confluency. All mosquito cells were mechanically detached using a cell
scraper before being separated into single-cell suspension via pipetting. Resuspended cells

were supplemented with fresh media and incubated in the conditions outlined in Materials.

Tick cells were grown in flat-sided tubes (Nunc), T-25 and T-80 non-vented flasks (Nunc)
and split 1:2 when cell monolayers began to detach from the cell culture surface.
Additionally, once a week, half the volumes of all tick cell media were removed and replaced
with the appropriate fresh media. To split the tick cells, monolayers were mechanically
detached and separated into single cell-suspension via pipetting. Resuspended cells were

supplemented with fresh media and incubated in the conditions outlined in Materials.

4.2 \irus rescue

Virus rescues were carried out using the UUKYV reverse genetic system. Transfection of the
three-plasmid T7 RNA polymerase-driven rescue system were carried out in BSR-T7 cells

as previously described (Rezelj et al., 2017; Rezelj et al., 2015).

Transfection mixes were prepared prior to cells being passaged. 1jg of the rescue plasmids;
pT7UUKL(+), pT7UUKM(+), and either pT7UUKS(+), pT7UUKdelINSseGFP(+), or
pT7NSseGFP(+) (Table 3.4) were incubated with 7.5ul TransIT-LT1 (MirusBio) and 250ul
OptiMEM (Gibco) for 30 minutes at room temperature (RT) to produce the transfection
mixes for producing recombinant UUKV (rUUKYV) or rUUKVdelNSseGFP, respectively.
During this incubation, cells were split and resuspended in media which did not contain the

selection reagent G418. Approximately 2x10° cells per well were seeded in a 6-well plate,
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and immediately following this the plasmid transfection mix was added to the well drop

wise.

Transfected cells were incubated at 37°C for 7 days, with the cell monolayers being
monitored for cytopathic effect (CPE). The supernatant was then collected and clarified by
centrifugation at 5,000 xg for 5-10 minutes and stored at -80°C. Titre was then determined
by focus-forming assays on rescued virus supernatant. The sequences of all recombinant
rUUKYV viruses ORFs were also confirmed to be correct through RNA extraction and reverse
transcription, the cDNA of which was then sequenced through Eurofins or Source
Bioscience.

4.3 Virus infections

Cells were seeded at the indicated cell densities in Table 4.1 below.
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Experiment Type
Cell Immuno-
Growth Binding and dsRNA
Type FBS Assay RIC precipitati
Curve Internalisation Knockdowns
on
6 well plate
24 10° 12 well plate | 96 well plate —
— 22X
BSR —1x10° cells | 1x10* cells per N/A N/A N/A
cells per
per well well
well
6 well plate
- 2x10°
BHK N/A N/A N/A N/A N/A
cells per
well
3 x 10cm
12 well plate .
dishes —
A549 N/A — 1x10° cells N/A N/A N/A
2.2x10° cells
per well
per plate
12 well plate
96 well plate —
—2.5x105
AF5 N/A 7.5x10" cells N/A N/A N/A
cells per
per well
well
12 well plate
—2.5x105
AF319 N/A N/A N/A N/A N/A
cells per
well
24 well plates
—4.45x10° | 3x 10cm
12 well plate 3 x 10cm )
96 well plate — cells per well dishes —
—2.5x105 dishes —
ISE6 N/A 7.5x10* cells or 6 well 1.5x107
cells per 1.5x107 cells
per well plates — cells per
well per plate
2.25x10° cells plate
per well

Table 4.1: Tissue culture plate or well size and the corresponding seeding densities for each cell

type dependent upon experimentation method.

Cells were seeded 24 hours before infection, except for during knockdown experiments

where cells were seeded 24 hours before transfection and subsequently incubated for another

20 hours before infection. To infect, appropriate virus dilutions were made in 2% FBS (v/v)

PBS unless specified otherwise. Cell culture medium was removed, replaced with virus
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inoculum, and cells were incubated at the appropriate temperature for each cell line (as
defined by their incubation temperature in materials) for one hour. Following incubation, the
inoculum was removed. Mammalian cell cultures were washed once with PBS before the
appropriate fresh media were added. This wash step was not applied to arthropod cell
cultures due to lack of adherence in these cells. Replacement of the appropriate fresh cell
culture medium was defined as 0 hours post-infection (p.i.). The inocula and media volumes
for each cell culture vessel are described below in Table 4.2:

Plate Size Virus inoculum volume Media volume per
per monolayer (ml) monolayer (ml)
T-225 flasks 20 60
T-175 flask 15 40
T-75/80 flask 5 15
10mm Plate 5 15
6 well plate 1 3
12 well plate 0.5 0.5
96 well plate 0.1 0.2

Table 4.2: Inoculation and Cell media volumes used, depending on tissue culture vessel size.

4.4 Virus stock production

Stocks of the recombinant viruses were generated through infection of BSR cells at a low
multiplicity of infection (MOI) of 0.01 focus forming units (FFU)/cell, before the virus
progenies were concentrated via ultra-centrifugation. All media used in virus production
were FBS-free and used phenol-red free DMEM (Gibco) to prevent potential artifacts when
dying the virus. BSR cells were seeded at a confluency between 40%-50% in T-175 flasks
(1x107 cells per flask) and T-225 flasks (1.5x107 cells per flask) and infected in FBS-free
inoculum as described in virus infections. Flasks were incubated in fresh FBS-free media at
33°C and harvested between 7-10 days p.i. once signs of cell monolayer detachment and
CPE were seen. The cell monolayer supernatants were pooled and clarified by centrifugation
at 5,000 xg for 10 minutes at 4°C.

The virus within the pooled, clarified supernatant was then concentrated using
ultracentrifugation. Virus ultracentrifugation was carried out using the Sorvall™ WX+
Ultracentrifuge (Thermo Fisher Scientific) in a SureSpin 632 rotor and 38.5ml open-top
thinwall polypropylene tubes purchased from Beckman Coulter. 10X HNE buffer 100mM
HEPES (Sigma), 1.5M NaCl (VWR Chemicals), 10mM EDTA (Sigma) was dissolved in
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MilliQ H20 and filtered through a 0.2um filtration membrane (Starlab). Virus was
resuspended in 1X HNE buffer diluted in Milli H2O sterilized via autoclaving. Sucrose was
purchased from Sigma and dissolved in filtered 1X HNE buffer to produce a 27% (w/v)
sucrose solution. The 27% sucrose cushion was overlayed with the clarified supernatant
before being centrifuged at a speed of 25,000xg for 2.5 hours at 4°C. Post-
ultracentrifugation, supernatant was discarded, and the virus pellet resuspended in 150pl of
1X HNE buffer per tube by rocking overnight on ice. Parafilm was used to seal the
ultracentrifuge tubes to prevent evaporation. Resuspended virus was pooled, aliquoted and
stored at -80°C. Virus titre was measured through focus-forming assay for all UUKYV rescue
viruses, and plaque-forming assay for BUNV viral titre assay.

BSR cells were seeded in a 24 well plate at a density of 5x10° cells per well. The virus was
sequentially diluted in 2% FBS PBS to a final volume of 100ul per well before being used
to inoculate the cell monolayers. Following the 1 hour infection with the virus inoculum at
37°C, the cells were overlayed with 2ml of Avicel overlay. The assays were incubated for
either 4 days (rBUNV), 5 days (rUUKYV), or 6 days (rUUKVdelNSseGFP). After incubation,
the cell monolayers were fixed by adding 1.5ml of formaldehyde fixative solution per well

for 1 hour.

For rUUKV viruses, after fixation, the monolayer was washed with MilliQ H20 two times
before being treated with permeabilization buffer for 30 minutes. Following this treatment
and between all buffer changes cell monolayers were washed three times with PBS. During
this process, mouse anti-UUKV N antibody 8B11A3 was diluted in blocking buffer to
produce primary antibody buffer at the concentration described in Table 3.5. Once cells were
permeabilised, the monolayers were incubated for either 1.5 hours at room temperature or
overnight at 4°C with 150ul of primary antibody buffer. Secondary antibody buffer was
made by diluting the appropriate amount of anti-mouse HRP-linked antibody, as indicated
by Table 3.5, in blocking buffer. Next, the cell monolayers were incubated with 150ul of
secondary antibody buffer for 1 hour at room temperature. After washing the wells three
times with PBS, the cells were washed once with MilliQ H2O before foci were detected using
TrueBlue peroxidase substrate. Wells were incubated with 125ul of TrueBlue peroxidase
substrate for 20 minutes or until foci were clearly visible, before wells are washed with
MilliQ H20 and foci counted.

For rBUNV, after fixation, the monolayer was washed with MilliQ H20 two times before

being incubated with the toluidine blue plaque assay stain. Wells were incubated with 1ml
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of plaque assay stain per well for 20 minutes at room temperature, before being washed with
MilliQ H20 and plaques counted.

Virus titres were calculated using the equation:

PFU or FFU) _ Number of plaques (p.f.u.)or foci (f.f.u.)

Virus titre ( R
' ' mL dilution factor x volume (mL)

In this equation, the dilution factor is the dilution for the well from which the number of
plaques was counted. For example, if the foci were counted from the well corresponding to
the 1072 sequential dilution, the dilution factor would be 1x102 Volume is the multiplication
factor required to cause the inoculation volume to equal 1mL. For plaque assays in this
research the inoculation volume was 100ul, and therefore the volume is 10. PFU = plaque-

forming unit and FFU = focus-forming unit.

4.5 Immunofluorescence

For immunofluorescence analysis, cells were seeded at the densities indicated in Table 3.6
and undergo knockdown and/or infection as described in the further methods, viral infection
and kinetics, viral binding and internalisation, and whole cell western blot. When the cell
monolayers reached the condition or timepoint to be fixed, the cell supernatant was removed,
and monolayers washed with PBS once unless stated otherwise. Next, the cells were fixed
in 8% formaldehyde fixative solution for 1 hour and permeabilised in permeabilization
buffer for 30 minutes. For both primary and secondary antibody buffers, the corresponding
antibodies were diluted in blocking buffer at the concentration described in Table 3.5. The
cell monolayers were then washed three times with PBS before being probed with primary
antibody buffer. Primary antibody incubation was carried out for 1.5 hours at room
temperature or overnight at 4°C. Next, fixed cells were washed three times with PBS before
being probed for 1 hour at room temperature with secondary antibody buffer. Cells were
washed once with PBS before being incubated with DAPI diluted (unless the cell nuclei
were already stained using Hoechst 33342) in PBS at a concentration of 3ul:10mL for ten
minutes at room temperature. Finally, cell monolayers were washed three times with PBS.

Cells were kept at 4°C in PBS until imaging via EVOS or confocal microscopy.
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4.6 Molecular Techniques

4.6.1 PCR

To amplify DNA, PCR was performed. For high-fidelity reactions, KOD HotStart DNA
polymerase (Merck) was used, and for low-fidelity GoTaq® G2 Flexi DNA polymerase
(Promega) was used. For 50l reactions, the following conditions indicated in Table 4.6.1
were used according to the manufacturer’s specifications, and these volumes could be scaled

to suit the needs of the experiment.
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KOD HotStart DNA polymerase

Table 4.3: PCR component volumes and thermocycler conditions.

. Cycle
Reaction components PCR conditions
Number
10X KOD polymerase Initial denaturation —
Sul 5 min 1
bufter 95°C
dNTP mix (2mM each) Sul Denaturation - 95°C 30 sec
MgSO4 (25mM) 3ul Annealing — 52 to 56°C 30 sec 30
Forward 5’ primer ] 25
1.5ul Extension — 70°C
(10uM) sec/kb
Reverse 3’ primer ] ]
1.5ul Final extension — 70°C 10 min 1
(10uM)
Template DNA (1- )
Tul Indefinite hold — 4°C 0 1
10ng)
KOD polymerase (1
Tul
U)
Sterile ddH.O 32ul
GoTaq® G2 Flexi DNA polymerase
Cycle
Reaction components PCR conditions
Number
Initial denaturation —
5X Q5 reaction buffer 10ul 5 min 1
98°C
dNTP mix (10mM) Tul Denaturation - 98°C 10 sec
Forward 5’ primer )
2.5ul Annealing — 52 to 56°C 30 sec
(10uM) 30
Reverse 3’ primer ) 25
2.5ul Extension — 72°C
(10uM) sec/kb
Template DNA (1- ) ) .
lul Final extension — 72°C 5 min 1
10ng)
Q5 HF DNA ‘
1pl Indefinite hold — 4°C 0 1
polymerase (1 U)
Sterile ddH>O 32.5ul
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The primer annealing temperature was determined using the tools available in Benchling
and IDT. As described in the table, the extension time was dictated by the length of the DNA

to be amplified as outlined in the manufacturer’s guide.

4.6.2 Agarose gel electrophoresis and gel extraction

PCR products and dsRNA were separated based on nucleotide length using agarose gel
electrophoresis. For products 300 nucleotides in length or less, 1% agarose was dissolved in
1X TAE buffer with 3ul/100ml of ethidium bromide (Sigma-Aldrich). For PCR products
over 300 nucleotides in length, 2% agarose were prepared. Once solidified, the gel was
submerged in 1X TAE buffer. Nucleotide samples were mixed in a ratio of 5:1 (v/v) with
DNA Gel Loading Dye (6X) (Thermo Fisher Scientific). The prepared samples were loaded
into the submerged gel alongside the 1 Kb Plus DNA ladder (Thermo Fisher Scientific).
Electrophoresis was performed at 100V for smaller products and 125V for larger products
for at least 20 minutes, until clear separation of the ladder and products was achieved.

Separated products were visualized using a UV transilluminator. Bands were then excised
from the gel using a sterile scalpel and stored in a 1.5ml microcentrifuge tube (Eppendorf).
Nucleotide products were then extracted from these excised bands using the Wizard® SV
Gel and PCR Clean-up System (Promega), following the manufacturer’s instructions.
Nucleotide products were eluted in nuclease-free H.O, with concentration and purity
measured using a NanodropOne (Thermo Fisher Scientific). Purity was measured through
monitoring the ratio of absorbance at 260nm and 280nm for DNA and RNA, respectively.
As mentioned in methods, all eluted DNA products were sequenced through Eurofins and
Source Bioscience using the primers listed in Table 3.3 unless otherwise stated. DNA

samples were stored at -20°C.

4.6.3 Plasmid production through bacterial transformation

Using the Z-competent Transformation kit (Zymo Research), following manufacturer’s
instructions, the E. coli stain JM109 were made chemically competent, aliquoted, and stored
at -80°C until used. To transform the bacteria, 100ul of competent bacteria were thawed on
ice before incubation with 2-10ul plasmid DNA for a final plasmid quantity of 1-50ng for 5
minutes on ice. Glass beads were used to spread transformed bacterial cells on LB agar plates
supplemented with ampicillin (100ug/ml) and incubated at room temperature until bacterial

colonies could be seen. Glass beads were sterilised for future use by autoclaving.

Once colonies reached a suitable size for selection and amplification, single colonies were

picked using a P200 pipette tip. All further growth steps were carried out at room
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temperature. Tips were incubated by circular rotation at 180 rpm (xg) in 5ml LB broth
containing ampicillin (100ug/ml). Cultures were incubated until the media appeared cloudy.
For preparation of maxi preps and larger bacterial samples, the 5ml bacterial broth was
transferred to larger volumes of LB broth containing ampicillin (100-300ml) and incubated
by circular rotation at 180 rpm until the media appeared cloudy. Once bacterial broth reached
the desired cloudiness, the bacterial broth was centrifuged at 5,000xg for 5 minutes to pellet
the bacteria. Bacterial pellets produced from 5ml LB broth were subjected to minipreps,
whereas larger pellets were subjected to Maxiprep, using the QlAprep Spin Miniprep kit
(Qiagen) or QIAprep Spin Maxiprep kit (Qiagen) following the manufacturer’s instructions,
respectively. Isolated plasmids were eluted in nuclease-free H»O, the plasmid concentration
was measured using the Nanodrop One (Thermo fisher Scientific) and sequenced by
Eurofins and Source Bioscience using the primers listed in Table 3.3 unless otherwise stated.

4.6.4 RNA Extraction

To extract total cellular RNA, cells were washed with PBS before being incubated with 1ml
of TRIzol reagent (Thermo Fisher Scientific) for 10 minutes at room temperature. When
carrying out RNA extraction of stock virus, 20ul of virus stock was incubated with 1ml of
TRIzol, and for extracting RNA from clarified cell supernatant, 200ul of supernatant was
incubated with 1ml of TRIzol before the 10-minute incubation at room temperature.
Following this incubation, the TRIzol cell lysis was transferred to a 1.5ml microcentrifuge
tube (Eppendorf) and 200ul of chloroform added before manually inverting the
microcentrifuge tube 10 times. The cell lysis solution was then incubated for 5 minutes at
room temperature before centrifuging at 12,000xg for 15 minutes to allow for phase
separation of the RNA. During this process, fresh 1.5ml microcentrifuge tubes were prepared
and 3ul of GlycoBlue were added to each tube. After phase separation, the aqueous phase
was removed, transferred to the GlycoBlue containing microcentrifuge tube and 500ul of
propan-2-ol added before inverting to mix 10 times. The propan-2-ol mix was then incubated
at room temperature for 10 minutes before the RNA was pelleted by centrifugation at a speed
of 16,000xg for 15 minutes at 4°C. The supernatant was removed, and the RNA pellet
washed with chilled 500ul 75% (v/v) ethanol before centrifugation at 12,000xg for 10
minutes at 4°C. After centrifugation, the supernatant was removed, and the pellet air-dried
before the RNA was resuspended in 30ul nuclease-free water. The quantity and quality of
the RNA was measured using the NanodropOne (Thermo Fisher Scientific). RNA was stored
at -80°C.
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4.6.5 cDNA Synthesis

Reverse-transcription was used to generate cDNA from extracted RNA for RT gPCR
analysis and sequencing of recombinant rUUKYV viruses. cDNA was produced using the
SuperScript™ 111 Reverse Transcriptase Kit (Thermo Fisher Scientific) as defined in Table

4.4 below for a 20pl output. VVolumes were scaled as needed:

SuperScript™ III Reverse Transcriptase

Reaction components RT conditions
Specific primers (2pmol)
(see appendices) or
random hexamers ol
(50uM) 65°C for 5 minutes
10pg - Sug total RNA Tul
dNTP mix (10mM) Tul
Nuclease-free H.O 10ul
Incubate above on ice for 1 minute before adding the below and continuing
5X First-strand buffer 4ul
DTT (0.1M) lul Mix by gentle pipetting.
RNaseOUT™ If using random primers, incubate
Recombinant RNase 1ul samples at 25°C for 5 minutes.
Inhibitor 50°C for 60 minutes.
SuperScript III RT (200 70°C for 15 minutes.
units/pl) ol

Table 4.4: Components and conditions for RNA reverse transcription.

Once cDNA was generated, template RNA was degraded by incubating cDNA samples with

RNase A for 20 minutes at 37°C, before samples were stored at -20°C.

4.6.6 Real-time qPCR

All real-time quantitative PCR (RT gPCR) samples were analysed in technical triplicates
and used to measure cellular mRNA levels or levels of vVRNA. The cDNA produced from
RT, as previously described, was combined with the components as described in Table 4.5

below to produce a 20l reaction mix:
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RT qPCR
cDNA 2ul
SYBR™ Green PCR Master Mix 10pl
Forward Primer (10uM) Tl
Reverse Primer (10uM) Tl
Nuclease-free H20 oul

Table 4.5: Component volumes for real-time quantitative PCR (QPCR).

The reaction mix was vortexed before transferring 5ul per well to a 384 well plate. To
provide a positive control during RT qPCR, the cDNA from whole cell random hexamer RT
was used when using primers against cell-specific genes, and cDNA generated from virus
stock random hexamer RT was used for UUKV M RNA detection. For negative controls,
cDNA was replaced with nuclease-free H.O. The RT qPCR reactions were performed and
analysed using the QuantStudio™ Real-Time PCR System and associated software,
following the cycle conditions listed below in Table 3.11.

qPCR Cycle Conditions
., . . 30
Initial denaturation 95°C 1 cycle
seconds
Denaturation 95°C 5 seconds
30 40 cycles
Annealing and extension 60°C
seconds
15
95°C seconds .
1 cycle, 0.1°C increase per
Melt curve 60°C 1 minute
second
95°C 15
seconds

Table 4.6: Quantitative PCR reaction conditions.

If the cycle threshold (Ct) values were too low, the cDNA was diluted 1:10 in nuclease-free

water before the process was repeated.

The delta delta Ct (AACt) analysis method was used to calculate the normalised expression
of the RNA per sample. For cellular genes this is the expression of mMRNA, whereas for viral
genes as UUKYV is an RNA virus with no DNA intermediate, this is the expression of vVRNA.
To calculate the normalised expression, the mean Ct of the technical triplicates of the control

samples (XA, XB, and XC representing the biological triplicates generated) and the sample
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of interest’s (YA, YB, and YC) for both the housekeeping/normalising (Hk) gene (Xnk and
Y Hk, respectively) and the gene of interest (GOI) (Xcoi1 and Yo, respectively).

This analysis process is demonstrated below in Table 4.7.
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For experiments where there was no housekeeping gene present to allow for the AACt
calculation, such as when isolating UUKV M RNA from supernatant, Ct values were
normalised, or a standard curve was produced to allow for the calculation of copy number.
To normalise the Ct values, the following calculation was used:

Normalised Ct Value = 40 — Ct

The maximum detection limit for the thermocycler was defined as a Ct of 40, and therefore
any Ct < 40 is within the detection limit. The normalised Ct was calculated by subtracting
the samples Ct from the maximum detection limit. Negative controls produced a Ct of 30 or
above, producing a normalised Ct < 10. Any samples which produced a normalised Ct < 10
was therefore classified as a negative result. For calculating copy number, a standard curve
was prepared by sequentially diluting the standard curve fragment produced by PCR (using
the primers described in Table 3.3). By comparing the Ct value of the sample against this
standard curve, the concentration of DNA in g/ul can be determined. The molecular weight
of the dsDNA was calculated by multiplying the length of the product produced from PCR.
The concentration of DNA was then divided by this molecular weight and multiplied by

Avogadro’s constant to give the DNA copy number per pl.

4.6.7 Preparation of cell lysates for protein analysis

Cell monolayers were washed with PBS before being lysed in Laemmli buffer, unless
otherwise specified. The corresponding volumes of Laemmli lysis buffer are described
below in Table 4.8.

Cell Lysis for Protein Analysis

Plate Size Lysis Volume per Well
24-well plate 50ul
12-well plate 100ul

6-well plate 200ul

10cm? plate 3ml

Table 4.8: The volumes of cell lysis buffer required depending on the well or flask size used.

Cell lysates were then collected in 1.5ml microcentrifuge tubes (Eppendorf) tubes for
volumes smaller than 1ml, and 5ml tubes (Sigma Aldrich) for volumes larger than 1ml. For
protein samples harvested in Laemmli buffer, samples were mixed in a 3:1 ratio (v/v) with

4X LDS loading buffer and boiled at 95°C for 10 minutes. Samples were stored at -20° until

processing.
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4.6.8 Protein SDS PAGE gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was carried out using 15-well 1.5mm precast
NUuPAGE Novex 4-12% Bis-Tris gels submerged in 1X MES SDS running buffer in
denaturing conditions. For silver staining, 10ul of sample was loaded per well alongside 5ul
of PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher Scientific) diluted 1:10 in
lysis buffer. For western blotting, 20ul of sample was loaded per well with 5ul of
PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher Scientific). Protein separation
was achieved by subjecting the gel to 150V for 40+ minutes, until the desired separation,
determined by the ladder position, was achieved.

4.6.9 Silver stain

Silver staining was carried out using the Pierce™ Silver Stain Kit (Thermo Fisher Scientific),
following the manufacturer’s instructions. Briefly, gels were washed twice for 5 minutes in
MilliQ H20 before being fixed. Gels were fixed through incubating with fixative buffer
(30% (v/v) ethanol and 10% (v/v) acetic acid in MilliQ H20) for 15 minutes, before fixative
buffer was replaced with fresh fixative buffer and incubated for another 15 minutes. Fixed
gels were then washed in 10% (v/v) ethanol twice for 5 minutes and MilliQ H2O twice for
five minutes. Gels were sensitized by being submerged in sensitizer solution (50ul sensitizer
in 25ml H20) before being washed in MilliQ H20 twice for 1 minute. Sensitized gels were
stained by incubating the gel in staining solution (0.5ml stain enhancer in 25ml stain
solution) for 30 minutes. Stained gels were washed twice in MilliQ H20O for 20 seconds to
remove any remaining stain solution before the gels were developed by incubating with
developing buffer (0.5ml stain enhancer in 25ml developer solution) until bands were
visualized. To stop development once the stain was at an optimal level, gels were incubated
with 5% (v/v) acetic acid in MilliQ H20 for ten minutes and stored in MilliQ H>O until

imaging.

4.6.10 Western blot assay

To transfer the proteins which have undergone protein SDS PAGE gel electrophoresis onto
a nitrocellulose membrane (0.45um pore size, Amersham), semi-dry transfer was done using
a Trans-Blot Turbo Blotting system (BioRad). All components (the gel, membrane, and
blotting pads) of the transfer were soaked in 1X NuPage transfer buffer. Transfer was

performed at a constant voltage of 10V for 50 minutes.

Upon completion of transfer, the membrane was blocked at room temperature for one hour

in blocking buffer. When transferring the membrane between buffers, the membranes were
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washed 3 times with PBST. Primary antibodies were diluted in blocking buffer as described
in Table 3.5 and the membrane incubated in 50ml tubes (Sigma Aldrich) with constant
rotation for one hour at room temperature or overnight at 4°C. Once probed with primary
antibody, membranes were incubated with secondary antibody diluted in standard blocking
buffer as described in the Table 3.5. Incubation was carried out for 1 hour at room
temperature under constant rotation in fresh 50ml tubes. For light-sensitive secondary
antibodies, 50ml black-plastic tubes (Sigma Aldrich) were used to prevent photo-bleaching.

After final washing, membranes were imaged using an Odyssey® CLx Imaging System (Li-
Cor) and analysed using the associated software.

4.7 Viral infection and kinetics

4.7.1 FBS assay

BSR or BHK cells were seeded in 6 well plates and infected with either mock inoculum or
rUUKYV as previously described in methods. Briefly, a low MOI of 0.1 FFU/cell was used
to infect BSR or BHK-21 cell monolayers. After adsorption, cell monolayers were
supplemented with media containing varying percentages of FBS (v/v) and incubated at
either 33°C or 37°C. At 3- or 6-days post-infection, viral load in the supernatant was titred

via focus forming assays.

4.7.2 Virus growth curves

A549, BSR, AF5, AF319, and ISEG6 cell monolayers seeded at the density described in Table
3.6 were infected with rUUKV at a MOI of 0.1 FFU/cell. In addition, BSR cell monolayers
that were seeded at a density of 5x10* cells/ml were infected with rUUKVdelNSseGFP or
rBUNYV at a MOI of 0.1 FFU/cell. Following the 1 h virus adsorption period, cell monolayers
were supplemented with media containing 10% FBS (v/v) and incubated at 37°C. Starting
at 0 h, cell supernatant was harvested every 24 hours and the virus titre determined by focus-
forming or plague assay (for rUUKV/deINSseGFP and rBUNV, respectively) in BSR cells.
In parallel, cell monolayers were lysed at each timepoint, and extracts prepared for western

blot detecting a-tubulin and the respective viral nucleocapsid protein.

4.8 Viral binding and internalisation

4.8.1 Dying UUKYV virus particles

To dye the viral stock, the quantity of viral glycoproteins (Gnand Gc) was first determined.

To do this 5ul, 10ul, and 15ul of virus were made up to 20ul each with 5ul of 4X LDS
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loading buffer and (if required) nuclease-free water to produce a final volume of 20ul. In
addition to the viral samples, a BSA standard curve was produced by diluting UltraPure BSA
(Thermo Fisher Scientific) to give 20ul final volumes for BSA quantities of 0.1-1pg at 0.1pg
intervals. The virus dilutions and BSA standard curve samples were prepared by boiling and

then subjected to gel electrophoresis as described previously.

The gels were then washed in MilliQ H>O before band visualisation was done through
incubating the gel with Coomassie Blue stain for 20 minutes. The gels were then washed
again and stored in MilliQ H2O until being imaged on a Gel Imaging system (Thermo Fisher
Scientific). An example of this band visualisation is shown in Appendices [Figure 4.1]. The
background and intensity of the BSA bands (at 66 kDa) were determined using ImageJ and
plotted against the BSA concentration to produce a BSA standard curve. The intensity of the
Gn (75 kDa) and G (65 kDa) bands in the three viral concentrations were also measured to
allow for the estimation of the amount of G, and G, within the viral stock per ml. Using this
concentration, the number of moles can be calculated by dividing the concentration of
glycoproteins by the average molecular weight of the glycoproteins (55246.39g).

A working stock of AF647 (Thermo Fisher Scientific) was made by diluting the dye in
DMSO to produce a final concentration of 1ug/ul. To dye the virus, the working stock of
dye was added to the viral stock to produce a glycoprotein to dye ratio of 1:5 (mol:mol). The
virus-dye mix was vortexed before unbound dye removed via sucrose density gradient
ultracentrifugation. To do this, 600l of 10%, 20%, 25%, 30%, 35%, and 50% (m/v) sucrose
in 1X HNE buffer were carefully pipetted on top of each other in 5ml open-top thinwall
polypropylene tubes (Beckman Coulter), starting with the highest concentration and moving
to the lowest. The dye-virus mix was then overlayed on this sucrose density gradient and
spun at 100,000xg using a Sorvall™ WX+ Ultracentrifuge (Thermo), with acceleration and
deceleration set to maximum and minimum. This ultracentrifugation causes the dyed viral
particles to band between the 25% to 35% densities, while unbound dye remains at the top

of the gradient.

The dyed virus band was then extracted from the tube via syringe and aliquoted into 1.5ml
microcentrifuge tubes (Eppendorf). Virus stocks were stored at -80°C. Virus titre was
measured via focus-forming assay and the morphology of the dyed virus particles was
compared to that of undyed virus particles by negative stain electron microscopy on a JEOL
JEM 1400 (JEOL, Japan) electron microscope. Negative staining and cryo-EM were carried
out by Dr Swetha Vijayakrishnan at the MRC — Centre for Virus Research Scottish Centre

for Macromolecular Imaging.
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4.8.2 UUKYV binding assay

BSR, AF5, and ISEG cells were seeded at the densities indicated in Table 4.1. Prior to virus
infection, cell monolayers were washed and incubated with the appropriate cell media
supplemented with 1pl per 10ml media Hoechst 33342 solution for ten minutes before the
cells were washed again with PBS three times. Following this, a 1X working stock of
CellMask Green plasma membrane stain was made, and cell monolayers were incubated for
one hour with the relevant cell media supplemented with 10pl of working stain solution per
10ml of media. Both incubations were carried out at the relevant temperature for the cell
type. Cell monolayers were washed 3 times and infected with pre-chilled PBS or inoculum
for 1 hour on ice. For inactivation experiments, the dyed virus in its final volume was boiled

at 95°C for 5 minutes before being cooled on ice and used as inoculum.

Once the incubation was complete, the inoculum was removed, and cell monolayers were
either incubated with trypsin before washing three times or washed with PBS the required
number of times before being fixed in 8% formaldehyde. After fixation, cell monolayers
were washed three times with PBS and stored at 4°C until imaging. Where possible, the cell
monolayers were shielded from light at all steps of this process, to prevent photo-bleaching.
Imaging was carried out on a Carl Zeiss LSM 880 confocal microscope equipped with a 64x

objective, using tile scan and Z-stack imaging.

For RT gPCR binding experiments, instead of fixing after washing the cell monolayers were
lysed with Iml TRIzol. RNA extraction, cDNA synthesis and gPCR were performed to
calculate the expression of intracellular UUKV M RNA using the samples washed once with

PBS as the baseline for comparison.

4.8.3 UUKYV internalisation assay

Cells were prepped and infected as described in the UUKV binding assay above. Once
incubation was complete, the inoculum removed and cell monolayer washed, the
corresponding media for each cell line (pre-warmed to the appropriate temperature) was
added to the cell-monolayers. This was considered the 0 h timepoint. The cell monolayers
were then incubated in media for the relevant time period before media were removed and
cell monolayers washed in PBS, followed by fixation to determine fluorescence through
confocal imaging or were lysed in TRIzol and subject to RT gPCR as described in the UUKV

binding assay section.
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4.9 UV crosslinking and oligo(dT) capture

4.9.1 UV crosslinking

For BSR and ISE6, 5x and 3x 10cm? plates (respectively) were seeded and infected
following the methods described in virus infections. After incubation and washing, cell
monolayers were incubated for 24 hours (for A549) or 9 days (for ISE6) in the appropriate
conditions. Once the cell monolayers were incubated for the appropriate amount of time, the
cell media were removed, and the cell monolayers were washed with PBS 3 times. After the
final wash, the PBS was removed, and cell monolayers exposed to 150mJ/cm? on ice or
mock-exposed. Following ultraviolet (UV) exposure, 3ml of lysis buffer was used to harvest
the cell monolayers and the extracts stored on ice. Lysed monolayers were then mechanically
homogenised by passing the sample through a 0.4 mm diameter needle using a 5ml syringe

on ice. 100ul input sample from each supernatant was stored at -80°C until processing.

4.9.2 Oligo(dT) capture

To capture polyadenylated (poly(A)) RNAs 300ul or 450ul of bead slurry was used for 3x
10cm? plates and 5x 10cm? plates, respectively. Bead slurry was vortexed before the desired
volume was aliquoted. For every buffer change during this process, beads were secured by
placing the sample containing 1.5ml microcentrifuge tubes (Eppendorf) within the magnetic
tube rack for 30-60 seconds before buffer was removed by pipetting and the next buffer
added using a fresh pipette tip. Beads were washed three times in 1ml of lysis buffer to
equilibrate the beads. The equilibrated beads were then added to the appropriate
homogenised supernatant, which was then subjected to gentle rotation for 1 hour at 4°C.The
supernatant was removed from the beads on ice. For multiple rounds of oligo(dT) capture,
the supernatant was kept on ice, otherwise the supernatant was discarded. The beads were
then washed with lysis buffer, wash buffer 1, wash buffer 2 on ice, followed by wash buffer
3 at room temperature. To wash, 1ml of the appropriate buffer was added to the beads. The
beads were inverted 10 times per minute, for five minutes, whilst being stored on ice or at
room temperature as specified. Following this incubation, the wash buffer was removed, and
the process repeated twice more, meaning the beads were washed 3 times with lysis buffer
before being washed with wash buffer 1, and so on. Once all wash steps were complete,
captured mRNA was eluted by incubating the beads with 125ul of elution buffer for 3
minutes at 55°C, inverting the tubes 10 times per minute. The eluate was transferred to a
fresh microcentrifuge tube and used beads were incubated with 400ul of NaOH at 55°C for

5 minutes. If performing more than one round of capture, the beads were then washed with

105



Chapter 4

lysis buffer and added back to the corresponding homogenised supernatant set aside from
the beginning of the process, and the capture was repeated. The eluted RNA quantity was
measured using the Nanodrop One and after measurement the eluate was stored at -80°C
until protein analysis, with 20l of eluate being stored in a separate microcentrifuge tube for
RNA analysis.

4.9.3 RNA isolation in RIC

For RNA analysis, the proteins in the eluate and an aliquot of the input were degraded by
incubating with 5pl of proteinase K solution for 1 hour at 50°C before 1ml of TRIzol was
added. RNA was extracted and analysed as described previously by RNA extraction, cDNA
synthesis and RT qPCR.

4.9.4 Protein isolation in RIC

For protein analysis, the RNA in the eluate and an aliquot of the input sample were degraded
by incubating with 3ul RNase A/100ul of lysate for 1.5 hours at 37°C before incubating for
15 minutes at 50°C. For silver stain analysis, 10ul of the samples were removed and
incubated with 4pul of LDS loading buffer before being subjected to gel electrophoresis and
silver staining as described previously. The remainder of the proteins isolated from RIC were

stored at -80°C until being sent for mass spectrometry analysis.

4.10 Mass spectrometry

4.10.1 Sample preparation through SP3

SP3 sample preparation was carried out by Dr Wael Kamel. Briefly, eluate samples from
oligo(dT) capture were incubated in the dark, at room temperature, for 30 minutes with
10mM TCEP and 50mM C-1AA to reduce and alkylate the proteins within the sample. The
samples were then split into two in order to maximise protein retention during processing
and 100ug per 300ul of sample of carboxylated beads were added alongside 80% (v/v) ACN.
Samples were incubated at room temperature for 30 minutes before being placed on a
magnetic rack for 10+ minutes to allow for the supernatant to be removed and discarded.
Beads were then put through a washing procedure; first beads were washed twice with 70%
ethanol and then once with 100% ACN. This wash procedure was repeated until no detergent
was detected within the supernatant. Following washing, the samples were supplemented
with 250ng of trypsin and incubated overnight at 37°C to cleave proteins from the beads and

to digest the proteins into peptide fragments. The fragments were then collected by placing
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the tubes on the magnetic rack and transferring the supernatant to a 1.5ml microcentrifuge
tube (Eppendorf). Corresponding samples which have previously been split were combined
and acidified with neat formic acid (FA) prior to loading onto the mass spectrometer.

4.10.2 Mass spectrometry

ISE6 RIC prepared samples were sent to the Advanced Proteomics Facility at the
Biochemistry department of University of Oxford for mass-spectrometry analysis, who
provided the raw data files upon completion. All other samples were sent to the Dundee
FingerPrints Proteomics facility, where SP3 preparation was performed in house before
being subjected to mass spectrometry analysis. For immunoprecipitation samples, SP3 was
not performed. Nano-liquid chromatography tandem mass spectrometry with data-
dependent analysis (ISE6) or data-independent analysis (A549) label-free quantification
(nLC-MS/MS (DDA/DIA-LFQ)) was used to analyse the mass spectrometry samples.

The FingerPrints Proteomics facility (Dundee) carry out mass spectrometry using an
Ultimate 3000 RSLC nano-system (Thermo Fisher Scientific) coupled to a LTQ OrbiTrap
Velos Pro (Thermo Fisher Scientific) for DDA or an Orbitrap Exploris 480 Mass
Spectrometer (Thermo Fishe Scientific). Progenesis LC-MS software was used to identify
peptides and MaxQuant v2.4.11.0 was used to obtain label free quantification intensity

values.

At the Rosalind Franklin Institute, liquid chromatography was performed using Ultimate
3000 ultra-HPLC system (Thermo Fisher Scientific), where peptides were trapped in C18
300um inner diameter x 5mm 100A PepMap 100 pre-columns (Thermo Fisher Scientific)
incubated with 0.1% (v/v) formic acid and 5uM medronic acid. Peptide separation was
carried out on the 75um inner diameter x 50cm packed with ReproSil-Pur 120 (C18-AQ) in
a 60 min 15-35% (v/v) acetonitrile gradient with constant 200nl/min flow rate. Mass spectra
were required in a LTQ OrbiTrap Velos Pro (Thermo Fisher Scientific) in data-dependent
mode. Protein identification and quantification were obtained using Andromeda search
engine implemented in MaxQuant, and searched against the ISE6 reference proteome (Miller
et al., 2018). MaxQuant searches were performed with ‘match between run’ activated and
false discovery rate set to 10% and 1%. PCA analysis was carried out whereby each samples
data was treated as individual and unlabelled, and samples clustered based on their similarity
in order to summarise the variability between the samples, allowing the visualisation of the
large protein sets whilst still factoring in the types of proteins and intensities within the

samples.
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Downstream analysis of proteins produced from mass spectrometry analysis was carried out
by the tools available in VectorBase, InParanoiDB (version 9), InterproScan (version 97.0),
MobiDB Lite (version 5.0) as mentioned in Materials. Gene ontology (GO) analysis was
carried out using VectorBase, where the proteins within the 10% false discovery rate (FDR)
and 1% FDR protein groups for each condition were compared against the ISE6 background
to determine enriched terms for molecular domain functions and intracellular pathway
involvement. InterproScan was used to scan the FASTA files of the proteins to determine
the domain types present within the proteins and the percentage intrinsic disorder. Finally,

MobiDB was used to predict the hydrophobicity of the protein using the FASTA file.

4.11 Knockdowns

4.11.1 dsRNA production

DNA for each dsRNA target was produced by PCR using the corresponding primers listed
in Table 3.3 and whole cell RNA random hexamer produced cDNA (for ISE6 genes),
random hexamer cDNA of VRNA (for UUKV N knockdown), or pTVUUKS plasmid were
used as the template. PCR products were analysed by agarose gel electrophoresis and
purified by gel extraction. The primers added the appropriate T7 minimal promoter sequence
overhangs to the PCR products. The MEGAscript® RNAI Kit (Thermo Fisher Scientific)
was used to produce the dsRNA, following the manufacturer’s instructions. Briefly, all
components were vortexed before use and all buffers except from the 10X reaction buffer
were kept on ice. The transcription reaction was assembled at room temperature to produce

a single 20ul reaction as described in Table 4.9 below.

dsRNA Production
Nuclease-free water Make up to 20ul

Linear template DNA 2ug
10X T7 reaction buffer 2ul
ATP solution 2ul
CTP solution 2ul
GTP solution 2ul
UTP solution 2ul

T7 enzyme mix 2ul

Table 4.9: Components for dsRNA production.

The mixture was gently flicked to mix before brief centrifugation. The reaction was then

incubated at 37°C for 4 hours. To ensure complementary strand annealing, the reaction mix
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was heated to 75°C for 5 minutes before being left to cool on the benchtop until the mix
returned to room temperature. DNase and RNase treatments were then carried out to remove

and template DNA and unannealed ssSRNA by assembling the following mixture indicated
in Table 4.10 on ice.

dsRINA Nuclease Digestion

dsRNA mix (see above) 20ul
Nuclease-free water 20ul
10X Digestion buffer Sul
DNase | 2ul
RNase 2ul

Table 4.10: Components for dsRNA nuclease digestion.

The above reaction mix was then incubated at 37°C for 1 hour.

Finally, the dsRNA was column purified. The dsRNA was mixed with binding mix to be

prepared for filter cartridge isolation by preparing the mixture shown in Table 4.11.
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dsRNA Purification
dsRNA (see above) 50ul
10X Binding buffer 50ul
Nuclease-free water 150ul
100% Ethanol 250ul

Table 4.11: Components for dsRNA purification mixture.

The mixture was gently mixed by pipetting before being added to the filter cartridge. The
cartridge was centrifuged at 15,000 rpm for 2 minutes using a 5430 benchtop centrifuge
(Eppendorf), before flow-through was discarded. The cartridge was washed twice by adding
500ul of wash solution and centrifuging as before. After the second wash, once the flow
through was discarded, the cartridge was spun for an additional 30 seconds. dsSRNA was
eluted from the cartridge by adding 50ul of elution solution, preheated to 95°C, and
centrifuged at 15,000 rpm for 2 minutes. To determine the quality of the dsSRNA, the
concentration was determined using the Nanodrop One, and size of dSRNA confirmed by

agarose gel electrophoresis.

4.11.2 ISEG6 cell gene knockdowns

ISE6 cells were seeded as described in Table 3.6. 1ug of dsSRNA was used per 1 million
cells, alongside a ratio of 1:1, 1:2, or 1:3 (m/v) dsRNA to transfection reagent as required.
2ul of magnetofectamine beads were used per well. the dSRNA, transfection reagent, and
magnetofectamine beads were incubated in 250ul OptiMEM (Gibco) per well. The
transfection mix was incubated for 30 minutes at room temperature before cell monolayers
were placed on top of the cell culture magnet and transfection mix pipetted dropwise onto
the cell monolayers. The cell monolayers were then incubated for 30 minutes at the
appropriate cell culture temperature whilst remaining on the magnet. Once incubation was
complete, the media were removed carefully from the cells and fresh media applied before
the cell monolayers were removed from the magnet. The cells were incubated at the

appropriate cell culture conditions for 20 hours before infection or further processing.

4.11.3 Whole cell western blot

dsRNA transfected and infected cells were washed once with PBS before being fixed and
stained as described in the immunofluorescence section. Cell monolayers were imaged using
an Odyssey® CLx Imaging System (Li-Cor) and analysed using the associated software to

determine the total UUKV N fluorescence compared to an empty well as a blank.
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4.11.4 Cell viability assay

CellTiter-Glo® 2.0 Cell Viability Assay was used to determine the viability of transfected
cell monolayers. At the appropriate timepoint, the cell monolayers were washed before being
resuspended in 150ul of fresh PBS. To produce technical triplicates of each biological
sample, 50pl of the cell resuspension was pipetted into opaque-walled 94 well plates. 50l
of PBS was used as a blank. The cell resuspension was then mixed with 50ul of viability
reagent and incubated in the dark for 10 minutes at room temperature. Well luminescence
was measured using the GloMax® Navigator Microplate Luminometer (Promega).

4.11.5 Knockdown supernatant analysis

To determine the UUKV M RNA copy number within the supernatant, total RNA was
extracted from 100pl of clarified supernatant by adding 1ml of TRIZol as described in RNA
extraction and cDNA synthesis. RT qPCR was then performed as described in real-time
quantitative PCR (Chapter 3.7.7).

4.12 Statistical analysis

For each condition, biological triplicates were produced, where each biological sample was
tested (for example by RT qPCR) in triplicate, and an average of the technical replicates was
then used for plotting and statistical analysis. Testing for statistical significance was carried
out by either unpaired t-test, one-way ANOVA, or two-way ANOVA with Tukey's multiple
comparison. Unpaired t-testing was used to determine statistical significance of two groups
at a singular condition/timepoint, for example comparing normalised results of trypsinised
vs untrypsinised virus on one cell line. One-way ANOVA with Tukey's multiple comparison
was used to compare more than two sample groups at a singular condition/timepoint, for
example comparing the results of mock-infected, trypsinised or untrypsinised dyed virus on
a singular cell line. Two-way ANOVA with Tukey's multiple comparison was used to
compare more than two sample groups at multiple conditions/timepoints, for example
comparing the dyed, undyed or mock infected samples in treated and untreated conditions.
The cut-off for significance was set at p<0.05. Where analysis was employed, unless stated

otherwise both "ns" and a lack of notation indicated no significance.

Mass spectrometry - MaxQuant outputs (proteinGroups) were used for downstream analysis.
Using the R-package ‘DEP’, potential contaminants were removed (X. Zhang et al., 2018).
Protein raw intensities were then normalized and transformed, correlation analysis between

replicates was carried out and for samples where proteins were missing values in all
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replicates from that experimental condition, missing value imputation were performed.
Principal component analysis (PCA) was performed to assess the variability of the samples
by visualising the clustering patterns when analysis was carried out in absence of sample

labels.

Protein sequence analysis — The amino acid sequences (FASTA files) of the proteins
identified were analysed using Interpro scan to identify the domains contained in each
protein, as defined by their protein family (pfam) ID. From these results, each protein was
analysed to determine if they contained ‘classical’ and/or ‘nonclassical’ RNA binding
domains (RBDs) . Odds ratio analysis was then carried out on the protein groups , both on
the quantity of classical and nonclassical domains, and the number of specific types of
domain, to determine if there was a difference in enrichment of these domains in
comparison to the whole cell proteome. Gene ontology analysis was carried out using the
tools available in vectorbase to determine pathways/terms which are enriched within the

sample group when compared to the whole cell background.
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5.1 Introduction

The first stage of any virus replication cycle is the binding and internalization of the virion
to the host or vector cell. Previous studies have found that UUKYV binds to specific surface
receptors on mammalian cells, for example DC-SIGN acts as an attachment factor for
dendritic cells, to facilitate entry. However, the process of internalisation is inefficient, with
only roughly 25% of virus bound to cells being endocytosed within the first 10 minutes of
incubation and acid-activated penetration beginning 20-40 mins later (Lozach et al., 2010).
In addition, despite UUKV being able to infect mammalian cells, the virus is unable to
overcome the mammalian intracellular immune pathways and is cleared from the system. In
comparison, UUKYV is capable of persistently infecting IRE/CTVM19 and IRE/CTVM20
cell lines derived from Ixodes ricinus ticks, the vector species of UUKV (Mazelier et al.,
2016; Rezelj et al., 2017; Xu et al., 2022). Despite this persistence, the immune system of
ticks and therefore the kinetics and mechanism of the viral replication cycle within the vector
are poorly understood or defined, including the receptors responsible for the entry of UUKV
in to ISEG6 cells (Fogaca et al., 2021; Mazelier et al., 2016).

Just as the cellular factors that allow for vector infection are undefined, so are the factors
that determine which organisms can transmit UUKYV. Despite the potential for mosquitoes
to be exposed to mammalian hosts infected with UUKV, and many other species of virus
being transmitted through mosquitoes, to date there is no evidence to suggest UUKV can
complete its replication cycle within mosquito cell culture or whole mosquitoes. The
opposite of this is true for mosquito-vectored bunyaviruses, hence why many bunyaviruses
are often referred to as 'vector-specific' (Horne & Vanlandingham, 2014; Lawrie et al., 2004;
Matsuno et al., 2018). It is unknown where the perceived block in UUKYV replication occurs
when the virus is introduced to mosquito cell culture, and the factors that are responsible for

this vector tropism are yet to be determined.

For this study, the cell line ISE6 was used, which was derived from the species Ixodes
scapularis, although this is not the primary vector for UUKV (Kurtti et al., 1996). This was
primarily due to the growth rate of the cell lines and ability to form monolayers on different
cell culture surfaces making them suitable for routine experiments, alongside having a well-
defined and annotated genome, and additional evidence of UUKYV being able to be vectored

by multiple species of tick as described in Chapter 1.
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5.2 Aims

The aims of the research presented in this chapter were to:

Examine the viral replication kinetics of UUKV in mammalian (BSR or A549),
tick (ISE6), and mosquito (AF5 and AF319) cell lines. UUKYV replication within
mammalian host cells has been investigated by prior studies. In contrast to UUKV
infection in mammalian cell cultures, which manifests as a short duration productive
infection, resulting in minimal disease in infected host species, tick cell lines are
capable of being persistently infected (Mazelier et al., 2016). This research aims to
define the viral replication kinetics of UUKV in mammalian (BSR) cells and tick
(ISE6) cells, representing a comparison between the mammalian host and tick vector.
In addition, as it is reported that many bunyaviruses are vector specific, we aim to
demonstrate that UUKV also shows this vector specificity by investigating its
replication kinetics in mosquito cell lines.

Investigate the barrier to replication for UUKYV in mosquito cell lines. As
described in the introduction, there are several areas within the viral replication cycle
where host cell proteins are necessary to perpetuate the virus life cycle. Evidence has
shown that UUKYV replication is unable to be completed within mosquito cell lines,
despite many other species within the Bunyavirales order being transmitted by
mosquitoes. This research aims to elucidate where the block in the UUKYV replication

cycle occurs during infection of mosquito cell cultures.
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5.3 Results

5.3.1 Defining the optimal conditions for UUKV stock propagation

In order to determine the optimal temperature and serum conditions for UUKV growth to
produce virus stocks, BSR or BHK-21 clone 13 cells were infected with rUUKV and
maintained in various culture conditions and virus replication monitored by focus forming
assay. rUUKV titred at 1x10° FFU/mI was kindly provided by Dr Veronica Rezelj (Rezelj
et al., 2015).

At 3 days p.i., the titre of UUKV recovered in BHK cell cultures incubated at 33°C and
supplemented with 1% FBS was significantly lower than those recorded for the other FBS
concentrations across both temperatures. This significant decrease at 1% FBS was not
observed at 6 days p.i. Virus yields from cell cultures supplemented with 10% FBS recorded
significantly increased titres over those grown in other FBS concentrations. This result is
perhaps unsurprising as 10% FBS is the normal growth conditions for virus assays within
BSR/BHK cell types. Surprisingly, virus titres recorded in cell monolayers grown at 37°C
were lower than the corresponding 33°C samples at both 3- and 6-days p.i., with no

significant effect of FBS concentration observed (Figure 6.1.A).

UUKV-infected BSR cell cultures incubated at 37°C post-infection showed rapid cell death
and complete detachment by day 6 p.i., and therefore did not produce high enough titres to
be readable. As such these results were excluded. At 3 days post-infection, there was no
significant difference in the viral titres recorded for virus cultures in monolayers
supplemented with the different FBS percentages. At 6 days post-infection only virus culture
media containing 2% FBS showed a significant increase in titre compared to other samples
(Figure 6.1.B).

Thus, using the BSR cell line, we have identified 33°C and 2% FBS as the optimal conditions
for production of UUKYV stocks.
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Figure 5.1: Optimisation of growth conditions for Uukuniemi virus (UUKYV). BHK-21 clone 13
at 33°C and 37°C (A) or BSR at 33°C (B) cell monolayers were grown in culture media supplemented
with the percentage of foetal bovine serum (FBS) and at the temperatures indicated. Cell monolayers
were inoculated with rUUKYV at a MOI of 0.1 FFU/cell. At 3 or 6 days p.i., culture media were

collected and clarified via centrifugation for titration by immunofocus assay. Asterisks indicate
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significance **** = p < 0.0001, *** =p <0.001, ** =p < 0.01, * = p < 0.05, ns = not significant, as

measured by ordinary two-way ANOVA with Tukey’s multiple comparison test.
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5.3.2 UUKV Growth kinetics in mammalian, tick, and mosquito
cell lines

To determine UUKV growth kinetics within mammalian (A549 and BSR), tick (ISE6), or
mosquito (AF5 and AF319) cell lines, cell monolayers were infected with tick-borne
rUUKYV, and growth curves performed. At each timepoint, samples were assayed to
determine supernatant titre and cell monolayers were lysed and subjected to probing for the
UUKY nucleocapsid protein. Mosquito-borne rBUNYV infections were carried out in tandem
for comparison between differently vectored viruses. No bands were seen for A549 cell
lysate preparations when probed for UUKV N and so data for A549 are not shown.

In BSR cells, rUUKV reached titres of 10° FFU/ml by 72 h p.i., whereas
rUUKVdelNSseGFP only reached titres of 10° FFU/ml (Figure 5.2.A). This is in line with
prior work which indicates that although UUKV NSs protein is not essential for replication,
the presence of NSs during infection may allow more efficient replication of virus through
aiding in recruitment of cellular factors required for replication, transcription, and translation
(Rezelj et al., 2015). Compared to BSR, rUUKYV only reached a titre of 10° FFU/ml in A549
cells peaking at 48 h p.i., which is expected as A549 have a functional interferon response,
unlike BSR, capable of overcoming and clearing an UUKYV infection (Sutejo et al., 2012).
Similar trends in levels of virus titre produced when comparing BSR and A549 cells have
been observed in other virus species, such as Nipah virus and Hendra virus infections
(Aljofan et al., 2009). In contrast to this, rBUNV infection in BSR cell monolayers reached
titres of 107 PFU/ml by 48 h p.i. before plateauing. BUNV is more efficient at infecting BSR
cells and appears to have a faster rate of replication, as the virus plateaus (indicating a
maximum titre has been reached and all naive cells have been infected) faster than UUKV
(Figure 5.2.A). Analysis of UUKV viral nucleocapsid protein expression in BSR cells,
showed that the N protein was first detected at 24 h p.i., whereafter the quantity of N protein
increased over time. During rUUKVdelNSseGFP infection, the N protein was only able to
be detected faintly at 72 h p.i (Figure 5.2.B), which corresponds to the reduced titres seen in
Figure 6.2.A. No nucleocapsid was detected in A549 cells at any timepoint for any the UUK
viruses (data not shown). Although no N protein signal was detected at 24 hours post-
infection, a strong BUNV nucleocapsid signal was detected at 48 h post-infection, which
then increased at 72 h post-infection (Figure. 5.2.C). In all recombinant virus infections, the
intensity of the band corresponding to tubulin increases over time, which is exemplified most

when comparing the 0 and 24 hours p.i. timepoints in rBUNYV infection.
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Figure 5.2: Growth properties of recombinant viruses in mammalian cell lines. Human (A549)
or hamster (BSR) cell monolayers were infected with rUUKYV, rUUKVdelNSseGFP or rBUNYV at a
MOI of 0.1 FFU/cell. At the indicated time p.i., culture supernatants were collected for virus titration
by immunofocus or plaque assay on BSR cells, as appropriate (A). Data are plotted as the mean virus
titre (FFU/mI) £ SD of n=3 biological replicates. (B) Cell extracts from infected BSR cell monolayers
were also prepared to analyse virus protein expression. Western blots were probed with anti-o tubulin
or anti-UUKYV N antibodies as indicated in the representative image. ‘-ve’: mock-infected cell lysate;
‘+ve’: sample known to be infected with rtUUKV. (C) Cell extracts from infected cell monolayers

were also prepared to analyse virus protein expression. Western blots were probed with anti-tubulin,

120



Chapter 5

or anti-BUNV N antibodies as indicated in the representative image. No bands were seen when
probing for UUKV N in A549 lysate and so data is not shown. ‘-ve’: mock-infected cell lysate; “+ve’:
sample known to be infected with rBUNV.
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Parallel studies were also conducted in the tick cell line, ISE6. As before, at each timepoint
cell monolayers were lysed and prepared for western blot detecting a-tubulin and the

respective viral nucleocapsid protein (Figure 5.3).

As shown in Figure 5.3.A, even when infected at disparate MOIs, rUUKYV replicated to titres
of roughly 10" FFU/ml by 12 days p.i., which is in line with data from UUKYV infection of
other tick cell lines (IRE/CTVM19 and IRE/CTVMZ20). Mazelier et al (2016), demonstrated
that infected tick cells produce a maximum titre between 107 and 108 FFU/ml after 12 days

of incubation (Mazelier et al., 2016).

When ISE6 cell cultures were infected with rUUKVdeINSseGFP, the recorded viral titre
dropped by day 6 post-infection before remaining at approximately 102 FFU/ml, indicating
that internalisation may have been occurring, but no active replication was taking place
within the infected cell monolayers. This is consistent with unpublished work in our lab
showing that, unlike in mammalian cell cultures where the viral NSs protein is not required
for replication and suppresses the innate immune response. In tick cell lines, UUKV NSs
may have a more crucial role in facilitating replication within the infected arthropod cell.
BUNV is a mosquito-borne bunyavirus, and as such was not expected to replicate within
ISE6 cells, which was reflected in the rBUNV growth curve (Figure 5.3.A). rBUNV titres
decreased gradually over the 12-day time course, indicating potential degradation of the viral
particles in the cell culture media as opposed to the internalisation observed with
rUUKVdelNSseGFP infection (Figure 5.3.A and 5.3.D).

Analysis of rUUKV viral nucleocapsid protein expression in ISE6 cell monolayers
demonstrated that N protein was first detected at 9 days p.i. and increased by 12 days p.i.
when initially infected at a MOI of 5 FFU/cell. Whereas for cells infected with rUUKYV at
an MOI of 1 FFU/cell, N protein was only detected at 12 days p.i. and not at any timepoint
at the lowest MOI (Figure 5.3). Although infectious virus was detected in the supernatant of
rUUKV-infected ISE6 cells from 3 days post-infection, N protein was not detectable in
infected cell monolaters by Western blotting. In mammalian cells, increasing N protein
expression is correlated with increasing viral titres in the supernatant. In tick cells, N protein
concentration may require longer times to accumulate in infected cells at detectable levels
or for enough cells to be infected to generate a detectable signal (Figure 5.3.B). Fitting with
the viral titres, no UUKV N protein was detected in lysates from rUUKVdeINSseGFP-
(Figure 5.3.C) or rBUNV-infected ISE6 cell monolayers (Figure 5.3.D). Although there is a
slight increase in the intensity of tubulin across the timeframe, overall no significant

differences were observed.
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Figure 5.3: Growth properties of recombinant viruses in a tick cell line. Cell cultures derived

from the tick Ixodes scapularis (ISE6) were infected with rUUKV at varying MOI or with
rUUKVdeINSseGFP at a MOI of 0.1 FFU/cell. At the indicated time p.i., culture supernatants were

collected for virus titration by immunofocus assay on BSR cells. Data are plotted as the mean virus
titre (FFU/ml) £ SD of n=3 biological replicates (A). Cell extracts from rUUKV- (B),

rUUKVdeINSseGFP (C) or rBUNV-infected (D) cell monolayers were prepared to analyse virus

protein expression. Western blots were probed with anti-o tubulin, anti-UUKV N or anti-BUNV N
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antibodies as indicated in the representative image. ‘-ve’: mock-infected cell lysate; ‘“+ve’: sample

known to be infected with rUUKYV or rBUNV respectively.
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As it was demonstrated that the mosquito-borne rBUNV was not able to infect tick cell
cultures, the reciprocal experiments were conducted to see if the recombinant UUKYV and
UUKVdelNSseGFP could infect mosquito cell lines. Two different mosquito cell lines were
used that had a functional or dysregulated RNAI response (AF5 or AF319 cell lines,
respectively). As previously described, viral growth kinetics were measured by viral
plaque/focus assay and western blotting of lysates prepared from infected monolayers at the
indicated timepoints (Figure 5.4).

No increase in titre was observed following rUUKV or rUUKVdeINSseGFP infection in
either AF5 or AF319 cell lines (Figure 5.4.A). This result follows previous literature as
UUKYV is a tick-borne bunyavirus, and therefore, similar to other tick-borne bunyaviruses,
does not show evidence of completing the replication cycle in mosquito cell culture (Lawrie
et al., 2004; Matsuno et al., 2018). In comparison, the titres of rBUNV increased after 24
hours in both infected AF5 and AF319 cell lines, with titres reaching 10* or 10° PFU/ml,
respectively. This difference in titre is likely due to AF319 being RNAI incompetent,
allowing the virus to replicate faster due to fewer intracellular immune barriers (Figure
5.4.A).

In line with the viral titre results, analysis of UUKV nucleocapsid protein accumulation
showed no detectable N protein at any timepoint for either rUUKV- or rUUKVdeINSseGFP-
infection in AF5 (Figure 5.4.B) or AF319 (Figure 5.4.C) cell monolayers. rBUNV
nucleocapsid was only detectable in rBUNV-infected AF319 cells at 72 h p.i. and was
undetected in rBUNV-infected AF5 cells. This result reflected in the plaque assay data as
rBUNV growth curves reached 10-fold higher titre in rBUNV-infected AF319 cells at 72 h
p.i. compared to that seen in AF5 cell monolayers (Figure 5.4.D). Similarly to the results
seen in the BSR recombinant virus western blots (Figure 5.2), the intensity of the band

corresponding to tubulin increased over time.
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Figure 5.4: Growth properties of recombinant viruses in mosquito cell lines. Cell cultures

derived from the mosquito Aedes aegypti that possess either competent (AF5) or deficient (AF319)
RNAI innate immune pathways were infected with rUUKYV, rUUKVdelNSseGFP or rBUNV at a

MOI of 0.1 FFU/cell. At the indicated time p.i., culture supernatants were collected for virus titration

by immunofocus assay on BSR cells (A). Data are plotted as the mean virus titre (FFU/ml) + SD of
n=3 biological replicates. Cell extracts from rUUKYV infected AF5 (B) or AF319 (C) cell monolayers

were prepared to analyse virus protein expression. Western blots were probed with anti-tubulin or

anti-UUKV N antibodies as indicated in the representative image. ‘+ve’: sample known to be infected
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with rUUKV. Cell extracts from rBUNV infected AF5 or AF319 cell monolayers were also prepared
to analyse virus protein expression (D). Western blots were probed with anti-tubulin or anti-BUNV

N antibodies as indicated in the representative image. ‘+ve’: sample known to be infected with
rBUNV.
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5.3.3 Generation and use of dyed UUKYV for use in analysing viral

entry in mammalian, tick and mosquito cell lines
We aimed to adapt a method developed by Hoffmann and colleagues (A. B. Hoffmann,
Mazelier, Leger, & Lozach, 2018) utilising fluorescent glycoprotein dye UUKV
glycoproteins, view and quantify rUUKYV binding to cell types of interest; ISE6 (tick) and
AF5 (mosquito). BSR cells would be used as a positive control as UUKV binds to and enters
mammalian cell lines (BHK and A549) (A. B. Hoffmann et al., 2018). However, before this
methodology could be implemented, we needed to 1) confirm if it could be applied to the
cell types of interest, and 2) determine if any potential signal visualised was indeed dyed
UUKYV (rUUKVAF647) and not non-specific background (such as cellular debris). AF647
was used to dye rUUKYV at a dye to glycoprotein molar ratio of 1:5. AF647 targets the viral
envelope glycoproteins by reacting with primary amine groups. The fluorophore has an
excitation peak at 650nm and an emission peak at 665nm. Growth curves of dyed rUUKV
(rUUKVAF647) or rUUKYV were performed at a MOI of 0.1 FFU/cell to confirm that there
was no reduction in replication by dying the viral glycoproteins (Figure 5.5.A). At every
timepoint sampled, there was no statistical difference between the viral titres from the dyed
or undyed UUKYV infected monolayers, therefore no difference in replication kinetics of
rUUKVAF647 compared to rUUKYV (Figure 5.5.A).

To examine the effect of the dye on virus morphology, rUUKV and rUUKVAF647 samples
were prepared for negative stain electron microscopy and imaged on a JEOL JEM 1400
(JEOL, Japan) electron microscope. UUKYV particles have been shown to display variable
degrees of pleiomorphism, with particle size ranging from 105 to 145nm in diameter and
some viral particle aggregation observed (Overby et al., 2008). In rUUKYV samples, what is
assumed to be cellular debris was present within the sample (Figure 5.5.B). However, viral
particles were seen which displayed the characteristics expected of UUKYV as indicated by
black arrows (Figure 5.5.C). In rUUKVAF647 samples less debris was seen, however fewer
viral particles were also seen within the sample, which may be a consequence of the
purification process (Figure 5.5.D). Despite fewer viral particles being present within the
sample, the dyed virus particles showed no noticeable differences in morphology when
compared to rUUKYV (Figure 5.5.E).

128



Chapter 5

(A)

108-
107 = rUUKVAF647
- = rUUKV

105
104-

103-

Virus Titre (FFU/ml)

102-

107 1 1 1 1

0 24 48 72
Time (h.p.i)

Figure 5.5: Growth properties of Uukuniemi virus dyed with Alexa-Fluor 647 (rUUKVAF647).
Preparations of purified UUKV virions dyed with AF647 or were left undyed. To assess the
replication kinetics of the wild-type and dyed viruses in mammalian cell cultures, monolayers of
BSR cells were infected with rUUKV (undyed) or rUUKVAF647 (dyed) at a MOI of 0.1 FFU/cell.
At the indicated time p.i., culture supernatants were collected for virus titration by immunofocus
assay on BSR cells. Data are plotted as the mean virus titre (FFU/ml) + SD of n=3 biological
replicates. Two-way ANOVA statistical analysis with Tukey's multiple comparison was applied, and
the data showed no significant difference between rUUKYV and rUUKVAF647 at each timepoint (A).
(B-E) To assess the integrity of the dyed virions in greater detail, samples were prepared for negative

stain electron microscopy and imaged on a JEOL JEM 1400 (JEOL, Japan) electron. Images
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presented show the undyed rUUKV (B & C) and the dyed rUUKVAF647 (D & E). Arrows indicate
viral particles and scale bars indicate size. Images taken by Dr Swetha Vijayakrishnan.
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Next, heat-inactivation assays were used to determine if the far-right dye signal visualised
on the surface of rUUKVAF647-infected cell cultures corresponded to dyed virions and not
cellular debris. rUUKVAF647 was heat-inactivated at 95°C for 10 minutes, denaturing the
viral proteins and disrupting the specific structures necessary to bind to cell receptors. This
method has previously been used to successfully inactivate highly pathogenic viruses
(Elveborg, Monteil, & Mirazimi, 2022). After infection with rUUKVAF647 or wt rUUKYV,
cell monolayers were stained with Hoechst 33342 nuclear stain and CellMask cell membrane
stain. Hoechst stain allows for the easy counting of cell numbers by staining the individual
nuclei, and CellMask stains the cell membrane allowing for the visualisation of the cell
surface. Untreated or heat-inactivated (H-1) virus preparations containing a MOI of 5
FFU/cell, or mock-infection preparations, were prepared and incubated with mammalian
(BSR), tick (ISE6) or mosquito (AF5) cell cultures at 4°C (and on ice) for 1 hour to allow
for virus binding whilst preventing internalisation occurring, as has been done in previous
studies (Burkard et al., 2014; A. B. Hoffmann et al., 2018). Cell monolayers were then
washed to remove unbound virus and fixed in 4% (v/v) formaldehyde. Confocal microscopy
was used to take four z-stack images of three biological replicates, which were then
examined for AF647 fluorescence, indicating viral binding. Z-stacking was used to allow for

the building of 3D for rendering and analysis.

As seen in Figure 6.6, for every cell line, punctate dots of signal associated with the far-red
channel, corresponding to AF647 can be seen in the untreated channel (indicated by white
arrows). These punctate dots are associated with the cell membrane and may be dyed virions
bound to the cell. During image analysis, it was observed that the number of dots was higher
in BSR cells, and when comparing the diameter of the dots using the scale bar and measuring
tools in ZenBlack software reached larger diameters (Figure 5.6.A), than in those of ISE6
(Figure 5.6.B) and AF5 (Figure 5.6.C). This is also supported as the volume of each
individual 'dot' has a larger volume on average when rendered. In all cell lines, heat-
inactivation diminished or removed the signal from the far-red channel, indicating no AF647
was present in these samples and that the signal seen was derived from intact dyed virus
particles. When punctate dots of signal were seen in the heat-inactivated far-red channels,
the diameter of the dots were larger and less smooth/regular, indicating these are
aggregations of denatured viral proteins as opposed to intact viruses. Overall, incubation of
cell lines with rUUKVAF647 causes far red signal to be associated with cell membranes,
whereas heat-inactivation removes notable signal from the far-red channel and therefore

little rUUKVAF647 is associated with the cell membranes. To quantitatively measure the
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effect of heat-inactivation on rUUKVAF647 across all three cell lines, both raw fluorescence
intensity (Figure 5.7) and rendered fluorescence intensity (Figure 5.8) were analysed.

The raw fluorescence intensity is defined as the sum of the far-red signal (AU) normalised
to the number of cells, as determined by the number of nuclei visualised with the Hoechst
33342 stain, to give the average far-red intensity (AFRI) per cell in each image using
IMARIS software. In BSR cells, only untreated rUUKVAF647 produced a significantly
higher level of average far-red intensity when compared to either rUUKYV or mock-infected
samples. For heat-inactivated samples, there was no significance in the average far-red
intensity between the rUUKV and rUUKVAF647 samples, although there was a slight
increase in the intensity of rUUKYV in comparison to mock-infected samples.

When comparing cells incubated with either heat-inactivated or untreated virus preparations,
the fluorescence of rUUKAF647 was significantly decreased in heat-inactivated conditions
(Figure 5.7.A). To remove background signal in BSR cells, rUUKVAF647 and rUUKV
AFRI were normalised against mock-infected controls (Figure 5.7.B). The AFRI recorded
following incubation with rUUKVAF647 was significantly higher when compared with
untreated wt rUUKV or heat-inactivated rUUKVAF647. However, no significance
difference was found between the AFRI of rUUKVAF647 or rUUKV from samples
incubated with heat-inactivated virions. Overall, both raw analyses indicated that the
fluorescence seen in the far-red channel from rUUKVAF647 corresponded to dyed viral
particles, and heat-inactivation removed the ability of these viral particles to associate with
the cell membrane (Rezelj et al., 2015). The results seen in BSR cells were also mirrored in
ISEG cells (Figure 5.7.A-5.7.C). When removing background signal, the AFRI score for cells
incubated with rUUKVAF647 was significantly higher when compared with untreated
rUUKV and heat-inactivated rUUKVAF647, and no significant difference was found
between rUUKVAF647 and rUUKYV in heat-inactivated conditions (Figure 5.7.D). As seen
in BSR cells, both raw analyses indicated that the fluorescence seen in the far-red channel
corresponded to dyed viral particles, although the intensity of AFRI per cell was lower
(approximately 50% less) in ISE6 than in BSR cells. This may be due to the size differences
between the two cell lines, as BSR cells are larger than ISE6. In addition, the binding
receptors of ISE6 for UUKV are unknown and therefore the capacity of ISE6 cells to bind
UUKY is yet to be evaluated.

Finally, AF5 cells incubated with untreated rUUKVAF647 produced a significantly higher

level of AFRI when compared to both undyed rUUKYV or mock-infected cells. However, the
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increase in fluorescence intensity is not significant as observed with the previous two cell

lines.

It was noted that the far-red intensity was higher across all mosquito cell experiments and
more variability in AFRI was recorded. In cell cultures treated with heat-inactivated virions,
both rUUKVAF647 and rUUKYV infected monolayers had significantly higher fluorescence
intensity than mock-infected samples (Figure 5.7.E). In heat-inactivated samples, there was
no significant difference in AFRI between rUUKVAF647 and rUUKYV infected cell
monolayers, however compared to infection in other cell lines, the intensity of far-red signal
was much higher in heat-inactivated samples (Figure 5.7.F). When examining the z stack
images of AF5 cells incubated with heat-inactivated virions, intracellular far-red signal could
be seen, indicating that this result may be due to a cellular response to the presence of

denatured and aggregated protein (data not shown).

The rendered fluorescence intensity is defined as the sum of the far-red signal (AU)
associated to the cellular membrane normalised to the number of cells, as determined by the
number of nuclei visualised via the Hoechst 33342 stain, to give the rendered average far-
red intensity (RAFRI) per cell in each image. To isolate the far-red signal associated with
the cellular membranes, z stack images were rendered using IMARIS software. Once all
boundaries were defined, only far-red fluorescence intensity 0.001nm either side of the cell

membrane were included in the analysis.

When analysing the data using RAFRI and comparing it to the AFRI score in BSR or ISE6
cells, only dyed virion-infected cells (rUUKVAF647) produced a significantly higher level
of far-red intensity when compared to either rUUKV, mock-infected or those samples that
had been heat inactivated. The RAFRI recorded for rUUKV- or mock-infected cells were
almost undetectable (Figure 5.8.A) and no far-red signal was detected in data from heat-
inactivated samples (Figure 5.8.B). Overall, both rendered analyses support the raw analysis
data showing that the fluorescence seen in the far-red channel from rUUKVAF647-infected
samples corresponds to dyed viral particles, and heat-inactivation removed the ability of
these viral particles to associate with the cell membrane. In ISE6 cells, the average
fluorescence intensity in the samples was approximately one tenth of that recorded in the
BSR cell line (Figure 5.8.C & 5.8.D).

Finally, for infected AF5 cell monolayers, only samples infected with untreated
rUUKVAF647 produced a significant and detectable level of far-red intensity (Figure 5.8.E).

In addition, unlike in comparison of raw intensities, heat-inactivated samples showed little
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to no far-red intensity, supporting the conclusion that the signal seen in the raw intensity
analysis was intracellular in origin (Figure 5.8.F).
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Figure: 5.6: Heat inactivation prevents rUUKVAF647 binding to cell monolayers in culture.

Preparations of rUUKVAF647 virions were heat-inactivated by subjecting the samples to 95°C heat

for 10 min (H-1) or mock-inactivated (untreated). Virus preparations containing a MOI of 5 FFU/cell

were incubated with mammalian (BSR; A), tick (ISE6; B) or mosquito (AF5; C) cell cultures at
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4°Clice for 1 h. Cell monolayers were then fixed in 4% (v/v) formaldehyde. Infected cell monolayers
were counter stained with the nuclear stain, Hoechst 33342 (blue); cell membranes were visualized
with CellMask (grey) while AF647 fluorescence (pink) and virus binding were analysed by confocal
microscopy. Data presented are representative images of n=3 biological replicates, each containing
n=4 z-stacked images per well. Arrows highlight membrane associated AF647 signal. Scale bar
indicates 20 pum.
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Figure 5.7: Quantitative analysis of raw fluorescence intensity from heat inactivation
experiments. Fluorescence data from 12 images generated in Figure 5.6 were analysed and
guantified using IMARIS software. Data was calculated by dividing the sum of the raw far-red

intensity by the number of nuclei recorded in each z-stack and the mean arbitrary units plotted for
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rUUKVAF647-infected BSR (A), ISE6 (C) or AF5 (E) cell lines. The data for each cell line was
normalized to the respective mock-infected control to eliminate background signal for
rUUKVAF647-infected BSR (B), ISE6 (D) or AF5 (F). Asterisks indicates significance **** = p <
0.0001, *** =p <0.001, ** =p <0.01, * = p <0.05, ns = not significant, as measured by ordinary
two-way ANOVA with Tukey’s multiple comparison test.
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Figure 5.8: Quantitative analysis of rendered fluorescence intensity from heat inactivation

experiments. Fluorescence data from 12 images generated in Figure 5.6 were analysed. Z-stacks
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were rendered using IMARIS software to define the nuclei, cell membrane and far-red surfaces.
Virus bound to rendered membrane was determined by excluding rendered far-red intensity at a
distance greater than 0.01 um either side of the rendered membrane. Data was calculated by dividing
the sum of the rendered far-red intensity by the number of nuclei recorded in each z-stack and the
mean arbitrary units plotted for rUUKVAF647-infected BSR (A), ISE6 (B) or AF5 (C) cell lines.
The data for each cell line was normalized to the respective mock-infected control to eliminate
background signal for rUUKVAF647-infected BSR (D), ISE6 (E) or AF5 (F) Asterisks indicates
significance **** =p < 0.0001, *** =p < 0.001, ** =p <0.01, * = p <0.05, ns = not significant, as

measured by ordinary two-way ANOVA with Tukey’s multiple comparison test.
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To determine if the dyed virus association with the cell surfaces was protein mediated and
not due to the dye causing increased non-specific binding to the cells, trypsin assays were
used. Trypsin exposure after virion binding causes the removal of virus bound through
protein-protein interactions. Briefly, cell monolayers [mammalian (BSR), tick (ISE6) or
mosquito (AF5)] were stained with Hoechst 33342 nuclear stain and CellMask cell
membrane stain after which time they were infected with rUUKVAF647 at a MOI of 5
FFU/mI or mock-infected at 4°C (and on ice) for 1 hour. Virus incubated cell monolayers
were then washed to remove unbound virus and incubated with either trypsin or 2% FBS in
PBS at the respective cell culture temperature for 5 minutes. Mock-infected cell monolayers
were incubated with 2% FBS in PBS for 5 minutes. Trypsin has previously been shown to
block binding by cleaving proteins responsible for virion/cell interaction. It can also be used
to demonstrate if binding is reliant on protein-protein interactions (Wild & Brown, 1967).
Cell monolayers were then washed to remove any cleaved viral particles before being fixed
in 4% (v/v) formaldehyde. Confocal microscopy was used to take 4 z-stack images of 3
biological replicates, which were then examined for AF647 fluorescence, indicating viral
binding.

As seen in Figure 6.9, a punctate staining pattern can be observed in mock treated samples
in the far-red channel, corresponding to the AF647 virions. As indicated by the white arrows
shown in the overlay images, these punctate dots were associated with the cell membrane.
For all cell lines, trypsin incubation removed nearly all of the visible signal from the far-red
channel, indicating trypsin incubation removed the AF647-labelled proteins from the cell
membranes (Figure 5.9). To quantitatively measure the effect of trypsinization on AFRI
across all three cell lines, both raw fluorescence intensity (Figure 5.10) and rendered

fluorescence intensity (Figure 5.11) were analysed.

In BSR cells, following incubation at 4°C, exposure of rUUKVAF647 to trypsin caused a
significant decrease in far-red intensity to levels comparable to mock-infected samples.
However, the signal was not completely reduced to the level of the mock-infected control,
indicating not all virus was removed from the cell surface (Figure 5.10.A). This observation
was also seen when samples were normalised to the mock-infected results (Figure 5.10.B).
Similar results were observed in parallel experiments with rUUKVAF647-infected ISE6
cells. However, the difference in fluorescence intensity between non-trypsinised and
trypsinised rUUKVAF647-infected samples was less significant. A small increase in far-red
intensity was observed in trypsinised rUUKVAF647-infected samples compared to mock-
infected controls (Figure 5.10.C). When the data were normalised to mock-infected controls,

there was a small, yet significant difference between trypsinised and non-trypsinised
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rUUKVAF647-infected samples, indicating that proportionally the reduction in AFRI was
smaller through the incubation of trypsin (Figure 5.10.D).

In experiments using AF5 cells, trypsinisation caused a significant decrease in far-red
intensity of rUUKVAF647-infected samples, and there was no significant difference in
fluorescence intensity between trypsinised rUUKVAF647- or mock-infected samples
(Figure 5.10.E). When normalised to mock-infected controls there was no significant
difference between +/- trypsinisation conditions. However, in similar observations to the
heat-inactivation results, following incubation AF5 cells display a tendency to show
intracellular far-red signal which may be triggered through extracellular stressors such as
aggregated protein, presence of virus or trypsin (Figure 5.10.F).

When the rendered fluorescence intensity was analysed, BSR cell lines displayed no far-red
signal associated with mock-infected cell membranes. In rUUKVAF647-infected samples,
incubation with trypsin caused a significant decrease in far-red intensity, although
trypsinisation did not fully remove the far-red signal in either the raw or normalised data
(Figure 5.11.A & 5.11.B). Although the overall level of fluorescence intensity observed was
lower in ISE6 cells than in BSR cells; trypsinisation of rUUKVAF647-infected samples
again caused a significant decrease in far-red signal, but this incubation did not fully remove
all AF647 from the cell surface (Figure 5.11.C & 5.11.D).

Finally, in AF5 cells, fluorescent intensities observed in non-trypsinised rUUKVAF647-
infected samples was comparable to that observed in ISE6 samples. The fluorescence
intensity was reduced in the presence of trypsin in both the raw data and that normalised to
mock-infected controls (Figure 6.11.E & 5.11.F). It was also noted that the fluorescent
intensity values decreased in mock-infected samples treated with trypsin, supporting the
conclusion that the signal from the raw intensity in these samples was generated by

intracellular components.
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Figure 5.9: Trypsin disrupts rUUKVAF647 binding to cell monolayers in culture. Virus
preparations containing rUUKVAF647 at a MOI of 5 FFU/cell were incubated with mammalian
(BSR; A), tick (ISE6; B) or mosquito (AF5; C) cell cultures at 4°C/ice for 1 h. Following the binding
period, cell monolayers were washed with PBS and then incubated in the presence (+trypsin) or
absence (-trypsin; 2% FBS PBS only) of trypsin for 5 min. After a further washing step in PBS, cell
monolayers were fixed in 4% (v/v) formaldehyde. Infected cell monolayers were counter stained
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with the nuclear stain, Hoechst 33342 (blue); cell membranes were visualized with CellMask (grey)
as well as examined for AF647 fluorescence (pink) and virus binding was analysed by confocal
microscopy. Data presented are representative images of n=3 biological replicates, each containing

n=4 z-stacked images per well. Arrows highlight membrane associated AF647 signal. Scale bar
indicates 20 pum.
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Figure 5.10: Quantitative analysis of raw fluorescence intensity from trypsinisation

experiments. Fluorescence data from 12 images generated in Figure 5.9 were analysed and

guantified using IMARIS software. Data was calculated by dividing the sum of the raw far-red
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intensity by the number of nuclei recorded in each z-stack and the mean arbitrary units plotted for
rUUKVAF647-infected BSR (A), ISE6 (B) or AF5 (C) cell lines. The data for each cell line was
normalized to the respective mock-infected control to eliminate background signal. Normalised data
for rtUUKVAF647-infected BSR (D), ISE6 (E) or AF5 (F) cell lines are also shown. Statistical
significance was measured by ordinary one-way ANOVA with Tukey’s multiple comparison test (A,
B, C) and an unpaired t-test (D, E, F). Asterisks indicates significance **** = p <0.0001, *** =p <
0.001, ** =p <0.01, * =p <0.05, ns = not significant.
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Figure 5.11: Quantitative analysis of rendered fluorescence intensity from trypsinisation
experiments. Fluorescence data from 12 images generated in Figure 5.6 were analysed. Z-stacks
were rendered using IMARIS software to define the nuclei, cell membrane and far-red surfaces.

Virus bound to rendered membrane was determined by excluding rendered far-red intensity at a
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distance greater than 0.01 um either side of the rendered membrane. Data were calculated by dividing
the sum of the rendered far-red intensity by the number of nuclei recorded in each z-stack and the
mean arbitrary units plotted for rUUKVAF647-infected BSR (A), ISE6 (B) or AF5 (C) cell lines.
The data for each cell line was normalized to the respective mock-infected control to eliminate
background signal. Normalised data for rUUKVAF647-infected BSR (D), ISE6 (E) or AF5 (F) cell
lines are also shown. Statistical significance was measured by ordinary one-way ANOVA with
Tukey’s multiple comparison test (A, B, C) and an unpaired t-test (D, E, F). Asterisks indicates
significance **** = p < 0.0001, *** =p <0.001, ** =p < 0.01, * =p < 0.05, ns = not significant.
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5.3.4 Quantification of binding and internalisation of recombinant

UUK viruses in mammalian, tick and mosquito cell lines
Next a mechanical washing protocol was then used to investigate the strength of
rUUKVAF647 binding to the various cell lines in this study, using rUUKV (undyed) and
mock-infected preparations as controls. Briefly, cell cultures were infected at a MOI of 5
FFU/mI or mock-infected at 4°C on ice for 1 hour. Cell monolayers were then washed one,
three or five times with PBS 1X and fixed in 4% (v/v) formaldehyde. Confocal microscopy
was used to take 4 z-stack images of 3 biological replicates, which were then examined for
far-red fluorescence, corresponding to rUUKVAF647 localisation.

As seen in Figure 5.12 to 5.14, punctate dots of far-red signal were observed and found
associated with the cell membrane for each washing condition. The number of punctate dots
appeared to decrease slightly as the number of washes increased and in all rUUKV- or mock-

infected samples no punctate signal was observed.

To quantitatively measure the effect of mechanical washing on rUUKVAF647 binding
across all three cell lines, both raw fluorescence intensity (Figure 5.15 & 5.17) and rendered
fluorescence intensity (Figure 5.16 & 5.18) were analysed. In all samples analysed there was
a significant increase in fluorescence intensity in rUUKVAF647-infected samples compared
to either rUUKV- or mock-infected samples at each wash number (Figure 5.15B, 5.15D &
5.15F). Overall, BSR cells showed higher levels of far-red intensity than ISE6 and AF5, and
this level appeared to drop as the number of washes increased. ISE6 and AF5 cells both
started with similar levels of far-red intensity; However, the level of intensity appeared to
decrease in ISE6 cells whereas in AF5 cells it remained consistent as the number of washes
increased (Figure 5.16.A). When analysing the raw intensity values, the titres of
rUUKVAF647 did not decrease significantly in either the AF5 or the ISE6 cell lines upon
washing. However, there was a small but statistically significant decrease in fluorescence
between wash 1 and wash 3 or 5 recorded in the BSR cell line (Fig 5.16.B).

When examining the rendered fluorescent intensity, rUUKVAF647-infected BSR cell
monolayers displayed a significant decrease in intensity between wash 1 and wash 3 or 5
(Figure 5.17 & 5.18), similar to that observed for the raw intensity values described above.
A decrease in rendered fluorescent intensity was also observed on the rUUKVAF647-
infected ISEG6 cell line but was not statistically significant and no decrease was observed in

the mosquito cell line (Figure 5.18).
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Figure 5.12: Mechanical washing to assess rUUKVAF647 binding to BSR cell cultures.
Monolayers of BSR cells were incubated with rUUKV (undyed), rUUKVAF647 (dyed) at an MOI

of 5 FFU/ml, or mock-infected virus preparations at 4°C for 1 h. Following the binding period, cell

Mock-
infected

rUUKVAF647

monolayers were washed in PBS for the indicated number of times. Following washing, cell
monolayers were fixed in 4% (v/v) formaldehyde. Cell monolayers were counter stained with the
nuclear stain, Hoechst 33342 (blue); cell membranes were visualized with CellMask (grey) as well
as examined for AF647 fluorescence (pink) and virus binding was analysed by confocal microscopy.
Data presented are representative images of n=3 biological replicates, each containing n=4 z-stacked

images per well. Arrows highlight membrane associated AF647 signal. Scale bar indicates 20 pm.
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Figure 5.13: Mechanical washing to assess rUUKVAF647 binding to ISE6 cell cultures.
Monolayers of ISE6 cells were incubated with rUUKYV (undyed), rUUKVAF647 (dyed) at an MOI
of 5 FFU/ml, or mock-infected virus preparations at 4°C for 1 h. Following the binding period, cell
monolayers were washed in PBS for the indicated number of times. Following washing, cell
monolayers were fixed in 4% (v/v) formaldehyde. Cell monolayers were counter stained with the
nuclear stain, Hoechst 33342 (blue); cell membranes were visualized with CellMask (grey) as well
as examined for AF647 fluorescence (pink) and virus binding was analysed by confocal microscopy.
Data presented are representative images of n=3 biological replicates, each containing n=4 z-stacked

images per well. Arrows highlight membrane associated AF647 signal. Scale bar indicates 20 pm.
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Figure 5.14: Mechanical washing to assess rUUKVAF647 binding to AF5 cell cultures.
Monolayers of AF5 cells were incubated with rUUKYV (undyed), rUUKVAF647 (dyed) at an MOI

of 5 FFU/ml, or mock-infected virus preparations at 4°C for 1 h. Following the binding period, cell

Mock-
infected

rUUKV
(non-dyed)

Wash 1

rUUKVAFG647

monolayers were washed in PBS for the indicated number of times. Following washing, cell
monolayers were fixed in 4% (v/v) formaldehyde. Cell monolayers were counter stained with the
nuclear stain, Hoechst 33342 (blue); cell membranes were visualized with CellMask (grey) as well
as examined for AF647 fluorescence (pink) and virus binding was analysed by confocal microscopy.
Data presented are representative images of n=3 biological replicates, each containing n=4 z-stacked

images per well. Arrows highlight membrane associated AF647 signal. Scale bar indicates 20 pm.
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Figure 5.15: Quantitative analysis of raw fluorescence intensity from washing experiments.
Fluorescence data from 12 images generated in each of Figure 5.12 to Figure 5.14 were analysed and
guantified using IMARIS software. Data were calculated by dividing the sum of the raw far-red
intensity by the number of nuclei recorded in each z-stack and the mean arbitrary units plotted for
rUUKVAF647-infected BSR (A), ISE6 (C) or AF5 (E) cell lines. The data for each cell line were
normalized to the respective mock-infected control to eliminate background signal. Normalised data
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for rtUUKVAF647-infected BSR (B), ISE6 (D) or AF5 (F) cell lines are also shown. Statistical
significance was measured by ordinary two-way ANOVA with Tukey’s multiple comparison test.
Asterisks indicates significance **** = p < 0.0001, *** = p < 0.001, ** =p <0.01, * =p <0.05, ns

= not significant.
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Figure 5.16: Comparison of quantitative analysis of raw fluorescence intensity from washing
experiments. Fluorescence data from Figure 5.15 were analysed and plotted against each other (A)
alongside being displayed as a bar chart to show statistical significance, which was measured by
ordinary two-way ANOVA with Tukey’s multiple comparison test. Asterisks indicates significance
AR = p <0.0001, #** =p <0.001, ** =p<0.01, * =p < 0.05, ns = not significant.
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Figure 5.17: Quantitative analysis of rendered fluorescence intensity from washing
experiments. Fluorescence data from 12 images generated in each of Figure 5.12 to Figure 5.14
were analysed. Z-stacks were rendered using IMARIS software to define the nuclei, cell membrane
and far-red surfaces. Virus bound to rendered membrane was determined by excluding rendered far-
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red intensity at a distance greater than 0.01 pm either side of the rendered membrane. Data were
calculated by dividing the sum of the rendered far-red intensity by the number of nuclei recorded in
each z-stack and the mean arbitrary units plotted for rUUKVAF647-infected BSR (A), ISE6 (C) or
AF5 (E) cell lines. Statistical significance was measured by ordinary two-way ANOVA with Tukey’s
multiple comparison test. Asterisks indicates significance **** = p < (0.0001, *** = p <0.001, ** =

p <0.01, * =p <0.05, ns = not significant.
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Figure 5.18: Comparison of quantitative analysis of rendered fluorescence intensity from
washing experiments. Fluorescence data from Figure 5.16 were analysed and plotted against each
other (A) alongside being displayed as a bar chart to show statistical significance, which was
measured by ordinary two-way ANOVA with Tukey’s multiple comparison test. Asterisks indicates
significance **** = p < 0.0001, *** =p <0.001, ** =p <0.01, * = p <0.05, ns = not significant.
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To further confirm that the observed rUUKVAF647 far-red signal corresponds to viral
particles following the mechanical washing process, two assays were conducted to assess
virus binding and subsequent internalisation to the cell. This was achieved using RT qPCR
analyses of UUKV M segment on cell monolayer lysates. Briefly, cell cultures were mock-
or rtUUKVAF647-infected for at 4°C (and on ice) for 1 hour. For binding RT qPCR analysis,
cell monolayers were then washed one, three or five times as indicated. For internalisation
RT gPCR analysis, inoculum was removed and cells incubated in media at the relevant
temperature before being exposed to trypsin (as performed in Figure 5.9), washing and
harvesting at the indicated time points. Cell monolayers were lysed in TRIzol and total
cellular RNA was isolated. Extracted RNA was then reverse transcribed and RT qPCR
performed to quantify levels of UUKV M RNA and the ribosomal 18S subunit as a
housekeeping control. Results were analysed by 22T method using the wash 1 or 0 h

samples as the baseline (Figure 5.19).

RT gPCR quantification of the total UUKV M RNA showed little detectable change in the
RNA levels of the BSR cells with each subsequent wash step. In rUUKVAF647-infected
ISE6 or AF5 cell monolayers, UUKV M RNA levels decreased with each wash step
employed. However, this decrease only achieved statistical significance in the AF5 samples
(Figure 6.19.A). This observed decrease could be achieved through the virions being
removed/washed off with each subsequent wash. However, this loss may not account for the
total decrease of AFRI within each cell line, as it is plausible internalisation occurs during
the washing stages. It has previously been shown that in mammalian cell lines 25% of
UUKY bound was internalised within 10 minutes (Lozach et al., 2010). Therefore next, the
discrepancy between observed fluorescence and UUKV M RNA level was investigated to
determine if it was due to virus internalisation. The quantity of vVRNA present within the cell
was measured by RT qPCR over a time course spanning the first 60 minutes after the 1 h
adsorption period at 4°C (Figure 5.19.B). In infected BSR cell monolayers, the levels of
intracellular viral M RNA increased until 60 minutes where levels plateaued. This may be
due to viral RNP entry and degradation though intracellular antiviral mechanisms, as acid-
penetration is thought to occur within 20-40 minutes of internalisation (Lozach et al., 2010).
In rUUKV-infected ISEG6 cells, internalisation appeared to begin after 15 minutes, with the
level of VRNA significantly increasing by 60 min p.i. Finally, there was a decrease in UUKV
M RNA present in rUUKV-infected AF5 cell cultures over the 60-minute time course. The
presence of VRNA may be due to inefficient trypsin digestion as observed with the

fluorescence data during the trypsin assays (Figure 5.10 & 5.11). These data suggest that
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while rUUK virions may bind to AF5 cell lines, the virus does not appear to be internalised

and replicate in cultures derived from the mosquito vector.
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Figure 5.19: Comparison of viral RNA quantity during mechanical washing or incubation.
Monolayers of BSR, ISE6 or AF5 cells were incubated with rUUKYV virus preparations at a MOI of
5FFU/cell at 4°C for 1 h. Following the binding period, cell monolayers were washed in PBS for the
indicated number of times (A) or incubated at the corresponding temperature for each cell line for
the indicated time period before being washed and incubated with trypsin (B). Cells were lysed and
total cellular RNA was isolated. Extracted RNA was then reverse transcribed and RT gPCR
performed to quantify levels of UUKV M RNA and the ribosomal 18S subunit as a housekeeping
control. 2-AACT was calculated using the wash 1 (A) or 0 h (B) samples as the control. Each sample
condition contains an n = 5. Statistical significance was measured by ordinary two-way ANOVA
with Tukey’s multiple comparison test. Asterisks indicates significance **** = p < 0.0001, *** =p

<0.001, ** =p <0.01, * =p <0.05, no label = not significant.
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5.4 Discussion

5.4.1 Optimal conditions for viral propagation

The recombinant virus stock used for this study was kindly provided by Dr Veronica Rezelj,
and was initially grown in BHK-21 cells before working stocks were propagated in BSR
cells, both cell lines were grown in DMEM supplemented with 2% FBS at and incubated at
37°C during virus propagation (Rezelj et al., 2015). Studies involving the use of UUKV
grow stock virus in either BSR or BHK-21 cell lines and vary in the percentage of FBS
supplemented within the media. However, in general, all seem to fall within 2%, 5% and
10% FBS (v/v) in BSR or 1-10% FBS (v/v) in BHK cell lines, and are incubated at
temperatures of 33°C or 37°C (Bitto, Halldorsson, Caputo, & Huiskonen, 2016; Mazelier et
al., 2016; Overby et al., 2008; Rezelj et al., 2015). As the research carried out within this
thesis required a high MOI, FBS assays were carried out in both BHK-21 and BSR cell
cultures to investigate the optimal conditions for virus stock production to achieve high titres
compatible with our experimental setup. In BHK cells, incubation temperature was the most
critical factor for achieving high virus titres. Aside from 0% and 10% FBS (v/v), the titres
recorded between 3 and 6 days p.i. for each FBS concentration did not appear to increase,
indicating that the exponential phase of virus growth had been completed. The apparent
delay in completing the exponential phase of virus growth at 1% FBS (v/v) could be due to
the cells being deprived of required growth nutrients. FBS starvation is a well-known method
of restricting cell growth in order to synchronise cell cycling within a culture, as this lack of
FBS slows the processes throughout the cell leading to a restriction point at the GO/G1 phase,
likely slowing viral replication intracellularly (Cooper, 2003). In addition, FBS is known to
stimulate the mitogen activated protein kinase (MAPK) signalling pathway, which is a major
cell signalling pathway involved in a wide range of intracellular functions such as the
immune response, gene expression and cell survival (Kumar et al., 2018). Many viruses are
known to activate or manipulate this pathway during viral replication. Varying the level of
FBS therefore may impact MAPK activation, which in turn may impact virus production,
although at this time it is unclear if this pathway activation would have a positive or negative
effect on viral kinetics (E. Vibeke Thrane, 2009; Kumar et al., 2018). When looking at higher
FBS concentrations, although 10% FBS (v/v) appears to produce a higher titre of virus,
BHK-21 cell culture application manuals by Thermo Fisher Scientific
(https://assets.thermofisher.com/TFS-Assets/LSG/manuals/bhk_man.pdf) recommend not
using 10% FBS (v/v) media for viral production as this accelerates cell division and therefore

confluency is achieved too rapidly, leading to the production of a higher number of defective
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particles. During the FBS assays, BHK-21 cell monolayers achieved confluency before the
end of the 6-day experiment (data not shown), which may have inhibited the production of
a higher titre viral stock (Figure 5.1.A). In BSR cells incubated at 37°C, cell monolayers
were completely detached before the 6-day timepoint, indicating that cells became over-
confluent, resulting in detachment and cell death. At an incubation temperature of 33°C,
only 2% (v/v) FBS produced a significantly higher titre. The slower increase in titre in 0%
FBS is most likely again due to the cell cycle restriction, but as mentioned previously could
also be due in part to the lack of MAPK activation. At 6 days both 5% and 10% (v/v) FBS
concentrations showed cell monolayer confluency, indicating the lower titre may have been
due to confluency being achieved (data not shown). The increase in titre from 3 to 6 days at
2% (vIv) FBS also indicates that the virus replication was still in the exponential phase
between these two timepoints (Figure 5.1.B).

For bunyavirus viral rescue and stock production, cell monolayers are seeded at low densities
(Rezelj et al., 2015), and the results from Figure 5.1 indicate that this sub-confluency aids in
extending the exponential phase of viral replication. When cell monolayers become
confluent, contact inhibition occurs, leading to the (usually reversible) arrest of the cell cycle
and prevention of cell growth which may impede the cell’s ability to propagate. This also
impacts many biological pathways within the cell and leads to detectable changes in the
levels of certain proteins such as lysosomal-associated membrane protein 1 (LAMP1) and
active focal adhesion kinase (FAK). As mentioned in the introduction, LAMP1 is used as a
marker for endolysosomes as UUKV undergoes late-stage penetration. It is not unreasonable
to hypothesise that contact inhibition may reduce levels of the host-cell proteins involved in
the processes required for internalisation or viral replication, in turn reducing or limiting
viral titres (J. Koch et al., 2021; Leontieva & Blagosklonny, 2014; Trajkovic, Valdez,
Ysselstein, & Krainc, 2019). It is important to note however that this hypothesis must be
tested further. For the purposes of this research, all viral stocks were grown in BSR cells at
a temperature of 33°C, in either 0% (v/v) FBS supplemented media for assays involving
dying of viral particles (as this is required for accurate calculations of dye quantities) or 2%
(v/v) FBS supplemented media for all other experiments described in this study. These
conditions were chosen to ensure that maximum time for exponential virus replication could
occur in non-confluent cell monolayers, to not only achieve high viral yield but to try and

minimise the potential for production of non-infectious or defective viral particles.

In future, it may benefit further studies to explore in more detail the impact of cell cycle and
cell monolayer confluency upon the replication kinetics of UUKV. Many tick cell lines

(including ISE6) show a much slower doubling rate, between 4 to 5 days, than the rate seen
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in mammalian cell cultures (Thorpe et al., 2021). As the mammalian cell culture data suggest
cell confluency impacts viral replication, most likely due to changes to the cell cycle, it is
possible that this difference in cell cycle speed may impact virus replication and therefore
potential long-term sustainability of virus production in different cell types. Given that ticks
as vectors can maintain UUKYV infection over the course of their lifetime this slower

replication may be an important factor in viral persistence.

5.4.2 UUKYV Growth kinetics in mammalian, tick and mosquito cell
lines
A549 cell cultures have been used for growth curve studies of several recombinant
bunyaviruses including Toscana virus (TOSV), BUNV and Oropouche viruses (OROV),
where titres reached ~107 FFU/ml after 48 hours (Elliott et al., 2013; Tilston-Lunel, Acrani,
Randall, & Elliott, 2015; van Knippenberg, Fragkoudis, & Elliott, 2013). Prior studies have
found that when A549 cells were infected with UUKYV at a MOI of 2 FFU/cell, recombinant
viral titres can reach ~10% FFU/mI after 72 hours, and higher titres were achieved when
infecting A549/PIV5-V cells, which have a diminished interferon response (Rezelj et al.,
2015). The titres found in the growth curves of this study align with previous observations.
UUKYV encodes a very weak interferon antagonist (NSs) and is unable to prevent cells
mounting an antiviral response, A549 cells demonstrate the potential to clear UUKV
infection, particularly at lower MOI infections (Le May & Bouloy, 2012; Xu et al., 2022). It
was observed that titres achieved in UUKV-infected A549 cells, which can produce an
interferon response, were lower than in BSRs, which have a endogenous defect in IRF3
activation and therefore cannot mount an interferon response (Rieder et al., 2011; Sato,
Tanaka, Yamada, & Yamamoto, 1977). The low level of UUKYV replication in A549 cell
lines is also evidenced by the inability to detect viral N protein expression across the time
period of these experiments (Figure 5.2). A549 cells, therefore, serve as a better model for

examining intracellular host responses to infection in a more biologically relevant setting.

BSR cells, for factors mentioned previously, allow an examination of viral kinetics as
replication is not dampened by the mounting of an effective innate antiviral response.
Infection of BSR cell lines with rBUNV vyielded similar titres to those seen in BHK cells
carried out in previous studies (van Knippenberg et al., 2013). Comparing viral titres of
rBUNV to rUUKYV following infection of BSR cell cultures displayed varying replication
Kinetics, which may be due to the ability of the virus to commandeer the intracellular
machinery and produce new viral particles at a faster speed, meaning all cells within the

culture become infected faster leading to the peak titre being achieved in a shorter timeframe
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than UUKYV. In addition, the N protein expression varies between the two viruses, with N
protein being detectable in cell lysates at 24 h p.i. from UUKYV but not in BUNV infected
samples. This may be due to the export of new virions being faster during infection with
BUNV opposed to UUKYV, thereby preventing the accumulation of BUNV N protein within
the cells until 48 h p.i. or more UUKV N protein being produced during an UUKYV infection
despite fewer virions being released. In all literature, UUKV and BUNV are described as
tick- and mosquito- borne, respectively, although both are known to infect mammalian hosts
(Burrell et al., 2017; Dutuze, Nzayirambaho, Mores, & Christofferson, 2018; Mazelier et al.,
2016). The reflection of this in BSR cell culture makes this cell line useful as a baseline for
expanding analysis of UUKYV into other cell types, and for methodologies such as viral stock
production and plaque assays.

As seen in previous work (Rezelj et al., 2015), rUUKVdeINSseGFP generates a lower titre
at 72 h p.i. compared to wt rUUKYV, which is reflected in the inability to detect the N protein
by western blotting efficiently (Figure 5.2.A and B). In addition, plaque sizes produced by
rUUKVdelNSseGFP are smaller than those of wt rUUKYV, indicating viral kinetics have
been impacted in some way and that the NSs protein (although not required for replication)
has other functions which play a role in completing the replication cycle outside of antiviral
response antagonism (Rezelj et al., 2015). The data from ISE6 cells shows this may also be
true for vector species. As mentioned previously, BUNV is known to be mosquito-borne and
there is no present evidence in the literature to suggest it is capable of replicating within ticks
or tick cell lines (Dutuze et al., 2018). This is confirmed by the growth curve time course.
The gradual decrease in rBUNV titre during ISE6 cell infection suggests a degradation of
the viral particles in the medium that may have not been washed away after the inoculum
was removed, as opposed to active internalisation and replication (Figure 5.3.A). In addition,
BUNV N protein was not detected within rBUNV-infected ISE6 cell lysates at any time
point. Both factors indicate that no active replication of BUNV occurred within the ISE6 cell
line. In comparison, although there was no detectable increase in rUUKVdelNSseGFP over
the time course, the over ten-fold drop in titre by 6 days indicates active uptake of virus
occurs, but replication was unable to be completed (Figure 5.3.A). Similar results have been
observed in our laboratory, where severe fever with thrombocytopenia syndrome virus
(SFTSV) NSs protein has been shown to be required for productive infection of tick cell
cultures, and the block in replication appears to be due to the specific degradation of the viral
MRNA encoding the SFTSV NSs protein (Fares et al in preparation). When UUKV NSs was
encoded and expressed during infection, increasing the MOI increased the viral titre until

day 9 where the titres appeared to plateau (Figure 5.3.A). There was a delay in the detection
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of UUKYV N protein, with N protein being visible by western blotting several days after titres
reach ~10% FFU/ml (Figure 5.3.B). Tick cell lines IRE/CTM19 and IRE/CTM20 have shown
the ability to sustain UUKYV infection and produce viable virus particles over the course of
100 days, plateauing after 10-20 days at a titre of approx. ~10° to ~10” FFU/ml (Mazelier et
al., 2016). Overall, the results from the growth curves in ISE6 cells show the cell line can
sustain a UUKYV infection over an extended period, even though this is not a cell line
established from I. ricinus the natural vector of the virus. Several tick-borne pathogens can
be transmitted by both 1. ricinus and I. scapularis, including TBEV. However, there are
differences within the viral replication kinetics and intracellular responses between the two
species (pathogen dependent) and so more investigation needs to be done to clarify the
ability of I. scapularis to vector UUKV in nature (R. J. Eisen & Eisen, 2018; Gondard et al.,
2018; Shi, Hu, Deng, & Shen, 2018; Weisheit et al., 2015).

Like BUNVs inability to replicate in tick cells, rUUKV does not appear to infect and
replicate in AF5 and AF319 mosquito cell lines. As seen in the growth curves, infection of
these cells with rBUNV produced titres of ~10* FFU/ml in AF5 cells and ~10° FFU/ml in
AF319 cells (Figure 5.4.A). The difference in these titres is most likely due to AF319 cells
harbouring a Dicer2 knockout mutation, hence lacking an RNAI response that would target
the viral RNA for degradation, allowing for the increased production of viral progeny
(Varjak et al., 2017). Therefore, once the BUNV is internalised into the cell and begins
replicating, it is subjected to a weaker intracellular antiviral response. BUNV nucleocapsid
protein was only faintly detectable at 72 h p.i. again demonstrating that it may take longer
for viral proteins to accumulate within arthropod cells, after virus release begins. The ability
to detect infectious virus output from these insect-derived cultures demonstrates that AF5
and AF319 cell lines are permissive to mosquito-borne bunyaviruses. An interesting
observation when probing for the viral and cellular proteins was the increase in tubulin over
time. This was partially expected, as the western blots were carried out using equivalent
volumes of lysate rather than normalising the protein content of the samples, and therefore
the increase most likely corresponds to an increase in cell number over time. However, this
increase in tubulin was more apparent in rBUNV infections from the 0 to 24-hour p.i
timepoints in both mosquito and mammalian cell cultures (Figures 5.2.C and 5.4.C). As this
increase was not observed in ISE6 cells (Figure 5.3.C), where rBUNV replication was not
achieved, it could be hypothesised that the initial infection of mosquito and mammalian cell
cultures with rBUNV reduced cell adherence. By impacting adherence, an increased number
of cells would detach during washing before the monolayer was lysed, causing a reduction

in the quantity of tubulin within the sample. This hypothesis needs to be further investigated,
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and at the time of writing there is no mention within the literature of the impact of BUNV

on cell adherence during infection.

Finally, as previous literature has also shown, wt rUUKV was not able to complete
replication cycles within mosquito cells (Lawrie et al., 2004; Matsuno et al., 2018). Our
results support this model as for both rUUKV and rUUKVdeINSseGFP our results showed
no increase in viral titre over 72 hours (Figure 5.4.A) and no UUKYV nucleocapsid protein
was detected (Figure 5.4.B). Despite the clear vector tropism of UUKYV, little investigation
has been carried out to investigate why this tropism happens or where the block in UUKV
replication occurs in mosquito cells. From the lack of increase in titre and inability to detect
UUKYV N protein in the corresponding western blots, this block (or at least the first block in
replication) occurred before translation was initiated.

5.4.3 Optimisation and use of dyed UUKV to analyse bunyavirus
entry in mammalian, tick and mosquito cell lines
Given the viral kinetics data from each of the cell lines, our initial hypothesis was that UUKV
was incapable of completing replication within mosquito cells as the virus was unable to
bind and be internalised, potentially due to the mosquito cells lacking the necessary surface
receptors. To further examine if the first block in UUKV replication in mosquito cells was
indeed binding, the methodology developed by Hoffman et.al 2018 was adapted to examine
the binding and internalisation of UUKV in BSR, ISE6 and AF5 cell lines (A. B. Hoffmann
et al., 2018). AF647 far-red glycoprotein dye at a ratio of 1:5 viral glycoproteins to dye
molecules was used to dye UUKV virions. Hoffmann et al described a ratio of 1:10
glycoproteins to dye molecules and above potentially interfered with the ability of the
UUKY viral particles to bind and replicate. To ensure the dying of virions within this study
did not interfere with the ability of the virus to complete replication, growth curves were
carried out to compare the viral growth kinetics of dyed and undyed UUKYV particles (Figure
5.5.A). In addition to this, the morphology of the dyed viruses was examined in comparison
to the undyed wt rUUKYV using electron microscopy (Figure 5.5.B-E). Although the edge of
the dyed viral particle is darker, this may be due to experimental set up or the bound dye
affecting the density of the virion surface, and overall due to the pleomorphic nature of
UUKY there were no apparent differences in morphology between dyed and undyed viruses.
This lack of difference was also seen in the growth curves, which fell in line with the
previous optimisation assays by Hoffman et al, who also demonstrated that the AF647
glycoprotein dye binds effectively to the Gn and Gc viral proteins. There were fewer viral

particles in the dyed virus sample, which may be due to some loss of material during a second
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ultracentrifugation process in the protocol, but overall titres produced through this method

were suitable for further experimentation.

It was important to determine whether UUKVAF647 viral particles were infectious and
suitable for binding and internalisation assays, particularly that upon analysis by confocal
microscopy any far-red signal detected corresponded to dyed virus, as opposed to
debris/background/unbound dye. Although Hoffmann et al., used an MOI 1 FFU/ml,
previous studies have employed MOIs from 0.1-10 FFU/ml (Albornoz et al., 2016; Lozach
etal., 2010). In line with the growth curve data and preliminary confocal analysis, a MOI of
5 FFU/cell was chosen for all experiments involving rUUKVAF647 to allow for the highest
likelihood of observing dyed UUKV associated to the cell membranes, whilst still
maintaining the ability to complete replication. These assays were carried out in BSR cell
culture, as this cell line had been used to carry out previous UUKV experiments, and the
mammalian binding and internalisation mechanisms had been well studied (Bitto et al.,
2016; A. B. Hoffmann et al., 2018; Hofmann & Pohlmann, 2011; Lozach etal., 2011; Lozach
et al., 2010). As little is known about binding and internalisation of viral particles in ISE6
cells and given that viral replication has been shown to occur within this cell line, implying
viral entry must occur, carrying out these assays in ISE6 cells sheds further light on the
mechanisms of binding and internalisation. To date, most research revolving around
pathogen-tick cell interactions has involved investigations between the tick cells and
bacteria, and therefore more investigation needs to be carried out to elucidate what cell
surface factors interact with virions. Carrying out these assays in both BSR and ISEG6 cells
allow us to build a baseline of binding and internalisation kinetics, and confirm any far-red
signal seen is from true virus binding. By performing these assays in AF5 cell lines in parallel
we are also able to ascertain if this methodology is useful for defining where the first block

to replication occurs.

In preliminary work, far-red punctate dots of signal were seen to be associated with BSR
cells. These were also seen in non-treated and un-trypsinised rUUKVAF647 samples in
Figures 5.6 and 5.9 in all three cell lines. To determine if this signal was 'true' dyed virus,
samples of rUUKVAF647 were heat inactivated to remove the binding capabilities of the
virus. Heat-inactivation is a common method for inactivating virus and works by denaturing
the proteins and causing conformational changes preventing effective binding to the cell
receptors. When looking across all three cell lines, both visually and through fluorescence
intensity, this was reflected in the data. The lack of punctate dots in heat-inactivated
rUUKVAF647, in comparison to the untreated samples where far-red signal was associated

with the cell membrane as defined by the presence of cell mask membrane stain, indicated
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that the heat-treatment removed the ability of the dyed virus to bind. If this far-red signal
was caused through debris, unbound dye or by alternative means this shift in far-red intensity
would not be expected to a comparable level, as debris may be capable of binding non-
specifically to the cells and unbound dyes binding capability would be unaffected by
denaturation conditions. Raw fluorescence intensity from the z-stack images taken from the
samples was initially analysed. This showed that only untreated rUUKVAF647 produced a
significantly increased far-red signal when compared to the mock infected sample. There
was no significant difference between the low levels of far-red intensity between the
rUUKV- and mock- infected samples derived from BSR and ISE6 cell lines. It is worth
noting there was still some variability and signal seen in heat-inactivated rUUKVAF647 for
both cell lines. However, from examination of the z-stack images, it is reasonable to assume
this was generated from denatured dyed viral protein aggregates non-specifically 'sticking'
to the cell surface. This conclusion is supported as when comparing normalized intensities
in mock-infected samples, the difference between rUUKV and rUUKVAF647 in heat-
inactivated samples was not significant. However, in AF5 cells, heat-inactivated rUUKV
and rUUKVAF647 showed significantly higher far-red intensity compared to mock-infected
samples, although still lower than untreated rUUKVAF647. Given untreated and heat-
inactivated rUUKV and rUUKVAF647 were indistinguishable from each other, this
indicates heat-inactivation of the virus preparations may be causing the mosquito cells to
produce a far-red signal (Figure 5.6). Many arthropods, including mosquitoes, are known to
have auto-fluorescent properties, which may vary depending on tissue and cellular function
(Croce & Scolari, 2022; Scolari, Girella, & Croce, 2022). We therefore believe that the
increase in far-red intensity is due to the AF5 cells producing intracellular components which
auto-fluoresce within this frequency in response to the detection of aggregated proteins
within the inoculum. This is supported when analysing the z-stack images, as far-red
fluorescence within the AF5 cells can be seen within the intracellular compartments as
defined by the presence of the cell mask membrane stain (data not shown). To ensure this
did not impact the analysis of the results and only rUUKVAF647 far-red signal associated
with the cell membranes was quantified, for all optimisation and binding experiments both
raw fluorescence and rendered fluorescence were analysed. Rendered fluorescence only
measured the far-red signal associated with the cell membrane (as defined by the cell mask
membrane and modelled in IMARIS software). Due to the morphology of the different cell
lines, each species required individual membrane boundary settings, which were then
applied consistently across all z-stack images for that cell line. To allow for far-red intensity

to be comparable across the cell lines, the far-red channel maintained the same settings (as
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described in methods) and was subjected to the same boundary and limitation modelling
rules across all z-stack image capture, minimising rendering bias. When these limitations are
imposed on the heat-inactivation z-stack images, the overall trends of the data remain the
same. In both BSR and ISE6 cell lines far-red signal in rUUKV and mock-infected samples
in both untreated and heat-inactivated conditions was negligible, with a significant far-red
signal only seen in untreated rUUKVAF647-infected samples. In AF5 cells, there was no
significant difference between rUUKV and mock-infected samples in heat-treated
conditions, and rUUKYV and mock-infected samples for both conditions had negligible far-
red signal. When looking at the normalised values the only conditions producing significant
far-red signal was again untreated rUUKVAF647-infected samples, as seen in BSR and ISE6
cells. This supports the previous assumption that the variable and increased far red signal
from heat inactivated rUUKVAF647 and rUUKYV occurred due to an increase in intracellular
autofluorescence, and that rendering allows for a more accurate analysis of virus bound to

the cell membranes (Figure 5.7).

Previous studies have shown that UUKYV binding to A549 cells is mediated through protein-
protein interaction (Albornoz et al., 2016; A. B. Hoffmann et al., 2018; Hofmann &
Pohlmann, 2011), and UUKYV could use a similar mechanism to bind to ISE6 cells. To ensure
the far-red signal produced from rUUKVAF647 was the result of virus actively binding to
the cells, and that the dying process had not altered the ability of the virus to bind, e.g.
causing the virus to become 'sticky' and bind non-specifically to the cell surface. The dye
may also block the labelled protein’s ability to bind allowing for only transient association.
Trypsin incubation was therefore used to determine if binding was indeed protein mediated.
Trypsin is a serine protease, and although some viruses such as SARS-CoV-2 and Influenza
A have enhanced cell entry upon exposure to trypsin, there is evidence to show that class Il
membrane fusion protein tetramers (such as UUKVs glycoprotein) are resistant and
unresponsive to trypsin treatment (Kielian, 2006; Y. Kim et al., 2022; Klenk, Rott, Orlich,
& Blodorn, 1975; W. Ma, Tang, & Lai, 2005). As such we can assume that, if trypsin
treatment impacts far-red fluorescence intensity once binding has occurred, rUUKVAF647
attachment to the cell surface is protein-mediated and specific, in line with the current
UUKY model. This can be observed in the confocal images (Figure 5.10). A small number
of red punctate dots can be seen in the trypsin treated cells across all cell lines. However,
these are most likely due to the trypsin not fully being able to cleave every bound virus
particle, potentially due to the incubation time being relatively short to prevent the cell
monolayers from detaching or due to possible steric hinderance. When looking first at raw

fluorescence, trypsinisation significantly reduced the levels of far-red intensity of

170



Chapter 5

rUUKVAF647-infected samples to levels comparable with mock-infection in both BSR and
ISEG cell cultures. This was also seen when the trypsinisation results were normalised to
mock-infected samples, however the signal from the trypsinised rUUKVAF647 samples was
not fully depleted. In comparison, when looking at the raw fluorescence intensity of
rUUKVAF647-infected AF5 cell cultures, trypsinised rUUKVAF647 levels were
significantly lower than non-trypsinised levels and were not significantly different to mock-
infected samples. Interestingly, when results were normalised to mock-infected samples the
significant difference between the trypsinised and non-trypsinised rUUKVAF647 samples
was lost. This is most likely due to the trypsin triggering increased levels of
autofluorescence, as seen in the previous assay (Figure 5.10). This is supported by looking
at the rendered data, where all three cell lines show trypsinisation significantly reduces the
far-red intensity and therefore reduces the quantity of bound viruses to levels comparable
with mock infected samples. This observation was maintained in all three cell lines when
data was normalised to the respective mock-infected cells. It is worth highlighting that even
though the levels of far-red signal were similar to those seen in mock-infected cells, when
looking at the normalised data, some far-red signal was still present in trypsinised samples,
showing that most of the binding was protein-protein mediated (Figure 5.11). The small
quantity not removed via trypsinisation was either inaccessible to the trypsin, or the virions
were binding/associating with the cell through alternative means (such as transient binding
or lipid interaction). As co-factors have been suggested to be associated with mammalian
cell binding (Lozach et al., 2011; Lozach et al., 2010; Mazelier et al., 2016), and the factors
responsible for binding in arthropod cells have yet to be elucidated, it would be interesting

to further investigate the factors required for binding to arthropod cells.

In conclusion the far-red signal seen in the rUUKVAF647-infected samples is likely to be
'true’ signal derived from bound rUUKVAF647, and this methodology may be suitable for
analysing binding kinetics in the cell lines studied. When analysing the fluorescence
intensity per cell, there was a higher level observed in BSR cells when compared to arthropod
cells, which may be primarily due to mammalian cells being larger in size than arthropod
cells and therefore contain more receptors with which the virus was able to bind. As can be
seen in these optimisation measures, rather unexpectedly, AF5 untreated and non-trypsinised
samples show dyed virus associated with the membrane of the cells. Prior to this study the
ability of UUKV to bind mosquito cells was unknown. In addition, results from the
trypsinisation assay show it is likely that this binding was protein-protein mediated,
indicating UUKYV was binding to cell-surface proteins/receptors in cell cultures of mosquito
origin.
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5.4.4 Analysis of binding and internalisation of UUKV in
mammalian, tick, and mosquito cell lines
To explore whether UUK virions could be internalised by BSR, ISE6 and AF5 cell lines,
binding and internalisation assays were performed. Manual washing was used to determine
the strength of the virus-receptor interaction. Following virus adsorption at 4°C to facilitate
virus binding, one, three or five mechanical washes were carried out using PBS. If the
binding was non-specific or weak, a significant decrease in the far-red fluorescence intensity
would be expected with each wash, indicating viral particle were associated with the
membrane but were not being internalised. This method has previously been employed to
study the binding and internalisation of adeno-associated virus (Berry & Tse, 2017). Before
analysing the binding affinity of the virus to the cell lines in the study, comparison of
rUUKVAF647- to rUUKV-infection and mock-infected samples were carried out as
previously described in the optimisation steps. In both BSR or ISE6 cell lines, dyed virions
associated with the cell membranes as expected, and during analysis it was seen the number
of AF647 dots did not decrease drastically as the number of mechanical washed increased,
exemplified in the confocal microscopy images (Figure 5.12 and 13). In both the raw and
rendered fluorescent analysis the difference between wt rUUKV (undyed) and mock-
infected samples was negligible. While rUUKVAF647 infection produces a significant far-
red signal which decreases slightly as the number of mechanical washes increases. This
decrease was more apparent in ISE6 cells, indicating a greater loss of virus particles from
the surface (Figure 5.15). In AF5 cells there appeared to be no significant decrease in the
number of dyed viral particles across mechanical washes (Figure 5.14), and this was also
reflected in the raw and rendered data analysis (Figure 5.15.C and 5.16.C). The individual
cell line results, particularly when comparing the results of rUUKVAF647 with rUUKYV and
mock infected samples, indicate mechanical washing has no impact upon the far-red
fluorescence, and therefore the results suggest the virus is bound to the cell surface. We then
compared the binding at each mechanical wash stage between the cell lines (Figure 5.16 and
5.18). In the raw fluorescent analysis, only BSR cells showed a significant decrease in the
far-red signal intensity (and therefore number of viral particles) as the number of mechanical
washes increased. Although, this may in part be due to BSR cells having a higher quantity
of virus particles initially bound due to the cell size difference as previously discussed. The
decrease in BSR and ISE6 cell-membrane associated virus was more prominent in the
rendered fluorescence analysis (Figure 5.18), and although variability of far-red intensity
increased over the number of mechanical washes, no significant signal decrease was seen

indicating UUKYV binding was specific and strong for AF5 cells. To confirm this result, we
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analysed the quantity of bound virus at the different mechanical wash stages using RT gPCR
(Figure 5.19.A). Interestingly, BSR cells appeared to have a slight increase in vVRNA over
the number of mechanical washes, however, this was highly variable and not statistically
significant. This indicates that the loss of fluorescence in BSR cells during mechanical
washing may be due to internalisation occurring during the washing procedure, as opposed
to virus being lost due to detachment. vVRNA from infected ISE6 cells followed the more
expected pattern of loss of VRNA across the mechanical wash conditions. However, this loss
was not significant which could again indicate some level of internalisation of the bound
virions during the washing process. In the AF5 cell cultures, although no significant loss of
fluorescence was seen, there was a significant drop in VRNA across the mechanical washes.
The more prominent decrease in fluorescence intensity in BSR and ISE6 cells compared to
AF5 cells may have been due to these cells potentially internalising some of the bound
rUUKVAF647 during mechanical washes. In addition, UUKYV is known to ‘clump' together
when infecting or binding, and so some of this loss may be due to any aggregated or clustered
virus detection, which may be more easily detectable when analysing vVRNA compared to

fluorescence intensity.

To determine whether the binding of UUKV to AF5 cells led to internalisation, and to
confirm if any of the loss of fluorescence in ISE6 and BSR cells was likely due to
internalisation beginning to occur over the course of the washes, internalisation assays were
performed (Figure 5.19.B). As expected, the level of UUKV M RNA increased over the 1-
hour adsorption period in the BSR cell cultures. However, this level plateaued between 30-
60 minutes. Previous studies have found internalisation can occur within the first 10 minutes
of adsorption to mammalian cells, with acid-penetration occurring by 20-40 minutes after
internalisation (Lozach et al., 2010). Therefore, this plateau may have been due to the
intracellular components accessing the RNPs and degrading some of the VRNA. This
increase was also seen within infected ISEG6 cell cultures, although this increase only began
after the first 15 minutes, becoming significant by 60 minutes. This was in line with what is
known about the growth rate of tick cells, as the slower rate of growth most likely carries
over into a slower rate of internalisation and intracellular reactions. Surprisingly, in the
infected AF5 cell cultures, no increase in UUKV RNA was seen over time, indicating that
no internalisation was occurring. It should be noted that UUKV RNA was most likely still
detected in these samples as previous assays have demonstrated, trypsin is not fully effective
in cleaving all surface bound virus. However, given that a clear increase in UUKV M RNA
was seen in BSR and ISE6 cells, we can be confident that the lack of any evidence for

internalisation of UUKYV is biologically significant.
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In conclusion, BSR and ISE6 cells showed similar binding affinities for wt rUUKYV, although
the speed of internalisation may have been slower in infected ISEG6 cell cultures. It will be
interesting to determine how these affinities and internalisation kinetics relate to the
mechanism for infection of UUKV in vector cells, but for that to occur the receptors
responsible for allowing UUKV infection in ISE6 cells must be elucidated. It was first
hypothesised that if UUKV was capable of binding AF5 cells, this binding would be passive
and transient. Unexpectedly, the results showing UUKYV can not only bind to AF5 cells, but
this binding seemed to be minimally affected by mechanical washing, indicating specific
and strong attachment (Figure 5.18 and 5.19). Additionally, the fluorescence data obtained
for infected-AF5 cell cultures indicated a similar amount of bound viral particles per cell to
that seen in the ISE6 samples. The data suggests that although UUKYV is capable of
effectively binding to AF5 cells, the virus is unable to trigger internalisation into the
mosquito cells. | hypothesise this may be through the mosquito cells lacking key cellular
receptors, or UUKYV being unable to bind these receptors in a manner which would lead to
the conformational changes needed to trigger internalisation.

Future work in this area would benefit from not just the elucidation of the tick receptors
responsible for internalisation, but also a more detailed examination of the binding of UUKV
to mosquito cells through the application of electron microscopy or similar techniques to
identify the structures involved in this binding. In addition, the use of reverse genetic systems
to produce either virus-like particles or virions with 'mix and match' properties, for example
the RNP of UUKYV packaged with the glycoproteins of a mosquito-borne bunyavirus, would
allow for investigation into whether this barrier to infection can be overcome and if any

further blockages occur once the viral genetic material is internalised.

The aim of this research chapter was to define the viral growth kinetics of UUKV across
BSR, ISE6 and AF5 cell lines, comparing against the mosquito-borne virus BUNV, to
confirm that UUKV was 'tick-borne’ and incapable of replicating within mosquito cell
culture. UUKYV and other tick-borne viruses are highly understudied in their vector cell lines
due to the difficulties of working with tick cells and the lack of genetic tools and knowledge
available. There are clear differences in the growth kinetics of UUKYV in tick and mammalian
cell lines, which may be due in part to the speed of cell cycle replication between the two
cultures, and to substantiate this hypothesis it would be useful to further investigate the effect

of cell cycle on the growth kinetics of UUKV.

We also aimed to determine where the first block in replication occurs during UUKV

infection of mosquito cells. The previous hypothesis was that UUKV lacked the ability to
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bind to mosquito cell surface receptors, therefore preventing infection. This work has shown
that not only does UUKV have the ability to bind mosquito cells, but that this binding
appears to be strong and able to be disrupted through trypsin incubation. However, despite
this binding, after allowing for incubation of the virus with mosquito cells before removing
surface-associated virus through trypsin incubation no increase in internalised UUKV M
RNA was detected. Additionally, a decrease in both the fluorescence intensity and total
cellular UUKV M RNA was observed during increasing wash numbers. Therefore, the data
suggests the first block in infection of the mosquito cells appears to be at the step of
internalisation, with UUKYV failing to trigger internalisation into mosquito cells over the one-
hour adsorption period.  To further strengthen this model, and to better clarify the
mechanisms involved in tick cell binding and internalisation, future studies should include
determining the structures involved in UUKYV binding to various arthropod cell lines and

identification of the cell surface receptors responsible.
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6.1 Introduction

RNA binding proteins (RBPs) are crucial for cell biology, interacting with both protein
coding mRNAs and non-coding RNAs (ncRNAs) to mediate or regulate their lifecycle and
functions, including synthesis, processing, stability, transport, storage, translation, decay and
antiviral immunity. Within arthropods, particularly ticks, the scope of RBPs remains largely
unknown, despite cellular RNA-binding proteins (RBPs) having emerged as key regulators
of virus infection in mammals and vectors (e.g. DICER2). Previous investigations into whole
cell and immunoprecipitation proteomics, transcriptomic and genomic analysis of tick-
derived cell lines have already been undertaken by several groups. However, no work has
been conducted into understanding what interactions occur between the tick cell RNAs and
proteins that maintain intracellular homeostasis and respond to environmental and
pathological cues. My goal was to investigate the landscape of RBPs, the RNA-binding
proteome (RBPome), using a state-of-the-art proteome-wide technique in order to begin
mapping the function of these proteins. Following this, | would then use the establishment
of this tick-derived cell line RBPome as the foundation to explore the impact of RBPs during
infection (Glisovic, Bachorik, Yong, & Dreyfuss, 2008; Matera, Terns, & Terns, 2007). The
importance of RBPs in the context of infection will be expanded upon in the following
chapter, but in brief, the limited coding capacity of viral genomes enable the production of
only a handful of proteins able to interact with RNA. However, RNA metabolic processes
often involve large complexes (e.g. ribosome and spliceosome can consist of complexes
containing over 100 proteins) and a plethora of molecular functions, making viruses reliant
of host cell RBPs to replicate, express their proteins and package their genomes, while
making viral transcripts stable in the hostile intracellular environment (Fatica & Tollervey,
2002; Wahl, Will, & Luhrmann, 2009).

Here, | will focus on the RBPs that interact with cellular mMRNAs and other poly(A) RNA,
however, many of these mMRNA-binding proteins have been shown to play critical roles in
infection of human cells. RBPs are capable of binding RNA through interactions with
specific protein modules, termed RNA binding domains (RBDs). Globally speaking, RBPs
are biochemically distinct from other proteins groups, having predominantly a higher
isoelectric point (pl) due to the presence of positively charged residues that interact with the
phosphate backbone of the RNA, and a low hydrophobicity (HI), compared to the average
of the proteome (Castello et al., 2012). In addition, RBPs are often enriched in intrinsic
disorder when compared to the whole proteome, and these regions may serve multiple
purposes including allowing for putative interactions with DNA, acting as linker regions to

coordinate multiple domains, and undergoing disordered-to-ordered transitions upon
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interaction with other cellular factors in order to promote specific RNA binding (Calabretta
& Richard, 2015; Ottoz & Berchowitz, 2020; Zhao et al., 2021). Through combining
multiple RBD types and linker regions, RBPs increase their versatility of RBPs in terms of
affinity and specificity, creating architectures that range from low to high selectivity and
binding avidity. (Lunde, Moore, & Varani, 2007).

There are two overarching categories of RBDs: conventional and non-conventional.
Conventional RBPs bind to RNA through specific, structurally well-defined RBDs such as
the RNA recognition motif (RRM), DEAD box helicase, hnRNP, K homology (KH), and
zinc finger domains, amongst others. Many RBPs contain multiple RBDs resulting in a
modular protein architecture often leading to increased affinity and specificity (Y. Chen &
Varani, 2005; Cléry & Allain, 2013; Hentze, Castello, Schwarzl, & Preiss, 2018). Initially,
in vitro methods were used to discover RNA-RBP interactions, focusing on singular RBPs
and target RNAs in an electrophoretic mobility shift assay (EMSA), or through using in vitro
transcribed RNA as 'bait' in RNA capture-based enrichment. These methods, although
informative, were insufficient to provide a more complete and physiologically relevant
RBPome. They lacked spatial resolution due to cell lysis, and were prone to false positives
because of RNA probe misfolding and the inability to distinguish between direct and indirect
protein binding or nonphysiologically relevant binding. To overcome this bias, Castello and
colleagues developed a novel method for capturing RBPs using UV crosslinking and
oligo(dT) capture (Baltz et al., 2012; Castello et al., 2012; Castello et al., 2016; Castello et
al., 2017; Castello et al., 2013; Iselin et al., 2022; Perez-Perri et al., 2021). This method,
termed RNA interactome capture (RIC), “rediscovered” the compendium of classic RBPs
known to interact with RNA, while discovering hundreds of novel non-conventional RBPs
that do not rely on the commonly known RBDs to interact with RNA (Castello et al., 2012;
Castello et al., 2013).

RIC uses UV light at a wavelength of 254 nm to immobilise RNA-protein interactions within
cells by inducing covalent bonds between the RNA and proteins within a distance of <2 A.
Exposure to this UV radiation does not cause detectable protein-protein crosslinking or break
phosphodiester bonds (Brimacombe, Stiege, Kyriatsoulis, & Maly, 1988; Castello et al.,
2012; Castello et al., 2013; Greenberg, 1979; Perez-Perri et al., 2021). Once the RNA-protein
interactions are 'frozen’, cells can be lysed under denaturing conditions and poly(A) RNA
(and any RBP crosslinked to it) is isolated using oligo(dT) magnetic beads. These beads have
poly-deoxythymine tails attached to them that base pair with the poly-A tails that are present
in nearly all cellular mMRNAs. After denaturing washes, elution of protein-RNA complexes

is performed, combining heat and either proteinase K (to isolate RNA) or RNase treatment
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(to isolate RBPs) (Castello et al., 2012; Castello et al., 2013; Perez-Perri et al., 2021). The
downstream steps employ quantitative proteomic analysis to identify comprehensively and
systematically RBPs bound to poly(A) RNA. This method has several advantages, the use
of oligo(dT) magnetic beads allows for stringent washing and depletion of highly abundant
non-poly(A) RNAs (e.g., ribosomal RNA (rRNA) and transfer RNA (tRNA)) as well as
proteins that do not interact with RNA, allowing for the stringent detection of RBPs. This
protocol is adaptable to different experimental conditions, including both a variety of cell
culture types or whole organisms, and viruses. In the context of this research, this technique
is used on both naive (Chapter 6) and UUKV-infected ISE6 cell cultures (Chapter 7).
However, it is important to note that there are also drawbacks to this method. RBPs which
are important to intracellular homeostasis or infection but bind to non- poly(A) RNA, or
RBPs which undergo stochastic short-lived binding cycles with mRNA will not be identified

due to low isolation or crosslinking (Castello et al., 2013; Perez-Perri et al., 2021).

The efforts within the RBPome field have allowed the production of an RBPome database
'RBP2GO' (Caudron-Herger, Jansen, Wassmer, & Diederichs, 2021), which collates all RIC
data sets together alongside datasets generated through other approaches, for species such as
Homo sapiens (Castello et al., 2012; Caudron-Herger et al., 2019), Mus musculus (Boucas
et al., 2015; Kwon et al., 2013), and Danio rerio (Du et al., 2020). At the time of writing,
the RBP2GO database contains 22,552 RBP candidates with different degrees of evidence
across 13 species, although it is important to note that due to these candidates being detected
through various techniques the level of filtering and validation is not consistent. The species
are listed in the table below (Table 6.1), and 12 out of 13 of these species contain RBPomes
using RIC, with the only species lacking RIC datasets being Salmonella typhimurium as
there have been no studies where the RBPs have been identified under poly(A) enrichment
(Caudron-Herger et al., 2021). However, despite these advances, the RBPome of ticks still

remains unexplored.

To begin elucidating the RBPome of ticks and functionally mapping the RBPs, the ISE6 cell
line was chosen to carry out all RIC experimentation within this thesis. This cell line was
chosen due to the level of detail that is known about the cell line and I. scapularis organism
(from which this cell line is derived), and the ease with which ISE6 cell cultures can be
manipulated. The ISEG6 cell line is used for both investigations into the biology of ticks and
host-pathogen-vector interactions, alongside having a mapped and annotated genome to
allow for interpretation of experimental RIC data. This genome, importantly, also facilitates
the ability to do host subtraction, and homology analysis (Bell-Sakyi, Kohl, Bente, &

Fazakerley, 2012; Cramaro et al., 2017; Miller et al., 2018). In addition, this cell line has
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been shown to be permissive for both transfection and genetic manipulation (Kurtti et al.,
2008).
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Number of RBP
Number of RBP candidates via
Species Common Name
Candidates poly(A)
enrichment
Homo sapiens Human 6100 861
Mus Musculus Mouse 2897 840
Danio rerio Zebra fish 311 227
Drosophila
Common fruit fly 2982 152
melanogaster
Caenorhabditis
Roundworm 1873 1347
elegans
Saccharomyces
Brewer’s yeast 2155 213
cerevisiae
Arabidopsis thaliana Thale cress 2352 1808
Sleeping sickness
Trypanosoma brucei ) 169 155
parasite
Leishmania donovani = Black fever parasite 79 79
Leishmania
Braziliensis parasite 1162 1162
mexicana
Plasmodium
Malaria parasite 1030 20
falciparum
Salmonella Salmonella sp.
‘ 226 N/A
typhimurium bacteria
Escherichia coli E. coli bacteria 1216 1182

Table 6.1: Asummary of the number of RBP candidates for each species available in RBP2GO.
The table displays the number of each species, alongside the common name for the species, number
of RBP candidates and the number of candidates associated with poly(A) enrichment (Caudron-
Herger et al., 2021).
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6.2 Aims

The aims of the research presented in this chapter were to:

Optimise RIC protocol for use in cell lines derived from Ixodes scapularis
(ISE6). The RBPomes of several species have been investigated and defined through
prior studies, most recently through methodology utilising UV crosslinking and
oligo(dT) capture established by the Castello lab (Castello et al., 2012; Castello et
al., 2013; Perez-Perri et al., 2021). In contrast, no work has been done to define the
RBPome within any tick species or tick cell line. This research aims to optimise the
RIC methodology for further investigations into the ISE6 RBPome.

Elucidate the RBPome of ISE6 cell cultures. Upon establishment of an optimised
RIC methodology, I aim to use this technique to define the RBPome of ISE6 cells as
a foundation for UUKYV infection studies. This will be the first time the RBPome of

a naive tick cell culture will be established.
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6.3 Results

6.3.1 Adaptation of UV crosslinking and oligo(dT) capture in ISE6
cell culture.

In order to determine the optimal UV dosage (mJ/cm?) for crosslinking of ISE6 cellular RNA
and proteins, cell monolayers of ISE6 cells were exposed to varying levels of UV radiation.
The minimum dose being 150 mJ/cm? (the dose typically used in human cells), increasing in
increments of 50 mJ/cm? to 400 mJ/cm?, with an additional monolayer being mock-irradiated
as a control. Following UV exposure, cell monolayers were immediately lysed with
denaturing buffer and prepared for RIC. The input and eluate samples were resolved and
visualised using polyacrylamide gel electrophoresis, followed by silver staining. No
differences in banding patterns were detected between the input samples from each
biological replicate. Conversely, no protein was detected in the mock-irradiated (0 mJ/cm?)
samples after elution indicating no proteins were present within these samples to a level
detectable by silver staining. The banding pattern of the irradiated eluates was specific and
distinctive from the respective inputs, implying this protocol had effectively and specifically
enriched a protein subpopulation, whose banding pattern composition was compatible with
RBPs (Beckmann et al., 2015; Castello et al., 2012; Kwon et al., 2013). Further, no
difference in banding pattern was seen among the UV exposed eluates, although the bands
appeared darker at the lower dosages, indicating that higher UV dosage may trigger
RNA/protein degradation or cell membrane damage in ISEG6 cells, reducing the RIC output
(Figure 6.1.A).

Irradiated input and eluate samples were also prepared for western blot and probed for a-
tubulin —an abundant intracellular protein that forms dynamic microtubules within cells and
plays a key role in cell structure, intracellular transport, and cell division. As such, a-tubulin
has been shown not to interact with RNA and be extracted during RIC (Binarova &
Tuszynski, 2019; Castello et al., 2012). Therefore, a-tubulin can be considered a negative
control. a-tubulin was present within all irradiated input samples as expected as these
samples correspond to the whole cell lysate, although the band appeared to become less
intense as the UV dosage increased suggesting potential protein damage or, as mentioned
previously, a cellular response to the UV. No a-tubulin was detected in any of the crosslinked
eluate samples, supporting the specificity of RIC (Figure 6.1.B). As a result of these
optimisation experiments, 150mJ/cm? was chosen as the dosage for all further UV-
crosslinking in ISE6 cell cultures. This dosage was chosen as it had previously been applied

successfully to the RIC of mammalian cell cultures, and as the silver stain and western blot
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results (Figure 6.1) indicated that this dosage allowed for the strongest enrichment of ISE6
RBPs with the minimal level of protein degradation or cellular distress before cellular lysis.
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Figure 6.1: Optimising UV dosage for preliminary RNA interactome capture (RIC) in the ISE6
cell line. ISE6 cell monolayers were exposed to the indicated dosage of UV radiation (mJ/cm?) or
mock-irradiated, before lysis. (A) Input samples were extracted, and cell lysates prepared for RIC
using oligo(dT) capture beads. Whole cell lysates from either before (input) or after (eluate) RNA
capture were separated by SDS PAGE and resolved proteins were visualised using silver staining.
(B) To ensure only RNA-binding proteins were captured, input and eluate samples were also
prepared for western blotting and reacted with an anti-tubulin antibody. ISE6 whole cell lysate was
used as a positive control (+ve).
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Prototype RIC samples for UV-crosslinked and mock-irradiated ISE6 cell monolayers were
generated for mass-spectrometry. ISE6 cell monolayers were exposed to 150mJ/cm? UV
irradiation or mock-exposed. After UV exposure, cell monolayers were immediately lysed
and prepared using the established RIC protocol. Two consecutive rounds of RIC were
performed on the same input sample using the oligo(dT) capture beads to ensure maximal
depletion of poly(A) RNA. The input and eluate samples were then resolved and visualised
using PAGE and silver staining. No differences in banding patterns were detected between
the crosslinked and non-crosslinked input samples, which was observed previously in the
UV dosage optimisation experiment. Additionally, no protein was observed in the mock-
exposed (0 mJ/cm?) eluates, reinforcing the UV dependence of RIC. Again, a specific
banding pattern was detected when UV was applied to the cultures. However, these bands
were only visible in the first RIC cycle, suggesting that one cycle was sufficient to fully
deplete the poly(A) RNA from the input lysates. For all further RIC experiments, only one
cycle was carried out as no contribution to the proteomics results was expected from the

second cycle (Figure 6.2.A).

These samples were processed for proteomics using the bead-based single-pot, solid-phase-
enhanced sample-preparation (SP3) method (Hughes et al., 2019), which is more sensitive
that standard approaches, and mass-spectrometry was carried out at the Rosalind Franklin
Institute in collaboration with Prof. Shabaz Mohammed. The mass-spectrometry outputs
were processed through MaxQuant software using FASTA files derived from the ISE6 cell
line genome as a background. This enabled identifying peptides, assigning intensities and
compile the qualitative and quantitative information to the protein level (Figure 6.2.B).
Known contaminants identified by MaxQuant analysis were filtered from the data set. In
total, 934 proteins were identified, with 54 proteins being exclusively found in non-irradiated
samples and 680 proteins being enriched in UV-crosslinked samples (Figure 6.2.C). The
results from this pilot experiment showed that UV-crosslinking strongly increased protein
recovery upon oligo(dT) capture, making RIC suitable for establishing the RBPome of ISE6

cell cultures.
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Figure 6.2: Analysis of preliminary RIC experiment conducted in the ISEG6 cell line. ISE6 cell
monolayers were exposed to 150mJ/cm? or mock irradiated before lysis. Input samples were
extracted and cell lysates were prepared for RNA interactome capture (RIC) using oligo(dT) capture
beads. Two rounds of RIC were conducted, therefore producing two eluate samples per crosslinking
condition as indicated by the 1 and 2 in the eluate channels. (A) Whole cell lysates from either before
(input) or after (eluate) RNA capture were separated by SDS PAGE and resolved proteins were
visualised using silver staining. (B) The first round of UV-exposed and mock exposed eluates were
prepared by utilising a SP3 protocol in preparation for liquid-chromatography mass spectrometry
(LC-MS). The mass-spectrometry outputs were processed through MaxQuant. The Log?2 intensity of
the UV-exposed crosslinked (CL) sample was plotted against the intensity fold change of the Log2
intensity values of the UV-exposed crosslinked (CL) and non-crosslinked (NCL) samples. (C) Venn

diagram comparing the number of proteins identified in the CL vs NCL experiment.
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6.3.2 Sample preparation and quality assessment of mass-
spectrometry for UV crosslinking and oligo(dT) capture in
ISE6 cell monolayers.
To generate samples for mass spectrometry and for the establishment of the ISE6 RBPome,
non-crosslinked and UV-crosslinked ISE6 samples were prepared in triplicate following the
same protocol used to prepare the prototype. Small fractions of all inputs and eluates were
taken and stored for protein and RNA analysis. As this work was done in tandem with a
UUKY infection study, which will be expanded upon in the next chapter, ISE6 cell cultures
were seeded and incubated for 9 days before UV exposure. All samples pertaining to the
work described in this chapter are labelled ‘Mock’ to allow for differentiation between naive

and infected cell cultures in later chapters.

When analysing the triplicate samples, no differences in protein banding patterns were
detected between the UV-crosslinked replicates, showing high reproducibility. Non-
irradiated samples were depleted of proteins, and irradiated samples displayed a protein
pattern that matched the previous experiments (Figure 6.3.A). For RNA analysis, the proteins
present in the samples were degraded using proteinase K to release the RNA, which was
subsequently analysed by RT qPCR using primers designed to target the tick cell 18S
ribosomal RNA (rRNA) and ELF1A, and thus calculate, using the AACT method, the
expression of 18S per sample normalised to ELF1A. The 18S is a highly abundant non-
polyadenylated rRNA and so should be removed during the RIC procedure to enable the
identification of proteins associated with less abundant RNAs such as mRNAs. ELF1A is a
cellular poly(A) mRNA and should not be depleted substantially upon RIC oligo(dT)
enrichment. As the aim of this method was to deplete abundant non-polyadenylated RNA, a
minimum fold enrichment of >6 was required for samples to be suitable for mass
spectrometry. All sample preparations met the minimum fold enrichment requirements, with
NCL2 being the lowest recorded enrichment at 6.484 (Figure 6.3.B). Samples additionally
showed some loss of total RNA between the inputs and eluates. However, this is most likely
due to the loss of non-poly(A) transcripts (Figure 6.3.B). Samples were then prepared for
proteomics by SP3 as described in Methods.
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Figure 6.3: Preparation of triplicate RNA interactome capture (RIC) samples in the ISEG6 cell
line and validation for further mass spectrometry analysis. Preparations of ISE6 cell monolayers
(in triplicate) were exposed to 150mJ/cm2 or mock irradiated before lysis. Input samples were
extracted, and cell lysates were prepared for RNA interactome capture (RIC) using oligo(dT) capture
beads. (A) Whole cell lysates from either before (input) or after (eluate) RNA capture were separated
by SDS PAGE and resolved proteins were visualised using silver staining. (B) Prior to samples being
prepared for gel electrophoresis, fractions of the input and eluate samples were processed through
protein degradation to isolate the RNA in the three crosslinked (CL) and non-crosslinked (NCL)
samples. RNA quantities in these samples were measured via a nanodrop spectrophotometer. RT
gPCR was performed against tick cell 18S ribosomal RNA and eukaryotic elongation factor 1-alpha
(ELF1A; mRNA used as a housekeeping gene). The AACT method was used to measure the quantity
of 185 RNA normalised to ELF1A RNA levels, and the mRNA fold enrichment in the eluate

compared to the input sample were calculated for each biological sample.
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Before defining the ISE6 RBPome, the mass-spectrometry results were evaluated to
determine the quality of the replicates for each condition. This evaluation involved i) plotting
the protein intensities for each sample to compare the overall correlation across replicates
and samples (Figure 6.4.A); ii) determining the incidence of missing values across samples
(Figure 6.4.B); and iii) sample clustering by principal component analysis (PCA) (Figure
6.4.C). Firstly, the distribution of the Log2 intensity values of the proteins within each
sample was plotted, as these intensity values allow for the examination of the relative
abundance of proteins between the samples to test for consistency. The distribution of
intensities for each of the replicates within each condition (i.e. crosslinked and non-
crosslinked) showed no significant inter-replicate variation, supporting the robustness of the
approach (Figure 6.4.A).The number of proteins where no intensity values were returned
across each sample was used to determine the number of missing values. Overall, the non-
irradiated samples contained ~3 times more missing values than the irradiated samples
(Figure 6.4.B). Finally, PCA was used to examine the variability between the samples as
described in Methods. Replicates for each condition grouped together in the PCA plot, and
clear separation was observed between crosslinked and non-irradiated replicates. According
to the analysis, ~85% of the variability was related to whether the sample was subjected to
UV irradiation or not. This shows that one can use UV-dependent isolated proteins to

determine the ISE6 RBPome (Figure 6.4.C).
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Figure 6.4: Diagnostics of mass spectrometry results from ISE6 RIC biological triplicates.
Triplicate ISE6 cell monolayers were exposed to 150mJ/cm? UV-irradiation or mock irradiated prior
to lysis. Input samples were extracted, and cell lysates were prepared for RNA interactome capture
(RIC) using oligo(dT) capture beads. UV-exposed and mock exposed eluates were prepared by
utilising a SP3 protocol in preparation for liquid-chromatography mass spectrometry (LC-MS). The
mass spectrometry for this experiment was done alongside mass spectrometry of UUKV-infected
ISE6 cell cultures also used for RIC assays (further described in chapter X). Therefore, for this
current analysis the samples will be referred to as Mock (M). The mass-spectrometry outputs were
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processed through MaxQuant to produce identified peptides with corresponding intensities for each
sample, with potential contaminants subsequently removed. (A) The log2 intensity values for all
proteins within the mock crosslinked (Mock_CL) and mock non-crosslinked (Mock_nCL) samples
were plotted. (B) The number of unidentified proteins and missing values were plotted for the mock
crosslinked (Mock_CL) and mock non-crosslinked (Mock_nCL) samples. (C) Principal component
analysis (PCA) was carried out and plotted for the mock crosslinked (Mock_CL) and mock non-
crosslinked (Mock_nCL) samples.
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6.3.3 Defining the RBPome of ISEG6 cells

Once quality control analysis of the proteomics output was completed, samples were deemed
suitable to use in defining the ISE6 cell line RBPome. To do this, the CL/NCL fold change
(FC) for each protein as well as its derived adjusted p-value (adj.P.val) were calculated.
Proteins enriched with a false discovery rate (FDR) < 10% and a FC < 1 (where the adj.P.val
of each protein within the grouping was <0.1 and <0.01, respectively) were classified as
putative tick RBPs. Proteins which did not meet these criteria were discarded from further
analysis. In total, 540 proteins were identified in the crosslinked samples, of which 495
proteins were significant to a FDR of 10% (coloured orange). For an additional stringency
measure, proteins within the 1% FDR were also examined. A total of 450 proteins were
within the 1% FDR (coloured red) and were considered “high confidence” RBPs (Figure
6.5.A). All subsequent analyses were performed using the 495 proteins from the 10% or
below FDR group. The UUKV N protein was detected within the samples, labelled as NCAP
(Figure 6.5.A). However, these peptides were only detected within one of the non-
crosslinked and two of the crosslinked triplicates, and the intensity within these replicates
was reduced ~10° compared to the infected samples. Therefore, this peptide assignment may
have been due to an issue in matching between runs, where a peak signal was observed in
the same ms/z position as NCAP causing this signal to be incorrectly assigned as NCAP.
Additionally, through further testing of the silver stains and RT qPCR work when infected
samples were analysed (Figures 6.3.A, 7.2.A, and 7.2.B), no N protein was visualised, and

no viral RNA was detected within the non-infected cell lysates.

As the tick reference genome contains minimal information regarding protein names and
functions, InParanoid analysis (E. Persson & Sonnhammer, 2022) was used to identify
human orthologs to the RBP candidates through comparison of FASTA files containing the
amino acid sequences of the proteins. Of the 495 proteins identified, approximately 66%
were able to be matched to a human ortholog (Figure 6.5.B). Accordingly, when discussing

individual genes and proteins, the human ortholog name will be used where possible.

As mentioned in the introduction, RBPs often display certain biochemical properties. Using
the FASTA files for the putative tick RBPome, the hydrophobicity (HI) isoelectric point (pl)
and percentage intrinsic disorder were calculated for each protein and plotted against the
ISE6 whole cell proteome (Figure 6.5.C, 6.5.D and 6.5.E, respectively). The HI of the tick
RBPome was slightly more negative than that of the whole RBPome, while the pl was
overall higher. In addition, the proteome had multiple peaks within the pl plot, whereas the

RBPome had a smoother curve and singular broader peak at the higher pl, indicating a more
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homogeneous protein population regarding this biochemical feature. Finally, the proportion
of intrinsic disorder regions was similar in magnitude in both mock RBPome and the whole
proteome. Altogether, these results revealed that the tick RBPome was enriched in the
known biochemical features of RBPs with the exception of intrinsic protein disorder
(Calabretta & Richard, 2015; Ottoz & Berchowitz, 2020; Zhao et al., 2021). Protein disorder
in RBPs expanded across evolution, being minimal in Saccharomyces cerevisiae and
representing near 40% of the RBP length in humans (Beckmann et al., Nat Coms 2015). The
lack of enrichment of protein disorder in tick RBPs may represent an early stage of protein

evolution and diversification.

Once the biochemical properties of the 10% FDR RBP group were analysed, the next stage
was to characterise the domains present within them, which will be referred to in all further

writing as the “mock RBPome”.
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Figure 6.5: Analysis of ISE6 cell derived RNA Binding Proteome (RBPome). Analysis of
samples prepared for mass spectrometry as described in Figure 6.4. Mass spectrometry of these
samples was carried out alongside the mass spectrometry of UUKV-infected ISE6 cell cultures also
used for RIC assays (further described in chapter 7). (A) The fold change of the proteins found in the
mock crosslinked samples compared to the mock non-crosslinked (x axis) were plotted against the
significance of this fold change (-log10(p value), y axis). Proteins with a FC >0 within the 1-10%
false discovery rate group (0.0001 > p > 0.001) are labelled orange. Proteins within the 1% false
discovery rate group (p < 0.0001) are labelled red. Proteins with a FC < 0 at a 1-10% false discovery
rate - 0.0001 > p > 0.001 (light blue), and proteins at a 1% false discovery rate - p < 0.0001 (dark
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blue). Proteins within the 10% FDR group with a FC > 0 were used in further analysis (ISE6
RBPome). (B) InParanoid analysis was used to determine if the 10% FDR proteins had corresponding
human orthologs (red) or no corresponding human orthologs (grey). The FASTA files for the 10%
FDR proteins were then used to calculate the (C) hydrophobicity (D) isoelectric points of the
proteins, and (E) % intrinsic disorder of the ISE6 RBPome (red), which were plotted using R and
compared against the whole proteome (blue) derived from ISE6 cell cultures (whole proteome
FASTA files were downloaded from VectorBase). This analysis was done through InterproScan
MobiDB, and all proteins where 0% intrinsic disorder or those whose disorder were unable to be
calculated were removed. Statistical significance in percentage disorder distribution was analysed

using the non-parametric Kolmogorov-Smirnov test.
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Analysis of the domains within the mock RBPome was carried out through Interpro scan.
The FASTA files were scanned for any known protein domains, of which 81 proteins showed
no identifiable domains within their sequence and were removed from further analysis. Of
the proteins with identifiable domains, 229 (~55%) contained at least one domain that is a
known RBD (Figure 6.6.A). It is important to note that even though the unknown protein
group contains no recognised RBDs, this does not mean it contains no domains capable of
interacting with and binding to RNA, as there is a growing list of non-canonical RNA-

binding surfaces being discovered and characterised (Castello et al., 2016).

Protein RBDs are grouped into two broad classifications: classical RBDs and non-classical
RBDs. The mock RBPome contained both classical and non-classical RBDs. The odds ratio
of both domain types was substantially increased in the mock RBPome when compared to
the whole cell proteome, and this difference was statistically significant (Figure 6.6.B). To
further examine the different types of RBDs within these groups, the classical and non-
classical RBDs can be grouped into overarching functional groups based on their protein
family (pfam) IDs, which classify the protein sequences into families and domains. Only
two of the functional groups in the classical RBD cohort, RNA binding motif and RNA
recognition motif, displayed a significant increase in odds ratio, although zinc-finger
containing family and RNA recognition motif 2 classical domain types and other known
RBDs displayed a positive odd ratio. The lack of significance for these classical RBDs can
be associated with the small group size and the poor annotation of the tick proteome (Figure
6.6.C). There are many more functional groups for non-classical RBDs with fewer pfam
groups within each, due to their more recent classifications and less conserved functional
domains. Due to this, there were many groups which had a significantly increased odds ratio
when compared to the ISE6 background, and therefore for graphical plotting only functional
groups with a statistically significant (p<0.01) odds ratio were plotted (Figure 6.6.D).
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Figure 6.6: Analysis of ISE6 cell derived RNA Binding Proteome (RBPome) known RNA
binding domains. The FASTA files of the proteins defined in the 10% FDR mock RBPome were

analysed using Interpro scan to determine the protein domains present within the cells. Of which, 82

proteins from this group displayed no identifiable domains and were therefore removed from further

analysis. (A) Using the established list of known RBDs, which includes both classical and

nonclassical RBDs, the proteins were grouped based on whether they contained at least one known

RBD (known RBD) or contained no known RBDs (unknown). (B) For the Known RBD group from
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(A), the odds ratio and significance for a protein containing a classical or non-classical domain
compared to the whole proteome proteins containing RBDs were calculated using Fisher’s exact test.
For proteins containing classical (C) and non-classical (D) domains, odds ratio and significance were
calculated using Fisher’s exact tests against the whole proteome proteins containing these respective
domains. Results with an odds ratio < 0.01 were excluded for plotting. Statistical analysis was carried

out using R. Asterisks indicates significance **** = p < 0.01, * =p < 0.25.
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The subset group of proteins within the mock RBPome containing no known RBDs (Figure
6.5.A) were analysed to compare their biochemical properties against the whole proteome.
Compared to the whole mock RBPome, the pl plot did not exhibit as higher an pl when the
non-RBD containing group is isolated (Figure 6.7.A). In comparison, the HI curve shows
the same trends as the whole mock RBPome, in that the proteins containing unknown
domains have an overall more negative HI compared to the whole proteome. (Figure 6.7.B).
Finally, the percentage of the intrinsic disorder of the proteins in the whole proteome, the
mock RBPome, and the subset of the mock RBPome which contain unknown domains were

plotted showing no difference as previously discussed (Figure 6.7.D).
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Figure 6.7: Analysis of ISE6 cell derived RNA Binding Proteome (RBPome) against proteins
containing ‘non-known’ RNA binding domains. Proteins containing no known RBD domains
from Figure 6.6.A were analysed to determine their (A) hydrophobicity and (B) isoelectric points.
These were plotted using R and compared against the whole proteome derived from ISE6 cell

cultures. (C) Protein intrinsic disorder was also calculated using MobiDB, comparing the whole
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mock RBPome (blue), the mock RBPs with known RBDs (red), and the mock RBPs with no known
RBDs (pink). From the data, 151 out of the 223 proteins with known RBDs and 154 out of 184
proteins with no known RBDs returned % intrinsic disorder scores, and therefore all results where
no intrinsic order was returned were given a value of 0. A one-way ANOVA was used to determine

statistical significance.
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The analysis of the mock RBPome was then expanded to include gene ontology (GO)
analysis using the tools available in VectorBase. This allows for exanimation of enrichment
against the ISE6 genome and proteome background, with both computed and curated
evidence inputted and a p-value cut-off of 0.05 (Amos et al., 2022). Overall, 241 biological
processes were found to be enriched within the RBPome, with the most enriched expression
being gene expression as seen in the word cloud (Figure 6.8.A). When focusing on the most
enriched GO terms (Figure 6.8.A), | found that most of the processes were linked to mRNA,
such as cleavage for processing or polyadenylation, processing, and splicing. To better
visualise this, the fold enrichment of each GO term was plotted against its -Log2 p-value
(from Figure 6.8.A), and 10 most significant pathways highlighted. These were: gene
expression, translation, peptide biosynthesis, cellular nitrogen compound metabolism,
peptide metabolism, cellular amide metabolism, cellular nitrogen compound biosynthesis,
cellular macromolecule biosynthesis, and macromolecule biosynthesis, all of which refer to

protein synthesis.

In conclusion, through this analysis, the mock RBPome of the ISE6 cells has been
established. This is important for the vector community as we provide functional information
to hundreds of cellular proteins that now can be annotated in VVectorBase as RBPs. Moreover,
the dataset provides a baseline for comparisons both within the ISE6 under different

conditions, such as infection, but also for comparing with other species.

203



Chapter 6

(A)

P-value

L y tabol 0 ribosome biogenesis 80
regulation of mMRNA processing RNA splicing, via transesterific 10
ribonucleoprotein complex biogen cellular aromatic compound metat 1074

RNA pfOC@SSng nucleic a‘mu metabolic ﬁvugess ‘ ‘ 1
organonitrogen compound biosynth...

macromolecule biosynthetic process

cellular nitrogen compound biosy...

peptide metabolic process
amide biosynthetic process
translation .

gene expreSsmn
peptide biosynthetic process

cellular nitrogen compound metab...
cellular amide metabolic process

cellular macromolecule blosynthe

mRNA metabolic process | ¢ process
RNA metabolic process b
mRNA processing macromolec

regulation of mRNA menbohc pro.

tion of mRNA st
cellular bios synt H tic proces: organic substance biosynthetic p

(B)

300 1 .

[peptide biosynthetic process)|

[amide biosynthetic process)|
200 (cellular nitrogen compound metabolic process
peptide metabolic process]

[cellular amide metabolic process Hcellular nitrogen compound biosynthetic process]

'\}‘[cellular macromolecule biosynthetic process|

[macromolecule biosynthetic process]

100 1

Significance (-log,(P-value))

Fold Enrichment
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from (A) are involved in were plotted against the fold enrichment of these processes. RIC samples
compared to the background ISE6 proteome are shown on the x- axis and the significance plotted on
the y-axis. The top ten most significant pathways are highlighted on the graph.
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6.3.4 Comparison of ISE6 RBPome to other species and validation
of potential antibodies for further analysis
Previous studies have established the RBPomes of several species (both eukaryotes and
prokaryotes), including the human cell lines (mammalian), as shown in Table 6.1.A. By
comparing the biochemical properties of the ISE6 mock RBPome to other species, it is
possible to begin determining whether there are similarities between ISE6 and other
organisms, allowing for further defining of the ISE6 RBPome. As more is elucidated about
the mechanisms of RNPs within the ISE6 cell culture, it would also be useful to compare
these with those of the other species and determine if there is any relationship between the
biochemical properties and RBP mechanisms in future. Human orthologs were identified
from the ISE6 proteins, and mouse anti-human a-tubulin antibody binds ISE6 a-tubulin.
Hence, through analysis of sequences identified between orthologues, I can contribute to

expanding the molecular toolkits available for ticks.

Next, the ISE6 RBPome and ISE6 whole proteome HI distribution were compared against
that of poly(A) RBPomes and whole proteomes of relevant taxonomic species as shown in
Figure 6.9 and described in Table 6.1. These data were obtained through RBP2GO (Caudron-
Herger et al., 2021), which is an online repository that contains all published RBPome
datasets generated by different methods. RBP2GO allows for the selection of proteins that
interact with poly(A) RNA, therefore these datasets are more comparable to the ISE6
RBPome generated here. Most RBPomes exhibited lower HI profile than their respective
proteome, reflecting the low incidence of membrane-associated proteins, with a few

exceptions when this difference was subtle or non-existent such us for E. coli (Figure 6.9).

When comparing the pl profiles, I observed a general trend for RBPomes to be shifted to
more basic values than the whole cell proteome, except for a few examples such as D.
melanogaster, A. thaliana and, particularly, E. coli (Figure 6.9), E.coli exhibit a noticeable
shift to acidic pls for the RBPome that could be technical (adaptation of RIC to non-poly(A)
RNAs required important modifications in the protocol) or biological as bacterial RBPs are
expected to be an ancestor of or evolutionarily diverged from eukaryotic RBPs. The other
datasets exhibiting unusual trends could be affected by technical or biological issues, as for
example D. melanogaster and A. thaliana datasets include full embryo and leaves,

respectively, while most of the other datasets focused on cell lines.
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Figure 6.9: Comparison of the hydrophobicity points of the ISE6 RBPome alongside the
background proteome with those of several other species. The FASTA files for the 10% FDR
proteins were used to calculate the hydrophobicity (HI) value of the proteins, which were plotted in
R against the whole ISE6 proteome (A). The RBPome of (B) Homo sapiens, (C) Mus musculus, (D)
Danio rerio, (E) Drosophila melanogaster, (F) Caenorhabditis elegans, (G) Saccharomyces
cerevisiae, (H) Trypanosoma brucei, (1) Arabidopis thaliana, (J) Leishmania donovani, (K)
Plasmodium falciparum, and (L) Escherichia coli were also plotted for comparison. The Uniprot IDs
for these species were obtained from the online database RBP2go, and RBPomes were selected for
poly-A enrichment. ID mapping in Uniprot was used to acquire the species whole proteome and
RBPome FASTS files.
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Figure 6.10: Comparison of the isoelectric points of the ISE6 RBPome alongside the
background proteome with those of several other species. The FASTA files for the 10% FDR
proteins were used to calculate the isoelectric point (pl) values of the proteins, which were plotted in
R against the whole ISE6 proteome (A). The RBPome of (B) Homo sapiens, (C) Mus musculus, (D)
Danio rerio, (E) Drosophila melanogaster, (F) Caenorhabditis elegans, (G) Saccharomyces
cerevisiae, (H) Trypanosoma brucei, (I) Arabidopis thaliana, (J) Leishmania donovani, (K)
Plasmodium falciparum, and (L) Escherichia coli were also plotted for comparison. The Uniprot IDs
for these species were obtained from the online database RBP2go, and RBPomes were selected for
poly-A enrichment. ID mapping in Uniprot was used to acquire the species whole proteome and
RBPome FASTS files.
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Finally, to begin expanding the potential downstream analysis for the tick RBPome through
western blot validation, cell lysates were prepared from several tick cell lines: ISE6,
BME/CTVM6, BME/CTVM 23 and IRE20, with the human derived A549 cell lysates acting
as a positive control. As no tick-specific antibodies exist for these cell lines, or indeed any
RBP, our collaborators in the Castello group kindly provided a selection of human anti-RBP
antibodies, used in their studies, to probe the tick cell lysates (Figure 6.11). These were
antibodies against the following proteins and their predicted kDa; DDX41 — 70 kDa (D),
HMGBI1 - 25 kDa (E), FUS — 70 kDa (F), A5027 — 109 kDa (G), PA2G4 — 44 kDa (H),
DDX1 — 95 kDa (I), HNRNP1 — 40 kDa (J), MOV10 — 114 kDa (K), and PTBP1 — 65 kDa
(L). Proteins within the cell lysates were visualised by staining with Coomassie (A). Western
blots of the lysates were probed with anti-tubulin (positive control) (M), followed by anti-
mouse secondary antibody or anti-rabbit secondary antibody (negative control) to show no

non-specific binding occurred with the fluorescent probes.

Due to the presence of proteins with identifiable human orthologs within the ISE6 RBPome,
it was theorised that the potential sequence similarity may allow for antibodies raised against
human or mouse RBPs to bind tick RBPs. Unfortunately, no bands were seen at the predicted
size for any of the anti-human RBP in any of the tick lysates. Additionally, due to the lack
of labelling and mapping of proteins within the ISE6 genome we were unable to confirm the
expected size of several of these proteins within the tick, and when an expected size was

predicted no bands were observed at this size.
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Figure 6.11: Testing anti-human RNA-binding protein antibodies against several tick cell
derived whole cell lysates. Uninfected ISE6 [16], BME6 [B6], BME23 [B23], and IRE20 [120] tick
cell line extracts were prepared for western blot analysis. A549 [A] cell extract was used as a positive
control. (A) Whole cell lysates were separated by SDS PAGE and resolved proteins were visualised
using Coomassie staining. Western blotting was conducted, and membranes were reacted with either
fluorescent anti-mouse (B) or anti-rabbit (C) secondary antibodies as a negative control. Membranes
were then probed with antibodies against DDX41 — 70 kDa (D), HMGBL1 - 25 kDa (E), FUS — 70
kDa (F), A5027 — 109 kDa (G), PA2G4 — 44 kDa (H), DDX1 — 95 kDa (1), HNRNP1 — 40 kDa (J),
MOV10 - 114 kDa (K), and PTBP1 — 65 kDa (L). Finally, cell lysates were probed with anti-tubulin
antibodies as a positive control (M). Black arrows indicate the human protein size (kDa) as indicated

in Uniprot.
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6.4 Discussion

This work was carried out in close collaboration with the laboratory of Professor A. Castello
at the University of Glasgow MRC - Centre for Virus Research, who developed RIC and
have adapted it to different purposes and biological models. This method has been employed
to investigate the RBPome of a variety of target cells and tissues from the species listed in
table 6.1. These include: human cervical cancer (HeLa), hepatocytes, and myeloid leukaemia
cells (Beckmann et al., 2015; Castello et al., 2012; Castello et al., 2016; Conrad et al., 2016),
mouse macrophages, testes and embryonic stem cells (Du et al., 2020; Kwon et al., 2013;
Liepelt et al., 2016), budding and fission yeast (Kilchert et al., 2020; Matia-Gonzalez, Jabre,
& Gerber, 2021), drosophila embryos (Sysoev et al., 2016; Wessels et al., 2016), E.coli
(Stenum et al., 2023), and plant leaves, sidling and protoplasts (Marondedze, Thomas,
Serrano, Lilley, & Gehring, 2016; Reichel et al., 2016; Z. Zhang et al., 2016). To date
however, neither this approach, nor any other RIC technique, has been applied to ticks at
either a cell line or organism level. Due to this, we first chose to ensure the RIC protocol
would be suitable to elucidate the ISE6 RBPome.

When carrying out irradiation previously, it was found that 150 mJ/cm? was the optimal
dosage for UV crosslinking in mammalian cell lines, this maintaining the balance between
protein and RNA recovery (Castello et al., 2013). D. melanogaster embryos, budding yeast
and A. thaliana leaves required substantially higher doses of UV (~1000 mJ/cm?) (Sysoev
et al., 2016), due to poorer UV penetration of the cell wall, tissue, etc and/or absorption by
pigments such as chlorophyl. Most studies have employed 150 mJ/cm2. We therefore
decided to test a range of UV dosages starting with 150mJ/cm? and increasing in 50 mJ/cm?
increments up to 400 mJ/cm?, to confirm which dosage provided the optimal RIC output.
When developing the silver stains for Figure 6.1.A, a band can be seen in both the input and
eluates in all channels at ~15kDa. This corresponds to the RNaseOUT enzyme used to
degrade the RNA from the RIC and can be disregarded. Beyond this, no bands were seen in
the non-crosslinked channel of the eluates (Figure 6.1.A), so we can confirm that there is no
significant carryover of non-specific proteins. This was as expected as | used denaturing
conditions for lyses and washes. The banding pattern of the eluates of UV-irradiated samples
for each dosage were consistent and distinct from the irradiated inputs, indicating the specific
subpopulation of RBPs were isolated through the RIC. In addition, the eluate bands appeared
to become lighter as the UV dosage was increased, indicating less protein material was
present in each lane. As mentioned in the results, this may be due to higher UV dosage
causing RNA or protein degradation within the cells, or causing the cells to become stressed

and initiate degradation/apoptosis before they were able to be lysed. Accordingly, the lower
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dosage was chosen to ensure this material loss in the elutes was minimised. To validate that
this method isolated RBPs from the ISEG6 cell culture, the aim would be to probe the eluates
for known RBPs using a western blot. However, as there are no known antibodies against
tick RBPs at this time, the irradiated input and eluate samples were probed for a-tubulin.
This protein is highly abundant in all cells and has been shown to not interact with RNA,
and therefore should not be pulled down during RIC (Castello et al., 2012). This was
confirmed within the western blots, showing that the proteins that do not bind to RNA are
not extracted during RIC (Figure 6.1.B). In agreement with the silver staining results, there
was a stronger intensity of a-tubulin at the lower doses, meaning it is more likely that the
loss of material was due to protein or/and RNA damage by UV irradiation, or the cellular
stress response to UV exposure . Because the cells were kept at 4°C during irradiation and
quickly lysed after, the possibility of intrinsic protein or RNA damage is more plausible. To
maximise the protein recovery as well as minimise adverse effects on the cells, a UV dosage
of 150 mJ/cm? was used for all RIC in ISE6 cells.

Once the UV dosage was confirmed and the analysed outputs indicated the ISE6 RBPs had
been successfully isolated, the next step was to confirm these samples would be suitable for
proteomics using mass spectrometry. Two rounds of RIC were carried out on the prototype
lysates, however as the resulting silver stained gel indicated that one cycle was sufficient to
deplete the proteins bound to the captured RNA from the lysates and to prevent dilution or
increased likelihood of capturing non-specific material, only the eluates from the first round

of capture were prepared via SP3 for proteomic analysis.

The aim of the pilot analysis was to analyse the number of identifiable proteins within the
irradiated and non-irradiated prototype samples, without investigating the characteristics or
types of proteins identified, to determine if the number of proteins identified would fall
within a similar range to previous studies (Table 6.1). MaxQuant was used to process the
mass spectrometry data and once potential contaminants, such as keratins present in the
environment from skin and hair debris and residual reagents from upstream processes such
as trypsin (Hodge, Have, Hutton, & Lamond, 2013), were removed, the crosslinked samples
contained 859 proteins and the non-crosslinked contained 233 proteins, 179 of which were
found in both crosslinked and non-crosslinked conditions (Figure 6.2.C). By plotting the
log2 intensity fold change against the log2 crosslinked intensity we can see that most of the
‘shared’ proteins (proteins found in each sample) were more abundant in the crosslinked
samples (Figure 6.2.B). In the previous studies mentioned, RIC of human, mouse and yeast
produced from 400 to 1000 proteins, and drosophila and plant RIC produced lower amounts

(Bach-Pages et al., 2020; Hentze et al., 2018), and therefore 859 proteins found within the
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crosslinked samples was considered a successful experiment given the substantially worse
annotation of tick proteins when compared to other species. These experiments also
confirmed that 7.5x107 cells was enough starting material for the RIC protocol.

As mentioned within the Methods (Chapter 4) and Defining the RBPome of ISE6 cells
Results (Chapter 6.3), production and subsequent mass spectrometry to elucidate the ISE6
cell line RBPome (crosslinked and non-crosslinked triplicates samples) was carried out in
tandem with rUUKV-infected ISE6 RIC to elucidate the differential expression of RBPs
during UUKY infection. This will be expanded upon in the following Chapter (Chapter 7).
This chapter focuses on defining the ISE6 steady-state RBPome through analysing UV-
irradiated uninfected cells and the non-irradiated controls.

Analysis of the proteins within the crosslinked and non-crosslinked triplicates via silver
staining showed that both the input and eluate samples displayed similar banding patterns to
previous RIC, which indicated the methodology was reproducible and able to isolate the
specific RBPs. Additionally, as seen within the pilot RIC, no protein bands were seen within
the non-crosslinked eluates, which was expected. If bands are present within the non-
crosslinked eluates this indicates that the RIC wash steps are not sufficient to remove non-
specific, non-crosslinked proteins, and further wash steps or increasing the salt
concentrations within the wash buffers may be required to interrupt these non-specific
interactions and remove background protein (Figure 6.3.A). To ensure the samples were
enriched for mMRNA and no other types of cellular RNA such as the over-abundant rRNA or
small nuclear RNA (snRNA) (and the associated bound proteins), RT qPCR was performed
to measure the enrichment of mMRNAs in the eluates when compared to the corresponding
inputs. Non-polyadenylated RNAs can be captured via internal A-rich sequences or through
strong RNA-RNA interactions. However, oligo(dT) selection is expected to deplete non-
poly(A) RNAs to some extent, with >6-fold reduction of rRNA being recommended for RIC
experiments. Indeed, RNAseq of olio(dT) selected RIC samples showed that mRNA
comprises 70% of all the reads (Castello et al., 2012; Iselin et al., 2022), suggesting that they
are the main contributors (although not the sole) to the proteomic results. If the eluates do
not show sufficient enrichment for mRNA, this indicated the wash steps are not stringent
enough and may need to be extended or altered (such as increasing the temperature for the
last washes or the lysis volume and homogenisation process) to reduce non-mRNA
interactions and remove these from the samples. With a fold-enrichment value of 6 or higher
of mMRNA over rRNA, | expect that over 95% of non-mRNA is removed from the samples.
From results of the RT gPCR, all samples had over 6X fold enrichment in mRNA when

comparing the eluates to the inputs, showing the wash steps were sufficient to remove most
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non-mRNAs and ensuring the proteins within the eluates reflect the ISE6 RBPome (Figure
6.3.B). The triplicates for crosslinked and non-crosslinked ISE6 cells were prepared via
single-pot, solid-phase-enhanced sample preparation (SP3) and analysed by mass-
spectrometry. SP3 is considered a non-standard protocol within mass-spectrometry sample
preparation and was chosen as RIC has not previously been carried out in tick cell culture
meaning it was vital to maximise the protein retention (Hughes et al., 2019).

The mass spectrometry-based proteomics output was analysed as follows: plotting the log2
of the protein intensities for each sample to compare the overall distribution of intensities
between the samples (Figure 6.4.A), determining the number of missing values when
comparing the samples (Figure 6.4.B), and performing a PCA with every sample (Figure
6.4.C). These diagnostic analyses were undertaken to evaluate the variability between both
the biological triplicates for each condition, and between the two conditions, to determine if
the samples showed reproducibility and would be representative of the ISE6 RBPome. Some
variability is expected between biological triplicates, as these samples were produced at
different times using individual ISE6 cell monolayers. However, significant differences
within the biological triplicates in either protein intensity distribution or number of missing
values highlights a technical issue with the samples that can increase biological variance. If
one sample showed significant variability, this sample would need to be excluded from
further analysis, and if all samples showed significant differences the methodology would
need to be re-evaluated to determine why reproducibility was not achieved. As no significant
technical variability was seen between the biological triplicates for each condition, no
samples were omitted from further analysis. The biological triplicates from each condition
were then compared to each other. It is expected that crosslinking would produce eluates
with both a higher quantity (higher protein intensities) and a higher number of proteins
(fewer missing values), which would be reflective of the ISE6 RBPome, compared to the
non-crosslinked samples which should include lower quantities (lower protein intensities) of
non-specific ‘background proteins’(more missing values). If the crosslinked and non-
crosslinked samples contained similar levels of protein intensity and no/few missing values,
it would indicate there was no difference between the samples, and therefore the proteins in
the crosslinked eluates would not be reflective of the ISE6 RBPome as these proteins would
be unable to be differentiated from the background. This outcome may have occurred if too
few cells were exposed sufficiently to UV crosslinking, and so binding the proteins to mMRNA
was not achieved to a level where RIC would allow RBPome enrichment, or if during the
washing steps either mRNA was not enriched, or all RNA was stripped from the beads.

Overall, the diagnostic analysis returned the expected results from samples, given that the
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previous silver stains show specific banding of only the crosslinked eluates (Figure 6.3.A),
the mRNA enrichment was achieved to above the required threshold and RNA was still
detected within the eluates (Figure 6.3.B), the intensities of the proteins in the crosslinked
samples were higher than that of the non-crosslinked (Figure 6.4.A), and the number of
missing values was far larger in non-crosslinked eluates compared to crosslinked (Figure
6.4.B). However, these diagnostic analyses only account for the overall trends, and do not
factor in the proteins identified through the mass spectrometry. To evaluate the variability
of the samples, including the types of proteins isolated, a PCA was performed. As this
analysis does not include the data labels for the origins or sources (crosslinked or non-
crosslinked) of the data sets, grouping is carried out through comparing the types and
quantities of proteins within each sample group, whereby the closer the data sets, the lower
variations between them. The sample groups from each condition, crosslinked and non-
crosslinked, would be expected to group together, as these should have similar outputs
reflective of the ISE6 RBPome and non-specific cellular protein background, respectively.
This is seen within the results of the PCA when visualised in a plot (Figure 6.4.C), as UV
treatment accounts for ~85% of the variance. These results provide further confidence that
the crosslinked samples contain proteins of the ISE6 RBPome. The additional variability
may be due to a variety of biological factors, such as differing proportions of cell types
within the heterogenous cell monolayer. Overall, I can conclude from the quality assessment
of the mass spectrometry results that the RIC and sample preparation techniques applied to
the ISE6 cell culture were effective in isolating reproducible samples which can be used to

define the proteins involved in the ISE6 RBPome.

To determine which proteins were specific to the crosslinked sample, and therefore
components of the ISE6 RBPome, the FC in each protein and its associated adj.P.val was
calculated by comparing the crosslinked to non-crosslinked samples. When setting the FDR
cut-off point, the number of proteins encompassed by both 10% and 1% FDR criteria were
examined. Proteins which did not fall within these criteria are considered background, most
likely abundant or highly ‘sticky’ non-specific proteins that were not removed during the
wash procedure. In total, 540 proteins were identified from the crosslinked and non-
crosslinked triplicates, of which 495 proteins were significant to an FDR of 10% or lower
(coloured orange in Figure 6.5.A) and of 450 proteins were found at 1% FDR (coloured red
in Figure 6.5.A). As the difference in proteins between the 10% and 1% FDR accounted for
less than 10% of the ISE6 RBPome proteins, the 10% FDR group was considered the mock
RBPome going forward to prevent loss of information through disqualifying potential RBPs.

As this is the first time the RBPome is being explored within tick cell culture, the number of
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proteins which would be isolated during RIC was unknown. The pilot experiment indicated
a maximum number of 859 proteins could be enriched with this protocol and experimental
settings (Figure 6.2.C), and the final number of 495 putative RBPs falls in line with the
results of the pilot experiment. However, this number is lower than the RBPomes defined in
human cells, such as the isolation of the 861 RBPs in HeLa cells (Castello et al., 2012;
Castello et al., 2016). My result was therefore considered positive, but | acknowledge might
be affected by poor annotation of tick proteins as well as limited starting material (Castello
et al 2012 used 1x108 cells and separation into 12 fractions), but future work can build on

my results to generate a more comprehensive RBPome of 1. scapularis.

The next step was to determine if any of the putative tick-derived RBPs had identifiable
human orthologs using InParanoid analysis (E. Persson & Sonnhammer, 2022). Roughly
2/3rd of proteins were mapped to human orthologs (Figure 6.5.B). This was a larger than
expected, as previous studies into drosophila and mouse systems showed between 50-60%
of the RBPome mapping to human orthologs. For example, early fly embryo RBPome
returned approximately 56% of RBPs mapped human orthologs, and studies into embryonic
mouse RBPs returned approximately 59% of RBPs mapped to human orthologs (Kwon et
al., 2013; Wessels et al., 2016). The increase in percent mapping may be in part due to the
fact that annotation in ticks might be favoured by conservation in other species (Perez-Perri
etal., 2021). Ortholog analysis is necessary due to the current lack of annotated tick genomes
and will be crucial if studies are expanded to less-studied tick species. By analysing the
human orthologs of the unidentified proteins found in the tick RBPome, one can hypothesise
the function of these proteins. However, such inferred functionality based on human
orthologs should be interpreted careful as the pairing of the human ortholog to the tick
protein does not guarantee that these proteins have the same intracellular function or location

due to the existence of divergent evolutionary mechanisms.

Next, further biochemical, molecular, and functional analysis were conducted on the putative
ISE6 RBPome compared to the proteome of the background organism, in this case Ixodes
scapularis. This was to determine if the attributes of the identified proteins, such as their HI,
pl and intrinsic disorder aligned with properties expected for RBPs. HI was analysed as
RBPs are enriched in positively charged and polar amino acids and normally lack
transmembrane domains, making them less hydrophobic that the average protein in the
cellular proteome and allowing them to interact with the negatively charged RNA (Castello
et al., 2012; Corley, Burns, & Yeo, 2020; Lunde et al., 2007). The tick RBPome follows
these rules, as when plotted the HI distribution of the RBPome proteins is lower than that of

the ISE6 whole cell proteome. For pl, RBPs also often have a high pl as the phosphate
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backbone of the RNA is negatively charged (Jacobson & Saleh, 2017), and positively
charged residues such as Lysine and Arginine are key and abundant in RNA-protein
interfaces (Castello et al., 2012; Perea & Greenbaum, 2020). The pl distribution of the ISE6
RBPome is overall more positive than the whole cell proteome as is expected from RBPs.
In addition, unlike the whole cell proteome which contains several peaks, the ISE6 RBPome
distribution had a smooth, broad peak, which is in line with previous RBPome analysis in
mammalian HeLa cells (Figure 6.5.C) (Castello et al., 2012; Castello et al., 2016). Finally,
the overall distribution of percentage (%) intrinsic protein disorder was analysed. Within
proteins, intrinsically disordered regions (IDR) can form more flexible structures that can
coordinate RBDs and add RNA-binding properties to the RBP, such as increasing affinity
and specificity (Ottoz & Berchowitz, 2020). The overall distribution of percent intrinsic
disorder within the proteins in the ISE6 RBPome compared to the whole proteome was
calculated. It was expected that many of the mock RBPome proteins would feature
disordered regions, as these have been found to be common within human RBPs (Castello
et al., 2012). Although these results showed no significance between the RBPome and
proteome, this does not imply that the disordered regions within RBPs are not biologically
relevant to RNA interaction, and indeed, a previous report highlighted that intrinsically
disorder regions in RBPs expanded across evolution and warrant further modelling and
mechanistic investigation. Overall, as the biochemical properties of the ISE6 RBPome match
what is expected of current or known RBPs, an in-depth domain analysis was performed on
the dataset.

With InterproScan we identified the proteins which were annotated with RNA-binding
related pfam IDs. | acknowledge, this annotation is likely to be incomplete and the
proportion of classic RBP might be underestimated. Within the mock RBPome, 82 proteins
showed no identifiable domains. However, this may be due to the quality of the proteome,
rather than the proteins lack known domains. Due to poor annotation, these proteins may
have incomplete or incorrect sequences, or yet unidentified domains, and as such were
removed from further analysis. Overall, this accounts for ~17% of the ISE6 mock RBPome
proteins. Although not having these inputs may affect the overall results of further domain
enrichment analysis, this does not detract from the results obtained through analysis of the
proteins which contained identifiable domains. As more work is done to elucidate the ISE6
proteome, redoing this analysis using the updated FASTA files for the 82 proteins would be
beneficial to determine if this gap in information impacts the overall domain analysis. Using
the list of known RBDs as defined by previous work (Castello et al., 2012; Castello et al.,

2013; Hentze et al., 2018) it was determined if the mock RBPome and whole proteome
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proteins contained RDBs. Upon analysis, 229 proteins (55%) in the mock RBPome contain
RBDs, which aligns well with the human RBPome in which this is approximately 50% as
determined in the 2016 work by Castello et al (Castello et al., 2016). This may indicate that
there is a conserved mode of RNA binding across species, with organisms relying on both
domain-specific RNA interactions and other means, such as using disordered regions of
domains with non-canonical RNA-binding activity. When breaking down the types of RBDs
present within the mock RBPome against the whole proteome as background using odds
ratio analysis, both classical and non-classical RBDs are enriched when compared to the
whole proteome. Rather than analyse enrichment of each individual domain when compared
to the whole proteome, the classical and non-classical domains were assigned into overall
architype groups, e.g. RNA recognition motifs are grouped by their class to allow for gaining
statistic power. Although proteins containing classical domains have a higher odds ratio
within the mock RBPome and therefore are enriched within the mock RBPome, when
looking at the breakdown of the classical domains present, no binding domains showed a p-
value smaller than 0.25 when analysed by fishers’ exact tests, and therefore this enrichment
was not statistically significant. This may be due to the number of proteins containing
classical RBDs being high in the whole RBPome, and the mock RBPome only containing a
subsection of the pfam domains present in the overall group classifications thereby, making
the differences in the odds ratio smaller and harder to determine significance (Figure 6.6.C).
As an alternative explanation also relates to poor annotation, as statistical power relies on
the size of each domain class. From the odds ratio, it seems that the most enriched domains
involve RNA-binding motif domains, Zinc-fingers, and RNA recognition motifs (RRMs).
This is similar to data found in the literature examining RBPs in humans, and in addition
these binding domains display the previously described biochemical properties typical of
RBDs and then to be the larger classes amongst cellular RBPs (Castello et al., 2012). This
supports the functional conservation of these domains across species. As non-classical RBDs
are less characterised, and are more versatile within architype groups Therefore, when
comparing to classical domain groups, there are more unique groups of non-classical RBDs
with fewer RBDs per group. This could be due to the nature of non-classical RBDs being
more varied and divergent in function. For example, only a small population of WD40-
containing domains bind to RNA in human cells and this binding relies on the amino acid
composition of each individual WD40 ring. Improving the coverage of the tick RBPome in
the future will help to define the scope of non-canonical RBDs and approaches such as

RBDmap (Castello 2016) can be employed to identify them experimentally.
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For the proteins which did not contain a known RBD, one can hypothesise that either these
proteins contain RBDs which have not yet been defined, or that they bind to RNA in a non-
domain specific manner. Although there may be some domains that have yet to be defined,
particularly given that tick cells are highly understudied, it can be hypothesised that the latter
is more likely, whereby binding occurs through a less sequence/structure specific manner
such as disordered sections of protein directly interacting with RNA, or allowing for multiple
protein conformations dependant on additional protein/RNA interactions or post-
translational modifications (Ottoz & Berchowitz, 2020). While no enrichment was found in
disordered regions for no RBD containing proteins (Figure 6.7.C), it is known that RNA-
binding disordered motifs are relatively short (20-30 amino acids) and contain specific
signatures that are conserved from yeast to human (Beckmann et al, 2015) and are expected
to be found here. Scanning of tick RBPs to identify compatible RNA-binding disordered
motifs should be done in the future. As the HI of the proteins that contained no known RBDs
within the mock RBPome showed no difference to the whole mock RBPome, the unknown
mock proteins still retain some biochemical properties of RBPs. Structural analysis to
identify regions within these proteins which demonstrate RNA-interaction potential, and
domain-specific pl analysis, should be carried out to further characterise these unorthodox
RBDs.

To conduct functional analysis, GO analysis tools available in VectorBase were utilised.
This allowed for the direct comparison of the ISE6 RBPome against the ISE6 proteome
background. When the RBPome was analysed for terms involving biological processes, 252
biological processes were found to be enriched. When analysing the most significant GO
terms, the terms described pertain to transcription and translation alongside other metabolic
processes (Figure 6.8). These results may be due to the number of proteins varying between
the different processes, particularly as terms such as ‘gene expression’ are broader than
‘RNA splicing, via transesterification reactions with bulged adenosine as nucleophile’.
Proteins may also be involved within many related pathways, such as ‘pre-mRNA cleavage
required for polyadenylation’ and ‘mRNA cleavage involved in mRNA processing’,
reflecting a prominent presence of proteins from the spliceosome and 3’ processing
machinery. However, some level of overlapping between these GO terms is expected.
Despite this, analysis using GO terms provides a good overall view of the data, particularly
given the novel nature of this ISE6 RBPome, and provides a good basis for expanding ISE6
RBPome experiments into virus infection studies. However before moving on to infection

studies, it was prudent to explore how our results describing the ISE6 RBPome compared to
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the RBPomes defined for other species given the similarities seen between these results and
the analysis of the mammalian RBPome from HelLa cell culture (Castello et al., 2012).

By expanding the comparison of the ISE6 RBPome to include other species, it is hoped that
a better understanding can be gained of how the ISE6 mock RBPome proteins function and
the intracellular pathways they are involved in using the information already available. This
comparison will also allow further confirmation that the ISE6 mock RBPome follows the
overall biochemical trends seen across different species RBPomes. The protein IDs
corresponding to RBPs isolated through poly(A) RIC were accessed from RBP2GO, and IDs
and all FASTA files corresponding to the protein IDs for these species were accessed from
Uniprot. By selecting RBPs that were previously highlighted through poly(A) enrichment
the species RBPome is comparable to the results produced through this research. When
comparing the HI of the ISE6 RBPome against the background proteome to that of other
species (Figure 6. 9), the ISE6 RBPome appears to be most like that of Homo sapiens, Mus
musculus, Danio rerio, Caenorhabditis elegans, Saccharomyces cerevisiae, and Leishmania
donovani as for these species the RBPome HI curve is shifted negatively when compared to
the whole cell proteome. This is interesting, but somewhat expected, as these species include
eukaryotes from several families, and so the ISE6 mock RBPome adds to the hypothesis that
all eukaryotic RBPomes are more negatively hydrophobic than the whole proteome (Castello
et al., 2012). This is not of the case for the ISE6 RBPome pl curve (Figure 6.10). Although
the ISE6 proteome has a similar pl curve to Homo sapiens, Mus musculus, and Drosophila
melanogaster which all have pl curves with three peaks below a pl of 10, the RBPome of
ISE6 has a more similar shaped pl curve to Danio rerio. Both these species have broad
curves peaking at just under a pl of 10 and which do not reflect the shape of the whole
proteome curve, unlike the RBPome Homo sapiens for example. However, although it will
be interesting to analyse the enrichment of RBDs within D. rerio and compare the results
with the ISE6 mock RBPome to see if there is evidence of conserved domains and functions
which could be biologically important, currently within the literature the work around the D.
rerio RBPome is focused on embryonic development. In addition, this data set is relatively
small and therefore may have only captured the most prominent, and therefore most likely
to be conserved, RBPs and so it is unclear how comparable this data is to the ISE6 RBPome
(Despic et al., 2017).

As mentioned previously, there is a lack of molecular tools available for ISE6 cell culture or
for working with tick organisms as a whole. Given that 2/3rds of the tick RBPome had
identifiable human orthologs, from the data previously described parallels can be drawn

between the ISE6 and Homo sapiens RBPome data (for example when examining the % of
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proteins with known RBDs and no known RBDs), and previous anti-human antibodies
(predominantly a-tubulin) are able to probe for the equivalent tick proteins with specificity
given the proteins conserved sequences. To see if it would be possible to repurpose the anti-
human RNA binding protein antibodies available to detect the tick cell orthologs. If found,
an antibody against a tick RBP would allow for the further validation of the mass
spectrometry data, and to expand the RBPome research by using methods such as
immunoprecipitation and validating gene knockdown or knock out experiments.
Unfortunately, none of the antibodies tested were shown to specifically bind tick RBPome
proteins (Figure 6.11), although now that the RBPome of ISEG6 cells has been established it
would be beneficial to broaden the scope of the search for repurposing antibodies to include
the other species mentioned in Figures 9 and 10, particularly those which showed more
similar biochemical properties to the conserved RBPs present within the ISE6 mock
RBPome. As more tick genomes are sequenced in future, the genes corresponding to the
RBPs identified in this research can be searched for within these genomes, allowing the
assessment of sequence specificity and conservation, alongside functional annotation, of
genes across different tick species. This can also be expanded to the analysis of other species,
as the sequences of the identified RBPs within the ISE6 RBPome can be compared to the
previously mentioned data sets in order to establish which proteins are highly conserved

across species and broader taxonomic groups.

To conclude, the aim of this research was to optimise the UV crosslinking and oligo(dT)
capture methodology to carry out RIC on ISE6 cell cultures derived from Ixodes scapularis
and to determine if this methodology would be appropriate to establish the RBPome within
ISEG cell lines. This method has been successfully employed to establish the RBPome of
many species. However, this technique has not yet been carried out on arthropod cells despite
the paucity of information regarding the intracellular landscape of ISE6 cell lines. Through
dosage optimisation and prototype mass spectrometry experiments, it was shown that 7.5 x
107 cells irradiated at a UV dosage of 150 mJ/cm? was sufficient to produce reproducible
data to establish the RBPome of the ISE6 cell line. Triplicates of crosslinked and non-
crosslinked ISE6 cells were prepared via the SP3 methodology and analysed via mass

spectrometry and MaxQuant.

In this chapter, the first RBPome of any tick cell line has been elucidated. By establishing
the ISE6 RBPome, this can be used as a starting point for not only investigating the structures
and functions of these proteins (alongside improving the mapping of the proteome to the
genome), but additionally this provides a baseline for exploring any differential RBPome

expression observed during subsequent infection studies.
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7.1 Introduction

There ars limited data describing the intracellular changes occurring in ticks during viral
infection, and prior research has focused on changes in the overall transcriptome and/or
proteome. One study found that when IDE8 (derived from I. scapularis) cell cultures were
infected with TBEV and analysed over 6 days, ~8 identifiable transcripts and ~20 proteins
were up regulated, and ~14 transcripts and between 10-32 proteins were downregulated.
Within the biological processes these transcripts and proteins are involved in, the most
abundant subcategories for transcripts included nucleic acid processing, metabolism, and
cell stress, while the most abundant subcategories for proteins included immunity, transport,
and cell stress (Weisheit et al., 2015). Similarly, when nymphs were infected with LGTV
and given a blood-meal, transcripts related to immunity and host-defence were found to be
upregulated, although several transcripts relating to AMPs were downregulated, indicating
the interplay between the virus and the differentially expressed vector products is more
complex than first anticipated (McNally et al., 2012). However, from searching through the
literature, no research has been carried out to determine the proteins important to bunyavirus
replication within tick cells that specifically interact with viral RNA, despite bunyaviruses
posing a significant threat to human health and work within other species highlighting the

importance of RBPs during infection.

RNA is a central molecule in virus infection, particularly for RNA viruses, where it does not
only function as blueprint for the synthesis of proteins (MRNA) but also as storage of
information (genome). Examples of the little that is known about viral RNA-cellular RBP
interactions have previously been mentioned in Sections 1.2.4 and 1.1.1.2, when describing
the replication cycle and immune response respectively (Girardi, Pfeffer, Baumert, &
Majzoub, 2021; Iselin et al., 2022; Mazelier et al., 2016). When focusing on the proviral
aspects of these interactions, viral genomes cannot encode all the proteins required for the
metabolism of viral RNA, with a typical RNA virus encoding for a handful of RBPs. To
contextualize, the spliceosome and ribosome are complex machineries that comprise over
one hundred proteins each. Therefore, virus will inevitably rely on host resources to
replicate, translate, stabilise, transport and package their RNAs. This is particularly relevant
within the vectors, where replication is sustained at a level where the organism remains
infectious. Through the virus mimicking host features, such as performing cap-snatching to
allow transcription of viral cRNA, and interacting with these complex cellular machineries,
they are capable of forming RNP complexes. These complexes are more difficult to
distinguish from those native to the host, less easily detected by the intracellular antiviral

response and can modulate the intracellular environment to promote the translation of viral
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RNA over host RNA within viral replication factories (Bermudez, Hatfield, & Muller, 2023;
Garcia-Moreno, Jarvelin, & Castello, 2018; Olschewski, Cusack, & Rosenthal, 2020; Singh,
Pratt, Yeo, & Moore, 2015). For example, in the case of DENV infection, the host RBPs
Vigilin and SERBP1 bind the viral genome and recruit additional host proteins to promote
translation and replication. One of the proteins recruited is RACKZ1, a scaffold protein that
binds the 40S ribosomal subunit. When Vigilin and SERBP1 are mutated and rendered
incapable of binding RACKL, translation of the viral transcripts is severely impacted and
DENYV infection incapable of being established (Brugier et al., 2022). In the case of the
mosquito vector during DENV infection, Shivaprasad and colleagues found the membrane
associated Loquacious protein (Logs) was able to interact and colocalise with both the viral
NS3 protein and both the full length and sub-genomic VRNA. When this protein was
depleted inhibition of DENV occurred, and this effect was also seen during YFV and ZIKV
infection, indicating this protein may be an important pro-viral factor across several
arbovirus species. Although the exact mechanism of action is still unclear, the group did
demonstrate that the modulation of viral replication was independent of the RNAI pathway,
despite Logs being able to interact with both Dcr and Ago (Fukunaga & Zamore, 2012;
Shivaprasad et al., 2022).

The proteins mentioned above are focused examples of a larger shift in the cellular RBPome
activity during infection. Recent reports using RIC have shown that the landscape of cellular
RBPs are extensively remodelled upon virus infection. These changes are intimately linked
with virus infection, including RBPs playing proviral and antiviral roles that accumulate at
the viral replication factories (Garcia-Moreno et al., 2019; Iselin et al., 2022; Kamel et al.,
2021). Garcia-Moreno and colleagues have demonstrated that over 200 RBPs within
mammalian cells undergo a shift in interaction during SINV infection. Within this group
several upregulated RBPs, including both well-known and non-conventional, were identified
and shown to be proviral through further research. The RBPs RTCB, DDX1, FAM98A,
PPIA, HSP90AB1, PA2G4, and SRPK1, which play various important roles in the cell, were
found to be recruited to SINV viral replication factories during infection and complexing
with viral RNA. Although depletion of these proteins within the cell impacts SINV infection,
demonstrating their importance to viral replication, it is unknown if these proteins enhance
viral replication, act in a regulatory manner, or if viral protein interaction occurs with these
proteins and further modulates function (Garcia-Moreno et al., 2019). Similarly, Kamel and
colleagues demonstrated through this methodology that infection of human Calu-3 cells with
SARS-CoV-2 causes 335 RBPs to be significantly altered by 24 hours post-infection without

significantly altering the overall quantities of cellular proteins. When comparing these
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results to those of the SINV induced RBPome, 40% of the changes in RBP activity were
consistent between the data sets, indicating a level of conservation of the RBPome in
responding to viral infection. Although several of the notable RBP examples that were
consistent between the two data sets were anti-viral, which will be expanded on below,
proviral proteins including RTCB, DDX1, and FAM98A were upregulated within SARS-
CoV-2 infection. These RBPs directly interact with the viral RNA, and like the results with
SINV, depletion of these proteins reduced the quantity of intracellular SARS-CoV-2 RNA
(Garcia-Moreno et al., 2019; Kamel et al., 2021).

Outside of forming these RNP complexes within replication factories, RBPs may also play
a pro-viral role through preventing the build-up of viral genetic material within the cell,
minimizing the exposure of this material to the intracellular immune system whilst still
allowing the progression of viral replication. For example, in mammalian systems XRN1
targets viral dSRNA to prevent accumulation within the cells. In the case of measles virus
and IAV infection, this degradation of dsSRNA aids in suppressing the innate immune
response through prevention of detection of the RNA through PRRs. This was also found in
the study by Garcia-Moreno and colleagues, where XRN1 was visualised adjacent to the
SINV viral replication factories, likely to prevent viral RNA ‘escaping’ from these factories
and being detected by the intracellular immune system, and that XRN1 is essential for SINV
infection (BenDavid, Pfaller, Pan, Samuel, & Ma, 2022; Garcia-Moreno et al., 2019; Y. C.
Liu et al., 2021).

Regarding antiviral activity, viral RNA is the “Achilles heel” of viruses as it often contains
signatures (pathogen-associated molecular patterns, PAMPs) that make them different from
cellular mMRNAs and can be recognised by a specialised set of cellular RBPs with antiviral
roles as sensors and effectors (Backes et al., 2014; Lerolle, Freitas, Cosset, & Legros, 2021,
Rezelj et al., 2017; Sheehan et al., 2018; Watson et al., 2019). As previously mentioned,
these molecular patterns include double stranded (ds)RNA, undermethylated cap structure,
tri-phosphate ends, uncommon codon usage and CpG sequences. The host antiviral arsenal
includes a wide variety of RBPs with unique capacities to recognise viral sequences,
including RIGI (tri-phosphate ends), MDA5, ADAR and PKR (dsRNA) and IFIT1 (cap0)
(Blair & Olson, 2015; Brennan et al., 2015; Feng et al., 2023; J. K. Lee & Shin, 2021; Min
et al., 2020; Ning et al., 2015; Rezelj et al., 2017). However, the antiviral factors present in
vector cells remain largely unknown. As described in Chapter 1, the best studied pathway is
the RNAI pathway. If other antiviral systems operate in vector cells, at present they remain

obscure.
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Many of the antiviral factors play important ‘primary’ roles within the cells, where the
antiviral functions can be considered additional or secondary functions, rather than the
protein being solely dedicated to immune functions. By redirecting the function of these
proteins, antiviral activity can be achieved without needing to drastically increase the
quantity of protein present within the cell. This is illustrated well within the SINV infection
research by Garcia-Moreno and colleagues, as several of the upregulated RBPs showed anti-
viral functions alongside their ‘standard’ functions within uninfected cells. For example, the
cellular general control non-derepressible-2 (GNC2) protein, a kinase that functions to
regulate protein synthesis in a similar manner to PKR, binds the viral RNA. Through binding
two nonadjacent regions of the virus RNA this protein acts in an anti-viral manner to block
early viral translation (Berlanga et al., 2006; Garcia-Moreno et al., 2019). Additional RBPs
identified within the SINV study have also been identified as anti-viral in infections with
multiple viral species. In both SINV and SARS-CoV-2 infection, the anti-viral RBPs
TRIM25, TRIM56, ZC3HAV1, DHX36, and GEMINS were upregulated. Again, alongside
their ‘standard’ roles, these proteins are redirected to perform a range of anti-viral functions,
such as GEMINS. This protein is involved in the formation of the spliceosomes as part of
the SMN complexes that, in infected cells, moonlight as an antiviral factor. Upon infection
with SINV and SARS-CoV-2, GEMINS is massively upregulated in RNA-binding activity
without changes in protein abundance. The protein then binds to the 5’ viral cap and through
interaction with the large subunit of the ribosome blocks translation (Choudhury et al., 2017,
Garcia-Moreno et al., 2019; Kamel et al., 2021).

There is also evidence to show that some anti-viral RBPs are conserved across host and
vector species. DEAD-box helicase 17 (DDX17) is a type of DEAD box protein whose
helicase activity that utilises ATP to bind and unwind RNA duplexes (Linder & Jankowsky,
2011). When this protein is depleted in human cells RVFV replication is increased. This
protein acts in an antiviral manner through accessing the RVFV replication complexes and
binding the viral RNA directly to restrict replication, alongside playing a role in antiviral
surveillance and production of miRNA (Moy et al., 2014; Nelson et al., 2020). The impact
of DDX17 on RVFV infection was first found to be an antiviral factor for bunyavirus
infection in an RNAI screen using drosophila cells as the vector model. In this screen and
subsequent experiments, the DDX17 ortholog Rm62 was shown to be antiviral against
LACV and RVFV, but not SINV or Indiana vesiculovirus (VSV), indicating regardless of
the organism being infected the impact of this protein is virus species specific (Moy et al.,
2014). When looking further into RBP interactions with viral RNA in vector cells, decapping
2 (Dcp2) was also highlighted in a Drosophila RNAI screen. This protein removes the
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mRNA ‘cap’, exposing the mRNA to degradation and preventing its translation, and
therefore when depleted from the cells RVFV transcription is enhanced (Hopkins et al.,
2013). Further to this, several other RBPs have also found to be important for DENV
infection in mosquitoes. The study carried out by Yeh et al. referenced when discussing
proviral RBPs found in mosquito vectors during DENV2s infection also identified several
antiviral RBPS capable of binding the DENV2 3° UTR, including AeGTPase, AeAtu, and
AePur (Yeh et al., 2022). It would be beneficial in future, once the RBPs involved within
the vectors are better understood, to further investigate the level of conservation between
hosts and vectors and their roles in infection outcomes, and to determine if this is the case
for pro-viral RBPs in addition to anti-viral RBPs.

Finally, many proteins can act in a pro- or anti-viral manner depending on virus species. This
is exemplified by Ras GTPase-activating (SH3 domain) protein-binding protein (G3BP1), a
highly conserved protein that has been shown to be target by a variety of viruses in
mammalian systems. G3BP1 can act in a pro-viral and anti-viral manner, through promoting
the viral lifecycle or amplifying innate immune signalling (respectively) (Jayabalan, Griffin,
& Leung, 2023). There is some evidence to suggest that the post-translational modifications
present on G3BP1 determines whether the protein acts in a pro-viral or antiviral manner.
When examining the impact on CHIKYV infection, the virus acts to reduce the level of G3BP1
ADP-ribosylation, to disrupt formation of anti-viral stress granules, and through an
undefined mechanism plays a key role in the formation of CHIKV replication complexes
(Jayabalan et al., 2021; Jayabalan et al., 2023; Scholte et al., 2015). In DENV infection, the
virus is incapable of modulating the post-translational modifications of G3BP1, and
therefore during infection this protein is recruited into stress granules, degrading viral RNA

and significantly impairing viral protein synthesis (Jayabalan et al., 2023; Xia et al., 2015).

These examples represent the tip of the iceberg, and it is likely that hundreds of virus-
regulatory proteins remain to be discovered, particularly in vectors. Furthermore, over the
last four years many different studies have attempted to identify the RBPs that interact with
viral RNA using antisense probe-based capture or specific labelling of viral RNA with the
nucleotide analogue 4-thiouridine (Iselin et al., 2022). These discovered hundreds of cellular

RBPs that engage with viral RNAs, most of which remain to be characterised.

Identifying the pro- and antiviral factors underpinning viral infection opens new avenues of
investigation that are currently severely underrepresented within the literature. From the
current data available it is clear certain factors are key components of infection for multiple

species of virus and/or a variety of different organisms. However, as many of these examples
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also demonstrate, whether a host RBP functions in a pro- or anti-viral manner depends on
the species of virus. Therefore, further experiment is required once key RBPs are identified
to provide more detailed mechanistic insight into the impact on viral replication and kinetics.
This work is vital in the continued efforts to understand viral infection and highlight potential
novel targets for future therapeutic measures. RIC has significantly advanced our capabilities
to achieve these goals by allowing a broad analysis of RBPome activity during infection,
from which individual protein targets can be selected for further investigation.
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7.2 Aims

The aims of the research presented in this chapter were to:

Elucidate the RBPome of ISE6 cell culture upon infection with UUKYV. Work
described in Chapter 5 demonstrated ISE6 cells are susceptible to rUUKYV infection.
We therefore aim to use the optimised RIC methodology to establish the RBPome
produced in ISE6 cell cultures in response to rUUKYV infection.

Investigate the differential expression of the ISE6 cell derived RBPome during
infection. Once the RBPome of rUUKYV infected ISE6 cell cultures is established,
we can compare this to the naive RBPome to determine if the landscape of RBPs
changes during infection. This will also allow us to select targets for further

downstream analysis using dSRNA knockdown studies.
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7.3 Results

7.3.1 Sample preparation and diagnostics of mass-spectrometry
for UV crosslinking and oligo(dT) capture in UUKV infected
ISE6 cell monolayers.

As mentioned in Chapter 6, mass spectrometry of non-infected and infected samples was

carried out in tandem to reduce run-to-run mass spectrometry derived variability. This will

be expanded later in this Chapter. However, before RIC, the cell-monolayer infection

conditions needed to be confirmed to produce the maximum amount of cellular material for

RIC.

From the pilot study in Chapter 6 (Figures 6.1 and 6.2) the UV dosage and seeding
concentrations were optimised. For infecting the monolayers, data from Chapter 5 (Figure
5.3) indicated that the UV-crosslinking and oligo(dT) capture would need to be carried out
at 9 d p.i. with an MOI rUUKYV of 5 FFU/cell. These conditions were chosen as the virus is
still expected to be within the exponential phase of replication (Figure 5.3.A), and this is the
first point at which UUKV N protein can be visualised by western blot in infected cell
monolayers (Figure 5.3.B). To improve RIC sensitivity, it is important to obtain a
homogeneous infection across the culture to reduce the noise derived from non-infected
cells. At aminimum it is recommended that 60% of the cells within the monolayer are in the
desired state to be analysed (Castello et al., 2017; Castello et al., 2013).

To qualitatively investigate the level of infection within the cell monolayers, ISE6 cell
monolayers seeded at the same density as used for RIC (Table 3.6) were mock-infected or
infected with rUUKYV at an MOI of 5 FFU/cell. After infection, the cell monolayers were
fixed, DAPI stained and probed for UUKV N protein which were visualised using the EVOS
microscope (Figure 7.1). No UUKV N staining could be seen within the mock-infected cell
monolayer. When visualising the infected cell monolayers, most of the cell monolayer
showed the presence of UUKV N, indicating a majority of the ISE6 cells at 9 days p.i. were
infected with UUKYV. These infection conditions were therefore suitable for investigating

the RBPome of ISEG6 cells using UV-crosslinking and oligo(dT) capture.
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DAPI UUKV N protein Overlay

Figure 7.1: Immunofluorescent imaging of ISE6 cell monolayers infected with rUUKYV at 9 d
p.i. ISE6 cell monolayers were infected with rUUKYV at a MOI of 5 FFU/cell or mock infected. At 9
days p.i., ISE6 cell monolayers were fixed, stained with DAPI (blue), and probed for UUKV N
protein (green) to qualitatively investigate the percentage infection of the cell monolayers. Cell

monolayers were imaged using an EVOS microscope using a 10x lens. Scale bar is equal to 300 um.
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To examine for the potential that UUKV RNA could interact with oligo(dT) capture beads,
the RNA sequence of each viral genomic segment was scanned for poly(A) or poly(A)-like
sequences which could have bound the oligo(dT) capture beads causing the UUKV M RNA
to be captured. Poly(A) or poly(A)-like sequences were defined as a minimum of 5
sequential A nucleotides, with any larger sections being at least 80% A content. Overall,
over 100 poly(A)-like sequences were found within the UUKV M segment, while UUKYV L
has over 400 and UUKYV S has just over 50 (Figure 7.2.A).

The irradiated and mock-irradiated samples for mass spectrometry analysis of the infected
ISE6 RBPome were prepared in triplicate using the confirmed infection conditions,
following the methodology as described in Chapter 6. Small fractions of all inputs and
eluates were removed and stored for protein and RNA analysis.

To probe for the presence of VRNA within the input and eluate RNAs of both the infected
samples generated in this chapter and the non-infected samples generated in the previous
chapter, samples were analysed by RT gPCR, using primers against the UUKV M RNA
(Figure 7.2.B). As expected, neither uninfected inputs nor eluates contained UUKV RNA,
while all infected inputs were positive for UUKV M RNA (Figure 7.2.B). The eluates of
both crosslinked and non-crosslinked infected samples were positive for UUKV M RNA,
although the normalised Ct score of the infected eluate samples was lower than that of the

respective inputs.

The protein content of the inputs and eluates was analysed by silver staining. No obvious
difference in banding pattern was seen within or between the inputs of the crosslinked and
non-crosslinked infected triplicates, although this was a subjective observation, as the
purposes of the silver stain gel was to determine if proteins were present within the sample.
When analysing the eluates, no protein was seen in the mock-exposed (0 mJ/cm?) samples.
In the crosslinked eluates, the banding pattern was similar between the triplicates and distinct
from the input banding pattern as seen within the non-infected irradiated triplicates in Figure
6.3. | did not expect to observe substantial differences protein content when comparing
infected and mock cells as silver stating only reveal the most prominent RBPs with central
housekeeping functions (Garcia-Moreno et al., 2019). An exception to this, however, unlike
in the non-infected crosslinked triplicates, a band can be seen at ~25 kDa which likely
corresponds to the UUKV N protein (Figure 7.2.C).

Finally, the RNA was also analysed by RT gPCR using primers against the tick cell
ribosomal subunit (18S) and ELF1A to calculate the expression of 18s per sample

normalised to ELF1A via the 222t method, to determine the fold-enrichment of mMRNA
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within the eluates compared to the corresponding inputs. All samples exceeded the minimum
mRNA fold enrichment, with all samples showing over 10-fold enrichment (Figure 7.2.D)

and therefore all samples were prepared for mass-spectrometric based proteomics by SP3 as
described in Section 3.7.13.
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(D)
mRNA fold Starting RNA Eluted RNA
Sample
enrichment quantity (ng/pl)  quantity (ng/pl)
CL1 >10 193.5 106.7
CL2 >10 214.2 71.3
CL3 >10 237.8 57.1
NCL 1 >10 227.8 90.2
NCL 2 >10 306.3 119.2
NCL 3 >10 355.4 76.3

Figure 7.2: Preparation of triplicate RNA interactome capture (RIC) samples in the UUKV
infected ISEG cell line and validation for further mass spectrometry analysis. Preparations of 9
d p.i. UUKYV infected ISE6 cell monolayers (in triplicate) were exposed to 150mJ/cm? or mock
irradiated before lysis. Input samples were extracted, and cell lysates were prepared for RNA
interactome capture (RIC) using oligo(dT) capture beads. (A) A poly(A) or poly(A) adjacent scan
was run on each of the viral segments, with poly(A)/poly(A) like being defined as a minimum of 5
A nucleotides next to each other, with any larger sections being at least 80% A content. (B) RT gPCR
analysis was conducted on RNA from input and eluate samples for the non-infected (M) samples
described in Chapter 6 and the infected samples (1) in 7.2.A using UUKV M probes. RNA isolated
from non-infected ISE6 cells was used as a negative control, and RNA from 12 days p.i. infected
ISE6 cells produced from the growth curves in Figure 5.3 was used as positive control. Ct values
were normalised by subtracting the Ct of the sample from the Ct limit of the system (Ct = 40), with
the confidence cut-off for the presence of UUKV being a normalised Ct of 10 as defined by blank
RT gPCR results. (C) Whole cell lysates from either before (input) or after (eluate) RNA capture
were separated by SDS PAGE and resolved proteins were visualised using silver staining. (D) RNA
guantities in the infected crosslinked (CL) and non-crosslinked (NCL) input and eluate samples were
measured via a nanodrop spectrophotometer. RT gPCR was performed against tick cell 18S
ribosomal RNA and eukaryotic elongation factor 1-alpha (ELF1A; mMRNA used as a housekeeping
gene). The AACT method was used to measure the quantity of 18S RNA normalised to ELF1A RNA
levels, and the mMRNA fold enrichment in the eluate compared to the input sample was calculated for

each biological sample.
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The mass-spectrometry results of the non-infected crosslinked and non-crosslinked samples
generated in Chapter 6, and the infected crosslinked and non-crosslinked samples shown in
Figure 7.2.A, were carried out in tandem. As the goal of these analyses is to compare the
infected RBPome to the mock RBPome to elucidate the differential expression of RBPs that
occur during infection, the evaluation of the infected biological triplicates (crosslinked and
non-crosslinked) was carried out with the evaluation of the mock-infected samples shown in
Figure 6.4 (Figure 7.3).

As seen in the mock-infected samples, the distribution of proteins intensities between the
biological triplicates of both the infected crosslinked and infected non-crosslinked
conditions showed minimal variation, and the crosslinked samples intensities were far larger
than the intensities in the non-crosslinked triplicates. This was also seen within the
equivalent non-crosslinked triplicates. When comparing the number of missing values
between the different conditions, the crosslinked samples had far fewer missing values than
the non-crosslinked samples, and the levels of missing values between the infected and
uninfected samples for each crosslinking condition were comparable (Figure 7.3.B). Lastly,
PCA was used to examine the variability between samples. As can be seen on the resulting
plot, all triplicates from the respective conditions discretely grouped together (Figure 7.3.C).
The factor that accounted for the largest proportion of the variability (~85%) was as seen in
the mock PCA analysis in the Chapter 6, whether the samples were subjected to UV radiation
or not. The factor which accounts for the second largest proportion of variability (~6%) was
if the samples were infected with rUUKYV or uninfected. From these results it was established

data could be used for further analyses to characterise the infected ISE6 RBPome.
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Figure 7.3: Diagnostics of mass spectrometry results from UUKYV infected ISE6 RIC biological
triplicates. Triplicate UUKV infected ISE6 cell monolayers were exposed to 150mJ/cm? UV-

irradiation or mock irradiated prior to lysis. Input samples were extracted, and cell lysates were
prepared for RNA interactome capture (RIC) using oligo(dT) capture beads. UV-exposed and mock
exposed eluates were prepared by utilising a SP3 protocol in preparation for liquid-chromatography

mass spectrometry (LC-MS). The mass spectrometry for this experiment was done alongside mass

spectrometry of non-infected ISE6 cell cultures also used for RIC assays (previously described in
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Chapter 6). Therefore, for diagnostic analysis the samples will be referred to as Infected (Inf) and the
data are displayed in addition to the Mock (M) data previously mentioned. The mass-spectrometry
outputs were processed through MaxQuant to produce identified peptides with corresponding
intensities for each sample. Potential contaminants were subsequently removed. (A) The log2
intensity values for all proteins within the mock crosslinked (M_CL), mock non-crosslinked
(M_nCL), infected crosslinked (Inf_CL), and infected non-crosslinked (Inf_nCL) samples were
plotted. (B) The number of unidentified proteins and missing values were plotted for the mock non-
crosslinked (M_nCL), infected crosslinked (Inf_CL), and infected non-crosslinked (Inf_nCL)
samples. (C) Principal component analysis (PCA) was carried out and plotted for the mock non-
crosslinked (M_nCL), infected crosslinked (Inf_CL), and infected non-crosslinked (Inf_nCL)

samples.
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7.3.2 Defining the RBPome of UUKYV infected ISEG cells

Although the crosslinked and non-irradiated samples for both mock and infected samples
were deemed suitable for further analysis, before the comparison between the RBPomes of
these conditions could be compared, the proteins of the infected RBPome need to be further
defined as with the mock samples in Chapter 6. When comparing the fold change of each
protein and the associated adj.P.val in the crosslinked samples compared to the non-
irradiated samples, of the 572 proteins present, in total 541 proteins were present within the
10% FDR group, and 530 proteins were present within 1% FDR (Figure 7.4.A, 10% and 1%
FDR coloured orange and red, respectively). To maintain comparability between the Mock
and Infected samples, and due to the difference in number of proteins between the 1% and
10% FDR groupings being less than 2% of the total proteins found, all analysis was done
using the 541 proteins of the 10% FDR group. As the aim of this chapter is to focus on the
comparison of the mock and infected RBPomes, the ortholog analysis was not conducted on

the proteins isolated from the infected samples.

As carried out with the mock RBPome the HI, pl, and percentage intrinsic disorder of the
infected RBPome were calculated and compared against the ISE6 whole cell proteome.
Similar to the mock, the HI was more negative in the infected cell RBPome compared to the
whole cell proteome (Figure 7.4.B). The pl analysis also followed the expected trend of
having a broad curve with a peak at a high pl. However, unlike the mock pl curve (Figure
7.5.D), the infected RBPome pl peak occured at a higher pl than the background proteome
and the peak of the mock RBPome (Figure 7.4.C). Finally, the percentage intrinsic disorder
was compared between the infected RBPome and whole proteome. No significant
differences were found in this analysis (Figure 7.4.D). As the mass spectrometry diagnostics
and biochemical characteristics for the infected sample matched the expected results and
trends seen in the mock sample, the next step was to further analyse the domains present
within the 10% FDR infected RBPome, which will be referred to in all further writing as the
infected RBPome.
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Figure 7.4: Analysis of rUUKV-infected ISEG6 cell derived RNA Binding Proteome (RBPome).
Analysis of samples prepared for mass spectrometry as described in Figure 7.2. The mass
spectrometry for this experiment was done alongside mass spectrometry of UUKV-infected ISE6
cell cultures also used for RIC assays (further described in Chapter 8). Therefore, for this current
analysis the samples will be referred to as Infected (I). (A) The fold change of the proteins found in
the infected crosslinked samples compared to the infected non-crosslinked (x axis) were plotted

against the significance of this fold change (-log10(p value), y axis). For proteins with a positive fold
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change, and therefore in higher quantities in crosslinked samples, proteins at a 1-10% false discovery
rate (0.0001 > p > 0.001) are coloured in orange, and proteins at a 1% false discovery rate or below
(p < 0.0001) are coloured red. For proteins with a negative fold change, and therefore in higher
quantities in non-crosslinked samples, proteins at a 1-10% false discovery rate (0.0001 > p > 0.001)
are coloured in light blue, and proteins at a 1% false discovery rate or below (p < 0.0001) are coloured
dark blue. Proteins with a positive fold change at a 10% or below false discovery rate were used in
further analysis. Of these proteins that had a <10% false discovery rate (further described as 10%
FDR proteins), using the provided FASTA files for these proteins from VectorBase
(https://VectorBase.org) the hydrophobicity (B), isoelectric points (C), and (D) isoelectric points of
the proteins, which were plotted using R and compared against the whole proteome derived from
ISEG cell cultures (whole proteome FASTA files were downloaded from VectorBase). This analysis
was done through InterproScan MobiDB, and all proteins where 0% intrinsic disorder or those whose
disorder were unable to be calculated were removed. Statistical significance in percentage disorder
distribution was analysed using the non-parametric Kolmogorov-Smirnov test. (ns) = non-

significant.
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Using InterproScan, as described in Section 6.3.3, 88 proteins showed no identifiable
domains within their sequence. Of the 453 proteins which did contain identifiable proteins
domains, 243 (~54%) of the proteins contain at least one RBD (Figure 7.5.A). The RBD
containing and non-RBD containing proteins increased by 13 and 26 proteins, respectively,
in the infected RBPome compared to the mock. This was expected as the number of proteins
within the infected RBPome was higher than in the mock, however it was interesting that
although the protein number increased, the roughly 50-50 split of RBD to non-RBD proteins
was maintained. The odds ratio was also very similar to that recorded for the mock-infected
samples, although there was a slight reduction (difference in odds ratio >1) of odds within
the classical RDBs. Overall, both types of domains were significantly enriched within the
infected RBPome (Figure 7.5.B).

When examining the domain types in more detail, the RNA binding motif group was the
most enriched, however this not deemed significant within analysis and one-fold less-
enriched than in the mock RBPome. The RNA recognition motif (RMM, RDB, and RMP)
domain group was the only group that was significant within the infected RBPome and was
more enriched within this group than compared to the mock. There was a reduction in the
enrichment of Zinc-finger containing family domains in the infected RBPome, and an
increase in the RNA recognition 2, KH domain, and RNA recognition motif of the
spliceosomal Pr8 domain groups, although for these latter two the odds ratio was ~1
indicating these domains were not enriched when compared to the background (Figure
7.5.C). As seen in the mock RBPome, no non-classical RBDs were enriched within the
infected RBPome (Figure 7.5.D).
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Figure 7.5: Analysis of rUUKYV infected ISE6 cell monolayer derived RNA Binding Proteome
(RBPome) known RNA binding domains. The FASTA files of the proteins defined in the 10%
FDR infected RBPome were analysed using Interpro Scan to determine the protein domains present
within the cells. 88 proteins from this group displayed no identifiable domains and were therefore
removed from further analysis. (A) Using the established list of known RBDs, which includes both
classical and nonclassical RBDs, the proteins were grouped based on if they contained at least one
known RBD (known RBD) or contained no known RBDs (unknown). (B) For the Known RBD group

from (A), the odds ratio and significance for a protein containing a classical or non-classical domain
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compared to the whole proteome proteins containing RBDs were calculated using Fisher’s exact test.
For proteins containing classical (C) and non-classical (D) domains, odds ratio and significance were
calculated using Fisher’s exact tests against the whole proteome proteins containing these respective
domains. Results with an odds ratio < 0.01 were excluded for plotting. Statistical analysis was carried

out using R. Asterisks indicates significance **** = p < 0.01, * =p < 0.25.
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Continuing the protein analysis, the proteins which contained no known RBDs were isolated,
and the biochemical properties analysed and compared against the whole proteome. As seen
within the mock RBPome analysis (Figure 6.7.A), the higher end of the pl distribution
collapses when the proteins with known RDBs are not present within the analysis, and this
reduction is more prominent than in the mock samples (Figure 7.6.A). When comparing the
HI of the infected RBPome proteins with no known RBDs against the whole proteome, as
expected, the HI of the no RBD RBPome is still more negative than the whole proteome
(Figure 7.6.B). Finally, the percentage intrinsic disorder for each protein within the various
samples were plotted (Figure 7.6.C). Although there was no significant difference between
the groups, there were noticeable differences between the mock unknown (Figure 6.7.C) and
infected unknown protein groups (Figure 7.6.C). The mock protein groups appear to have a
larger proportion of proteins with between 5-25% intrinsic protein disorder. However, this
may be due to more proteins within the known and unknown groups of the infected RBPome
group compared to the mock. This increase is not matched in the number of proteins that
produce a % intrinsic disorder score meaning there are more proteins within this sample with
a % disorder of 0 (Figure 7.6.C).

246



Chapter 7

(A) 0.3

0.2 /

Density

(B) 158 ISE6 RBPome

ISE6 Proteome

N
fi

1.00 [

0.75 |

Density

0.05 [

0.25 f \

0.00 —f-f// \

-5.0 -25 0.0 25 5.0
Hydrophobicity index (HI)

(C) ns

100+

75-
50 I\

254

Protein intrinsic disorder (%)

Figure 7.6: Analysis of rUUKYV infected ISE6 cell derived RNA Binding Proteome (RBPome)
against proteins containing ‘non-known’ RNA binding domains. Proteins containing ‘no known’
RBD domains from Figure 7.5.A were analysed to determine their (A) hydrophobicity and (B)
isoelectric points. These were plotted using R and compared against the whole proteome derived
from ISEG cell cultures. (C) Protein intrinsic disorder was also calculated using MobiDB, comparing
the whole mock RBPome (blue), the mock RBPs with known RBDs (purple), and the mock RBPs
with no known RBDs (pink). From the data, 154 out of the 243 proteins with known RBDs and 164
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out of 210 proteins with no known RBDs returned % intrinsic disorder scores, and therefore all results
where no intrinsic order was returned were given a value of 0. A one-way ANOVA was used to

determine statistical significance. (ns) non-significant.
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The biochemical properties of the mock RBPome and infected RBPome were further
compared against each other as opposed to the ISE6 background. As indicated in the
previous analysis of the mock RBPome (Figure 6.5.C) and infected RBPome (Figure 7.4.B),
both RBPomes showed very similar HI (Figure 7.7.A). Similarly, when analysing the pls of
the mock RBPome proteins (Figure 6.5.D) and infected RBPome proteins (Figure 7.4.C)
there was a similar overall trend, although the peak of the infected proteome was broader
and overall higher than that of the mock RBPome (Figure 7.7.B). The percentage intrinsic
disorders between the mock RBPome (Figure 6.5.E) and infected RBPome (Figure 7.4.D)
were not significantly different (Figure 7.7.C). The proteins within the mock RBPome or
infected RBPome were separated by if the protein contained a known RBD or not (as done
previously in Figures 6.7 and 7.6, respectively), and the distribution of intrinsic protein
disorder were compared. No significant differences in the intrinsic protein disorder were
found between these groups (Figure 7.7.D). However, this does not mean that percentage
intrinsic disorder was not biologically relevant. Interestingly, though the distribution of
intrinsic disorders were very similar within the two groups with known RBDs, when
comparing the groups with no known RBDs the mock unknown group showed a higher
average percentage intrinsic disorder. This may be due to the infected unknown group
containing more proteins which did not return a percentage intrinsic value. The differences
between the unknown groups warrants further investigation. Overall, due to the analysis of
the mock and infected RBPomes, the analysis can be continued to establish the differentially

expressed RBPome.
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Figure 7.7: Comparison of the biochemical properties of the mock RBPome and infected
RBPome of ISE6 cell cultures. Analysis of the biochemical properties of the proteins contained
within the mock RBPome and infected RBPome, as defined in Figure 6.5.A and Figure 7.4.A,
respectively. The FASTA files for these mock and infected RBPome 10% FDR proteins were used
to calculate the (A) hydrophobicity (B) isoelectric points of the proteins, and (C) % intrinsic disorder
of the proteins, which were plotted using R and compared against the whole proteome derived from
ISEG6 cell cultures (whole proteome FASTA files were downloaded from VectorBase). This analysis
was done through InterproScan MobiDB, and all proteins where 0% intrinsic disorder or those whose
disorder were unable to be calculated were removed. Statistical significance in percentage disorder

distribution was analysed using the non-parametric Kolmogorov-Smirnov test. Both mock and
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infected groups InterproScan results were previously subdivided based on if the RBPome proteins
contained known RBDs as shown in Figure 6.7.C and 7.6.C.
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Finally, the biological processes enriched in the infected RBPome were determined through
GO enrichment analysis using the tools available in VectorBase with both computed and
curated evidence inputted and an assigned p-value cutoff of 0.05. In the mock RBPome
(Figure 6.8), 241 biological processes were found to fall within the enrichment criteria, 252
biological processes were found to be enriched within the infected RBPome. The processes
with the most significant fold enrichment were also involved in gene expression and mRNA
biogenesis, such as cleavage for processing or polyadenylation, processing, and splicing
(Figure 7.8.A). The enriched biological processes were then plotted with the fold-enrichment
on the x-axis and the -Log2(P.val) on the y-axis (Figure 7.8.B), and to visualise the most the
10 most significant pathways affected these points were labelled on the plot. These pathways
were: gene expression, translation, peptide biosynthesis, amide biosynthesis, cellular
nitrogen compound metabolism, peptide metabolism, cellular amide metabolism, cellular
nitrogen compound biosynthesis, cellular macromolecule biosynthesis, and mMRNA
metabolic processes. Although most of these pathways reflect the results seen in the mock
RBPome, amide biosynthesis is more significantly enriched within the infected RBPome as
this was not seen within the top ten pathways in the mock RBPome. Additionally, mRNA
metabolic processes were also not highlighted in the mock RBPome top ten, and
macromolecule biosynthesis is not seen within the infected RBPome top ten significantly

enriched pathways.

In concluding this analysis, it can be confidently stated that the RBPome of rUUKYV infected
ISEG cell cultures at 9 d p.i. has been established. This can be compared against the mock
RBPome established within Chapter 6 to establish the differential expression of RBPs within

ISEG6 cells during infection.
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Figure 7.8: Analysis of biological processes enriched in the RBPome of rUUKY infected ISE6
cell culture. The proteins from Figure 7.4 were analysed using the gene ontology (GO) enrichment
analysis tools in VectorBase. (A) An analysis of the biological processes with which the RBPome
proteins were associated. The word cloud demonstrates the most enriched processes compared to the
background ISE6 proteome based on the associated p-value. (B) The biological processes that the
identified proteins from (A) were involved in were plotted against the fold enrichment of these
processes. Infected RIC samples compared to the background ISE6 proteome are shown on the x-
axis and the significance plotted on the y-axis. The top ten most significant pathways are highlighted

on the graph.
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7.3.3 Comparing the uninfected and UUKYV infected RBPomes of
ISEG cells
In order to establish the differential expression of RBPs during rUUKYV infection, the mock
and infected RBPomes established from the 10% FDR groups of Figure 6.5.A and Figure
7.4.A, respectively, were compared. The fold change (FC) of the proteins within the infected
RBPome compared to the mock RBPome was plotted against the -Log10 of the adj.P.val,
meaning if the FC was positive the protein was more enriched within the infected RBPome
and vice versa (Figure 7.9.A). Proteins with 10% or 1% false discovery rate (FDR) and a
fold change of -1 > FC < 1 were considered as candidate of high confidence differentially
regulated RBPs. Before further defining this differential binding, Inparanoid analysis (E.
Persson & Sonnhammer, 2022) was used to determine the number of human orthologs able
to be identified within the 10% FDR differentially expressed group. Roughly 70% of the
proteins were matched to human orthologs (Figure 7.9.B), which is slightly higher than that
of the mock RBPome alone (Figure 6.5.B). As before, when discussing individual genes and
proteins, the human ortholog name will be used where it is able to be. At a 10% FDR, 283
RBPs were differentially enriched, with 127 and 156 proteins being downregulated and
upregulated, respectively. When focusing only in the 1% FDR differentially regulated RBPs,
45 and 72 proteins were downregulated and upregulated, respectively (Figure 7.9.C). The
10% FDR cut-off differentially regulated RBPs were chosen for further analyses to prevent

information loss.
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Figure 7.9: Analysis of ISE6 cell derived differential RNA Binding Proteome (RBPome).
Analysis of 10% FDR non-infected and 10% FDR infected RBPome from Figure 6.5 and Figure 7.4.
The mass spectrometry of the crosslinked and non-crosslinked non-infected (mock) and rUUKV
infected ISE6 cells were done in tandem allowing for comparative analysis to be carried out. (A) The
fold change of the proteins found in the infected crosslinked samples compared to the mock
crosslinked samples (x axis) were plotted against the significance of this fold change (-log10(p
value), y axis). For proteins with a positive fold change, and therefore in higher quantities in the
infected samples, proteins at a 1-10% false discovery rate (0.0001 > p > 0.001) are coloured in
orange, and proteins at a 1% false discovery rate or below (p < 0.0001) are coloured red. For proteins
with a negative fold change, and therefore in higher quantities in non-crosslinked samples, proteins
at a 1-10% false discovery rate (0.0001 > p > 0.001) are coloured in light blue, and proteins at a 1%
false discovery rate or below (p < 0.0001) are coloured dark blue. Proteins with a positive fold change
at a 10% or below false discovery rate were used in further analysis. (B) Of these proteins that had a
<10% false discovery rate (further described as 10% FDR proteins), using the provided FASTA files
for these proteins from VectorBase (https://VectorBase.org). InParanoid analysis was used to
determine the number of proteins which had corresponding human orthologs. (C) Venn diagram
comparing the number of proteins identified that were upregulated and downregulated in the
RBPome at 1% and 10% FDR in the infected RBPome compared to the mock.
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To assess the domains of the virus-regulated RBPs, | employed InterproScan. Of the 283
regulated RBPs, 243 (85%) returned at least one recognised domain using InterproScan. The
split of RBPs which contained known RBDs was 49% (Figure 7.10.A), this was slightly
lower than the mock and infected RBPomes. When focusing on the types of RBDs within
the known RBD group (Figure 7.10.B), the non-classical enrichment maintained a similar
level as seen in previous comparisons, however the classical RBD enrichment was lower
(odds ratio ~10) (odds ratio ~15). Nevertheless, as expected, both types of domains were
significantly enriched. The distribution of Pfam domains was examined in both the known
RBD group (Figure 7.10.C) and unknown RBD group (Figure 7.10.D). Interestingly, most
of the families enriched in both mock and infected RBPomes were not enriched in the virus
regulated RBP set. FMRP KHO domain was the most significantly enriched domain within
the differential RBPome. No non-classical domains were enriched within the differential
RBPome. As the pl and HI properties of the mock and infected samples have previously
been examined (Figure 7.7), only intrinsic disorder was examined. No significant difference
in the distribution of percentage intrinsic disorder between the known RDB compared to
unknown domain differential RBPomes (Figure 7.10.E).
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Figure 7.10: Analysis of ISE6 cell derived differential RNA Binding Proteome known RNA
binding domains. The FASTA files of the proteins defined in the differential RBPome were
analysed using InterproScan to determine the protein domains present within the cells, of which, 40
proteins from this group displayed no identifiable domains and were therefore removed from further
analysis. (A) Using the established list of known RBDs, which includes both classical and
nonclassical RBDs, the proteins were grouped based on whether they contained at least one known

RBD (known RBD) or contained no known RBDs (unknown). (B) For the Known RBD group from
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(A), the odds ratio and significance for a protein containing a classical or non-classical domain
compared to the whole proteome proteins containing RBDs were calculated using Fisher’s exact test.
For proteins containing classical (C) and non-classical (D) domains, odds ratio and significance were
calculated using Fisher’s exact tests against the whole proteome proteins containing these respective
domains. Results with an odds ratio < 0.01 were excluded for plotting. Statistical analysis was carried
out using R. Asterisks indicates significance **** = p < 0.01, * = p < 0.25. (E) Protein intrinsic
disorder was also calculated using MobiDB, comparing the whole differential RBPome (blue), the
differential RBPs with known RBDs (red), and the differential RBPs with no known RBDs (pink).
From the data, 65 out of the 118 proteins with known RBDs and 80 out of 125 proteins with no
known RBDs returned % intrinsic disorder scores, and therefore all results where no percentage
intrinsic disorder was returned were given a value of 0. A one-way ANOVA was used to determine

statistical significance.

258



Chapter 7

Finally, as the differential RBPome had been established, the upregulated and downregulated
proteins were separated and the biological processes that were enriched within these groups,
relative to the ISE6 background, were visualised using GO tools in VectorBase (Figure
7.11).

When analysing the 156 upregulated RBPs, 169 pathways were enriched compared to the
background. As shown within the word cloud, the most enriched pathway was mRNA
metabolic processes, followed by other pathways related in mMRNA/RNA processes and
metabolic processes (Figure 7.11.A). When examining the infected RBPome without
comparing it to the mock RBPome to examine differential expression, the most significantly
enriched term was gene expression. Although gene expression was still enriched within the
upregulated differential proteins, the upregulated pathways appeared to shift more towards
MRNA/RNA processing and biogenesis. This was better visualised when plotting the fold
enrichment against the -Log2(P.val) and labelling the top ten most significantly enriched
pathways. Whereas in both the mock and infected RBPomes (Figure 6.8.B and Figure 7.7.B,
respectively) many of the most significantly enriched pathways were involved in protein
synthesis, within the upregulated differential pathways all but one related to gene expression
or RNA processing (Figure 7.11.B).

Conversely, when analysing the 127 downregulated proteins, 214 pathways were enriched
compared to the background. These pathways include translation, peptide biosynthetic
processes, and amide biosynthetic processes (Figure 7.11.C). The top ten most significantly
enriched pathways included many previously observed in the mock and infected RBPome,
nearly all relating to protein synthesis (Figure 7.11.D). Interestingly, gene expression
appeared in both the upregulated and downregulated pathways, and indicating that these may

be different genes being regulated within the upregulated and downregulated pathways.
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Figure 7.11: Analysis of biological processes enriched in the 10% FDR of the differential ISE6
RBPome. (A) An analysis of the biological processes with which the RBPome proteins contained
within the proteins upregulated during infection are associated. The word cloud demonstrates the
most enriched processes compared to the background ISE6 proteome based on the associated p-
value. (B) The biological processes from (A) were plotted against the fold enrichment. RIC samples
compared to the background ISE6 proteome are shown on the x- axis and the significance plotted on

the y-axis. The top ten most significant pathways are highlighted on the graph. (C) An analysis of
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the biological processes with which the RBPome proteins contained within the proteins
downregulated during infection are associated. The word cloud demonstrates the most enriched
processes compared to the background ISE6 proteome based on the associated p-value. (D) The
biological processes from (C) were plotted against the fold enrichment. RIC samples compared to
the background ISE6 proteome are shown on the x- axis and the significance plotted on the y-axis.

The top ten most significant pathways are highlighted on the graph.
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7.3.4 Selecting targets for downstream experimentation

The analysis of the differential RBPome from Figure 7.9.A was used as a basis for selecting
the genes for subsequent knockdown experiments. This differential plot is shown again in
Figure 7.12.A, but in this plot the human ortholog labels have been added where possible.
Although to this point the 10% FDR was used to define the RBPome groups, for the
knockdown gene selection, it was ensured proteins from both 10% FDR and 1% FDR were
selected. The proteins contained within the 1% FDR differential RBPome were qualified to
be potential knockdown targets (represented by the inner circles of Figure 7.9.C). From this
1% FDR group, the downregulated and upregulated proteins within the top 50% average
intensity were isolated in order to ensure that gene knockdowns from this group would target
the most abundant proteins to theoretically produce the most apparent results (Figure
7.12.B). From the 10% FDR proteins, where the human homolog was available, a literature
search was carried out to determine if these proteins were cited in relation to pro- or anti
viral activity as shown in Figure 7.12.C. From this analysis, factoring in the role of the
proteins in the enriched pathways, their abundance within the 1% FDR differential RBPome,
their significance within the RBPome, and the results of the literature search, the genes
selected for knockdown are highlighted in red in Figure 7.12.C. The following genes were
selected for further characterisation utilising dsRNA knockdown transfections and
subsequent rUUKYV infection: AGO2, CUL1, EIF3A, PABP1, PRKRA, RBM8A, RUXE,
SND1, TOP3B, UNKL, and XRNL1.
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Figure 7.12: Selection of targets for knockdown analysis. (A) Analysis of differential RBPome
from Figure 7.9.A with all 10% FDR proteins labelled with human orthologs where possible. (B) To
select potential targets for knockdown studies, the 1% FDR proteins within the upper 50% of most
abundant (highest intensity) that were at a significantly upregulated (red) and downregulated (blue)
fold change were plotted against the -Log10(adj.P.val). (C) The proteins from (B) were screened to
determine if the human orthologs were referenced in terms of pro- or anti-viral properties within the
literature. The proteins highlighted in the red boxes correspond to the targets selected for dsSRNA

knockdown.
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7.4 Discussion

In order to determine the ISE6 UUKV-infected RBPome and subsequently the proteins that
were differentially expressed during infection, the method used to establish the naive ISE6
RBPome was repeated in UUKYV infected ISE6 cell culture. However, before this could be
carried out, the infection conditions needed to be confirmed. Although the species from
which ISE6 is derived, I. scapularis, is very closely related to the vector species for UUKV,
. ricinus, and previous growth curve work within this thesis has shown that ISE6 can support
UUKYV infection (Figure 5.3.A and Figure 5.3.B), RIC requires over 60% of the cells to be
in the condition that is to be analysed. In the case of this research, this condition is “infected
with UUKV”, and therefore from the UUKV ISE6 growth curve data it was determined 9 d
p.i. following infection with rUUKYV at a MOI of 5 FFU/cell would be a suitable as described
in results. To confirm the percentage of infected cells within the monolayer in these
conditions, the infected ISE6 cell monolayer was fixed and probed for UUKV N (Figure
7.1). It was important to compare the infected cell monolayers to mock-infected control
monolayers as ISE6 cells can auto-fluoresce within the green channel, particularly when
cells are under stress. From the differences in fluorescence within the green channel, it was
that clear the signal seen within the infected cell monolayers were due to UUKYV infection.
As seen within the EVOS images, over 95% of the cells showed green fluorescence
surrounding the stained nuclei (indicating UUKYV infection within the cell), and therefore
infection using these conditions ensured that enough starting material would be present for
RIC. This represents a potential drawback of this methodology. It would be beneficial in
future to expand to earlier infection timepoints to determine if and how the differential
RBPome changed during the establishment of infection. However, when infection is first
being established there may not be enough material or infected cells to determine the initial
RBPome response. Previous studies have shown that some viruses, such as TBEV, are
transmitted in under one hour post attachment of the infected tick (Tahir et al., 2020), and
therefore it is likely that the cell response does change over time, and so it would be
beneficial to attempt to study these earlier timepoints. For the purposes of this research, as
this technique had not been attempted previously on UUKYV infection in ISE6 cells, ensuring
enough material was present to establish confidently an infected RBPome was the priority.
In doing this, it was hoped that differential proteins that may play a key role in infection
could be identified as a starting point for further investigation and comparison when this
methodology was expanded to other conditions within the ISE6 cell line. In line with
discussing other conditions, it is arguable whether a MOI of 5 FFU/cell is biologically
relevant, as little is known about the range of MOI that is ingested by ticks, or the route of
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dissemination of virus into the tick organism post-feeding. As a MOI of 5 FFU/cell caused
enough cells to be infected to guarantee effective RIC, it may be beneficial to repeat the
methodology at a lower MOI alongside varying the timepoints tested to determine whether
the differential RBPome was a dose-dependent response.

As mentioned in the chapter 7.3.1, it is plausible that the UUKV genome contained regions
which were capable of interacting with the oligo(dT) capture beads despite the UUKV RNA
not being polyadenylated (Elliott & Weber, 2009), allowing them to be isolated during RIC
alongside cellular mRNAs. During infection, viral RNA becomes one of the most abundant
types of RNA within the cell. | hypothesised that if the oligo(dT) beads were capable of
capturing viral RNA (and the vector proteins bound to it), using RIC would be highly
informative for elucidating important RBPs during infection. To determine the likelihood of
this occurring, the UUKV genomic segments were scanned for poly(A)/poly(A) like
sequences. Poly(A)/poly(A)-like sequences were defined as a minimum of 5 A concurrent
nucleotides with any sections above 5 concurrent A’s being at least 80% A content. All three
genomic segments returned over 50 sections of their respective sequences that fit these
criteria, meaning it was highly likely RIC methodology I optimised in Chapter 6 would allow

the capture viral RNA and development of a more informed model of the infected RBPome.

Once the infected RIC samples were generated, RT qPCR was performed on the inputs and
eluates of both infected and non-infected samples to probe for presence of UUKV RNA. As
expected, no presence of UUKV M segment RNA was detected within the “mock_infected”
samples, but was detected within the “infected” inputs. Most importantly, within the infected
samples although the eluate normalised Ct scores were lower than the inputs, which is most
likely due to some loss of material during the capture and washing stages, UUKV M RNA
was detected within the eluates. This confirmed that UUKV RNA was able to be captured
by the oligo(dT) capture beads, and that this technique could be used to determine the
landscape of protein-RNA interaction occurring in both viral and cellular RNAs. As the
poly(A)-like analysis does not consider the potential formation of secondary RNA structures
which may affect affinity to the oligo(dT) capture beads. It would be interesting to repeat
the UV-crosslinking and oligo(dT) capture of infected ISEG6 cells and calculate the ratio of
L:M:S segments within the input and eluate to see if the eluate ratio reflected the number of
poly(A)-like sequences within the corresponding segments. Although there were higher
levels of RNA within the input samples compared to the mock, which may be due to the
presence of infectious material, the decrease of RNA in the eluates was larger than that of
the mock samples. This may be due to the UUKV RNA being captured during the RIC

‘blocking’ vector mRNA binding to the oligo(dT) beads, and then subsequently being
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removed during the washing step as these poly(A)-like VRNA sequences are likely to have
a weaker affinity to the oligo(dT) capture beads compared to poly(A) mRNA.

When visualising the biological triplicate proteins samples from the RIC of crosslinked and
non-crosslinked infected ISE6 cell monolayers via silver staining, there was no difference
seen within the inputs. As expected, no proteins (aside from the band representing proteinase
K at ~17 kDa) were seen within the non-crosslinked samples. This indicates that UUKV
infection does not alter the intracellular environment to where non-crosslinked proteins are
pulled down during oligo(dT) capture. From a visual comparison of the banding pattern in
the silver stain gels, the eluates not only appeared distinct from that of the inputs, indicating
a sub-population of the intracellular proteins were pulled down, but there was an additional
band seen at ~25kDa which was not visible within the mock sample silver stains. This band
may correspond to the UUKV N protein, further adding to the conclusion that oligo(dT)
beads isolated UUKV RNA. Although there is some evidence that UUKV N interacts with
mammalian host cell proteins such as GBF1 (Uckeley et al., 2019), to date UUKV N binding
to vector mRNA has not been demonstrated. To investigate whether an interaction occurred
between cellular RNA and UUKV N, and if so, occurred with specific vector RNA
transcripts, UV-crosslinking could be performed before immunoprecipitation using
antibodies specific for UUKV N to isolate the N proteins and bound RNA. These could then
be analysed by RNA seq.

When finalising the quality of the samples, despite this reduction in eluate RNA, overall, the
enrichment of the samples surpassed the minimal threshold. This factor, combined with the
silver stains, confirmed that the infected RIC samples were suitable for mass spectrometry,
which was then carried out alongside the mass spectrometry of the mock samples in order to

minimise the potential variables that may affect the outputs.

Mass-spectrometry is a very sensitive process, and therefore by carrying out the mass-
spectrometry runs concurrently on the same apparatus any variability that would be
introduced by using different machinery or operator is minimised. However, the MaxQuant
output analysis of the infected biological triplicates was still required to undergo diagnostic
analysis. This was done by including the infected triplicates data to the previous diagnostics
of the non-infected biological triplicates. By doing so, it allows evaluation of not only the
quality of the infected crosslinked and non-crosslinked biological triplicates, but to assess if
there was evidence of variation between the mock and infected samples. A lack of difference
between the mock and infected crosslinked samples would indicate an error upstream of the

analysis. These errors could include not enough infected material present during the RIC, or

268



Chapter 7

that minimal/no protein expression and activity changes occurred within the cell.
Realistically, this latter hypothesis is not biologically feasible. For the triplicates for each
condition (crosslinked and non-crosslinked, mock and infected), several analyses were
carried out. These were plotting the Log2 of the protein intensities for each sample to
compare the overall distribution of intensities between the samples (Figure 7.3.A),
determining the number of missing values when comparing the samples (Figure 7.3.B), and
performing a PCA on the data set (Figure 7.3.C). Overall, the results were in line with what
was expected. Within the crosslinked samples the intensities of the crosslinked samples were
far higher than those in the non-crosslinked. It was unclear whether the infected cell cultures
would produce higher intensities in the crosslinked samples, given that viruses can shut off
host protein synthesis, hijack cellular machinery to promote viral protein production, and
prevent cellular apoptosis and protein degradation, all of which would have an impact on the
overall levels of protein (and therefore levels of RBPs) within the cell. Conclusions cannot
be drawn as to the cause of the increase seen in the infected triplicates. Conversely, the
number of missing values was far smaller in the crosslinked samples compared to the non-
crosslinked samples, indicating that the crosslinking caused the isolation of specific RBPs.
This increase in intensity of the infected non-crosslinked samples compared to the mock
non-infected samples was more expected, as it is likely that abundant ‘sticky”’ viral proteins,
such as the UUKV N protein, were also pulled down in a non-specific manner adding to the
background of the RIC. Similarly, when analysing the missing values in the data, the
minimal variation between and within the triplicates, and the reduced number of missing
values in the crosslinked sample compared to the non-crosslinked sample is significant. A
large difference between the missing values of the crosslinked infected and non-infected
triplicates would potentially indicate a loss of material within the samples during the RIC
process, producing samples indistinguishable from background. Although a shift in the
RBPome is expected during infection this would not produce a complete abolition of a large
proportion of proteins. Similarly, if the missing values of non-crosslinked triplicates was
lower/comparable with the crosslinked samples, it would indicate that potential cross-
contamination occurred, or the infection affected the capabilities of RIC to isolate only
RBPome-related proteins. However, although the overall levels of intensities and missing
values were comparable between the equivalent mock and infected samples for crosslinked
and non-crosslinked samples, this does not necessarily mean that the specific RBPs within
these groups had equivalent levels of intensities in the mock and infected samples, or that
the missing values were of the same types of proteins. In this regard, PCA analysis is

informative. As two variables were applied to the samples; crosslinking and infection, it is
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expected that these would be the main causes of grouping on a PCA plot. If the mock and
infected, crosslinked and non-crosslinked samples had similar specific protein intensities
and missing values, we would expect to see these groups cluster together, and if this
occurred, we could conclude that although the cells were infected there was not enough
difference from the mock RBPome or enough material for RIC. When analysing the PCA
plot. the biological triplicates discretely grouped together, with the primary factor causing
variability being whether the samples were crosslinked, the secondary factor being whether
the samples were infected. Given that the purpose of this research was to establish the
differential expression of RBPS during UUKYV infection within ISE6 which have undergone
UV-crosslinking, using the non-crosslinked equivalent samples as a control, this was a
significant result as the variable factors of the data were the factors intended for
investigation. Therefore, not only did this analysis confirm that the infected crosslinked and
non-crosslinked samples were suitable for use in the establishment of the infected 1SE6
RBPome, but also in comparison of the mock and infected ISE6 RBPomes.

When looking more in depth at the infected RBPome, it cannot be assumed that the protein
makeup, and therefore features such as the biochemical properties and domain types, would
be wholly similar to those within the mock RBPome. Although there will be some overlap
of protein types due to the lower number of missing values in the crosslinked samples, these
missing values may not be the same proteins from the total protein types across the groups,
and this is supported by the results of the PCA plot showing clear separation of the biological

conditions.

A total of 29 more proteins were found within the infected biological triplicates compared
to the mock, and when the 10% FDR criteria was applied to the biological triplicates, 46
more proteins were within the infected RBPome compared to the mock. This is in line with
the slightly larger spread of intensities and fewer missing values in the infected crosslinked
samples compared to the mock crosslinked samples, as seen within the diagnostic analysis.
This is an interesting observation as viruses often try to enact ‘host shut off” to prevent the
infected cells from producing immune proteins which would negatively impact protein types
present (Eifan et al., 2013). However, as UUKYV has previously been identified as a weak
immune antagonist within host cells (Rezelj et al., 2017), and from the growth curve work it
is known UUKYV infection is not cleared from ISE6 cells, this increase in the number of
proteins most likely reflects the production of antiviral RBPs. Interestingly, the UUKV N
protein (NCAP) did not appear to be significantly enriched within the crosslinked samples.
After examining the intensities related to the NCAP protein, it was determined that the

protein was so abundant within both crosslinked and non-crosslinked groups statistically
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significant enrichment was unable to be calculated, most likely due to the UUKV N protein
being abundant and sticky within the inputs, preventing the UUKV N protein from being
removed during RIC. The UUKYV L protein was significantly enriched within the crosslinked
sample, showing that the specificity of the pulldown was maintained during infection and
infection was present within the starting material. Additionally, as we have seen that UUKV
M RNA (and therefore potentially the other viral genomic segments) were isolated within
the RIC, this may also cause other RBPs which do not necessarily have antiviral activity but
can bind the vVRNA to be pulled down. When looking at the biochemical properties of the
infected RBPome, aside from the expected results of following the trends seen within the
mock RBPome, there was one notable difference in that the peak of the pl was higher within
the infected RBPome compared to mock. As there were 46 more proteins in the infected
RBPome than in the mock RBPome, these proteins may have contributed to the higher pl
peak. This may also indicate that the additional proteins within the infected RBPome interact
with RNA through specific positively charged domains, however further analysis into the
differential RBPome and the structures of these proteins would be needed to determine if
this theory was accurate. As seen in the mock RBPome, no significant differences were
found in the intrinsic disorder analysis (Figure 7.4.D), however as mentioned in the previous
chapter, this does not mean that the intrinsic disorder seen within the infected RBPs has no

biological or functional relevance.

The infected RBPome proteins were also analysed via InterproScan, which returned 88
proteins with no identifiable protein domains. Of these proteins, 75 were also within the
mock RBPome. Due to most of these proteins being found in both samples, it can be
hypothesised that the lack of identifiable domains may be due to the quality of the FASTA
files, as their significant presence within the crosslinked groups for both mock and infected
indicated that they bind specifically to the RNA. Additionally, despite the increased number
of proteins within the infected RBPome compared to the mock RBPome, the ratio of proteins
with known RBDs and unknown domains was maintained at roughly 50%, adding to
previous evidence of potential conserved methods of RNA interaction in the RBPome
relying on both specific RBDs and other mechanisms. Similarly, the odds ratios of domain
enrichment were maintained within the infected RBPome compared to the mock RBPome,
whereby the classical RBDs were over 3 times more enriched than the non-classical. As
there was overlap between the types of proteins within the mock RBPome and infected
RBPome, it was unclear what the overall distribution of enriched domain types would be
and how comparable the domain types would be between the groups. There were a few

differences noted between the mock RBPome and infected RBPome, as described in Chapter
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7.3.2. The most interesting of these differences being the reduced enrichment of Zinc-finger
containing family domains compared to the other domains within the enriched domain types,
indicating that there may be a different level of reliance on domain types when the ISE6 cells
are infected. As in the mock RBPome analysis, there are many proteins within the cells that
contain classical RBDs, and therefore the odds enrichments may not be significant as the
difference between the small RBPome sample size and the whole proteome prevents a more
accurate assessment of enrichment. In comparison, there are far fewer non-classical domains
within the whole proteome, and therefore significance is able to be determined, although no
non-classical domain was upregulated in the infected RBPome. When looking at only the
proteins with no known RBDs, the biochemical properties of this group reflected the
properties found within the mock equivalent, further supporting the hypothesis that the
proteins which contain no known RBDs rely in other features such as intrinsic disorder in
order to interact with UUKV.

The biochemical properties of the mock and infected RBPomes were then compared directly
to each other. The HI and overall percentage disorder were indistinguishable. As expected
from the previous pl curves, the infected RBPome peak was broader and covered a higher
pl than the mock RBPome. When splitting the percentage disorder distribution of mock and
infected RBPome proteins with known RBDs and unknown domains, the known RDB
groups were very similar. In comparison to this, when comparing the mock and infected
unknown groups, potentially due to the infected unknown group having more proteins (of
which more return no percentage intrinsic disorder), there is a more prominent group of
proteins with an intrinsic disorder between 5-25% in the mock group which seems to be
reduced in the infected unknown group. This was the opposite of what was expected, as it
was hypothesised prior to this that the ISE6 cells may use proteins with intrinsic disorder in
an antiviral manner to bind viral genomic segments as these regions may allow greater
flexibility and a variety of conformations within the protein to maximise interaction with the
viral material. From these data, a new hypothesis is that the proteins containing these
intrinsic disordered regions are reduced within the infected cells to prevent viral promotion
through allowing greater flexibility within the protein, preventing differentiation between
cellular and viral RNA. To confirm this hypothesis, it would be interesting to analyse the
structure of the proteins showing intrinsic disorder to see if these features play a role in the

proteins RNA binding capabilities and functions.

Unsurprisingly given there were more proteins present within the infected RBPome, 11 more
pathways were enriched within the RBPome, although similar to the domain enrichment,

there were minimal differences aside from the increase in enrichment of amide biosynthesis
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and inclusion of mRNA metabolic processes within the top ten significantly enriched
pathways. The enrichment of the mMRNA metabolic processes was most likely due to either
the virus hijacking the cellular machinery to promote viral replication, transcription, and
translation, or the vector cell upregulating the proteins involved in producing antiviral
peptides. The latter is arguably more likely, as the increase in enrichment of amide
biosynthetic processes may be related to producing antiviral peptides.

However, although elucidating the details of the biochemical properties and domain details
of the infected RBPome is interesting, as this has previously been undefined and can in future
be used to compare to the infection conditions of other viruses and/or other tick cell lines,
this group contains both upregulated and downregulated RBPs during UUKYV infection and
therefore the amount of information that can be gained upon the differences that occur during
infection is limited without further differential comparison to the mock RBPome. When this
was carried out, 283 proteins were significantly up- or down- regulated to a 10% FDR, which
will be referred to as the differential RBPome. Just over 2/3rds of these proteins had
identifiable human orthologs, and therefore these will be used to refer to the proteins
involved in the differential RBPome wherever possible. Of these 283 proteins, 127 were
significantly downregulated, and 156 were significantly upregulated, within the differential
RBPome when the ISE6 cells were infected with UUKYV, corresponding to less than 2% of
the identified proteome. These percentages fall within the expected range, as when looking
at HEK cells as a comparative example, less than 4% of the total proteome are RBPs that
have been shown to interact with mRNA, and therefore we would expect a lower percentage
than 4% to be differentially expressed in different conditions (Castello et al., 2016).
Additionally, these results are similar to the differential transcriptomics of A.
phagocytophilum, where bacterial infection caused the upregulation of 45 genes and the
downregulation of 129 genes (P. Alberdi et al., 2015; P. Alberdi et al., 2016). Although these
levels were lower than the number of proteins found within this study, one of the drawbacks
to transcriptomic analyses is that less abundant transcripts within the cells are often missed.
This differential RBPome is an exciting result, as by using the UV-crosslinking and
oligo(dT) method the proteins captured, and therefore those that are differentially expressed,
can be considered to reflect the activity within the cells as these proteins were captured when
actively interacting with the RNA. This differs from other proteomic techniques, such as
whole cell proteomics, whereby a shift in protein quantities may not accurately reflect the
changes in activity within the cells. However, the caveat to this method is that because of
the nature of the capture method, the analysis is biased towards the RBPome function.

Therefore, although the results allow for investigation into the RBPome activity within
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infection, this only provides a partial picture of the activity changes within the cell and may
miss out on other important pathways such as those involved in the RNAI pathway described
in the introduction. When translating this to domains, the only enriched domain, within the
differential RBPome was the FMRP KHO domain. The fragile X mental retardation protein
(FMRP)’s function is currently not fully understood, but is known to control different steps
of mMRNA metabolism in humans through interacting with proteins, mMRNA and non-coding
RNAs, and in humans when this protein is lacking or mutated it can lead to intellectual
neurodiversity such as autism spectrum disorder (ASD) or intellectual disability (D'Annessa,
Cicconardi, & Di Marino, 2019). The KHO of this domain is considered a non-
canonical/degenerate KH domain lacking the conserved GxxG motif loop, which appears to
destabilise the protein, however the structure of these domains needs to be further
investigated before conclusions can be drawn upon the impact in arthropods (Pereira &
Lupas, 2018; Santorelli et al., 2022). These results need to be taken with caution, as the size
difference between the differential group and the whole proteome may prevent enrichment
and significance being accurately assessed, and therefore it was decided not to segment the
data further to conduct domain analysis. The other interesting detail of the domain analysis
is that, when visualising the spread of percentage intrinsic disorders, in continuing what has
previously been seen in the unknown samples, there is a bulge at a percentage intrinsic
disorder between 5-25%, although this is less apparent in the differential RBPome, however

this may be due to the smaller number of proteins.

Moving on from the domain analysis, the enriched upregulated and downregulated pathways
were examined using the tools available in VectorBase. As expected, the upregulated
pathways were predominantly involved in mRNA processing (including metabolism and
splicing) and gene expression, which signifies the cell moving to an antiviral state,
potentially alongside the virus hijacking the machinery of the cell to promote viral
replication. A similar result was seen within TBEV infection of IDES8 cell cultures at 6 days
p.i., where through transcriptomic and whole cell proteomic analysis, nucleic acid processing
was shown to be upregulated (Weisheit et al., 2015). What was particularly interesting from
these results was the significant enrichment of cellular nitrogen metabolic processing, as it
has been observed in other arthropod species (such as mosquitoes) that triggering of the
antiviral response causes the production of reactive nitrogen species, and so this may also be
a response within tick cells (Fogaca et al., 2021). Similarly, the downregulated pathways
were involved predominantly in peptide and macromolecule metabolism. It can be
hypothesised that the gene expression cited in the downregulated pathways is involved in

the reduction of these metabolic pathways within the cells. Infected cells often undergo
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suppression of translation in order to produce an antiviral state within the cell and prevent

viral replication.

From the experimental work and analyses in this chapter and the previous chapter, the
differential RBPome at an infection timepoint at 9 d p.i was established, alongside the up-
and down-regulated pathways that were enriched during infection. Although these proteins
are more likely to signify a change in activity within the cells due to being isolated from
actively binding mRNA, at this point the specific roles for each identified protein within the
RBPome in terms of UUKV kinetics cannot be confirmed. Just because a protein is
upregulated within infection, does not mean it plays a direct role in UUKYV infection, as there
is a possibility this upregulation is a biproduct of other activity changes within the infected
cells. To validate the mass spectrometry data and to provide proof of principle for this work,
the next stages of this research were to carry out knockdowns of selected genes to determine
if the proteins have a pro- or anti- viral effects on UUKYV replication kinetics. Although the
following analysis was carried out for both the upregulated and downregulated proteins, only
upregulated proteins were selected for targeting to maximise the possibility of seeing an
effect on viral kinetics when the protein was removed. The selection process was ensured a
breadth of targets, although the criteria may overlap for certain proteins; proteins within the
10% FDR group (EIF3A, SND1, XRN1, TOP3B, PRKRA, and PABP1), proteins within the
10% FDR group that are also within the top 50% most abundant proteins (RBM8A, UNKL,
RUXE, CUL1, and AGO2), and proteins where the human ortholog has been cited in the
literature in relation to viral kinetics (EIF3A, SND1, RBM8A, XRN1, UNKL, TOP3B,
PRKRA, and CUL1). Again, for this latter criterion, just because the human orthologs have
pro- or antiviral activity does not guarantee the tick protein will also carry out this activity
in the vector cells. Once selected, the next steps were to carry out dSRNA knockdowns. In
future, it would be interesting to also target downregulated proteins, to determine if these
proteins (even if reduced within the cell) are acting in an antiviral manner, or if by

completely removing the protein from the cell acts in a proviral manner.

In conclusion, the previously undefined RBPome of rUUKYV infected ISEG6 cell cultures was
elucidated and used to compare against the mock RBPome previously defined in Chapter 5
to determine the differential expression of RBPs during infection (the differential RBPome).
This research is the first example of the RBPome of an infected tick cell line that has been
established, and therefore this is the first differential RBPome to be elucidated using this
method. The infected and differential RBPome showed many of the expected biochemical
properties and indicated that proteins may use intrinsically disordered regions to allow

different protein conformations capable of binding RNA where no known RBDs are present.
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The next stages of this research will therefore be to carry out dSRNA knockdowns as will be
discussed in the next chapter.
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8.1 Introduction

The methodology of using dsRNA transfection to knock down genes within cell lines and
organisms has been employed since the early 2000’s (Elbashir et al., 2001; Mocellin &
Provenzano, 2004; Montgomery, 2004). The initial study by Elbashir et al., found that when
a long dsSRNA homologous to the gene that is intended to be silenced is cleaved into SIRNAS
of 21-22 nucleotides in length, the siRNAs then go on to be taken up by the cell’s RISC
machinery (previously described in Chapter 7). This then targets the mRNA transcripts of
the gene of interest, causing them to be degraded and preventing the production of their
corresponding proteins (Au, Portelli, & DeWitte-Orr, 2022; Elbashir et al., 2001; Mocellin
& Provenzano, 2004; Schnettler et al., 2014). This technique has been used for knockdown
of both the cell’s own genes and the genes of viruses introduced into the cells, the latter of
which results in the reduction or prevention of viral infection (Au et al., 2022; Mocellin &
Provenzano, 2004). There are certain drawbacks and risk factors that must be considered
when applying dsRNA silencing. In contrast to producing cell lines or organisms that
containing stably transfected DNA plasmids producing the RNA to be cleaved, or
mutating/deleting the gene of interest from the genome to produce a stable knockdown,
dsRNA knockdowns can be considered transient as over time the introduced dsRNA will be
degraded (Chong, Yeap, & Ho, 2021; Mocellin & Provenzano, 2004). In addition, there are
several different reagents and established methods for transfecting the dsRNA into target
cells, which run the risk of triggering an immune or apoptotic response within the cells, and
produce varying degrees of transfection efficiency (Chong et al., 2021; Fiszer-Kierzkowska
etal., 2011; Jacobsen, Calvin, & Lobenhofer, 2009; Mocellin & Provenzano, 2004). Beyond
just the variables surrounding introducing genetic material into a cell, in both examples of
transfecting in a stable plasmid or dsSRNA, there is a risk that the sequences utilized have
off-target interactions. This occurs if the siRNA is not specific to the sequence of the gene
of interest. Therefore, when deciding upon the sequences used for the knockdown, care must
be taken to prevent and/or reduce off-target effects which may prevent the accurate analysis
of any results generated. Optimisation experiments therefore need to be conducted and
validated before any knockdown experiments can commence (Chong et al., 2021; Mocellin
& Provenzano, 2004; Montgomery, 2004).

The use of RNA knockdowns and interference has been applied to tick research over the last
past twenty years, with the first publication demonstrating the successful application of
RNAI gene silencing in ticks being published in 2002 (Aljamali, Sauer, & Essenberg, 2002).
The introduction of RNA material was achieved through incubation with or injection of

dsRNA, and once internalised by the cells the siRNA production pathway was induced
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(Aljamali et al., 2002). Introduction of dsRNA by either incubation or injection has shown
that the dsSRNA is capable of permeating a variety of organs (past the point of the injection
site), such as the synganglia, salivary glands, and midguts (Karim, Kenny, Troiano, &
Mather, 2008). In comparison, the first case of chemically induced transfection in ticks,
which is the most similar methodology comparatively to the technique used in this work,
was done by incubation of the R. haemaphysaloides with liposomes containing dsRNA (Y.
Zhang et al., 2018). According to Fuente and Kocan, by 2022 over 250 publications have
been released describing RNA interference in ticks, examining the impact of protein
knockdowns on a variety of topics including cellular molecular pathways, fertility, and
pathogen infection (de la Fuente & Kocan, 2022). Although more data is needed to validate
this, there is evidence to suggest that dSRNA knockdown can be persistent and even passed
on into offspring (de la Fuente & Kocan, 2022; Nijhof et al., 2007). When R. microplus
females were injected with dSRNA against several tick antigens, downregulated levels of
MRNA could be detected in the eggs laid by the injected female, with this downregulation
still being present several weeks after as the larvae hatched and developed (Nijhof et al.,
2007). Further, work by Barry et al, demonstrated that the length of RNA introduced
impacted the efficiency of the knockdown. They demonstrated that dsSRNA was overall, a
better tool than siRNA for gene knockdowns (Barry et al., 2013). The method adopted in
this study used the introduction of dsRNA by magnetofection (magnetic beads and
transfection reagent; Oz Biosciences) targeting ten candidate RNA-binding proteins,
selected from ISE6 genes present in ISE6 cell culture. I will briefly summarise the genes of
interest as defined by Figure 7.12 in Chapter 7 and describe the associated proteins, using
the human ortholog counterparts as assigned through Inparanoid analysis. All functions
described below are documented within mammalian systems unless specified otherwise,
with the ortholog ID mapping obtained from Uniprot. If any information has been attributed
to the description of the protein or gene found in ISEG6 as detailed by VectorBase, this will
be highlighted.

8.1.1 AGO2

The human ortholog for the gene and corresponding protein for Argonaute RISC Catalytic
Component 2 (AGO2) corresponds to the ISE6 protein coding gene ISCI013378, which is
labelled as a gene with an unspecified product. There are 4 AGO proteins expressed in
humans (AGO1-4), all of which share a large amount of structural similarity. These proteins
are largely known for being important components of the RISC complex, aiding in small
RNA (smRNA) biogenesis. Of all 4 AGO proteins, in mammals only AGO2 mediates the

279



Chapter 8

endonucleolytic cleavage of their target mMRNAs (Bodak, Cirera-Salinas, Luitz, & Ciaudo,
2017; Muller, Fazi, & Ciaudo, 2019; H. Su, Trombly, Chen, & Wang, 2009). Unlike many
of the other genes and proteins described this chapter, AGO2 has been characterised and
studied within arthropods such as mosquitoes and drosophila as previously described in
Chapter 1.1.1.2 and Chapter 7, including highlighting it as a key player in antiviral immunity
through its functions in the RNAI pathway. It is a common feature of both DNA and RNA
viruses to encode viral suppressors of the RNAI pathway to prevent siRNAs targeting the
viral genome, and this suppressive activity can target several different stages of the RNAI
pathway including preventing dsRNA cleavage by Dcr-2, binding or degrading the siRNA
to prevent it associating with the RISC machinery, or interfering directly with Dcr2 or AGO2
function (Bonning & Saleh, 2021; van Rij et al., 2006). In the mosquito species Aedes
aegypti, when AGO2 knockout mosquitoes were infected with arboviruses such as DENV?2,
ZIKV, Mayaro Virus (MAYV) and the bunyavirus RVFV, the instances of organism death
were highly increased due to the increased level of infection, VRNA buildup, cell lysis and
tissue damage (Dietrich, Jansen, et al., 2017; S. Dong & Dimopoulos, 2023).

8.1.2 CUL1

The human ortholog for Cullin 1 (CUL1) corresponds to the ISE6 protein coding gene
ISC1013256, which is labelled as a gene with an unspecified product. In mammalian systems,
CUL1 is an essential component of the SKP1-CUL1/CDC53-F box proteins (SCF) ubiquitin
E3 ligase complex, which functions to catalyse the ubiquitination of regulatory proteins such
as B-catenin and IxB (J. Zheng et al., 2002). Essentially, the protein functions as a scaffold
onto which adaptor, substrate receptor, and regulator proteins get loaded, and this complex
is then further regulated by post-translational modifications (Mahon, Krogan, Craik, & Pick,
2014). The protein itself is an elongated protein consisting of a long stalk and globular
domain (N. Zheng et al., 2002). At the time of writing, there is no confirmed direct CUL1-
RNA interaction, although through association with RING proteins, CUL1 works to
ubiquitinate  DNA-bound proteins and represses nuclear-encoded mitochondrial and
splicing-associated genes when co-localised with c-MYC (Sweeney et al., 2020). CUL1
localises in both the nucleus and cytoplasm and has also been shown to interact with hnRNP
(complexes of RNA and protein localised within the nucleus) binding proteins (Cano,
Rapiteanu, Sebastiaan Winkler, & Lehner, 2015; Hildebrandt et al., 2017; Sweeney et al.,
2020). Viral proteins have been shown to interact with and hijack E3 ligase complexes in
order to degrade host cell factors that would otherwise be present within the cell and able to

act in an anti-viral manner, such as intracellular immune factors (Mahon et al., 2014). CUL1
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and associated factors have been shown to be targeted for degradation by Kaposi's sarcoma-
associated herpesvirus, myxoma virus, rotavirus, polerovirus, HIV-1, and RVFV to name a
few (Mahon et al., 2014). RVFV NSs protein has been shown to target the substrate receptor
of CUL1 FBXO3, which causes the degradation of transcription factors leading to a
dampening of the up-regulation of intracellular innate immune factors (Kainulainen et al.,
2014; Le May et al., 2004).

8.1.3 EIF3A

The human ortholog for eukaryotic translation initiation factor 3a (elF3a) corresponds to the
ISE6 protein coding gene 1SCI020306, which is labelled as a gene with an unspecified
product. Eukaryotic translation initiation factors (elFs) play an important part of translational
control by exerting effects over the initiation of translation. elF3 is the largest of the elF
complexes and consists of 13 subunits, including elF3a, and functions by preventing the
reassociation of the 40S ribosome with the 60S ribosome alongside recruiting other elFs to
produce a ternary complex (Gomes-Duarte, Lacerda, Menezes, & Romao, 2018; S. Ma,
Dong, Huang, Liu, & Zhang, 2022). The protein is 170 kDa in size and contains three
putative domains including proteasome-COP9-initiating factor 3, spectrin, and the C-
terminal 10 AA repeat (Pincheira, Chen, & Zhang, 2001). EIF3a has been shown to have
RNA interaction capabilities, as it is capable of regulating mRNA translation via binding to
the 5°-UTR sequence in the transcript corresponding to the internal ribosome entry site
sequence (Gomes-Duarte et al., 2018; Yin et al., 2013). There is also some evidence to
suggest this protein can accelerate the translation of mRNAs by interacting with the 3’ UTR,
however this mechanism has yet to be defined (Z. Dong, Liu, & Zhang, 2020). In the context
of viral infection, many viruses interact with elF3a. When elF3a was depleted in cells before
infection with hepatitis E virus, there was a significant reduction in viral replication and
elF3a was also found in the viral translation/replication factories (Subramani et al., 2018).
This is also like the non-structural protein of mammalian orthoreoviruses, which strongly
interacts with elF3a in viral inclusion bodies to recruit and maintain ribosomes for the
translation of viral mMRNA (Desmet, Anguish, & Parker, 2014). The NS38 proteins from
aquareoviruses also associate with elF3a and it is speculated that these interactions promote
viral mMRNA translation (J. Zhang et al., 2019). In comparison to this, the foot and mouth
disease virus viral protease degrades elF3a and elF3b which may contribute to the shutdown

of host mRNA translation (Rodriguez Pulido, Serrano, Saiz, & Martinez-Salas, 2007).
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8.1.4 PABP1

The human ortholog for polyadenylate-binding protein 1 (PABP1) corresponds to the ISE6
protein coding gene 1SC1014211, which is labelled as polyadenylate-binding protein. The
specific functions depend on the localisation of the protein, as PABP1 can be located in both
the cytoplasm or the nucleus, although for this study we will focus only on the cytoplasmic
functions (Nicola K. Gray, Hrabalkova, Scanlon, & Smith, 2015). In mammals, PABP1
plays an important role in the initiation of translation by interacting with elF4, recruiting
additional translation factors, and helping to bring the ends of the mRNA into functional
proximity creating a ‘closed loop’ conformation. This conformation increases ribosomal
recruitment while also protecting the mRNA from degradation. Other functions include
regulating the transcription, polyadenylation, deadenylation, and degradation of mRNA.
Outside of this role, PABP1 is involved in the miRNA-mediated repression and nonsense-
mediated decay mRNA surveillance pathway. In some instances, these functions such as
recruiting transcription factors, are independent of the mRNA containing a poly(A) tail by
interacting with AU rich regions on RNA. (M. Brook et al., 2012; Matthew Brook, Smith,
& Gray, 2009; Derry, Yanagiya, Martineau, & Sonenberg, 2006; Nicola K. Gray et al., 2015;
R. W. Smith, Blee, & Gray, 2014). PABP1 can interact with RNA and proteins via four
distinct RRMs, a proline-rich region and a C-terminal domain (M. Brook et al., 2012;
Matthew Brook et al., 2009). PABPs as a family are very common targets for viruses,
including several viruses that do not have poly-adenylated RNAs, and can be acted upon by
the virus in a number of ways, including modifying their stability, complex formation, or
cellular localisation (Gao, Tang, Hu, & Zheng, 2022). It has been reported that upon
infection, bunyaviruses re-localise PABP1 from the cytoplasm to the nucleus (Burgess et al.,
2011). In RVFV infection, the non-structural S (NSs) protein is responsible for the removal
of PABP1 from the cytoplasm and transportation into the nucleus. Although this is not
required for RVFV replication, by removing PABP1 the translation of viral mMRNA is
favoured over that of host mMRNA causing a more pro-viral intracellular environment and

increasing viral translation (Copeland, Altamura, Van Deusen, & Schmaljohn, 2013).

8.1.5 PRKRA

The human ortholog for the protein activator of interferon induced protein kinase EIF2AK2
(PRKRA) is the gene that encodes for the protein known as protein activator of the interferon-
induced protein kinase (PACT), and corresponds to the ISE6 protein coding gene
ISC1023181, which is labelled as a gene with an unspecified product. Although there is a

low level of PACT always expressed within cells, the PRKRA gene becomes activated
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during the IFN or cell stress responses, such as upon detection of viral infection. The
production of the PACT protein triggers a signalling cascade through activating the protein
kinase R (PKR), which goes on to inactivate elF2a and results in lowered protein production
within the cell. There is also evidence to suggest that PACT production can cause cellular
apoptosis (R. C. Patel & Sen, 1998; Peters, Hartmann, Qin, & Sen, 2001). Additionally, in
humans, PACT can associate with a complex of Dicer, hAgo2, and TAR RNA binding
protein (TRBP), and plays a role in the RNA silencing pathway. If PACT is depleted in cells,
the accumulation of mature miRNAs and siRNAs leads to an increase in interference and
prevents continuation of the cell cycle. This protein has also been shown to be required for
cardiovirus-triggered interferon responses in mammalian cells (Y. Lee et al., 2006; M.
Miyamoto & Komuro, 2017). PACT contains two dsRNA-binding motifs (Peters, Seachrist,
Keri, & Sen, 2009). Viral proteins involved in the PKR cascade prevent the cellular antiviral
response by preventing the cells producing anti-viral factors and slowing protein translation
within the cells. The VP35 protein of both Ebola and Marburg viruses bind to PACT to
prevent PKR activation (Hume & Muhlberger, 2018; Schumann, Gantke, & Muhlberger,
2009). Although there has been some evidence to show that several bunyaviruses, including
TOSV and RVFV, target PKR for proteasomal degradation, no conclusive evidence has yet
been found that shows PACT was targeted (Cesaro & Michiels, 2021).

8.1.6 RBMS8A

The human ortholog for RNA-binding protein 8A (RBMB8A) corresponds to the ISE6 protein
coding gene 1SCI1016642, which is labelled as a gene with an unspecified product. This
protein is highly conserved among species and is an important component of the splicing-
dependant multiprotein exon junction complex (EJC), alongside the Mago homolog
(MAGOH), elF4a3, and to a lesser degree metastatic lymph node 51 (MLN51) and other
auxiliary factors. In some publications, RBM8A is also referred to as Y14, when describing
non-mammalian homologs (Asthana et al., 2022; Chuang, Lee, & Tarn, 2015). The EJC
associates with newly spliced mRNAs to help guide downstream mRNA biogenesis in an
almost imprinting manner post-splicing. RBM8A and the associated complex are also
reportedly involved in nonsense-mediated MRNA decay, translational enhancement through
bridging the EJC and 48S pre-initiation complex, and mRNA metabolism. The latter of
which can also be independent of the EJC complex (Asthana et al., 2022; Chuang et al.,
2015; Kataoka et al., 2000; Nott, Le Hir, & Moore, 2004). Although primarily concentrated
within the nucleus, some RBMB8A is diffused throughout the cytoplasm and is shuttled back
and forth (Chuang et al., 2015; Salicioni et al., 2000). This protein contains a single RNA
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binding domain (RBD) comprising of two RNP-CS and RNP-2 consensus motifs (Conklin
et al., 2000; Salicioni et al., 2000). Although there is a lot of evidence to show that viruses
target various components of the EJC, there is not as much evidence to show that viruses
target RBMB8A specifically (Popp, Cho, & Maquat, 2020). One example is that RBM8A has
been shown to target WNV RNA for non-sense mediated decay, however this interaction is
disrupted by the capsid protein of the virus by interfering with RBM8A’s association to a
helper protein — PYML. This is also seen within DENV (M. Li et al., 2019).

8.1.7 RUXE

The human ortholog gene corresponding to the ID RUXE produces the protein with the
recommended name small nuclear ribonucleoprotein E (SNRPE) corresponds to the ISE6
protein coding gene 1SCI013993, which is also labelled as producing the small nuclear
ribonucleoprotein E protein. The human SNRPE protein is also known as Sm-E, and is one
of seven consistent core components of the pre-mRNA processing U-rich small nuclear
ribonucleoproteins (U snRNPs) complexes which assemble in a stepwise manner onto
single-stranded snRNAs and function to catalyse the excision of introns to produce
processed mRNA through both splicing and alternate splicing (Boudreault, Roy, Lemay, &
Bisaillon, 2019; Pasternack et al., 2013; Urlaub, Raker, Kostka, & Luhrmann, 2001; Will &
Luhrmann, 2011). There are five U snRNPs which function on different types of intron
junctions (Will & Luhrmann, 2011). When RNA is absent, the Sm proteins form three stable
heteromeric complexes, with the Sm-E/SNRPE protein being complexed to Sm-F and Sm-
G. SNRPE contains the SM motif, which is composed of two conserved regions and a non-
conserved linker region. Although through cross-linking studies, no specific SNRPE-RNA
interaction was elucidated, it is highly likely this protein interacts with RNA, there is
evidence to show that the Sm domains recognise short U-rich stretches and that this is
conserved throughout eukaryotes (Achsel, Stark, & Luhrmann, 2001; Urlaub et al., 2001).
At the time of writing, there is no published evidence to show conclusively the presence of
SNRPE within the cytoplasm in mammalian cells. However, in plants the core spliceosomal
Sm proteins have been shown to be present in the cytoplasm as part of mMRNA complexes,
and it is possible to hypothesise that SNRPE may be exported to the cytoplasm either as part
of a complex or individually (Hyjek-Skladanowska et al., 2020). Many viruses, including
those in the Herpesviridae, Papillomaviridae, Flaviviridae, and Orthomyxoviridae modulate
alternative splicing for their own benefit, such as to generate alternatively spliced viral
MRNA or prevent host SnRNA from being spliced (Boudreault et al., 2019; R. Li et al.,

2023). There is no evidence at this current time to show that bunyaviral RNA interacts with
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the spliceosome complex in order to edit VRNAS, partially given that bunyavirus mRNA
synthesis is coupled directly to translation to prevent premature transcription termination,
this does not remove the possibility the VRNA interacts with components of the complex for
non-splicing purposes (Barr, 2007).

8.1.8 SND1

The human ortholog gene corresponding to SND1 produces the protein staphylococcal
nuclease and Tudor domain-containing protein 1 (SND1) and corresponds to the ISE6
protein coding gene 1SCI014289, which is also labelled as producing the staphylococcal
nuclease domain-containing protein. This protein is highly conserved in mammalian
systems, and has also been identified in other species such as drosophila (Ying & Chen,
2012). This protein is present in the cytoplasm and is an important component of the RISC
complex, and mediates miRNA decay in AGO2-loaded and unloaded miRNAs, with this
decay being required for cell cycle progression (Elbarbary et al., 2017; Tsuchiya et al., 2007).
Outside of this function, SND1 has shown multiple other biological functions including
dsRNA editing, pre-mRNA splicing, and germline piwi-interacting (pi)RNA biogenesis,
through interactions with proteins such as Piwi, Ago2, and Myb (Ishizu, Kinoshita, Hirakata,
Komatsuzaki, & Siomi, 2019; Selenko et al., 2001; Ying & Chen, 2012; Yoo et al., 2011)
SND1 contains four tandem repeats of the staphylococcus nuclease-like (SN) domains,
followed by a Tudor domain and a final C-terminal SN domain, which is also why this
protein has also been called the Tudor-SN protein. Evidence suggests that the tandem repeats
create not only a concave surface for RNA-binding, but also act as a clamp to capture RNA
substrates (C. L. Li, Yang, Chen, & Yuan, 2008). In the context of viral infection, there is
evidence to suggest that SND1 can function in a pro-viral manner. During SARS-CoV-2
infection, SNDL1 binds the virus negative sense RNA and promotes further vVRNA synthesis
through recruiting NSP9, and through modelling the data from Schmidt et al, it is suggested
that SND1 has the ability to accumulate on negative sense RNA (Schmidt et al., 2023).
SNDI is also required for lytic replication of Kaposi’s sarcoma-associated herpesvirus in
infected cells, and though infection studies involving this virus it is indicated SND1 may be
able to recognise RNA post-transcriptional modifications alongside unmodified RNA
(Baguero-Perez et al., 2019). At the time of writing there was no conclusive evidence that

SND1-bunyavirus interactions had been established.
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8.1.9 TOP3B

The human ortholog for the gene and corresponding protein for topoisomerase 3 beta
(TOP3B) corresponds to the ISE6 protein coding gene 1SCI010954, which is labelled as a
gene with an unspecified product. The label topoisomerase gives an indication to the protein
function, in that it changes the topological state of genetic material through breaking and
then reforming genomic nucleic acid strands to unwind supercoils, resolve catenates, and
undo knots. Usually for topoisomerases this genetic material is DNA, however, TOP3B is
the only known topoisomerase to interact with both DNA and RNA. TOP3B is dispersed
within the cytoplasm and contains an RGG box RBD with which it can form cleavage
complexes in single-stranded nucleic acids. It is also speculated that TOP3B interacts with
other RNA-binding proteins to regulate mRNA translation and may play a role in aiding the
stability of mRNAs, thus promoting their translation (Ahmad et al., 2016; Pommier,
Nussenzweig, Takeda, & Austin, 2022; S. Su et al., 2022; Yang, Saha, Yang, Neuman, &
Pommier, 2022). When examining the effect on replication of single-stranded RNA viruses
in humans, whether the protein acts in a pro-viral or anti-viral manner appears to partially
be determined by if the viral genomic RNA is positive or negative sense. When testing
positive sense sSRNA viruses, TOP3B was required for efficient replication of YFV, ZIKV
and DENV?2 (Prasanth et al., 2020). Although this suggests that TOP3B may be pro-viral for
positive sense RNA viruses, this result was not reflected when Zhang and colleagues tested
TOP3B KO mice against murine coronavirus (T. Zhang et al., 2022). In terms of negative
sense sSRNA viruses, Prasanth et al. also found that when the negative sense sSRNA viruses
Ebola and influenza A virus (IAV) infected cells that had been depleted of TOP3B,
replication appeared enhanced compared to parental cell lines (Prasanth et al., 2020). It has
been suggested that removal of TOP3B does not affect Flavivirus translation or replication,
but does impair the production of infectious viral particles, although overall release of
virions is unaffected (Diosa-Toro, Prasanth, Bradrick, & Garcia Blanco, 2020). Overall,
more research needs to be carried out on the impact of TOP3B on viral infection. From
current literature, this protein appears to be pro-viral in the context of positive sSRNA virus

infection, and anti-viral in negative sSRNA infection.

8.1.10 UNKL

The human ortholog gene corresponding to UNKL produces the protein unk-like zinc finger
(UNKL) and corresponds to the ISE6 protein coding gene 1SC1021949, which is labelled as
producing the unkempt protein-putative (fragment). This protein contains a RING finger

domain and is homologous to the drosophila unkempt protein (Mohler et al., 1992). The
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RING finger domain is a specific type of zinc finger domain structure. Zinc fingers have
demonstrated DNA and RNA binding abilities, and many proteins containing RING fingers
play a key role in the ubiquitination pathway (Brown, 2005). It is believed UNKL may
promote protein ubiquitination through E3 ligase activity via RAC1 regulation, however
more experimentation is required to definitively define the role of this protein within cells
(Lores, Visvikis, Luna, Lemichez, & Gacon, 2010). No publications could be found which
suggested a link between UNKL and either pro-viral or anti-viral activity.

8.1.11 XRN1

The human ortholog for the gene and corresponding protein for 5°-3” exoribonuclease 1
(XRN1) corresponds to the ISE6 protein coding gene 1SC1019569, which is labelled as a
gene with an unspecified product. During the process of mRNA degradation, mRNA has its
poly(A) tail shortened by deadenylase complexes, which render the mRNA in a state of
limbo where the mRNA can be reactivated by restoring the poly(A) tail via polymerase
action, or undergo de-capping via the Dcpl/Dcp2 de-capping complex and further degraded
from either terminus (J. Coller & Parker, 2005; J. M. Coller, Tucker, Sheth, Valencia-
Sanchez, & Parker, 2001). XRN1, as implied by the name, functions as a ribonuclease to
carry out this degradation from the 5’ to 3’ direction. This activity occurs primarily within
the cytoplasm, potentially within specific processing bodies (as has been shown in yeast),
although exosome components are found in both the cytoplasm and nucleus (Chang, Xiang,
Xiang, Manley, & Tong, 2011; Mullen & Marzluff, 2008; Sheth & Parker, 2003). Within
mammalian cells, when investigating the nonsense mediated decay (NMD) pathway it has
been shown that NMD factors such as Upfl interact with the de-capping enzyme Dcp2, 5°-
3’ exonucleases including XRNI, 3’-5’ exonucleases including Rrp4, and de-
polyadenylating enzymes in order to rapidly degrade mRNAs from both ends (Lejeune, Li,
& Maguat, 2003). Within the last 5 years another function of XRN1 has been established,
Blasco-Moreno et al demonstrated that XRN1 promoted translation of a niche group of
membrane protein mRNA transcripts by localising the transcripts to the transcription
initiation machinery in the endoplasmic reticulum (Blasco-Moreno et al., 2019). Many
viruses hijack the mRNA degradation process described above to accelerate host mMRNA
degradation in what is termed ‘host shut off” in order to restrict cellular gene expression and
host immune response (Abernathy, Gilbertson, Alla, & Glaunsinger, 2015; Covarrubias et
al., 2011; Gaglia, Covarrubias, Wong, & Glaunsinger, 2012). Given that many VRNASs are
uncapped, this protein also has some intrinsic antiviral activity which may be another reason

for these hijacking mechanisms to evolve (Ng, Kasumba, Fujita, & Luo, 2020; Rowley, Ho,
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Bushong, Johnson, & Sawyer, 2016). In more direct viral-XRN1 interactions, XRN1 has
been shown to behave as either a pro-viral or an anti-viral factor, depending on the viral
infection under study. In the case of IVA infection, XRN1 acts in a pro-viral manner by
interacting with NS1 in processing bodies (PBs), whereby when XRNL1 is depleted viral
replication is impaired (Y. C. Liu et al., 2021). XRN1 also acts as a pro-viral factor during
measles virus (MeV) replication, as during infection MeV causes the protein to be relocated
to inclusion bodies (I1Bs) which are the centres of virus replication. XRN1 degrades dsRNA
within these IBs to avoid the activation of dsRNA-induced innate immune responses
(BenDavid et al., 2022). Comparatively, instead of co-opting XRN1, flaviviruses such as
DENYV have evolved to contain sequence specific secondary structures within the 3° UTR to
stall XRN1 and prevent the degradation of its RNA genome, allowing for the production of
small flaviviral RNAs (sfRNA) which are non-coding and have been shown to play a large
role in viral pathogenesis (Chapman, Moon, Wilusz, & Kieft, 2014). This stalling technique
has also been demonstrated to occur during RVFV infection, and therefore this may be a
strategy employed by more species within the Phenuiviridae viral family and should be
further explored (Charley, Wilusz, & Wilusz, 2018).
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8.2 AiIms

The aims of the research presented in this chapter were to:

Optimise the use of Magnetofectamine O2 (Oz Biosciences) to transfect dSRNA
into ISE6 cell cultures. There are many methods for transfecting genetic material
into cell cultures, however previous work performed by Dr Marine Petit
(unpublished) demonstrated success in using the Magnetofectamine O2 (Oz
Biosciences) transfection kit on Rhipicephalus microplus (BMEG) cell cultures. This
research aims to use this kit to transfect ISE6 cell monolayers with dsRNAs
homologous to selected tick genes. However, to do this, an optimal reagent to dSRNA
(v:v) ratio must be established to minimise toxicity within transfected cell
monolayers. In addition, transfection with a negative control dsRNA corresponding
to the ORF of the eGFP which should not interact with ISE6 genes and a positive
control dsRNA homologous to UUKV N will be conducted. The dsUUKV N should
only impact viral infection and must be carried out to ensure the system is working
optimally and that any data can be analysed appropriately.

Determine if gene targets selected for dsRNA knockdown impact UUKV
replication kinetics. Once the transfection methodology was optimised in ISE6
monolayers, dSRNA knockdown of the selected genes of interest as defined in
Chapter 3 were carried out. As these proteins were highlighted as upregulated during
UUKY infection, it is important to investigate whether these proteins have a pro- or
anti-viral role within the infected ISE6 cell. By analysing the levels of UUKV M
RNA within both the infected-cell and the cell culture supernatant, the accumulation
of UUKYV N protein within the cells, the viral titre in the cell culture supernatant, and
cell viability we can begin to examine the impact of these proteins on UUKV

infection biology.
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8.3 Results

8.3.1 Knockdown optimisation

To determine the impact of the ratio of dSRNA (ug):transfection reagent (ug/ul) and to select
the optimal conditions for transfection, ISE6 cell monolayers were transfected with 1 pg of
either double stranded RNA to eGFP (dseGFP) or double stranded RNA targeted towards
UUKYV N (dsUUKYV N) per million cells and either 1 ul, 2 ul, or 3 ul of transfection reagent
as indicated in Figure 8.1. At 24 hours post transfection the cell monolayers were infected
with rUUKYV at a MOI of 5 FFU/cell or mock-infected. At 3 or 6 days p.i., cell culture
supernatant was harvested from rUUKV-infected monolayers and viral titre determined via
foci forming assays. When performing the analysis, the specific dSRNA transfections at each
timepoint were used for comparison. At 3 days p.i., there was no significant difference
recorded in the viral titre of either dseGFP or dsUUKV N samples. At 6 days p.i., in the cells
treated with the dseGFP RNA there was no significant difference between aratio of 1:1 and
1:2, however there was a significant increase in virus titre in the 1:3 ratio, where the rUUKV
titre was over ten-fold higher (Figure 8.1.A). At 6 days p.i., infected cell monolayers were
washed and lysed, whole cellular RNA was extracted, and RT gPCR performed against ISE6
cell 18S ribosomal RNA (18S) and UUKV M RNA. The 24T values of UUKV N were
calculated using 18S as the housekeeping gene and were further normalised to the rUUKV-
infected sample treated with dseGFP RNA at a ratio of 1:2 (dsRNA:transfection reagent).

For analysis, each of the dsRNA:transfection reagent ratios were compared for each dsSRNA,
and in addition the results between dseGFP RNA and dsUUKV N RNA were also examined
at fixed ratios of dsRNA:transfection reagent. For infections treated with dseGFP RNA a
ratio of 1:2 resulted in a significantly lower amount of UUKV M RNA being detected,
whereas the 1:3 ratio resulted in a significantly higher quantity of UUKV M RNA being
recorded. In contrast, there was no significant difference in UUKV M RNA levels between
any of the dsUUKV N ratios. When comparing the UUKV M RNA levels at each ratio
between the dseGFP and dsUUKV N, respectively, as expected dseGFP was significantly
higher at each ratio (Figure 8.1.B), showing that in the dSUUKV N samples UUKV M RNA
replication had been significantly reduced or prevented. From these findings, the ratio of 1:1
was selected. To assess the impact of transfection on cell viability and monolayer health, the
samples were imaged using an EVOS microscope before transfection (-1 days), the day of
infection (0 days), 3 days p.i., and 6 days p.i. . No significant changes to the morphology of
the cells or the health of the monolayer were seen at any timepoint or transfection reagent

ratio (Figure 8.1.C). For all further experiments it was decided that a dsRNA:transfection
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reagent ratio of 1ug:1pl would be used. Additionally, the harvest timepoints were extended
to 9 days p.i. to reflect the mass spectrometry data from the previous chapter.
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Figure 8.1: Optimisation of double stranded RNA transfection in rUUKV-infected ISE6 cell
cultures. ISE6 cells were transfected with 2 pug of dSRNA targeted against eGFP (dseGFP) or UUKV

N (dsUUKV N) at the indicated ratio of (ug dsRNA: ul transfection reagent). At 24 hours post
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transfection (h.p.t)., cell cultures were infected with rUUKYV at a MOI of 5 FFU/cell. (A). Cell culture
supernatants were collected at the timepoints indicated and virus titre measured via immunofocus
assay (B). At 6 days p.i., cell monolayers were lysed and total cellular RNA was isolated. Extracted
RNA was then reverse transcribed and RT qPCR performed to quantify levels of UUKV M RNA
and the tick cell ribosomal 18S subunit as a housekeeping control. Quantities of UUKV M were
calculated using the 22T method. Statistical significance was measured by ordinary one-way
ANOVA with Tukey's multiple comparisons test or an ordinary two-way ANOVA with Tukey's
multiple comparisons test. Asterisks indicates significance **** =p <0.0001, *** =p <0.001, ** =
p < 0.01, * = p < 0.05, no label = not significant. C) At timepoints indicated, transfected cell

monolayers as described above were imaged using an EVOS microscope.
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Double stranded RNA containing the sequence corresponding to the ORF of eGFP (dseGFP)
was chosen to be the negative transfection control. To establish the impact of transfection of
eGFP dsRNA using the selected transfection reagent ratio (1pg:1pl) upon viral kinetics and
to assess its suitability as a negative control for further data analysis. ISE6 cell monolayers
were either non-transfected or transfected with dseGFP following the methodology
established. At 24 hours post-transfection, the ISE6 cell monolayers were either mock-
infected or infected with UUKV at an MOI of 5 FFU/cell. At 3, 6, and 9 days p.i., cell
monolayers were washed and lysed, whole cellular RNA was extracted, and RT gPCR
performed against 18s and UUKV M. The 224¢T values of UUKV N using 18s as the
housekeeping gene were calculated using rUUKV-infected dseGFP transfected samples at
each timepoint to normalise. Virus supernatant was harvested from these infected cell
monolayers and viral titre determined via foci forming assays. RNA was also extracted from
the cell supernatant and absolute quantitation of the UUKV M RNA using RT gPCR of the
supernatant was determined using a standard curve. To analyse the UUKV N protein
expression and impact on cell viability, this method was repeated with all gene dsRNA
transfection knock downs, alongside the positive and negative control, for each biological
replicate were carried out simultaneously (Figures 8.2. B, Figure 8.3. B, Figure 8.5 and
Figure 8.7); half of the cells were fixed and stained with DAPI, anti-UUKV N and
fluorescent secondary antibody to measure quantity of UUKV N protein in the monolayer,
and the other half were lysed and cell viability measured using the CellTiter-Glo® 2.0 Cell
Viability Assay (Promega). Therefore, for the UUKV N protein and viability results, it is
important to note that the comparison of all further gene knockdowns are against the dseGFP

results obtained from the simultaneous gene transfections (Figure 8.2).

When analysing the quantity of UUKV M RNA within the cells, there were no significant
differences between the non-transfected and dseGFP-transfected cell monolayers at any
timepoint, although variability seems to increase as time progresses (Figure 8.2.A). Cell
viability was determined via a luminescence assay, where higher luminescence
corresponded to living cells. Comparing viability in infected and non-infected cells for
dseGFP and non-transfected samples, a significant decrease in infected samples compared
to non-infected was only seen in non-transfected cells at 6 days p.i., and 9 days p.i., (Figure
8.2.B). The infected dseGFP and non-transfected cell monolayers were imaged before cell
western blots were carried out Figure 8.3.C. At 6 days and 9 days p.i., there appeared to be
slightly more UUKV N protein within cell monolayers. Overall, no major differences in cell
monolayer morphology or health were noticeable (Figure 8.2.F). Upon analysing UUKV N

protein expression at both 6 and 9 days p.i., fluorescence was significantly lower in non-
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transfected compared to dseGFP-transfected wells, when samples were normalised to non-
infected controls (Figure 8.2.C). Viral titre was not significantly different between the
dseGFP and non-transfected samples at 3- or 6-days p.i. However, at 9 days p.i., there was
a small but significant (p value = 0.0357) decrease in virus titre (Figure 8.2.D), and no
significant difference was seen in UUKV M copy number within the supernatant at any
timepoint (Figure 8.2.E). From these results, it was determined that dseGFP was a suitable
negative control for further gene knockdowns.
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(F) dseGFP-transfected Non-transfected

Figure 8.2: Effect of eGFP dsRNA transfection on rUUKYV replication in infected ISEG6 cells.
ISE6 cell monolayers were transfected with 2ug of either eGFP dsRNA (dseGFP) (black) or non-
transfected (non-transfected) (orange). At one day post transfection cell monolayers were infected
with rUUKV at 5 FFU/cell. At the timepoints indicated supernatant was harvested and cell
monolayers were either fixed using formaldehyde or lysed with TRIzol and RNA extracted. For all
RT gPCRs, primers against UUKV M and 18s were used. For western blot and cell viability assays,
each gene type knockdown biological replicate was carried out conjointly with all other gene type
knockdowns alongside the positive and negative control, and therefore each individual gene
knockdown was compared to the same positive and negative control carried out during this method.
(A) Cell lysates probed for RNA RT qPCR and 2%2“T analysis allowed for the calculation of the
quantity of UUKV M RNA within the cells in comparison to 18S. Samples were normalised against
the dseGFP samples. (B) Cell viability was measured using the CellTitre-Glo 2.0 Cell Viability
Assay (Promega). Luminescence was measured using a GloMax plate reader. Samples were
normalised against blank wells containing only media. Non-infected (line-only circular symbol) and
infected (filled circular symbol) of the same knockdown were compared to each other. (C) Fixed cell
monolayers were stained using mouse anti-UUKYV N primary antibody with anti-mouse fluorescent
antibody (green). Fluorescence intensity was measured using the Odyssey imager and normalised to
non-infected cells. (D) Supernatant virus titre was determined using foci-forming assay (E).
Supernatant RNA was isolated using TRIzol extraction and UUKV M copy humber determined using
standard curve RT gPCR and primers against UUKV M. (F) Fixed cell monolayers were stained
using DAPI (blue) and mouse anti-UUKV N primary antibody with anti-mouse fluorescent antibody
(green). Imaging was carried out using an EVOS microscope. Statistical significance was measured
by ordinary two-way ANOVA with Tukey's multiple comparisons test. Asterisks indicates

significance **** = p < (0.0001, *** =p <0.001, ** =p < 0.01, * = p < 0.05, ns = not significant.
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Double stranded RNA containing the sequence corresponding to the ORF of the UUKV N
protein (dSUUKYV N) was chosen to be the positive transfection control. In order to establish
the efficiency of knockdowns using this positive control, ISE6 cell monolayers were
transfected with either dseGFP or dsUUKV N following the methodology established in
Figure 8.1. At 24 hours post-transfection, the ISE6 cell monolayers were either mock-
infected or infected with UUKV at an MOI of 5 FFU/cell. At 3, 6, and 9 days p.i., cell
monolayers and supernatant were harvested and analysed as described in the dseGFP vs non-
transfected samples in Figure 8.2 to assess UUKV M RNA levels intracellularly, virus titre,
UUKV M supernatant copy number, normalised UUKV N protein, and normalised cell

luminescence (Figure 8.3).

Upon analysing the quantity of UUKV M RNA within the cells, there were significant
differences between the dseGFP and dsUUKV N-transfected cell monolayers at all
timepoints, with UUKV M RNA being at a much lower quantity than in the dSUUKV N-
transfected samples compared to the dseGFP samples, with the difference between the
transfections increasing over time. This suggests that UUKV M RNA increases within
dseGFP samples whereas no/minimal increase occurs in dSUUKV N samples (Figure 8.3.A).
When comparing viability in infected and non-infected cells treated with dseGFP or
dsUUKYV N, there was a significant decrease in viability in infected samples compared to
non-infected samples in dSUUKYV N treatment at 9 days p.i., (Figure 8.3.B). When analysing
UUKYV N protein expression, at all timepoints fluorescence was significantly lower in
dsUUKV N compared to dseGFP when samples were normalised to non-infected controls.
There was a very small increase of signal of UUKV N in the dsSUUKV N samples over time,
whereas signal increased between 3 and 6 days p.i., but remained consistent between 6 and
9 days p.i., in dseGFP samples (Figure 8.3.C). Viral titre was not significantly different
between the two dsRNA groups at 3 days 6 days p.i., although virus titre for dseGFP was
higher than dsUUKV N at 6 days p.i. due to the variation between the three biological
replicates at 6 days p.i., both being significantly lower than that at day 9. At 9 days p.i., there
was a significant (p value < 0.0001) increase in virus titre in dseGFP treated samples
compared to the dsUUKV N samples. No increase in virus titre was observed across the
timeframe for dsSUUKV N, with only one out of three biological replicates producing any
plaques (Figure 8.3.D). This lack of increase in viral titre was reflected in the dSRNA UUKV
M copy number, which was significantly lower than dseGFP at 9 days p.i. and showed no
signs of increasing over the timeframe (Figure 8.3.E). Finally, the infected dseGFP and

dsUUKV N cell monolayers were imaged before cell western blots were carried out to
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produce Figure 8.4.D. No strong fluorescent green signal and few UUKY infected cells were
identifiable at any timepoint (Figure 8.3.F).

From the results of the negative and positive control experiments, we can conclude that
dseGFP is a suitable negative control, and that this transfection method achieves a high
knockdown efficiency using the dSUUKV N positive control dsRNA.
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(F) dseGFP dsUUKV N

6 days 3 days

9 days

Figure 8.3: Effect of UUKV N dsRNA transfection on rUUKY replication in infected ISEG cell.
ISEG6 cell monolayers were transfected with 2ug of either eGFP dsRNA (dseGFP) (black) or UUKV
N dsRNA (dsUUKV N) (pink). At one day post transfection cell monolayers were infected with
rUUKYV at 5FFU/cell. At timepoints indicated supernatant was harvested and cell monolayers were
either fixed using formaldehyde or lysed via TRIzol and RNA extracted. Primers against UUKV M
and 18S were used for all RT gPCRs. For western blot and cell viability assays, all knockdowns were
compared to the same dseGFP knockdown samples, as corresponding replicates for each knockdown
gene were carried out in tandem. (A) Cell lysates probed for RNA RT gqPCR and 224°T analysis
allowed for the calculation of the quantity of UUKV M RNA within the cells in comparison to 18S.
Samples were normalised against the dseGFP samples. (B) Cell viability was measured using the
CellTitre-Glo 2.0 Cell Viability Assay (Promega). Luminescence was measured using a GloMax
plate reader. Samples were normalised against blank wells containing only media. Non-infected
(line-only circular symbol) and infected (filled circular symbol) of the same knockdown were
compared to each other. (C) Fixed cell monolayers were stained using mouse anti-UUKV N primary
antibody with anti-mouse fluorescent antibody (green). Fluorescence intensity was measured using
the Odyssey imager and normalised to non-infected cells. (D) Supernatant virus titre was determined
using focus-forming assay. (E). Supernatant RNA was isolated using TRIzol extraction and UUKV
M copy number determined using standard curve RT gPCR and primers against UUKV M. (F) Gene
knockdowns and infections were repeated and fixed cell monolayers were stained using DAPI (blue)
and mouse anti-UUKV N primary antibody with anti-mouse fluorescent antibody (green). Imaging
was carried out using an EVOS microscope. Statistical significance was measured by ordinary two-
way ANOVA with Tukey's multiple comparisons test. Asterisks indicates significance **** = p <
0.0001, *** =p <0.001, ** =p <0.01, * = p < 0.05, ns = not significant.
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8.3.2 The impact of gene knockdowns on UUKYV viral kinetics

For the following experiments, dsSRNA homologous to the specified ISE6 genes, as
described by their human ortholog names, were transfected into ISE6 cells (dsGene), with
dseGFP transfected ISE6 cell monolayers acting as negative control. At 24 hours post-
transfection, the ISE6 cell monolayers were either mock-infected or infected with rUUKV
at an MOI of 5 FFU/cell. At 3, 6, and 9 days p.i., cell monolayers and supernatant were
harvested and analysed to determine if the transcript has been successfully knocked down
via RT gPCR, alongside the other analyses as described in the dseGFP vs non-transfected
samples in Figure 8.2. As described previously, for each gene | assessed intracellular
normalised cell viability, UUKV M RNA levels, normalised UUKV N protein expression,
virus titre, and UUKV M RNA copy number in the supernatant. This allows for an
assessment of the impact of knocking down these genes on UUKY viral replication. When
discussing the impact of these knockdowns the genes will be referred to by their human

orthologs.

As previously mentioned, as the method was repeated with all gene knockdown transfections
for each biological replicate being carried out simultaneously to analyse UUKV N protein
expression and cell viability, it is important to note that the comparison for these analyses is
against the same dseGFP results from these simultaneous transfections (Figure 8.5 and
Figure 8.7).

The first step of the dsSRNA transfection analysis was to determine the efficacy of the
knockdown, by isolating the cellular RNA of the gene transfected and dseGFP transfected
cell monolayers using TRIzol. This cellular RNA was then analysed using RT gPCR to
calculate the normalised level of target gene within the samples. The smaller the level of
gene mRNA within the gene knockdown in comparison with the dseGFP, the more effective
the knockdown. The dsRNA transfections for RBM8A (Figure 8.4.F) and PABP1 (Figure
8.4.D) showed significant knockdown efficiency of 90% or above at all three timepoints,
meaning these cells had 10% or below of the gene MRNA content compared to the dseGFP
transfected cell monolayers. If RBM8A and PABP1 impact viral Kinetics, it is likely that
within these knockdowns a difference will be seen within analyses of the cell monolayers in
respect to the UUKYV infection,. In comparison, the dsSRNA transfections for AGO2 (Figure
8.4.A) and EIF3A (Figure 8.4.C) showed a knockdown efficiency of 70% or above.
Although this is not as efficient as the RBM8A and PABP1, a reduction of gene mRNA to
less than 30% of the levels found in the dseGFP transfections was still significant, and this

knockdown level was also maintained across all three timepoints. When looking at TOP3B
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knockdowns (Figure 8.4.1), although the TOP3B mRNA level was 20% or less of that found
within dseGFP transfected cells, the levels of TOP3B mRNA within dseGFP cells were more
variable and therefore this knockdown returned a less statistically significant knockdown
value than the RBM8A and PABP1 analysis. However, within this work, this knockdown
was effective as the knockdown level was maintained across the timepoints. SND1 (Figure
8.4.H), RUXE (Figure 8.4.G), and UNKL (Figure 8.4.J) showed an average reduction of 70%
or above at 3 and 6 days p.i. However, at 9 days p.i., there was a less significant decrease of
the gene knockdown. This was more prominent in the PRKRA knockdowns (Figure 8.4.E),
where at 3 days p.i. the level of PRKRA mRNA was 10% or less of the dseGFP-transfected
control. This percentage increased to roughly 50% at day 6 p.i., and at 9 days p.i. there was
no significant difference between conditions. This needs to be accounted for in further
UUKYV Kkinetics analysis, as any impact seen at 6 and 9 days p.i. may not be due to
knockdowns, or this knockdown may have had a detrimental effect on the cell monolayer
outside of UUKV infection. Finally, CUL1 (Figure 8.4.B) and XRN1 (Figure 8.4.K)
knockdowns showed roughly 50% of the mRNA levels found in dseGFP at 3 and 6 days p.i.,
with XRN1 mRNA increasing to roughly 60% and CUL1 mRNA increasing to levels
comparable to the dseGFP cell monolayers by 9 days p.i. Like PRKRA knockdowns. This
reduction in efficiency and potential recovery of gene mRNA levels needs to be factored

into further analysis.

All knockdowns showed a minimum of 50% gene reduction by dsRNA transfection in
comparison to the dseGFP transfection at 3 days p.i., and this did not continue for all
transfections across the timepoint. Therefore, gene dsSRNA-mediated knockdowns would be
further analysed to determine the effect upon both the cell viability and viral kinetics, given
that several knockdowns showed variation and reduction in efficiency. The next step was to
assess the impact of the transfection on cell viability, in the context of mock and rUUKV
infection. This was to determine if the proteins targeted were key to cellular function, which

would impact, but not directly affect viral replication kinetics or virus yield.
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Figure 8.4: Effect of dsSRNA transfections on selected gene expression within ISE6 cell culture.
ISE6 cell monolayers were transfected with 2ug of dsSRNA homologous to either eGFP (dseGFP) or
(A) AGO2 (dsAGO2), (B) CUL1 (dsCUL1), (C) EIF3A (dsEIF3A), (D) PABP1 (dsPABP1), (E)
PRKRA (dsPRKRA), (F) RBM8A (dsRBM8A), (G) RUXE (dsRUXE), (H) SND1 (dsSND1), (1)
TOP3B (dsTOP3B), (J) UNKL (dsUNKL), or (K) XRN1 (dsXRN1). At one day post-transfection,
cell monolayers were infected with rUUKYV at 5 FFU/cell. At timepoints indicated, cell monolayers
were lysed with TRIzol and cellular RNA extracted. RT gPCR was performed on the cellular RNA
using primers against the respective ISE6 gene and 18S as the ‘housekeeping’ gene, and the
normalised expression of the ISE6 gene calculated using the 224" method. Statistical significance
was measured by ordinary two-way ANOVA with Tukey's multiple comparisons test. Asterisks
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indicates significance **** = p < 0.0001, *** =p < 0.001, ** = p < 0.01, * = p < 0.05, ns = not

significant.
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Normalised cell viability was determined using the CellTiter-Glo® 2.0 Cell Viability Assay
(Promega), whereby the level of ATP and therefore the luminescent signal produced from
the assay reagent is inversely proportional to cell cytotoxicity and mortality. By comparing
the dseGFP and gene dsRNA transfection in either mock-infected or infected conditions
respectively, at each timepoint, the impact of transfection of the dsSRNA of the gene on cell
viability can be investigated. The caveat to this is that, as each sample is an individual cell
monolayer, there may be some variability in the viability seen within the monolayers. By
comparing the luminescence of the mock-infected cell monolayers to the infected cell
monolayers for each dsRNA transfection, at each timepoint, the impact of UUKYV infection
on the cell culture can be analysed.

A common result among the gene transfections, when comparing the mock infected samples
to the infected samples, was that by 9 days p.i. there was a significant decrease in
luminescence in the infected samples in comparison to the mock-infected controls (Figure
8.5). This was observed most strongly within the knockdown of PABP1 (Figure 8.5.D). In
the case of AGO2 and SND1 knockdown, there was also a significant decrease in viability
in the rUUKV-infected dsAGO2 (Figure 8.5.A) and dsSND1 (Figure 8.5.H) transfections
compared to the mock infected samples at 3 and at 6 days p.i. dSSUNKL transfected infected
samples had a significant decrease in luminescence compared to the mock-infected control
(Figure 8.5.J). The only knockdown where this was not seen, where neither the transfection
nor infection appeared to make a significant difference to cell culture viability, was the
transfection of dsTOP3B (Figure 8.5.1). Unexpectedly in some knockdowns, the gene
dsRNA transfection appeared to increase viability, where the viability of the infected ISE6
gene transfected cell culture was significantly higher than that of the non-infected equivalent
cell culture. This was the case for RBM8A (Figure 8.5.F) and EIF3A (Figure 8.5.C) at all
timepoints, SND1 at 3 and 6 days p.i., and UNKL at 6 and 9 days p.i., although at the later
timepoints the infected gene dsRNA transfected cell cultures had a significantly lower
viability than their non-infected counterparts. Interestingly, at 6 days p.i. the mock-infected
dsXRN1 transfected cell cultures had significantly lower viability than the infected and the
dseGFP transfected counterparts (Figure 8.5.K). No significant differences in viability were

observed between the mock and infected dseGFP transfected samples.

Once the viability had been assessed, the next stage of analysis was to determine the impact

of gene knockdowns on the levels of intracellular UUKV M RNA.
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Figure 8.5: Effect of dsRNA transfections on the viability within ISE6 cells culture. ISE6 cell
monolayers were transfected with 2ug of dsRNA homologous to either eGFP (dseGFP) or; (A)
AGO?2 (dsAGO2), (B) CUL1 (dsCUL1), (C) EIF3A (dsEIF3A), (D) PABP1 (dsPABP1), (E) PRKRA
(dsPRKRA), (F) RBM8A (dsRBMB8A), (G) RUXE (dsRUXE), (H) SND1 (dsSND1), (I) TOP3B
(dsTOP3B), (J) UNKL (dsUNKL), or (K) XRN1 (dsXRN1). At one day post-transfection, cell
monolayers were mock-infected or infected with rUUKYV at 5 FFU/cell. At timepoints indicated, cell

monolayers were washed with PBS before cell viability was analysed using CellTitre-Glo 2.0 Cell
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Viability Assay kit (Promega). Luminescence was measured using a GloMax plate reader. Samples
were normalised against blank wells containing only media. Mock and infected samples for each
type of dsRNA transfections were compared at each timepoint, and the dseGFP and ISE6 gene
dsRNA transfections at each timepoint, for mock and infected respectively, were also compared.
Statistical significance was measured by ordinary two-way ANOVA with Tukey's multiple
comparisons test. Asterisks indicates significance **** =p <0.0001, *** =p <0.001, ** =p <0.01,

* = p < 0.05, no label = not significant.
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To determine the effect of the gene knockdown on the intracellular levels of UUKV M RNA,
the cellular RNA was isolated and was then processed using RT qPCR with primers against
UUKYV M RNA and 18S as the housekeeping gene to calculate the normalised fold change
in expression level of UUKV M RNA within the samples. The expression of UUKV M RNA
was normalised to the dseGFP samples at each respective timepoint, meaning that if the
normalised UUKV M expression was higher within the target gene dsRNA transfection
compared to the dseGFP transfections it can be inferred that the level of replication and/or
transcription was increased. The UUKV M RNA primers targeted the positive strand,
otherwise known as the cRNA of the UUKYV genome, they will also detect the sub genomic
MRNA encoding the viral glycoproteins. Therefore an increase in the UUKV M RNA
indicated an increase in the number of cDNA transcripts, however, there is a feedback loop
in that the more replication that occurs producing more negative strands (vRNA), the more
these strands can be used to produce cRNA causing a ‘knock-on’ impact on transcript
numbers. It cannot be concluded whether this increase is due to just an increase in the rate

of transcription, a result of an increase in the rate of replication increase, or both.

Aside from TOP3B, where no differences were seen between the dseGFP and dsTOP3B
transfections at any timepoint (Figure 8.6.1), all gene knockdowns at either 3 days or both 3
and 6 days p.i. showed a significant impact on the levels of UUKV M RNA. Interestingly,
at 9 days p.i., no ISE6 gene transfections resulted in UUKV M RNA levels that were
significantly different from the dseGFP transfections, and for the knockdown of PABP1 it
appeared that the level of UUKV M RNA reduced to less than 1% of the level in dseGFP
(although due to the previous timepoint differences being over 10 times more than the
dseGFP transfection, this fell within the non-significant range) (Figure 8.6.D). PABP1 was
also the only transfection where a higher level of UUKV M RNA was seen at 6 days p.i. as
compared to 3 days p.i. For the EIF3A (Figure 8.6.C), PRKRA (Figure 8.6.E), RBM8A
(Figure 8.6.F), RUXE (Figure 8.6.G), SND1 (Figure 8.6.H), and XRN1 (Figure 8.6.K) knock
downs, the level of UUKV M RNA was significantly higher in the gene transfections
compared to the dseGFP transfections at 3 and 6 days p.i., although comparing the level at
3 days p.i. to the level at 6 days p.i. a decrease was noted in the later timepoints. Of these
knockdowns, the reduction in PRKRA resulted in an initial increase in UUKV M RNA level
up to 10 times that of the dseGFP, whereas the other gene knockdowns showed a higher
initial UUKV M RNA level increase of up to roughly 70 times. In comparison, CUL1 (Figure
8.6.B) and UNKL (Figure8.6.J) only showed a significant increase in UUKV M RNA at 3
days p.i.
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The next stage of this analysis was then to use parallel cell culture transfections to produce
the cell viability data in Figure 8.5 to determine the impact of gene transfection on the
production of the UUKV N protein.
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Figure 8.6: Effect of dsRNA transfections on the expression of UUKV M RNA levels within
UUKYV infected ISE6 cell culture. ISE6 cell monolayers were transfected with 2ug of dsRNA
homologous to either eGFP (dseGFP) or (A) AGO2 (dsAGO2), (B) CUL1 (dsCUL1), (C) EIF3A
(dsEIF3A), (D) PABP1 (dsPABP1), (E) PRKRA (dsPRKRA), (F) RBM8A (dsRBM8A), (G) RUXE
(dsRUXE), (H) SND1 (dsSND1), (I) TOP3B (dsTOP3B), (J) UNKL (dsUNKL), or (K) XRN1
(dsXRN1), where black symbols represent dseGFP data and coloured symbols represent dsGene data.
At one day post-transfection, cell monolayers were infected with rUUKV at 5 FFU/cell. At

timepoints indicated, cell monolayers were lysed via TRIzol and cellular RNA extracted. RT gPCR
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was performed on the cellular RNA using primers against UUKV M RNA, and 18S as the
‘housekeeping’ gene. The normalised expression of UUKV M RNA was calculated using the 2744
method. Statistical significance was measured by ordinary two-way ANOVA with Tukey's multiple
comparisons test. Asterisks indicates significance **** = p <0.0001, *** =p <0.001, ** =p <0.01,

* =p <0.05, ns = not significant.
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Expression of UUKV N protein within infected cells was analysed by probing the fixed cell
monolayers with an anti-UUKYV N antibody, followed by visualisation using an anti-mouse
IgG fluorescent green antibody. The fluorescence intensity of each dsRNA transfected and
infected cell monolayer was then normalised to the equivalent dSRNA treated and non-

infected sample to remove background autofluorescence.

There was no significant difference between the gene and dseGFP transfections at 3 days
p.i. for any gene, and only XRN1 showed no significant difference between levels of N
protein at any timepoint (Figure 8.7.K). For the AGO2 (Figure 8.7.A), PABP1 (Figure
8.7.D), and RUXE (Figure 8.7.G) transfections, the normalised intensities showed
significantly less N protein at 6 and 9 days p.i. in the dsSRNA transfection samples compared
to the dseGFP transfection samples, where it appeared that there was little to no increase of
protein within the dsRNA transfection samples across the time course. In comparison,
PRKRA (Figure 8.7.E), RBM8A (Figure 8.7.F), SND1 (Figure 8.7.H), TOP3B (Figure 8.7.1),
and UNKL (Figure 8.7.J) only showed significantly less N protein at 6 days p.i., but these
levels appear to catch up by 9 days p.i. and become comparable to dseGFP samples. Finally,
EIF3A (Figure 8.7.C) was the only knockdown where there was a significant decrease in N

protein at 9 days p.i. only.

These results were interesting, as from the previous data (Figure 8.6) most of the
transfections resulted in an increase in the number of UUKV M RNA copies (and therefore
presumably an increase in the number of all virus transcripts) at the 3 days p.i. timepoint.
Therefore, it was expected that this would have a positive effect on the production of UUKV

N protein, however from these results it seems the inverse occurs.

Next to explore the impact on infectious virus production, focus forming assays were

performed on cell culture supernatant samples collected at each time point.
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Figure 8.7: Effect of dsRNA transfections on the UUKV N protein expression within UUKV
infected ISE6 cell culture. ISE6 cell monolayers were transfected with 2ug of dsSRNA homologous
to either eGFP (dseGFP) or (A) AGO2 (dsAGO2), (B) CUL1 (dsCUL1), (C) EIF3A (dsEIF3A), (D)
PABP1 (dsPABP1), (E) PRKRA (dsPRKRA), (F) RBM8A (dsRBM8A), (G) RUXE (dsRUXE), (H)
SND1 (dsSND1), (1) TOP3B (dsTOP3B), (J) UNKL (dsUNKL), or (K) XRN1 (dsXRN1), where black
symbols represent dseGFP data and coloured symbols represent dsGene data. At one day post-

transfection, cell monolayers were mock-infected or infected with rUUKV at 5 FFU/cell. At
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timepoints indicated, cell monolayers were fixed using formaldehyde. Cell monolayers were then
probed using mouse anti-UUKV primary antibody and anti-mouse fluorescent antibody.
Fluorescence intensity was measured using the Odyssey imager and normalised to non-infected cells.
Statistical significance was measured by ordinary two-way ANOVA with Tukey's multiple
comparisons test. Asterisks indicates significance **** = p <0.0001, *** =p <0.001, ** =p <0.01,

* =p <0.05, ns = not significant.
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The viral titre of the cell supernatants was then analysed via focus forming assay. The
supernatants of the non-infected cell monolayers for all transfections were also analysed to
confirm transfection did not impact the focus-forming assay methodology, and as expected
no foci were visible, therefore these data were not plotted.

Overall and unexpectedly, most dSRNA knockdown transfections showed an exponential
increase in virus titre over the time course, as observed in dseGFP transfected samples. No
significant differences were seen at 3 or 6 days p.i. for any dsRNA knockdown when
compared to the dseGFP transfection. This lack of difference between the dsRNA
transfection and dseGFP transfection samples extended to 9 days p.i. for UNKL (Figure
8.8.J) and XRN1 (Figure 8.8.K). For all other knockdowns, there was a decrease in titre at 9
days p.i. compared to controls. In CUL1 (Figure 8.8.B), PABP1 (Figure 8.8.D), PRKRA
(Figure 8.8.E), and TOP3B (Figure 8.8.1) this decrease in titre was tenfold or less that on the
dseGFP biological triplicates. In EIF3A (Figure 8.8.C), RBM8A (Figure 8.8.F), RUXE
(Figure 8.8.G), and SND1 (Figure 8.8.H) knockdown samples this significant decrease in
titre at 9 days p.i. was larger than tenfold. In particular, the results of EIF3A showed a large
amount of variability at 9 days p.i., and unlike all other knockdowns the RBM8A titre at 9
days p.i. appeared to have not increased from the 6 days p.i. titre indicating a complete

prevention of infective viral production.
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Figure 8.8: Effect of dsRNA transfections on UUKYV supernatant titre within UUKYV infected
ISE®6 cell cultures. ISE6 cell monolayers were transfected with 2jug of dsSRNA homologous to either
eGFP (dseGFP) or (A) AGO2 (dsAGO2), (B) CUL1 (dsCUL1), (C) EIF3A (dsElF3A), (D) PABP1
(dsPABP1), (E) PRKRA (dsPRKRA), (F) RBM8A (dsRBM8A), (G) RUXE (dsRUXE), (H) SND1
(dsSND1), (1) TOP3B (dsTOP3B), (J) UNKL (dsUNKL), or (K) XRN1 (dsXRN1), where black
symbols represent dseGFP data and coloured symbols represent dsGene data. At one day post-
transfection, cell monolayers were infected with rUUKYV at 5 FFU/cell. At timepoints indicated, cell

supernatant was harvested, and titre determined using foci-forming assay. Statistical significance was
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measured by ordinary two-way ANOVA with Tukey's multiple comparisons test. Asterisks indicates
significance **** = p < (0.0001, *** =p <0.001, ** =p < 0.01, * = p < 0.05, ns = not significant.
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Although the titre of the supernatant was elucidated, it was also important to determine the
copy number of UUKV M RNA within the supernatant, as discrepancies between the titre
and copy number indicates an impact on the production of infectious particles. To calculate
this copy number, RNA within the supernatant (that was also used to calculate viral titres in
Figure 8.8) was isolated using TRIzol extraction. RT gPCR was then performed on the RNA
samples using primers against UUKV M RNA. Consecutive dilutions of UUKV M standard
DNA were included within the RT gPCR analysis to provide a standard curve with which
the copy number of UUKV M within each sample could be enumerated as described in

Methods (representative standard curve results shown in Appendices [Figure 10.2]).

Only TOP3B knockdown demonstrated no significant difference between the copy number
of the dsSRNA transfections and dseGFP transfections at any timepoint (Figure 8.9.1). All
other gene knockdowns had no significant difference between the dsSRNA gene transfections
and dseGFP controls until 9 days p.i., where there was a significant decrease in copy number
compared to dseGFP. When relating this back to the viral titre, the estimates of copy number
within AGO2 (Figure 8.9.A), CUL1 (Figure 8.9.B), EIF3A (Figure 8.9.C), PABP1 (Figure
8.9.D), PRKRA (Figure 8.9.E), RBM8A (Figure 8.9.F), RUXE (Figure 8.9.G), and SND1
(Figure 8.9.H) all followed the same trend as their respective viral titre results. Although
both UNKL and XRN1 showed no significant difference in titre at any timepoint (Figure 8.8.J
and Figure 8.8.K), the copy number at 9 days p.i. was significantly lower in both dsRNA
transfections (Figure 8.9.J and Figure 8.9.K, respectively). Finally, despite the titre of
TOP3B transfections being significantly lower at 9 days p.i., no significant difference was
noted within the UUKV M RNA copy number at any timepoint compared to the dseGFP
transfections (Figure 8.9.1). From these analyses, it was concluded that dsRNA can be
transfected into ISE6 cell cultures at high levels of efficiency. In addition, these dsSRNA
transfections using nucleotide sequences homologous to the genes identified from the mass

spectrometry are effective in impacting viral kinetics of UUKYV infection of ISES6.
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Figure 8.9: Effect of dsRNA transfections on the UUKV M RNA copy number within the
supernatant of UUKYV infected ISE6 cell cultures. ISE6 cell monolayers were transfected with
2ug of dsRNA homologous to either eGFP (dseGFP) or (A) AGO2 (dsAG02), (B) CUL1 (dsCUL1),
(C) EIF3A (dsEIF3A), (D) PABP1 (dsPABP1), (E) PRKRA (dsPRKRA), (F) RBM8A (dsRBM8A),
(G) RUXE (dsRUXE), (H) SND1 (dsSND1), (I) TOP3B (dsTOP3B), (J) UNKL (dsUNKL), or (K)
XRN1 (dsXRN1), where black symbols represent dseGFP data and coloured symbols represent
dsGene data. At one day post-transfection, cell monolayers were infected with rUUKYV at 5 FFU/cell.
At timepoints indicated, cell supernatants were harvested and RNA extracted using TRIzol. RT g°PCR

321



Chapter 8

was performed on the supernatant RNA using primers targeting UUKV M RNA. The copy number
of UUKV M RNA was calculated and statistical significance measured by ordinary two-way
ANOVA with Tukey's multiple comparisons test. Asterisks indicates significance **** = p < 0.0001,
*¥** =p<0.001, ¥** =p<0.01, *=p < 0.05, ns = not significant.
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8.4 Discussion

Preliminary knockdowns using positive and negative dsRNA controls were carried out to
optimise the ratio of transfection reagent to dsRNA (ul:ug) . Previous research carried out
through the work of Dr Marine Petit (unpublished) indicated that a high volume of
transfection reagent can accelerate viral titre production/produce higher virus titres.
Therefore, the results presented here are in line with previous observations made by Dr Petit,
at the higher dsRNA to transfection reagent ratio of 1:3 (ug:pl), a small increase in viral titre
at 3 days p.i., and a significant increase at 6 days p.i., was found for the negative control
dseGFP knockdowns. To a lesser extent, this was also seen in the positive control dSUUKV
knockdown (Figure 8.1). This indicates that a higher quantity of transfection reagent may
induce a pro-viral environment within the cells in a mechanism not yet defined, and
confirmed this ratio would not be suitable for the knockdown studies within this research, as
the aim was to assess the effect of gene knockdown in ‘normal’ cell conditions. In contrast
to this, when comparing the 1:1 and 1:2 ratios, although there was no significant difference
in titres between the ratios at either timepoint, there was a significant difference between the
levels of MRNA within the cell (Figure 8.1). This effect was very apparent in the dseGFP
transfections but was also seen to a much lesser degree within the dSUUKV N transfection.
This was expected as the dsUUKV N transfection should obliterate viral N protein
production, and therefore prevent signs of UUKYV replication. It is interesting that even when
this appeared to be the case, at the highest ratio the viral replication in dsSUUKV N
transfections viral replication showed signs of recovery, further indicating higher levels of
transfection reagent promote viral replication. It is unclear why increasing the transfection
reagent ratio from 1:1 to 1:2 (ul:ul) slightly decreased the intracellular UUKV M RNA
quantity whilst increasing the supernatant titre. It may be possible that increasing the
transfection reagent quantity acted to enhance replication and packaging, but at the 1:2 ratio
the rate of packaging and viral output prevents accumulation of viral RNAs within the cell.
As more research is conducted into the anti-viral and stress response of ticks, it would be
beneficial to determine the regulatory pathways triggered through this transfection
methodology at different reagent ratios. For the purposes of this research, it was decided that
a ratio of 1:1 would be used to further examine the knockdown controls before carrying out
the gene knockdowns. This ratio was decided as this did not produce a difference in titre,
reduced the volume of transfection reagent to which the ISE6 cells were exposed, and
allowed for conservation of materials. In addition, given that the mass-spectrometry data

which allowed target selection used material isolated at 9 days p.i., the time frame of the
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experiments was extended to 3, 6 days p.i., or 9 days p.i., in order to examine the impact of
the knockdowns on the establishment of the exponential phase of infection.

Once the reagent:dsRNA ratio was established, the impact of transfecting the negative
control eGFP dsRNA was further examined. This experiment revealed that transfection of
dseGFP significantly increased the amount of UUKYV N protein produced despite there being
no effect on UUKV M RNA production, meaning that transfection potentially accelerated
the ability of the cells to translate proteins. There was also a significant decrease in cell
viability in infected but non-transfected cells at 6 days p.i., and 9 days p.i., which may be an
alternative reason as to why the normalised UUKV N (AU) signal was lower at 6 days p.i.,
and 9 days p.i. in non-transfected cells. There was also a small but significant decrease in
viral titre at 9 days p.i., however it remains to be shown if this was due to the increased cell
death (Figure 8.3). It is unclear why transfection impacted cell viability. Overall, it was
confirmed that dseGFP would be a suitable negative control as although transfection may
have made the cells more sensitive to infection, from the EVOS images (Figure 8.2), titre
and RT gPCR analysis the overall cell morphology and health was not severely affected by

transfection of dseGFP.

The efficiency of the knockdown methodology was then tested using the positive control of
dsUUKYV N dsRNA. By using UUKYV N specific dsSRNA, which does not target ISE6 genes,
the efficiency of the transfection and dsRNA induced silencing can be assessed by whether
the cells are able to establish a UUKYV infection. From the results in Figure 8.4, there was
no UUKYV replication taking place within the cells. As we were infecting with an MOI of 5
FFU/cell, it is possible that all, or most cells, were exposed to UUKYV infection. Combining
the data with the microscopy observations in Figure 8.4.F, there were no visible clusters of
infected cells, which are a sign of an established infection (an example of which is seen in
the dseGFP equivalents), the results indicate a high level of transfection efficiency and
therefore moving forward with the ISE6 gene dsRNA transfections it is highly likely that the

majority of cells received the dsRNA used.

However, although the transfection indicated that most, if not all, cells would have had
dsRNA deposited into them, this did not guarantee that the dsSRNA would knock down the
gene mMRNA effectively. The dsRNA was designed to be homologous to the respective gene,
and therefore should be used by the RNAI machinery as described in the introduction of
Chapter 8 to degrade the mRNA of each gene within the cell and prevent protein production.
These dsRNA segments were designed in NCBI using the ISE6 proteome as a background

to prevent off target interactions, but due to the quality of the ISE6 genome and proteome
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there is still a potential that the dSRNA would knockdown non-desired mRNA or was not
able to degrade the desired mRNA sufficiently to impact protein expression.

Most transcripts were effectively knocked down, and therefore any effects seen upon the
viral kinetics were likely due to the removal of the mRNA from the cell cultures. The results
of CULL, PRKRA, and XRN1 need to be interpreted more cautiously, particularly at the later
timepoints, as the level of mMRNA for these genes was only knocked down to 50% of the
levels seen in their dseGFP counterparts. Initially it was hypothesised that this lesser
knockdown efficiency, and in the case of CUL1 and PRKRA ‘recovery’ of gene mRNA
levels, may be due to the protein removal being lethal meaning only cells which were not
transfected efficiently survived. This may have been a contributing factor, as there was a
reduction in cell viability at 9 days p.i.. However, this loss of viability was also seen within
other knockdowns where no loss of transfection efficiency was seen, and at 6 days p.i. the
XRN1 knockdown showed a higher level of viability. Published data suggests that knocking
down CUL1 or PRKRA does not impact cell viability (Neault et al., 2021; Z. Q. Ren et al.,
2020). Previous knockdown studies have suggested that removing CUL1 in human cell lines
causes a decrease in cell adhesion (Z. Q. Ren et al., 2020), but this decrease in adhesion was
not also seen within the ISE6 cell culture as there was no decrease in dsCUL1 viability
(infected and mock) compared to dseGFP transfected controls, meaning there was no
substantial loss of cells before viability was assessed. This indicates that the function of these
proteins may not be fully comparable between mammalian and ISE6 cell lines, and therefore
hypotheses based on the homologous proteins needs to be interpreted with caution. Similar
to CULL, there is no established link between XRN1 knockdown and cell lethality, however
this is within the context of non-infected cells. In an interferon-activated (viral-infected)
state A549 XRN1-KO (knockout) cells show increased cell death, which may reflect the
viability data at 9 days p.i. (Zou et al., 2023). For CUL1, this protein was in the upper 50%
for protein abundance within the mass spectrometry samples, and so there may have been a
large amount of mRNA transcripts within the ISE6 cells. This abundance of CUL1 has
previously been seen in studies comparing the intracellular expression of the cullin genes
(CUL1-7), where it was found CUL1 and CUL4B were the most highly transcribed cullin
genes in primary human tissues (Sweeney et al., 2020). When knockdown occurs, the cell is
therefore not capable of degrading a large enough proportion of these abundant transcripts.
However, in this cullin gene study, Sweeny et al. were able to knockdown CUL1 efficiently.
While it was not confirmed that the levels of CUL1 mRNA transcript in primary human
tissue and ISE6 cell culture were equal, this study indicated that this abundance may not be

the reason for the lack of knockdown efficiency (Sweeney et al., 2020).
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As the dsRNA is degraded to siRNA by the cellular machinery, the cleaved sections of RNA
may not be specific or able to bind strongly enough to the CUL1, PRKRA and XRN1 mRNA
to cause it to be degraded. This hypothesis is supported as PRKRA and XRN1 have also
been successfully knocked down in mammalian cell cultures using dSRNA knockdown (M.
Miyamoto & Komuro, 2017). An alternative hypothesis is that the knockdown is effective,
however the removal of the transcripts triggers an upregulation response which counters the
initial degradation. This would also account for the increase in mMRNA of PRKRA and CUL1
over time, yet there is no confirmed evidence of this within the literature. The current
hypothesis is that it is most likely that both the dsSRNA sequences are insufficient for full
knockdown efficiency and the cells activate feedback mechanisms. However, more
investigation would need to be undertaken in order to confirm this hypothesis and elucidate
what degree of impact both factors have.

Examining the other gene knockdowns, the overall viability data was in line with what has
been seen previous in other studies. This is with the exception of RUXE and UNKL where
no previous knockdown data were found and XRN1 where inhibition was achieved through
exposure of cells to adenosine 3°, 5’-bisphosphate and therefore direct links between protein
inhibition and viability cannot be drawn (Y. C. Liu et al., 2021). It was expected that
dsAGO2 transfection would not significantly affect cell mortality, as in other arthropod cell
cultures (such as the mosquito cell line AF525) stably transfected AGO2 knockout cell lines
have been developed (Scherer et al., 2021). There was a decrease in viability at 3 days p.i.
which recovered by day 6 p.i., but as previously mentioned in chapter 1.1.1.2, the ISE6
genome contains five homologous AGO genes, and therefore as AGO2 is removed by day 6
another may be able to be substituted in its place (Baxter et al., 2017; Fogaca et al., 2021).
In the EIF3A knockdowns, even at 9 d p.i., the higher level of viability in the dsEIF3A
transfected cells was somewhat unexpected. Prior experiments where EIF3A was knocked
down in hamster cells showed that the knockdown caused cell cycle arrest, and if this
occurred within the ISE6 culture this may have prevented cells from moving through the cell
cycle and undergoing apoptosis, although in hamster cells apoptosis was actually increased
during knockdown (Zheng, Wang, Hong, Liu, & Jiang, 2021). PABP1 and RBMS8A
knockdown experiments were in line with EIF3A. PABP1 may have less of an increase in
viability at earlier timepoints and a more severe drop in viability by 9 days post transfection
as this protein has additional functions in relation to transcription and translation as
compared to EIF3A. Finally, although the impact on cell cycle has not been investigated,

viability was assessed at 3 days p.i. for SND1 knockdowns in A549 cells and these studies
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also demonstrated an impact on cell viability following SND1 depletion (Schmidt et al.,
2023).

Overall, it is hypothesised that the reduction in viability at 9 days p.i. is predominantly due
to cellular exhaustion from viral infection. From the viability data, the knockdown prevents
the normal cellular homeostasis that occurs in the dseGFP transfected cells. This
subsequently has a knock-on impact on viral titre, as the increased cell mortality decreases
the number of cells actively producing virus, thereby reducing the titre by 9 d p.i., and
increased amounts of cellular debris in the supernatant may hypothetically decrease the viral
titre. The cellular exhaustion may not occur until the later timepoint as ISE6 cells have a
slower replication time compared to other arthropod cell lines (which can be seen through
the increased number of times cells need to be split per week as described in Section 4.1),
taking roughly 4-5 days to divide (Kurtti et al., 2008), meaning there may be a delay in
seeing the impact of depleting the protein within the cells. In addition to this, many of the
knockdown studies involving these proteins are in relation to cancer research in cell cultures
which replicate far faster than ISE6 cells, meaning the effects of the protein knockdown are

likely to be seen at an earlier timepoint within these cell cultures.

It would be beneficial in future, when more molecular tools are available against tick cells,
to use antibodies against these proteins in a method such as western blotting or
immunofluorescence to examine the effect of the knockdowns on the respective proteins and
to revisit these results as more structural and functional information is gained about these
proteins. This would allow for more certainty on the effectiveness on the knockdowns and
would potentially allow for visualisation of colocalization of VRNA or proteins with the
ISEG6 cellular protein. The impact these proteins have on UUKYV infection within ISE6 cells
can still be hypothesised by analysing the impact of the knockdowns on UUKYV viral kinetics
and using the information available on the protein orthologs, a schematic of which is shown
in Figure 8.10. It could not be determined if the knockdowns impacted viral titre, as was not
possible to discern whether cellular exhaustion occured before the impact on viral kinetics
or directly extended to decreasing infectious virus production. The exception to this was

TOP3B, which showed no signs on reduced viability.

327



Chapter 8

m \‘\ I r)
%
WA
({1 e
5T
Cytopl . Val R
YOS Unpackaging Release | 1 ¥
g
-ve sense,
3
N P
CRNA " GD;’
(+ve sense) (J Y

\Translation
o Golgi
Replication and (‘:N - z L,.,S‘GD _/‘
Iy

T - - . e .
ranscrlptlon o P Packaglng
mgo5ﬂm ]
| )
Nucleus Endoplasmic \%
reticulum

Figure 8.10: Schematic of simplified UUKYV lifecycle within the vector cell showing where

selected gene targets are proposed to act. The results from the dsRNA transfections (Figure 8.7-
8.9) were analysed and the catalytic (green) and inhibitory (red) genes were added at where the
hypothesised interaction with the UUKYV replication process occurs within the ISE6 cells. Where
more than one gene affected the same stage of the viral replication cycle, the genes were listed with
those causing the largest effect at the top moving to the smallest at the bottom. This ranking was
based on the significant increase (for catalytic effects) or decrease (for inhibitory effects) when

comparing the gene knockdown to the dseGFP knockdown.

The stages of viral replication were segmented to analyse the impact of the dsRNA
transfection on ISE6 cellular genes; uncoating, replication and transcription, translation, and
packaging. Replication and transcription, although separate processes, are grouped together
within this analysis due to the inability to differentiate whether the increase in UUKV M
RNA was due to an increase in the rate of transcription of the sub genomic Gn/Gc mRNA
or viral antigenome, a product of an increase in the rate of replication increase, or both, as

previously mentioned.

Uncoating

The results from the dsRNA knockdown of TOP3B indicated that this protein was important
for uncoating and/or packaging, as although there was an impact on viral protein production,

the largest impact TOP3B knockdown caused was the drop in titre at 9 days post-infection.
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However, this decrease was not reflected within the copy number of UUKV M RNA in the
supernatant, indicating that although the same level of RNA was being released from the
cells not all the viral particles that were released were infectious. This was an exciting result,
as previous research has shown TOP3B knockout impairs the production of infectious
flavivirus particles, although overall release of virions is unaffected, and this is in line with
the results from this study (Diosa-Toro et al., 2020). The suggested mechanism for this is
that TOP3B aids in changing the conformation of the UUKV RNA to promote replication,
transcription and/or translation. It is unclear if TOP3B is packaged into viral particles,
however if this is the case it may be used to unwrap the UUKV RNA from the viral
nucleocapsid to promote initial viral infection. It would be interesting to analyse the protein
makeup of UUKYV viral particles to determine if TOP3B is present within the virions which
would support this hypothesis. In addition, it would be useful to perform infection assays,
using viral particles produced from TOP3B silenced UUKYV infected cell cultures, on cell
cultures where TOP3B is either over expressed or under expressed. If a difference in viral
titre was seen between these two cell cultures this would also support the hypothesis that
TOP3B was used by UUKYV to aid in unpacking the virus and establishing early infection.

Replication and Transcription

When looking at replication and transcription, as there is an increase in UUKV M RNA
detected present in the total cell RNA from all gene knockdown experiments apart from
TOP3B, these genes may work in an inhibitory manner to limit the rate of production of
VRNA (although from the dseGFP results it appeared that the UUKV RNA reached a plateau
level at by day 9 p.i.). This could, potentially, prevent triggering of a large intracellular
antiviral response, (as is indicated when these genes are knocked down) exhausting the
cellular resources through diverting protein factors to viral replication/transcription, and/or
triggering apoptosis. However, although they all appear to cause this outcome of increased
UUKYV M RNA at earlier timepoints, this does not mean that this is achieved through similar
mechanisms. There are several mechanisms by which these genes may impact UUKV
replication Kkinetics, either directly, through interacting with the UUKV RNA (e.g. through
binding the RNA and promoting replication/transcription or promoting degradation), or
indirectly, by impacting cellular factors that would influence UUKV replication (e.g.
through upregulating proviral factors or downregulating antiviral factors), or a mixture of
both by interacting directly with UUKV RNA or additional cellular factors. Overall, it is
hypothesised that AGO2 and RBM8A impact UUKYV kinetics directly, whereas CULL,
PABP1, PRKRA, RUXE, SND1, XRN1 impact UUKYV kinetics indirectly, and EIF3A and

UNKL may act by a combination of both direct and indirect methods. It would be useful in
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future to knock down other factors in the pathways within which these proteins are involved,

or to carry out inhibition using alternative means (such as enzymatic inhibitors) to see if

similar results are obtained. Proteins directly impacting replication and transcription

kinetics:

AGO2: This is an antiviral protein that is upregulated during infection and is a key
component the RNAi pathway RISC complex. As previously mentioned, infection
with arboviruses such as DENV2, ZIKV, MAYV and the bunyavirus RVFV causes
an increase in mosquito death when AGO2 is knocked out (Dietrich, Jansen, et al.,
2017; S. Dong & Dimopoulos, 2023; Schnettler et al., 2014). Within the AGO2
knockdown results, it can therefore be hypothesised that by removing this protein the
antiviral response within the cells is hindered, although as mentioned previously, this
may recover over time if the cell is able to upregulate the other AGO proteins within
the genome. This allows UUKV RNA replication and transcription to become
significantly upregulated, which can be seen as AGO2 knockouts produce the highest
increase in normalised expression at 3 days post infection.

RBMBS8A: RBMS8A has dual functions within the cell. The protein plays a role in the
exon junction complex (EJC) by associating with newly spliced mRNA and aiding
in guiding the newly spliced mRNA to ribosomes for translation (Ishigaki et al.,
2013). However, as UUKV RNA does not undergo splicing (this does not mean that
the EJC does not interact with the vRNA), it is more likely that it is the second role
of RBM8A within the nonsense mediated decay pathway that has the greater
influence on viral kinetics. This was seen within WNV and DENYV infection, where
the VRNA was targeted for degradation (M. Li et al., 2019). Therefore, when this
protein was knocked down within the cell, UUKV M replication and transcription
was upregulated in an exponential manner as the RNA segments were not removed
by the nonsense mediated decay pathway.

XRN1: XRNI has degradation capabilities for non-poly(A) mRNAs, such as VRNA
or poly(A)-stripped cellular mRNA, and when analysing RVFV-XRNI1 interactions
there was evidence to suggest that XRN1 directly degraded the vVRNA and therefore
RVFV had evolved measures to counter this (Chapman et al., 2014). XRNI1 can also
be hijacked by the virus, not only to prevent this degradation of VRNA, but also to
target vector mRNA for degradation to prevent antiviral factors being produced in a
pro-viral manner. Accordingly, it is not likely this occurs. This is presumed due to

the knockdowns producing increased UUKV M RNA expression, indicating this
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protein is antiviral, and when XRN1 is present within the cell it targets UUKV RNA

for degradation.

Proteins indirectly impacting replication and transcription kinetics:

CULI1: CULI is known to be targeted by RVFV NSs protein in order to degrade
transcription factors that would aid in mounting the innate immune response
(Kainulainen et al., 2014; Le May et al., 2004), including potentially the upregulation
of other gene factors analysed in these knockdowns such as AGO2. By knocking
down this protein the immune response is dampened, allowing the virus to increase
the rate of both transcription and translation, but not to the levels seen within the
gene knockdowns this protein affects (e.g. the AGO2 knockdown) as the knockdown
was not as efficient and seemed to recover by 9 days post transfection.

PABP1: Similar to CUL1, RVFV NSs also targets PABP1 for degradation or nuclear
re-localisation in order to create an intracellular environment that favours viral
replication and translation by inhibiting the miRNA-mediated repression and
nonsense-mediated decay mRNA surveillance pathway and preventing vector
mRNAs from being translated (M. Brook et al., 2012; Copeland et al., 2013).
Although it cannot be determined if UUKV interacts with or inhibits PABP1, by
knocking this protein down a similar effect is seen, in that a favourable intracellular
environment is produced for the increased replication and translation of UUKV.
PRKRA: PRKRA has not previously been shown to be directly targeted by viruses,
however the IFN activated signalling pathway (the PKR) in which this protein is
involved acts to shut down translation, induce apoptosis, and upregulate the antiviral
RNA silencing pathway within the cell (R. C. Patel & Sen, 1998; Peters et al., 2001;
Peters et al., 2009). As described for PABP1, it is not known if UUKYV interacts with
or inhibits PRKRA to prevent transcriptional shut off and antiviral activity, but by
knocking down this protein, a favourable intracellular environment is produced for
the increased replication and translation of UUKV.

RUXE: As mentioned in the introduction, there is no evidence that bunyavirus RNA
interacts with RUXE individually or as part of the spliceosome complex, as
bunyavirus cRNA synthesis is coupled directly to translation and does not contain
introns (Barr, 2007). Therefore, it is more plausible that during knockdown of the
RUXE protein the pre-mRNA processing U snRNP complexes are disrupted and
therefore cellular splicing and alternative splicing are impeded, and pre-mRNAs are

unable to be translated, preventing antiviral factors being produced.
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e SNDI1: Alongside RUXE, there is also no evidence that SNDI interacts with
bunyavirus RNA. SNDI is an important component in mediating miRNA decay in
the RISC complex. It is hypothesised that, when this protein is knocked down, RNAi
turnover is reduced and therefore the RISC complex is unable to uptake new miRNA
generated from the UUKYV infection. This in turn prevents the UUKV RNA being
degraded within the cell by this complex.

Proteins directly and indirectly impacting replication and transcription kinetics:

e EIF3A: EIF3A as a translation initiation factor, in terms of viral activity, is usually
considered to work in either a proviral manner by being recruited by the virus to
upregulate viral transcription, or antiviral manner and is therefore degraded by the
virus in a ‘host cell shut off” mechanism to prevent antiviral components being
transcribed (Desmet et al., 2014; Rodriguez Pulido et al., 2007; Subramani et al.,
2018; J. Zhang et al., 2019). From the results of this thesis, it is hypothesized that if
the protein is recruited to the viral genetic material, it is in a transcription limiting
capacity, and/or that EIF3A acts in an antiviral manner within the cell to upregulate
production of antiviral factors similar to the suggested mechanism of CUL1.

e UNKL: As the function of UNKLSs is still mostly undefined, it is unclear whether
this protein has direct interactions with the UUKV RNA, although these zinc-fingers
domains do have the ability to interact with vRNA. In addition, this protein may be
involved with the ubiquitination pathway, and therefore could actively degrade viral
proteins or prevent the degradation of antiviral factors (Brown, 2005; Lores et al.,

2010).
Translation

EIF3A is the only gene which appears to be antiviral, as at 9 days p.i. the quantity of UUKV
N was significantly higher than the dseGFP transfected cells. Although this may be a
consequence of having an increased level of UUKV RNA within the cells, as EIF3A is an
elongation factor this may be specific to promoting cellular mMRNAs, and therefore when
knocked down there are more resources available to translate the viral transcripts.
Conversely, although AGO2, CUL1, PRKRA, RBM8A, RUXE, SND1, and UNKL are
inhibitory to replication and/or transcription, these proteins alongside TOP3B appear to be
proviral when looking at the impact on translation, as for at least one timepoint in each
knockdown shows a significant reduction in UUKV N protein accumulation. This initially
was an unexpected result, as it was theorised that if the UUKV M RNA increased this would
then cause the level of transcription to increase. For the factors which affect vector mMRNA

processing, such as RBM8A, RUXE, and SND1, removing these proteins may impede pre-
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MRNA processing (e.g. splicing) or may produce incorrect transcripts that induce ribosomal
stalling, preventing viral proteins from being transcribed (Hsu & Hertel, 2009). In the
knockdowns where the proteins play a role within the antiviral response, such as AGO?2,
PRKRA, and SND1, the removal of these proteins may cause the cells to overcompensate
or activate additional feedback loops which carry out host protein shut off (Hoang, Neault,
Pelin, & Alain, 2020; Stern-Ginossar, Thompson, Mathews, & Mohr, 2019). For CUL1,
which does not fit in either of these two categories, as this protein acts as a key component
and scaffold for the ubiquitin E3 ligase complex, once this protein is removed this may cause
the complex proteins to become dysregulated and increase the ubiquitination of UUKV N
protein (J. Zheng et al., 2002). Finally, TOP3B is indicated in both packaging and
unpackaging/uncoating, due to its function as a topoisomerase, which will be expanded upon
below. However, as topoisomerases are capable of changing the topology of RNA and have
been implicated in mMRNA stability, this protein may be used to ensure that UUKV RNA is
stable and in the correct secondary structure to be translated. Overall, as the effects on the
UUKV N protein do not appear consistent across the timepoints, it indicates that these
responses may be indirect consequences rather than due to the specific gene knockdown. For
example, the increased level of UUKV RNA may trigger additional cellular pathways which
decrease translation. It would be interesting in future to repeat these knockdowns and
quantify the levels of expression for non-viral vector proteins to analyse if this decrease in
protein is targeted only to UUKV N which would imply a specific mechanism, or applicable
to cellular proteins across the board which would indicate an impact on general cellular

translation shutoff.

Packaging

Unexpectedly, both UNKL and XRN1 produced similar results where although there was no
significant difference in virus titre there was a significantly lower UUKV M RNA copy
number within the supernatant. This indicated that either the dseGFP transfections produce
a subset of viral particles which are non-infectious that are not produced when UNKL and
XRN1 are knocked down, or the viral particles produced from UNKL and XRN1
knockdowns do not contain all the genomic segments but still produce a high enough titre
that this lack of all three segments in each virion is compensated by multiple virions infecting
the same cell. Currently there is no mechanistic hypothesis to explain these results. However,
further experimentation by visualising the structure of the virion particles using electron
microscopy or examining the density of the viral particles to determine if all three segments

are present within most virions would add evidence to determine if this hypothesis is correct.
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As mentioned in the uncoating section, TOP3B may be required to change the topology of
the UUKV RNA to efficiently establish infection. Either in addition or instead of this,
TOP3B may be required to help ensure the UUKV RNA is in the correct secondary structure
for effective packaging to produce infectious viral particles. It would be useful to carry out
a knockdown of TOP3B once UUKY infection has been established in ISE6 cells, as if a
drop in titre is seen that is significant compared to dseGFP and no drop in supernatant copy
number occurs this adds evidence to the hypothesis that TOP3B acts to package UUKV
RNA.

In conclusion, this research has optimised the knockdown of gene targets within ISE6 cell
cultures using novel dsSRNA transfections methodologies and applied this technique to show
a proof of principle that several of the proteins highlighted from the differential RBPome
experiments (Chapter 7) impact UUKYV infection. Although due to the level of understanding
around these proteins it cannot be confirmed at this time that the suggested mechanisms are
correct, it has been shown these proteins impact UUKYV replication. This work provides
grounding for further investigation and direction to elucidate the factors important for
establishing UUKYV infection in ISE6 cells. Further analysis around these proteins can be
expanded into other timepoints and to different levels of dsSRNA in order to determine if
there is a dose dependant response. The long-term goal of this work will be to evaluate the
mechanisms of these proteins, and how they interact within the cellular landscape to allow

for perpetual and persistent infection of UUKYV without causing distress to the vector.
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This project can be divided into two primary aims: determination of the ‘block’ in replication
of UUKYV in mosquito cells and elucidating the factors within ISE6 cells that impact viral

replication within vector derived cell lines.

Before investigating the block in UUKYV replication in mosquito cells, it was important to
confirm previous findings within the literature, in that tick borne bunyaviruses do not
replicate within non-tick arthropods such as mosquitoes. Through conducting growth curve
experiments, | was able to demonstrate that UUKV was unable to complete replication
within mosquito cell lines derived from Aedes aegypti, and that this was independent of the
RNAI response within the mosquito cells, indicating that the block occurred early within the
replication cycle. An additional interesting result from this work was that deleting the NSs
protein appeared to prevent effective UUKV replication within ISE6 cells, which was
relevant to the second aim of this project and provides avenues for further investigation as
described below. The results within the mosquito cell lines were useful in determining which
stage of viral replication to investigate further, particularly as previously no published
experiments had attempted to visualize whether UUKYV virus could bind to or penetrate
mosquito cells. By dying the UUKYV viral particles with a fluorescent glycoprotein dye, and
to visualize binding under different conditions within AF5 cells in comparison to cells where
binding was known to occur (ISE6 and BSR cells), | was able to demonstrate that UUKV
was able to bind AF5 cells but showed no evidence of internalization following the binding
process (Chapter 5). This is the demonstration of a tick-borne bunyavirus being capable of
binding arthropod cells not derived from tick species with high affinity. As it is currently
unknown what receptors are employed by UUKYV and other bunyaviruses to bind tick cells,
it will be important to elucidate how these viruses access tick cells before we are able to
compare these binding factors with those found on mosquito cells. It may be the case that as
the virus is able to bind, but unable to be internalized, the mosquito cells may have receptors
that bind UUKYV but lack a co-receptor required to trigger internalization, or the receptor
that binds UUKV is unable to induce the conformational change required to trigger
internalization. This glycoprotein dye protocol could be used to visualize where the viral
particles are bound on the cell before performing cryogenic electron microscopy. It may then
be possible to visualize the structures with which UUKYV interacts within each cell type and
visualise if a conformational change is induced. In addition, isolating these membrane
factors through immunoprecipitation and analysing them by mass spectrometry will allow
for characterization of these cell surface proteins. Once identified, mutational analysis and
recombinant assays would allow for further characterization of these factors. In the long

term, identifying these factors may allow for the identification of therapeutic targets and
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production of transgenic ticks with mutated receptors that are less susceptible to bunyavirus
infection. This would be particularly useful if it was then compared with the factors on the
mosquito cell surface that are unable to cause internalization, which may allow for a new
method of disease control within the wild vector population (Chapter 5). Additionally, the
identification of the factors that permit internalisation of bunyaviruses within the vector
species is critical to surveillance of arthropod-borne diseases given bunyaviruses have shown
reassortment capabilities and mosquito and tick-borne bunyaviruses circulate within the
same geographical areas. Until these factors are identified we are unable to fully assess the
likelihood of reassortment, or the potential disease impact such reassortments could cause.
A plausible first step to identifying both the factors responsible for internalisation and the
potential outcomes of reassortment is through the use of minigenome systems, which can be
utilised to assess the ability of tick-borne virus genomic segments to replicate within a
mosquito cell (and vice versa) through bypassing internalisation into the cell. This
methodology has already been successfully employed in investigating reassortment between
UUKYV, HRTV, and SFTSV (Rezelj et al., 2019). In addition, VVLP systems can be employed
to ‘mix and match’ the viral protein composition of virions, and therefore by substituting in
different proteins from mosquito-borne viruses into UUKV virions. By using these VLPs to
infect mosquito cells, it can be determined what components would be required to allow the
virus to overcome the block to entry in mosquito cells, and once this has been identified
further studies can be carried out to determine the likelihood of this recombination event

occurring in nature.

When elucidating the factors within ISE6 cell cultures that impact viral replication within
the vector, there were several hurdles that needed to be overcome before the differential
expression of RBPs during infection could be examined. The biggest of these hurdles was
the lack of information available on the genomes of ticks and tick cells. Although RIC
utilising UV crosslinking and oligo(dT) capture beads has been carried out within cell
cultures derived from various other species, this is the first example of this technique being
applied to and optimised in tick cell cultures. Through this method, | was able to establish
the first tick cell line RBPome, which can be used in future as a comparative measure not
only for ISE6 cell cultures in other conditions (such as infection with different viruses,
collections at different timepoints, or variation in inoculum MOIs), but for different tick
species (either cell lines or whole organisms) (Chapter 6). By building a better understanding
of the baseline intracellular RBPome environment, further study will be able to ascertain the
importance of different RBPs under different environmental conditions, which can then be

mapped into the whole organism. As ISEG is currently the most well characterised tick cell
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line available, the data generated for the cellular RBPome may also be used to inform on
other less well-characterised tick cell lines. However, although ortholog analysis allowed the
structure and mechanisms of roughly 2/3rds of these proteins to be predicted, this data set
would benefit from further definition and mapping of the ISE6 proteome and genome. At
the time of writing these data sets are still considered to be in draft form. Further proteomic
analysis would allow for improved homology and protein structure/mechanism studies, and

with the proteins presented in this study these may be used for more targeted investigations.

From these techniques, | was also able to produce and characterise the first ISE6 RBPome
in virus infected cells, and by comparing this data set to that of the mock RBPome, elucidated
the RBPs that were differentially expressed during UUKYV infection (Chapter 7). These data
show similarities with differential infection data seen through previous transcriptomic and
whole cell proteomic studies within several tick cell lines and furthers our understanding of
the RBPs that may play an important role in the establishment of persistent tick-borne virus
infection. This differential RBPome also provides a useful starting point, not only for
downstream validation of the mass spectrometry results using dsRNA transfection, but for
future work in identifying if these proteins are significant in vector-viral interactions across
different tick species, virus species, and timepoints, as currently we can only assess the
significance of these proteins in the ISE6 cell line at 9 days post-infection. To expand this
work, it would be useful to repeat this methodology at different timepoints, both earlier (for
example 1 day, 3 days, and 6 days) and once persistence was established (for example over
2 weeks post-infection) to investigate the dynamic changes of RBP expression over the
course of infection. It is most likely that different RBPs play important roles at different
timepoints when establishing persistent infection after virus exposure within the vector.
Therefore, to fully elucidate the role of each RBP in establishing infection, a picture needs

to be built of how expression changes over time.

Currently, the availability of antibodies and other molecular probes against tick proteins is
severely limited, with none being available for tick specific RBPs. Prior to the establishment
of the differential RBPome, it was unclear which RBPs may play an active role in infection.
These elucidated RBPs can now provide a guide for developing molecular tools for further
investigation within ticks. By using the significantly differentiated proteins as a starting list,
for example, to produce recombinant protein to raise antibodies, a molecular toolkit can and
should be developed. This toolkit would progress our knowledge within the area of vector-
virus interactions by allowing more in-depth structural studies (e.g. through x-ray
crystallography), interaction studies (e.g. through immunoprecipitation), and intracellular

localisation studies (e.g. confocal microscopy probing both the viral and tick proteins). These
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tools could also potentially have other uses such as homology studies, cell line
characterisation studies, and pathogen studies outside of vector-virus interactions (Chapter
7).

Finally, to validate experimentally the differential RBPs established in Chapter 7 in an in
vitro model, | carried out transfections utilising dSRNA homologous to the RBPs in question
in ISEG6 cell cultures, to knock down the respective protein. This method of transfection has
been developed in recent years, and in the context of tick cell lines has previously been used
successfully in the BMES® tick cell line by Dr Petit. The results from this study confirm this
transfection method is efficient in multiple cell lines and will be a useful tool for future
experiments given the minimal impact to cell viability. However, if this technique is to be
used on tick cell lines it would be beneficial to carry out transcriptomic and proteomic studies
to confirm the effects of the transfection protocol on the cell lines in question, as they do
appear to have a small impact on viral kinetics. Additionally, as the ISE6 genome is not fully
defined, there was a risk that the gene targeting would not be specific enough, or that off-
target effects may occur. Therefore, if antibodies are raised against the proteins in question
as described in the previous paragraph, it would be beneficial to repeat these studies whilst
in tandem probing for the proteins via western blot in order to confirm specific protein
reduction was achieved. Despite this, from the data produced in Chapter 8, | am confident
that successful and specific gene knockdown was achieved. From these data | have
confirmed that the proteins in question all have a role in the replication of UUKV, validating
the results produced in Chapter 7. In particular, an exciting result was seen with TOP3B, as
the proposed function within this study matches the role proposed by recently published data
from mammalian infection models. The data generated require further validation to build a
functional model for each of the identified RBPs, as this is the first time the importance of
RBPs has been examined through this methodology and RIC information gathered in tick
cells. When combined with the large gaps in information about the ISE6 proteome and
intracellular environment, it is prudent to further validate my findings. Predictive modelling,
structural analysis, overexpression studies and competitive inhibitor assays would allow for
further validation of the hypothesised functions presented in Chapter 8. In the long term, it
would be interesting to carry out this protocol on identified homologs/orthologs within other
arthropod systems. By repeating these assays within other cell lines derived from other tick
species, one will be able to determine if there are shared mechanisms or pathways in viral
interaction and establishing persistence that have evolved across disparate tick species. This
could then be expanded to determining if this response is specific to UUKYV or if the same

viral kinetics are seen across infections with different viral species. By repeating these assays
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on non-tick arthropods, such as mosquitoes, the similarities between the RBPome responses
can be determined and key or core RBPs can be identified for arthropods. By defining the
differences and similarities between the RBPome responses of different arthropods, one is
able to better understand the progression of viral infection and identify key therapeutic

targets or predict recombination events (Chapter 8).

To conclude, the work carried out within this PhD has contributed to our understanding of
how vector tropism is achieved with the tick-borne bunyavirus, UUKYV. It has presented not
only the first established tick cell-line derived RBPome but additionally highlighted the
differential RBPs which play an active role in UUKV infection. Through transfection
experiments in vitro, these differential RBPs have been validated experimentally and provide
the first insights into the potential roles of RBPs during establishing infection. Overall, it is
hoped that this work will be carried on, being used in future as a starting point to develop
much needed molecular tools for studying tick borne viruses, and a key part of the foundation
from which our understanding of the intracellular interactions between ticks and tick-borne

viruses can continue to grow.
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BSA Standard Curve Titred Virus
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Figure 10.1: Example of band visualisation for quantification of UUKV glycoproteins. Serial
dilutions of BSA (BSA standard curve) alongside serial dilutions of UUKV (titred virus) were
prepared for gel electrophoresis and visualised using Coomassie blue staining.
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Figure 10.2: Representative standard curve of RT gPCR for UUKV M for copy number
calculations. Serial dilutions of UUKV M standard DNA were analysed via RT qPCR. The quantity
in ng vs Ct score was plotted to allow for the production of a standard curve from which UUKV M
copy numbers can be calculated.
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