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Lay summary

Influenza A virus (IAV) is a pathogen that causes a highly contagious respiratory
disease, “flu”, which can be fatal in certain at risk populations, including the
immunosuppressed, the very old, and the very young. The virus infects millions of
people worldwide every year in seasonal epidemics and has been responsible for
larger pandemics. There are antiviral drugs available that target 1AV, however the

virus is able to mutate and become resistant to these treatments.

IAV has a genome that encodes a small number of essential proteins for its lifecycle,
and relies heavily on host proteins for efficient replication. Proteins encoded by the
host genome that the virus needs to replicate are called “host factors”. Host factors
include cell surface receptors, proteins that are required for the replication of the viral
genome, and factors involved in the detection of and immunity against the virus.
These host factors are attractive targets for the treatment of 1AV because, when the
virus is not targeted directly, it cannot mutate to develop resistance as easily. Such
drug targets can be identified in many different ways, for example through prior
knowledge of a host protein and its functions, or through large scale screens which

aim to identify factors required for viral replication.

In this study, we investigated three human proteins that had been previously linked to
IAV infection in order to dissect their role in the virus lifecycle and to evaluate their

suitability as drug targets.

First, JMJDG6, a protein that has many roles in immunity and has been linked to the
lifecycles of other viruses. Previous work, in which JMJD6 was depleted in cells,
suggested that IAV could not replicate efficiently in the absence of the protein. The

data collected in this study suggested that this finding was actually an artefact of the



tools used to deplete JMJD6, and that the protein was not required for IAV to replicate

normally.

Another potential host factor that had been identified in a genome-wide CRISPR-Cas9
screen, CMTR1, was also investigated. The data presented in this study suggested
that targeting CMTR1 alone is unlikely to be effective for the treatment of IAV infection.
However, preliminary data showed that further investigation should be made into the

targeting of CMTR1 in combination with other antiviral treatments.

Finally, IGF2BP1 was examined. This protein had been identified in the meta-analysis
of genome-wide host factor screens for IAV. IGF2BP1 was chosen for analysis in this
study due to its function in binding an RNA modification that is known to be present
in the IAV genome. We found that depletion or chemical inhibition of this protein did

not affect IAV replication.

The work presented in this study rules out these three proteins as individual targets

for drug treatment of IAV and therefore informs the direction of future study.



Abstract

Influenza A virus (IAV) causes a contagious respiratory disease which can be fatal in
at risk populations. Seasonal epidemics of IAV infection are responsible for as many
as 650,000 human deaths annually. Antiviral drugs currently available for the
treatment of IAV infection target viral polypeptides. However, as an RNA virus, IAV is
able to mutate and rapidly develop resistance to these drugs. For this reason, new
approaches which focus on targeting the host are being explored. IAV interacts with
many host proteins which are necessary for efficient completion of the viral lifecycle;
these host factors potentially make attractive drug targets for the treatment of 1AV, as

development of resistance to host-targeted treatments is predicted to be slower.

Host factors required for IAV replication have been identified through a number of
routes including targeted research based on previous knowledge of the virus and the
host, and large scale screens. The work presented in this thesis aimed to investigate
three cellular proteins that had been previously proposed as pro-viral host factors for
IAV. Using RNA interference (RNAi) and chemical inhibitors, | sought to dissect the
role of these proteins in the viral lifecycle and to assess their suitability as drug targets

in the treatment of IAV infection.

The arginine demethylase JMJD6 had been suggested to have a proviral role in 1AV
replication. In the process of refining previously developed RNAI procedures for
depleting JMJDG, | found that a published siRNA used to study JMJDG6 induced an
interferon (IFN) response in cells. Here, | showed that IAV was able to replicate
normally in cells in which JMJD6 was depleted by alternative RNAi methods that did
not induce an IFN response and in JMJD6™ cells, strongly suggesting that the
previous finding was likely an artefact of the approach used to deplete JMJD6. Thus
JMJD6 was determined not to be a host factor of IAV or a suitable target for the

treatment of 1AV infection.

Xi



Next, a host factor that had been identified in a genome-wide CRISPR screen was
investigated. The cap 2’-O-methyltransferase, CMTR1, had been proposed to be
required for preventing detection of viral mMRNA via the IFN signalling pathway. In my
hands, knockdown of CMTR1 using RNAI did not lead to enhanced IFN response to
infection, nor did it inhibit the replication of IAV in cell culture. This did not support
CMTR1 alone as an effective target for IAV treatment. However, preliminary results
investigating CMTR1 knockdown in combination with the viral cap-dependent
endonuclease inhibitor Baloxavir, suggested that future work should examine CMTR1

as a target to enhance other antiviral treatment.

Finally, the Né-methyladenosine (m®A) reader protein IGF2BP1 was examined. IAV
RNAs, both genomic and messenger, are known to contain the m®A modification,
which is required for optimal replication efficiency. IGF2BP1, which binds to m®A
modified mRNA to enhance stability, has been linked to IAV replication in host
interaction screens. However, using RNAi and chemical inhibition, | did not find that
IGF2BP1 was required for IAV replication or spread. Furthermore, overexpression of
IGF2BP1 showed no effect on IAV replication. Together these findings rule out

IGF2BP1 as an IAV host factor and drug target.

Overall, the work presented in this study did not support the three host proteins
investigated as being suitable drug targets for the treatment of IAV, although CMTR1
could still be investigated as a target for combination therapy. The ruling out of JMJD6
and IGF2BP1 can help to focus future work investigating host targets for 1AV

treatment.

Xii
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Chapter 1: Introduction to influenza A virus

1.1. General introduction to influenza

The term “influenza” describes a viral respiratory infection with characteristic
symptoms that include fever, cough, headache, muscle and joint pain, malaise, sore
throat, and rhinitis (Macias et al., 2021). Influenza viruses spread from host to host
via aerosol, droplets and contact transmission (Killingley & Nguyen-Van-Tam, 2013),
and primarily infect the airway and alveolar epithelial cells in humans (Flerlage et al.,
2021; Kalil & Thomas, 2019) leading to the respiratory and systemic symptoms. Most
cases are described as mild, where symptoms last for approximately two weeks and
no medical intervention is required. However, influenza can lead to severe disease
and can be fatal in certain at risk populations, including immunosuppressed
individuals, pregnant people, the very old, and the very young (Macias et al., 2021;
World Health Organization, 2018). Annually, there are up to 50 million symptomatic
cases recorded in the European Union/European Economic Area (European Centre
for Disease Prevention and Control, 2022) and up to 5 million severe cases globally
(World Health Organization, 2018). This leads to significant economic burden and
contributes to substantial loss of health-related quality of life (Fragaszy et al., 2018).
Furthermore, every year influenza is associated with the deaths of 15,000-70,000
European citizens (European Centre for Disease Prevention and Control, 2022), and
the World Health Organisation estimates that influenza causes up to 650,000 human

deaths globally each year (World Health Organization, 2018).

There are four types of influenza viruses, A to D, which belong to the family
Orthomyxoviridae. Influenza in humans can be caused by A, B, or C viruses, although
the C viruses are rarely diagnosed and usually only cause mild symptoms (Sederdanhl

& Williams, 2020). The type A and B viruses are the predominant types that cause



disease, and a mix of A and B strains circulate within human populations at any given
time, causing seasonal epidemics of varying severity. Seasonal epidemics occur in
the winter in temperate climates, generally between November and April in the
Northern hemisphere and June to October in the Southern (European Centre for
Disease Prevention and Control, 2022). In tropical regions, influenza outbreaks may
occur throughout the year (World Health Organization, 2018). Surveillance of the
circulating influenza strains is carried out worldwide (World Health Organization,
2018), as well as in individual countries (UK Health Security Agency, 2022), which
informs vaccine design and allows monitoring of drug resistance (discussed in section

1.4).

Influenza A viruses (IAVs), which are more genetically diverse than the type B viruses,
have a broader host range with established animal reservoirs, which B viruses lack
(Koutsakos et al., 2016). Circulation of IAV in both humans and animals allows for
genetic mixing and reassortment of viral genomes. This can lead to the emergence of
zoonotic strains with greater transmissibility and virulence that are antigenically
different form the current circulating strains, meaning that humans have little to no
resistance (Krammer et al., 2018; Nypaver et al., 2021). These new strains cause
global pandemics which occur every 10 to 50 years. The effects that IAV has on
human populations, both in seasonal epidemics and sporadic pandemics, mean that

study of the virus, its lifecycle and potential routes of treatment is of great importance.

1.2. Influenza A virus and lifecycle

1.2.1. 1AV virion structure and composition

IAV particles are pleomorphic, so can be found as spheres, filaments, or as
intermediate bacilliform structures (Chu et al., 1949; Mosley & Wyckoff, 1946;
Vijayakrishnan et al., 2013). Spherical virions, which are approximately 100 nm in

diameter on average, are common in laboratory-adapted IAV strains such as



influenza A/Puerto Rico/8/1934 (H1N1) (PR8) (Mosley & Wyckoff, 1946), as the
filamentous and bacilliform structures are selected against during passage in eggs or
MDCK cells (Kilbourne & Murphy, 1960; Seladi-Schulman et al., 2013). Mammalian
clinical isolate strains of AV, including those associated with pandemics, commonly
also produce filamentous, elongated virions that can measure up to 30 um in length
(Basu et al., 2011; Bruce et al., 2010; Roberts et al., 1998). Shorter filaments, virions
under 250 nm long, are termed bacilliform virions, which represent an intermediate
category (Dadonaite et al., 2016; Vijayakrishnan et al., 2013). Filamentous structures
may be selected for in vivo, as Seladi-Schulman et al. reported that serial passage of
the spherical IAV strain, PR8, in guinea pigs yielded filamentous variants (Seladi-
Schulman et al., 2013). Additionally, filamentous virions are thought to enhance
transmissibility of the virus in guinea pigs and in ferrets (Campbell et al., 2014;
Lakdawala et al, 2011) and to be associated with increased susceptibility to
secondary infections in mice (Speshock et al., 2007). One theory as to the mechanism
of this, is that the filamentous morphology allows for the virion to interact with a greater

area of the host cell surface, and thus enhances cell entry (Li et al., 2021).

Regardless of morphology, all IAV virions are enclosed by a lipid bilayer envelope,
acquired from the host cell plasma membrane upon viral egress from the cell, with
incorporated viral transmembrane glycoproteins, hemagglutinin (HA) and
neuraminidase (NA) (Figure 1.1A) (Compans et al., 1970; Harris et al., 2006;
Schulze, 1970). The most abundant, HA, forms homotrimers on the surface of the
virion which outnumber NA homotetramers 4:1 (Webster & Pereira, 1968). The
antigenic and sequence structure of both of these glycoproteins are used as the basis
of AV classification: 16 subtypes of HA and nine of NA have been identified so far in
avian hosts (Fouchier et al., 2005), and two more of each have been found exclusively

in bats (Tong et al., 2013). The tetrameric M2 proton channel is also embedded into



the viral envelope but at much lower levels (Pinto et al., 1992). Additionally, host
proteins have been detected in the viral envelope (Hutchinson et al., 2014; Shaw et
al., 2008). The envelope is supported by a matrix of oligomerised M1 protein (Harris
et al., 2001; Sha & Luo, 1997), which interacts with the envelope to determine the

morphology of the virion (Bourmakina & Garcia-Sastre, 2003; Roberts et al., 1998).

Under this matrix layer, within the virion, eight individual viral ribonucleoprotein
(VRNP) complexes contain the segments of the viral genome in complex with a single
copy of the viral RNA-dependent RNA polymerase (RdRp) and multiple nucleoprotein
(NP) molecules (Figure 1.1B) (Baudin et al., 1994). Each NP monomer binds to
approximately 24 nucleotides via the phosphate backbone (Ortega et al., 2000;
Scholtissek & Becht, 1971), and interactions between these NP monomers lead to a
helical organisation (Ruigrok & Baudin, 1995; Yamanaka et al., 1990). The resulting
antiparallel, double helix structure folds back on itself so that the conserved, semi-
complementary 5’ and 3’ ends of each segment can form a partially double stranded
structure (Compans et al., 1972; Hsu et al., 1987). This approximately 15 base pair
panhandle structure is bound by the RdRp which consists of three subunits:
polymerase acidic protein (PA), polymerase basic 1 protein (PB1) and polymerase
basic 2 protein (PB2) (Coloma et al., 2009; Hsu et al., 1987). Additional components
of the 1AV virion include non-structural protein 1 (NS1) and nuclear export protein
(NEP), which are incorporated in low quantities (Hutchinson et al., 2014; Richardson

& Akkina, 1991).
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Figure 1.1 IAV virion and RNP structure. A: Virion and core viral proteins B: vRNP structure.

Created using Biorender.com, adapted from Prof Paul Digard and Dr Rute Pinto.

1.2.2. Viral genome

The 1AV genome is comprised of eight single-stranded, negative sense RNA
segments of varying size that add up to a total of approximately 13.5 kb (McGeoch et
al., 1976; Palese & Schulman, 1976). Each segment of vVRNA contains at least one
major open reading frame (ORF) which, once transcribed into mRNA, is faithfully
translated to encode a protein product. IAV also employs mRNA splicing, ribosomal
frame-shifting and alternative translation initiation mechanisms in order to expand its
coding capacity. As a result, each genome encodes 10 core proteins, essential for the

viral lifecycle, and multiple accessory proteins, some of which are listed in



Table 1.1 (Chen et al., 2018; Pinto et al., 2021; Vasin et al., 2014).



Table 1.1 IAV gene products. Segment and protein sizes based on PR8

Protein
Genome | Gene size Mechanism of functi
Segment | product(s) | (amino expression Reported function(s)
acids)
Subunit of the viral RdRp; binds the 5’
cap of host mRNA for cap-snatching
PB2 759 Main ORF (Blaas et al., 1982; Ulmanen et al.,
1 1981); can inhibit RIG-I signalling via
MAVS (Graef et al., 2010)
. Inhibits RIG-I signalling via MAVS
PB2-S1 508 Spliced mRNA (Yamayoshi et al., 2016)
Subunit of the viral RdRp; catalyses
PB1 757 Main ORF nucleotide addition during mRNA
elongation (Braam et al., 1983)
Pro-apoptotic and pro-inflammatory
2 . effects; inhibits RIG-I signalling (Chen et
PB1-F2 | 87 Alternative ORF | ) “5001; Cheung et al., 2020; Dudek ot
al., 2011)
. Interacts with RdRp with unknown effect
PB1-N40 718 Alternative ORF (Wise et al., 2009)
Subunit of the viral RdRp; cap-dependent
PA 716 Main ORF endonuclease, cleaves host pre-mRNA
for cap-snatching (Dias et al., 2009)
Ribosomal Modifies the host immune response and
PA-X 152 : contributes to host cell shut-off (Jagger et
3 frameshift
al., 2012)
PA-N155 | 562 Alternative ORF gg;;e)””y unknown (Muramoto et al.,
PA-N182 | 535 Alternative ORF gg;;e)”t'y unknown (Muramoto et al.,
Surface glycoprotein; mediates receptor
4 HA 565 Main ORF binding, viral entry and budding (Ohuchi
etal., 1997)
Encapsidates viral genome; acts as a
. cofactor for the RdRp; required for
5 NP 498 Main ORF nuclear import of the vRNP (Scholtissek
& Becht, 1971; Wang et al., 1997)
eNP 504 Alternative ORF | Currently unknown (Wise et al., 2019)
Surface glycoprotein; facilitates viral
attachment; possesses sialidase activity
6 NA 454 Main ORF which mediates release of viral progeny
from the host cell surface (Griffin et al.,
1983; Palese et al., 1974)
Structural protein; involved in viral
M1 252 Main ORF budding, assembly and morphology (Sha
& Luo, 1997)
7 . Proton ion channel (Yoshimura &
M2 97 Spliced mRNA Ohnishi, 1984)
Ma2 99 Spliced MRNA ;g?g;ional alternative to M2 (Wise et al.,
Antagonises IFN through multiple
NS1 230 Main ORF mechanisms (Garcia-Sastre et al., 1998;
Jietal, 2021)
. Mediates nuclear export of vVRNPs
8 NS2/NEP 121 Spliced mRNA (O'Neill et al., 1998)
. Associated with switching from avian to
NS3 187 Spliced mRNA mammalian hosts (Selman et al., 2012)
tNS1 216 Alternative ORF | Inhibits IRF3 activation (Kuo et al., 2016)




1.2.3. 1AV Lifecycle
1.2.3.1. Viral entry and nuclear import of vRNPs

In infection, the IAV HA proteins bind to sialic acid residues of glycoproteins on the
surface of epithelial cells in the respiratory (and digestive in birds) tracts (Ohuchi et
al., 1997; Weis et al., 1988). HA subtypes from avian IAVs are thought to preferentially
bind to sialic acids that are linked to the rest of the oligosaccharide by an o-2,3 linkage,
whereas human HA subtypes have a higher specificity for sialic acids with a a-2,6
linkage. Single amino acid changes in HA can alter its specificity for sialic acid and
therefore host tropism of the virus (Matrosovich et al., 2000; Yamada et al., 2006), as
has been seen in human outbreaks of so called “bird flu” (Shinya et al., 2005). This
tropism also determines where in the host a virus can infect, depending on the
distribution of each type of sialic acid linkage (Costa et al., 2012). For example, Shinya
et al. reported that a-2,3-linked sialic acid residues are more prevalent in the lower
respiratory tract of humans than in the upper airways, which could explain why some
avian strains replicate efficiently in human lungs, although they are not easily

transmitted to and between humans (Shinya et al., 2006).

At the cell surface, the HA precursor protein (HAO) is cleaved by host cell proteases
into functional subunits, HA1 and HA2. In humans this cleavage is mediated by human
airway trypsin-like protease (HAT) and transmembrane protease serine S1 member
2 (TMPRSS2) which are expressed on the surface of airway epithelial cells (Bottcher
et al., 2006; Limburg et al., 2019). Other proteases that have been reported to cleave
the HA of human-adapted viruses include matriptase (Beaulieu et al., 2013) and
TMPRSS4 (Chaipan et al., 2009). HA cleavage can also occur during the generation
of progeny virions, so that the particles released are infectious and this cell surface

processing is not necessary for entry into the new cell (described below).



HA-receptor binding triggers virion internalisation via a number of routes, including
clathrin-mediated endocytosis and macropinocytosis (de Vries et al, 2011;
Lakadamyali et al., 2006). Inside the cell, the virus is trafficked to the endosome,
where low pH, between 5.5 and 5.0, induces a conformational change of HA which
exposes a highly conserved fusion peptide in the N-terminus of the HA2 subunit,
which inserts into the endosomal membrane (Bullough et al., 1994; Maeda et al.,
1981; White et al., 1982). Once inserted, multiple HA trimers cluster into “fusogenic
units” which function to bring the opposing membranes of the virus and the endosome
together for fusion (Hamilton et al., 2012). The low pH of the endosome also activates
the M2 proton channels, which open to acidify the viral core, leading to the release of

the vVRNPs into the cytoplasm (Yoshimura & Ohnishi, 1984).
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Figure 1.2 IAV entry and nuclear import of vRNPs. (1) HA attaches to sialic acid on cell
surface glycoproteins. (2) The virion is internalised by receptor-mediated endocytosis or
micropinocytosis. (3) As the pH in the endosome drops, M2 proton channels open to acidify
the viral core. (4) The viral envelope fuses with the endosomal membrane and the contents of
the virion are released into the cytoplasm. (5) vRNPs are transported into the nucleus by
importin-a and importin-(. (6) Importin-a and importin-f3 are dissociated from the vRNP by CAS

and RAN-GTPase, respectively. Created using Biorender.com.

Trafficking of the VRNPs from the cytoplasm to the nucleus is mediated by host

machinery and pathways. Importin-a is recruited to a non-canonical nuclear



localisation signal (NLS) at the NP N-terminus; this adaptor protein is recognised by
the importin-B transport receptor which mediates transport of the vRNPs to the
nucleus (Cros et al., 2005; Martin & Helenius, 1991b; O'Neill et al., 1995; Wang et al.,
1997). The importin-a-importin-B-vRNP complex passes through the nuclear pore
complex into the nucleus, where the CAS protein and RAN-GTPase mediate
dissociation of importin-a and importin-3, respectively, releasing the vRNP into the

nucleus (Figure 1.2) (Kutay et al., 1997; O'Neill et al., 1995).

1.2.3.2. Transcription and genome replication

In the nucleus, the viral genome segments are transcribed into mRNA (Herz et al.,
1981). This is primed by a process called cap snatching, where PB2 binds to the 5’
cap of nascent host transcripts, and PA cleaves the mRNA 10-15 nucleotides
downstream (Krug et al., 1980a; Krug et al., 1979; Ulmanen et al., 1981; Yuan et al.,
2009). This process is enhanced by the interaction of the RdRp with the cellular RNA
polymerase Il (RNA pol Il), which synthesises the capped transcripts (Engelhardt et
al., 2005). The PA RdRp subunit binds a phosphorylated serine residue in the C-
terminal domain (CTD) of the largest RNA pol Il subunit, RBP1 (Engelhardt et al.,
2005; Lukarska et al., 2017). However cap-snatching from synthetic mMRNA has been
observed in vitro in the absence of RNA pol Il (Bouloy et al., 1978; Krug et al., 1980b)
so this interaction is not strictly required. Following cleavage, the cap-binding domain
of PB2 rotates to move the capped primer into the active site of the PB1 subunit,
which catalyses mMRNA synthesis using the viral genome (VRNA) as a template
(Figure 1.3) in the 3’ to 5 direction (Braam et al., 1983; Reich et al., 2014). A
conserved polyuridine (U) stretch at the 5’ end of each vVRNA molecule acts as a signal
for the mRNA to be polyadenylated by reiterative copying of the poly(U) motif (Poon

et al., 1999; Robertson et al., 1981).
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Figure 1.3 Influenza A virus cap snatching. PA interacts with the C-terminal domain (CTD)
of the largest subunit of cellular RNA polymerase I, PB2 binds the 5’-cap of nascent host
transcripts. PA cleaves the host transcript 10-15 nucleotides downstream of the cap to
generate a primer for transcription of the IAV genome. The primer is moved into the PB1 active

site and viral transcription is initiated. Created using Biorender.com

These viral mMRNA molecules therefore resemble cellular mRNAs, with a 5’ cap and
3’ poly(A) tail, so are processed, exported and translated by host machinery. The cap
and tail structures recruit host proteins involved in RNA processing, including
spliceosome components and the transcription export (TREX) complex. TREX
subsequently recruits nuclear export factor 1 (NXF1) which is the major export factor
for host mRNA (York & Fodor, 2013). NXF1 can also be recruited to poly(A) tail
binding factors such as CPSF6 (York & Fodor, 2013). NFX1 has been shown to
interact with viral mMRNAs in infected cells (Wang et al., 2008b), and depletion of this
host protein by RNA interference (RNAi) was shown to decrease the nuclear export
of viral mMRNAs (Read & Digard, 2010). Interestingly, NFX1 knockdown had a greater
effect on the export of transcripts encoding genes expressed later in infection,
particularly HA, M1 and M2 (Read & Digard, 2010). Transcripts encoding the
polymerase proteins and NP, which are expressed earlier in infection, showed very
weak dependence on NFX1 for nuclear export (Read & Digard, 2010), indicating that

these viral transcripts rely on other host factors for nuclear export, although the
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specific host factors involved are yet to be reported. The transcription of host mMRNA
by RNA pol Il has also been shown to be required for the nuclear export of viral
transcripts, as chemical inhibition of the host polymerase was shown to cause nuclear

retention of certain viral transcripts (Amorim et al., 2007).

Once exported, viral mRNAs are thought initially to be translated in a canonical
manner in which translation initiation factors are recruited to the 5’ cap and the 3’
poly(A) tail, which subsequently recruit ribosomal subunits (Dou et al., 2018). Later in
infection, some strains of IAV shut off the synthesis of host proteins (Katze et al.,
1986). Here, translation of viral transcripts can continue via non-canonical, cap-
independent routes of initiation that are mediated by sequences in the 5’ untranslated
region (UTR) of viral RNAs (de Roziéres et al., 2022; Garfinkel & Katze, 1993).
Following translation, the same importin-a-importin-g pathway used for vVRNP import
is also used to traffic newly synthesised NP through the nuclear pore complex (Huet
et al., 2010). Import of newly synthesised PB2 is mediated by importin-a5 which it
binds via a classical NLS in its C-terminal domain (Tarendeau et al., 2007). Newly
translated PB1 and PA form a dimer which is trafficked into the nucleus by Ran
binding protein 5 (RanBP5), a member of the importin- family, which binds to the
PB1 N-terminal domain (Deng et al., 2006a; Fodor & Smith, 2004; Hutchinson et al.,
2011). The newly synthesised VRNP components assist in transcription of viral

mRNAs and facilitate replication of the viral genome.

Replication of the IAV genome is a primer-independent process which produces
uncapped, positive sense complementary RNA (cRNA) with no poly(A) tail (Hay et al.,
1982; York et al., 2013). This process involves de novo initiation of RNA synthesis on
the 3’ terminus of the RNP-associated vVRNA segment (Deng et al., 2006b). The cRNA
is incorporated into a complex with newly synthesised NP and RdRp subunits to make

complementary RNPs (cRNPs) (Vreede et al., 2004; York et al., 2013). Recent
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evidence suggests that the host protein acidic nuclear phosphoprotein 32 A (ANP32A)
interacts with the vRNP-associated parental RdRp to facilitate recruitment of the
newly synthesised viral proteins to the cRNA (Carrique et al., 2020; Long et al., 2016).
The cRNP is then used as a template for VRNA synthesis. This process is also primer-
independent, and requires a second newly synthesised RdRp (Fan et al., 2019; Jorba

et al., 2009). The vRNA is then incorporated into new, progeny vVRNPs.

1.2.3.3. Nuclear export of vRNPs

Export of the new vVRNPs to the cytoplasm require two viral proteins, M1 and NEP
(Bui et al., 1996; Martin & Helenius, 1991a; O'Neill et al., 1998). NEP, also known as
NS2 as it is the product of the alternative spicing of the NS transcript, interacts with
M1 after they have both been imported into the nucleus concurrently with the RNP
components (Akarsu et al., 2003; Shimizu et al., 2011). M1 binds to the new vRNPs
with high affinity (Baudin et al., 2001), acting as an adaptor protein for NEP, which
interacts with the host nuclear export factor CRM1 (chromosome maintenance 1, also
known as exportin 1) via two nuclear export signals (NES) in the N-terminal domain
of the viral protein (Huang et al., 2013; Iwatsuki-Horimoto et al., 2004). Mutation of
either of these NES sites results in delayed nuclear export of VRNPs (lwatsuki-
Horimoto et al., 2004; Neumann et al., 2000). An NES has also been identified in the
N-terminal domain of M1, which was shown to be required for efficient nuclear export
of VRNPs (Cao et al., 2012). Furthermore, interaction of NP with NFX1 has been
shown to induce CRM1-mediated export of NP (Chutiwitoonchai & Aida, 2016; Elton
et al., 2001). Elton et al. found that NP bound CRM1 in vitro, and that overexpression
of the host protein resulted in cytoplasmic accumulation of NP, independent of M1
and NEP (Elton et al., 2001). More recently, Chutiwitoonchai & Aida reported that
depletion of NXF1 resulted in accumulation of NP and M1 protein and vRNA in the

nucleus, which the authors propose could suggest an NEP-independent mechanism
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of VRNP nuclear export (Chutiwitoonchai & Aida, 2016), although this was not directly

shown.

1.2.3.4. Virion assembly

Once in the cytoplasm, vRNPs accumulate near the microtubule organising centre
(MTOC) and the PB2 subunits of the vVRNPs bind to Rab11a, a host GTPase
associated with recycling endosomes (Amorim et al., 2011; Momose et al., 2007;
Veler et al., 2022). Rab11a then facilitates trafficking of the vRNPs to the plasma
membrane via the microtubule network (Amorim et al., 2011). Currently accepted
models suggest that in this process, the vVRNPs are docked to recycling endosomes
to be carried to the plasma membrane (Amorim et al., 2011; Bhagwat et al., 2020;
Chou et al., 2013; Lakdawala et al., 2014; Momose et al., 2011). An alternative model
has been proposed, in which the endoplasmic reticulum (ER) is remodelled around
the MTOC in infected cells, leading to the formation of irregularly coated vesicles
which contain Rab11 and traffic vVRNPs to the plasma membrane (Figure 1.4) (de
Castro Martin et al., 2017). For both of these models, it is not yet known how the

VRNPs are transferred to the plasma membrane.

Structural components of the virion envelope, HA, NA and M2, are synthesised and
folded in rough ER before being transported through the Golgi apparatus, to the
plasma membrane (Doms et al., 1993). During transport through the ER and Golgi,
HA and NA are glycosylated which enhances folding and oligomerisation by recruiting
host chaperone proteins (Daniels et al., 2003). In some cells, TMPRSS2 expressed
in the Golgi cleaves newly synthesised HAO during its trafficking to the plasma
membrane so that the progeny virions do not require cleavage to enter new cells

(Béttcher-Friebertshauser et al., 2010; Bottcher-Friebertshauser et al., 2013).
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Figure 1.4 Apical transport of nuclear components. Following CRM1-mediated nuclear
export, VRNPs, with piggybacking M1 and NEP, are trafficked to the plasma membrane either
on Rab11a-positive recycling endosomes, or via the ER that has remodelled around the
microtubule organising centre (MTOC). Viral envelope proteins, HA, NA and M2 are
synthesised in the endoplasmic reticulum and transported through the Golgi. In the Golgi, HA
may be cleaved by TMPRSS2. The envelope proteins are then trafficked to the plasma
membrane, which is mediated by host factors such as COPI and UBR4. At the plasma

membrane, the viral components are accumulated and progeny viruses begin to bud.

During exocytic transport, and at the apical membrane, both HA and NA have been
shown to associate with sphingolipid and cholesterol-rich membrane patches (lipid
raft microdomains) via their transmembrane domains (Barman & Nayak, 2000;

Scheiffele et al.,, 1997). M2 accumulates at the boundaries of these lipid rafts,
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clustering with HA (Hughey et al., 1992; Leser & Lamb, 2005; Rossman et al., 2010).
Several host proteins and systems have been associated with the apical targeting of
the envelope proteins, for example, the coat protein | (COPI) complex, which mediates
vesicle transport between the ER and the Golgi, and endosomal trafficking (Sun et
al., 2013). Inhibition of COPI subunit recruitment was associated with reduced surface
expression of the viral membrane proteins and defective viral assembly (Sun et al.,
2013). The host protein ubiquitin N-recognising domain-containing E3 ligase 4
(UBR4) has been found to interact with M2 and to influence the apical targeting of M2
and the glycoproteins (Tripathi et al., 2015). Loss of UBR4 expression in cells was
seen to reduce expression of M2 protein, both overall and at the surface, suggesting
that UBR4 may protect M2 from degradation as well as facilitate its translocation to
the membrane (Tripathi et al., 2015). Furthermore, Rab11a has also been associated

with transport of M2 to the cell surface (Rossman et al., 2010).

The route by which M1 reaches the plasma membrane has only recently begun to be
revealed. M1 does not contain an apical localisation signal, like those in the
transmembrane domains of HA and NA (Barman & Nayak, 2000; Scheiffele et al.,
1997), so was hypothesised to “piggyback” via its interactions with the glycoproteins,
M2 and vRNPs (Ali et al., 2000; Pohl et al., 2016). In a recent study, Petrich et al.
used advanced microscopy techniques in cells expressing fluorescently tagged 1AV
proteins to analyse the interactions of M1 with the viral envelope proteins. They
determined that M1 was recruited to the plasma membrane by M2 (Petrich et al.,
2021) via a direct interaction between M1 and M2 that was already known to be
important for virion assembly (Chen et al., 2008). They also observed that interactions
of M1 with the cytoplasmic tails of HA and NA, which had also been reported
previously (Ali et al., 2000), occurred subsequently, but were not strong enough to

recruit the matrix protein to the membrane (Petrich et al., 2021). The authors only
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reported this M1-M2 interaction near to the plasma membrane, not during trafficking
of M2, and hypothesised that M1 diffuses freely through the cytoplasm to reach the
membrane (Petrich et al., 2021). However, the system used in this study did not
include components of the VRNPs (Petrich et al., 2021), so cannot rule out that, in
infection, M1 is trafficked through the cytoplasm by piggybacking on VRNPs prior to
binding with M2. It is also unknown how NEP is trafficked to the apical membrane for
virion assembly, but association with M1 may mean that these nuclear export proteins

are co-transported together (Yasuda et al., 1993).

1.2.3.5. Budding and release

The sites where the structural proteins are accumulated at lipid rafts in the apical
membrane are known as budding sites, or budzones. While the exact trigger for
budding initiation is not known, studies have shown that exogenous expression of
individual IAV proteins, namely NA, HA and M1, lead to the budding of virus like
particles (VLPs) (Chen et al., 2007; Gémez-Puertas et al., 2000; Lai et al., 2010).
Another study reported that the minimum requirement for VLP formation was
expression of one of the glycoproteins with both M1 and M2 (Chlanda et al., 2015).
However it is important to note that these VLPs are not completely analogous to
virions, and these overexpression systems do not accurately represent expression
levels of the individual proteins so could result in activity and interactions that are not
seen in infection (Nayak et al., 2009). Furthermore, these VLPs do not contain vVRNPs

so cannot provide insight into how these structures influence viral budding.

The vRNPs are delivered to the budzones and organised so that the eight genome
segments are bundled together. The segments are assembled in a “7+1” configuration
where a central vVRNP is surrounded by the 7 others (Noda et al., 2018). This bundling
is facilitated by packaging signals at various regions of the VRNPs that mediate RNA-

RNA interactions between the genome segments (Dadonaite et al., 2019). The
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cytoplasmic tails of both glycoproteins and of M2 have been shown to be required for
accumulation of vRNPs at the bud zone and for efficient packaging of vRNPs into
virions (Iwatsuki-Horimoto et al., 2006; McCown & Pekosz, 2005; Takizawa et al.,
2016; Zhang et al., 2000). However, direct interactions between the envelope proteins
and VRNPs have not been reported, so they likely require M1, which interacts with all
of these viral components (Ali et al., 2000; Baudin et al., 2001; McCown & Pekosz,

2005), as an adaptor.

A lot of evidence points to the importance of M1 in the budding process. Firstly, M1 is
able to interact with all of the viral components, as described above. The matrix
protein also interacts with the plasma membrane which leads to M1 oligomerisation
(Hilsch et al., 2014). This oligomerisation is required for the formation of the matrix
layer below the viral envelope that provides structure and stability (Calder et al., 2010;
Harris et al., 2001; Sha & Luo, 1997), and has been hypothesised to lead to elongation
of the budding virion (Rossman & Lamb, 2011). Furthermore, infection of cells with
recombinant baculoviruses or vaccinia viruses encoding 1AV M1 produces single-
protein filamentous VLPs (Gémez-Puertas et al., 2000; Latham & Galarza, 2001),
although in transfection based VLP studies, the IAV glycoproteins and M2 are also

required (Chen et al., 2007; Chlanda et al., 2015).

Next, M2, which is primarily localised at the outer periphery of the lipid rafts making
up the budzones, alters the curvature of the membrane in order to “pinch off’ the
budding virions from the plasma membrane (Rossman et al., 2010; Schmidt et al.,
2013). Following this membrane scission, the budding particles remain attached via
binding of HA to sialic acid on cell surface glycoproteins which must be cleaved by
NA in order for the progeny virions to be released (Griffin et al., 1983; Palese et al.,
1974). NA has also been suggested to cleave sialylated glycoproteins in the mucous

produced by the respiratory epithelium, which would facilitate spread of the virions to
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new cells, as well as aiding entry to cells by removing “decoy” receptors (Cohen et

al., 2013).

The entire lifecycle of IAV is relatively quick; in vitro infection experiments at high
multiplicity of infection (MOI) have observed the shedding of infectious virus particles
from infected MDCK cells in as little as five hours (Abdoli et al., 2013). At lower MOls,
shedding can be detected between eight and 24 hours post infection (Abdoli et al.,
2013). This timing, however, differs between cell lines (Gaush & Smith, 1968) and
virus strains (Parvin et al., 2015), and also depends on culture conditions and the host
immune response. The development of new tools and techniques, including
bioluminescent strains of IAV, will allow real-time tracking of the viral lifecycle, both in
vitro and in vivo, that may further elucidate the mechanisms behind infection dynamics

(Kim et al., 2022).

1.3. The immune response to IAV in humans

1.3.1. Innate immune response to IAV infection

The innate immune response is the host’s first line of defence against pathogens. A
successful innate immune response against IAV rapidly detects the virus and
prevents its replication and spread. Additionally, the innate immune response
activates and informs the adaptive immune response, which clears the virus and
infected cells, and generates memory cells for protection against future infections.
However, in addition to clearing the pathogen, a robust immune response can also
cause damage to and compromise the function of host tissue. In fact much of the
pathology and many of the symptoms associated with IAV infection are caused by the
immune response (Fukuyama & Kawaoka, 2011; George et al., 2021; Kaiser et al.,
2001; Wu & Metcalf, 2020). The initial innate immune response to IAV infection in the
human respiratory tract, as well as viral tactics of immune evasion are discussed

below.
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1.3.1.1. Cells involved in innate immunity against IAV

1.3.1.1.1. Respiratory epithelial cells

Epithelial cells of the respiratory tract are the primary target of human strains of IAV.
The types and relative abundance of epithelial cells differs throughout the tract.
Conducting airways, which includes the trachea, the bronchi and the bronchioles, are
rich in ciliated and mucin-producing secretory cells (Mifsud et al., 2021; Whitsett &
Alenghat, 2015). Together, these work to form and clear a mucosal barrier that
prevents pathogens from accessing the cells. Pathogens, including 1AV are non-
specifically trapped in the mucous layer above the cells, and beating of the cilia move
them out of the respiratory tract (Whitsett & Alenghat, 2015). The importance of
mucins in defence against IAV was first noted in the 1940s (Anderson et al., 1948).
Mucin proteins, which in humans include MUC1 and MUCS5AC are heavily
glycosylated and contain sialic acid residues. As mentioned above, the sialylated
mucins impair and delay the movement of IAV by binding to HA, before being cleaved
by NA (Cohen et al., 2013). Although IAV is able to overcome this mucosal blocking
via NA activity, mucins remain an important barrier in infection. Muc1” mice have
been reported to show increased severity of IAV infection (McAuley et al., 2017).
Conversely, overexpression of MUCS5AC in mice limited infection and excessive

inflammatory responses (Ehre et al., 2012).

Deeper in the lungs, the epithelium of the alveoli is made up of squamous type |
alveolar cells (or pneumocytes), that interact closely with the endothelial cells of
pulmonary capillaries and facilitate gas exchange, and cuboidal type Il pneumocytes,
which secrete surfactant (Mifsud et al., 2021; Whitsett & Alenghat, 2015). Surfactant
lipids and proteins are required for the normal structure and function of the alveoli, as
they reduce surface tension to prevent lung collapse (Whitsett & Alenghat, 2015).

They also have antiviral properties; for example, surfactant protein D binds to glycans
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on HA, near the sialic acid binding cite, to neutralise virions and prevent infection of
epithelial cells (Hartshorn et al., 2008; LeVine et al., 2001).

1.3.1.1.2. Innate effector cells

Resident alveolar macrophages are long lived cells that reside in the lumen of the
alveoli. They function as scavenger cells and become activated when they detect
pathogen-associated molecular patterns (PAMPs) via intracellular pattern recognition
receptors (PRRs) following phagocytosis of the virus or infected cells, or when they
are infected themselves (Chen et al., 2018; Roberts, 2020). Activated alveolar
macrophages phagocytose infected epithelial cells, limiting the spread of the virus
and produce pro-inflammatory cytokines to attract and activate other immune cells
(Chen et al., 2018; Tumpey et al., 2005). They can also be infected by some strains
of IAV, potentially using receptors other than sialic acid (Londrigan et al., 2012;

Rodgers & Mims, 1982).

Pro-inflammatory cytokines secreted by infected epithelial cells and activated alveolar
macrophages promote the infiltration of other innate effector cells into the lungs (Chen
et al., 2018; Mifsud et al., 2021). These cells include monocytes, natural killer (NK)
cells, neutrophils and dendritic cells (DCs). Briefly, monocytes act as phagocytic
antigen presenting cells and can differentiate into macrophages or DCs (Roberts,
2020). NK cells are cytotoxic lymphocytes that recognise cells expressing reduced
major histocompatibility complex (MHC) class |, which is downregulated on the
surface of infected cells and induce lysis or apoptosis (Ljunggren & Karre, 1990), NK
cells can also recognise IAV-infected cells by binding to viral HA, expressed on the
cell surface, via sialic acid residues on their NKp46 receptor (Arnon et al., 2004; Arnon
et al., 2001; Mandelboim et al., 2001). Neutrophils are granulocytes that, in addition
to their role in phagocytic clearance of virus particles and infected cells, release

cytotoxic granules to create an inhospitable environment for pathogens and induce
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the death of infected cells (George et al., 2021). They also secrete chemokines to
recruit both innate and adaptive immune cells to the inflammatory environment
(George et al., 2021). DCs are professional antigen presenting cells which initiate and
direct the adaptive immune response. Following either infection or phagocytic uptake
of the virus, DCs migrate to the lymph nodes to present antigens derived from IAV to

T lymphocytes (Fonteneau et al., 2003; GeurtsvanKessel et al., 2008).

1.3.1.2. Immune sensing

Innate immunity against IAV requires the rapid detection of viral PAMPs in infected
cells, and later in phagocytic cells. Host PRRs bind to these viral PAMPs, and initiate
the production and secretion of interferons (IFNs), pro-inflammatory cytokines and the
expression of a variety genes encoding antiviral factors. A variety of PRRs have been
found to be involved in the immune sensing of IAV, including Retinoic acid-inducible
gene | (RIG-I), Toll-like Receptors (TLRs), and the Z-DNA binding protein 1 (ZBP1).
1.3.1.2.1. Retinoic acid-inducible gene | (RIG-1)

RIG-I is one of three members of the RIG-I-like receptor family of RNA helicase
proteins encoded by the human genome, which also includes melanoma
differentiation-associated protein 5 (MDA5), and laboratory of genetics and
physiology 2 (LGP2) (Kang et al., 2002; Yoneyama et al., 2005; Yoneyama et al.,
2004). RIG-I, the primary PRR for the detection of IAV, is ubiquitously expressed in
the cytoplasm of all human cells, and has recently been shown to also localise to the
nucleus in |AV-infected A549 cells (a human alveolar epithelial cell line) (Liu et al.,
2018). This PRR is activated by the binding of its CTD to short, blunt ended double
stranded RNA (dsRNA) or single stranded RNA (ssRNA) containing an exposed 5'-
triphosphate (Cui et al., 2008; Hornung et al., 2006; Schmidt et al., 2009). Ligand
binding stimulates an ATP-dependent conformational change that liberates the N-

terminal caspase activation and recruitment domains (CARDs) of RIG-I, which
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mediate the downstream signalling (Gee et al., 2008; Kowalinski et al., 2011). Once
released, the CARDs are lysine 63-linked poly-ubiquitinated by various ubiquitin
ligases, including tripartite motif containing protein 25 (TRIM25), Riplet or TRIM4
(Oshiumi et al., 2013; Yan et al., 2014), although the relative contribution of these
factors is debated (Choudhury et al., 2022; Hayman et al., 2019). The ubiquitin chains
on the CARDs facilitate the assembly of RIG-I homo-oligomers along the RNA ligand,
and thus the recruitment of the adapter molecule mitochondrial antiviral-signalling
protein (MAVS) (Patel et al., 2013; Peisley et al., 2014). MAVS is a transmembrane
protein expressed on the surface of mitochondria, with a cytoplasmic N-terminal
CARD (Seth et al.,, 2005) that interacts with the RIG-I CARDs to trigger MAVS
oligomerisation (Hou et al., 2011). MAVS oligomerisation also requires lysine 63-
linked poly-ubiquitination, which, in this case, is mediated by TRIM31 (Liu et al.,
2017a). The RIG-I-MAVS aggregates subsequently recruit various downstream
signalling molecules, leading to the activation and nuclear translocation of the
transcription factors IFN-regulatory factor 3 (IRF3), and NF-kB, which mediate the

expression of IFNs and pro-inflammatory cytokines (Figure 1.5) (Seth et al., 2005).

RIG-I has been shown to bind to and be activated by the double stranded panhandle
structure of the intact viral genome (Liu et al., 2015a; Rehwinkel et al., 2010). IAV
infection also produces a variety of other RIG-I agonists including mini viral RNAs
(mvRNAs) which are formed during dysregulated vRNA replication (Te Velthuis et al.,
2018). RIG-I is very important for the immune sensing of IAV in mammalian infection,
and RIG-I" cells show attenuated expression of a large range of immune-related
genes, particularly IFNa/B genes (Loo et al., 2008; Opitz et al., 2007). Furthermore,
RIG-I” mice show defective IFN production and delayed IAV clearance, as well as

impaired adaptive immune responses and immune memory (Kandasamy et al., 2016).
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Figure 1.5 RIG-I signalling in response to viral RNA. The CTD of RIG-I binds to viral RNA
(either single stranded or double stranded RNA containing exposed 5’-triphosphate or short,
blunt molecules of dsRNA), inducing a conformational change that liberates the N-terminal
caspase activation and recruitment domains (CARDs). These CARDs in RIG-I are then lysine
63-linked poly-ubiquitinated by cellular enzymes such as TRIM25, Riplet and TRIM4. The
ubiquitin chains facilitate the oligomerisation of activated RIG-I and the recruitment of
mitochondrial antiviral-signalling protein (MAVS). MAVS is lysine 63-linked poly-ubiquitinated
by TRIM31 and oligomerises with RIG-I. Aggregates of RIG-I and MAVS recruit signalling
factors that lead to the activation of IFN-regulatory factor 3 (IRF3) and NF-kB, which mediate

transcription of IFNs and pro-inflammatory cytokines. Created with Biorender.com.

Further demonstrating the importance of RIG-I in IAV immune sensing, the virus has
developed many strategies to suppress the RIG-I signalling pathway (Opitz et al.,
2007). NS1 has been shown to interact directly with multiple components of the RIG-
| signalling pathway, and with RIG-I itself. For example, the RNA-binding domain of

NS1 from influenza A/Brevig Mission/1918 (H1N1) was shown to interact with the
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second CARD domain of RIG-I (Jureka et al., 2015), and the NS1 of PR8 has been
co-precipitated with RIG-I in overexpression experiments (Mibayashi et al., 2007;
Pichlmair et al., 2006). Furthermore, the PR8 NS1 has recently been shown to inhibit
expression of RIG-I by binding to a repressor of the RIG-/ gene (Kumari et al., 2020).
Another mechanism of RIG-I inhibition that has been attributed to NS1 is the binding
of TRIM25 or Riplet, which inhibits the ubiquitination of RIG-I required for its
oligomerisation (Gack et al., 2009; Rajsbaum et al., 2012). This was found to be the
case for multiple strains of virus, although the NS1 proteins from avian-adapted
strains could not interact with human Riplet and bound preferentially to the galline
orthologue of TRIM25, indicating species specificity and host adaptation of this
immune antagonism (Rajsbaum et al., 2012). Of note, the chicken genome does not
contain genes encoding RIG-I or Riplet (Barber et al., 2010; Magor et al., 2013), which
would explain why avian-adapted IAV strains would not be able to suppress its

signalling.

Additionally, the PB2 proteins of some strains of IAV have been found to contain
mitochondrial targeting signals at their N-termini (Carr et al., 2006; Woodfin & Kazim,
1993), which allows the co-localisation and interaction of this normally nuclear
polymerase subunit with MAVS (Graef et al., 2010). This interaction inhibits IFN
expression in MAVS overexpressing cells (Graef et al., 2010). Graef et al. also
reported that PB2 mitochondrial localisation was seen in the seasonal strains of
human IAV tested, but not in avian strains; and that mutant strains, with the
mitochondrial targeting signal removed, induced greater expression of IFN (Graef et
al., 2010). PB2-S1, an accessory protein transcribed from spliced mRNA of the PB2
segment, has also been shown to have mitochondrial localisation and inhibit RIG-I
signalling (Yamayoshi et al., 2016), presumably also via inhibition of MAVS.

Furthermore, the protein expressed from the +1 ORF of the PB1 gene, PB1-F2, has
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been seen to inhibit RIG-I signalling at the level of MAVS (Dudek et al., 2011; Varga
et al., 2011). Moreover, Cheung et al. recently reported that the PB1-F2 of influenza
A/Zhejiang/DTID-ZJU01/2013 (H7N9), but not of A/Wilson-Smith Neurotropic/1933
(WSN; H1N1), inhibited the interaction of TRIM31 with MAVS and thus MAVS

oligomerisation (Cheung et al., 2020).

Although RIG-I is the primary PRR for the detection of IAV in humans, MDAS5, which
signals in a similar way but binds to longer dsRNA ligands, has been found to be
involved in the detection of highly pathogenic avian strains of 1AV (H5N1) in both
chicken and duck cells (Liniger et al., 2012; Wei et al., 2014). In chicken cells, MDA5
is able to partially compensate for the lack of RIG-I and facilitate an IFN response
following IAV detection (Liniger et al., 2012). MDA5 was also implicated in the sensing
of IAV in an in vivo RNAI screen in mice (Benitez et al., 2015). In this study, mice were
infected with a library of mutant viruses that lacked NS1 but encoded various small
interfering (si) RNAs targeting host genes, and the dominant strains were determined
96 hours post infection. IAV encoding MDA5-targeting siRNA emerged as a dominant
strain in wild type mice but not in MDAS5 deficient (Ifih1”) mice (Benitez et al., 2015).
However, upon further investigation in vitro, MDA5 knockout was shown to only
moderately decrease the IFN response to IAV, and an MDA5-mediated IFN response
to IAV could not be detected in RIG-I deficient cells (Benitez et al., 2015). This
suggested that MDA5 may not recognise |AV-related PAMPs directly, but perhaps
contributes to the amplification of IFN-associated gene expression in a RIG-I-

dependent manner (Benitez et al., 2015; Li et al., 2022a).

1.3.1.2.2. Toll-like Receptors (TLRs)
Three human TLRs, 3, 7 and 8 are known to recognise viral RNA in order to induce

antiviral gene expression (Malik & Zhou, 2020). All three, as well as TLR4 and 10

have been reported to be involved in the detection of IAV in cells of the innate immune
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system (Malik & Zhou, 2020). Binding of TLRs to their ligands induce their
dimerization and recruitment of adaptor proteins, myeloid differentiation primary
response protein 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-
B (TRIF). This activates signalling cascades which result in the activation and nuclear
localisation of transcription factors including IRF3, IRF7, and NF-kB. These mediate
the expression of IFNs and pro-inflammatory cytokines (Malik & Zhou, 2020; Mifsud

et al., 2021).

TLR3 is expressed in the endosomal compartment of epithelial cells, fibroblasts,
macrophages, and of DCs (loannidis et al., 2013; Jelinek et al., 2011). Binding of
TLR3 to dsRNA in the endosome initiates the recruitment of TRIF and the induction
of signalling that activates both IFN and pro-inflammatory cytokine expression
(Yamamoto et al., 2003). Other than the genome panhandle, which has not been
reported to bind to TLR3, the normal AV lifecycle does not generate dsRNA due to
the recruitment of the cellular RNA helicase UAP56 to NP in the nucleus (Wisskirchen
et al., 2011),so the exact IAV PAMP that TLR3 binds in as yet unknown (Mifsud et al.,
2021). Pre-treatment of mice with a TLR3 agonist protected mice against lethal
challenges with three strains of IAV (Wong et al., 2009). However, this does not
necessarily prove the direct sensing of IAV by TLR3. The authors of this study also
found that pre-treatment with an agonist of TLR9, which binds DNA, provided
protection against PR8 infection in mice (Wong et al., 2009). IAV does not possess or
produce DNA, so TLR9 is not detecting the virus directly. A subsequent study also
reported that pre-activation of TLR9, as well as lipoprotein-binding TLRs, provides
protection against IAV in mice (Tuvim et al., 2012). This was likely due to non-specific
stimulation of a pro-inflammatory response that inhibited 1AV infection rather than an
IAV-specific effect, which could also be the mechanism by which TLR3 stimulation

provided protection.
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Supporting the role of TLR3 in the direct innate immune sensing of IAV in infected
cells, Le Goffic et al. reported that bronchial epithelial cells (BEAS-2B) in which TLR3
was inhibited by the overexpression of a non-functional dominant-negative form of the
gene, showed greatly reduced NF-kB activity in response to infection with an H3N2
influenza (A/Scotland/20/1974) (Le Goffic et al., 2007). The same group also found
that the lungs of TLR3” mice infected with IAV showed reduced production of pro-
inflammatory cytokines and increased production of virus compared to wild type mice
(Le Goffic et al., 2006). Interestingly, with this reduced inflammatory response, the
TLR3” mice had a survival advantage, despite greater viral titres, demonstrating the

immunopathological effects of inflammatory responses to IAV (Le Goffic et al., 2006).

TLR7 and 8 are endosomal ssRNA sensors (Heil et al., 2004). Both are expressed in
monocytes and DCs (Gorden et al., 2005), TLR7 expression has also been observed
on the apical surface of human airway epithelium (loannidis et al., 2013), and TLR8
is highly expressed in neutrophils (Hayashi et al., 2003). When activated by ligand
binding, these receptors recruit MyD88 and activate a signalling cascade that results
in IRF3 and NF-kB activation (Malik & Zhou, 2020). TLR7 was first reported to be
activated by IAV in murine DCs, where cells generated from TLR7” mice showed
reduced pro-inflammatory cytokine and IFN production in response to IAV infection or
transfection with viral RNA (Diebold et al., 2004). Soon after, a reduced immune
response to IAV was also observed in human DCs treated with a TLR7 antagonist
(Wang et al., 2006). Similarly, neutrophils generated from TLR7” mice were also
reported to have impaired anti-IAV immunity (Wang et al., 2008a). TLR8 activation by
the transfection of viral RNA was shown in 293T cells stably expressing the PRR
(Wang et al., 2008a). A more recent study observed that specifically blocking either
TLR7 or TLR8 in human monocytes prior to IAV infection resulted in reduced

expression of different sets of cytokines (de Marcken et al., 2019). For example,
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inhibition of TLR7 but not of TLR8 led to reduced production of interleukin (IL)-18 and
IL-6, whereas blockade of TLR8 but not TLR7 resulted in decreased tumour necrosis
factor (TNF) a (de Marcken et al., 2019). Of note, TLR7 activation by IAV has not
been reported in airway epithelial cells, only the expression of the receptor and its

activation in these cells by a synthetic agonist (loannidis et al., 2013).

The cell surface receptor TLR4 does not recognise viral molecules, but is instead
activated by damage-associated molecular patterns (DAMPs), molecules produced
from infected and damaged cells. For example, Tsai et al. reported that calgranulin B,
which was released by PR8-infected alveolar macrophages and airway epithelial
cells, induced TLR4-dependent pro-inflammatory and apoptotic responses in cultured
macrophages and in mice (Tsai et al., 2014). Another IAV-associated DAMP that has
been identified is oxidised phospholipids, which induce TLR4-mediated pro-
inflammatory signalling in mice (Imai et al., 2008). Interestingly, both of these studies
found that knockout of TLR4 in mice, reduced |IAV-related disease and pathogenesis
(Imai et al., 2008; Tsai et al., 2014), similarly to TLR3” mice (Le Goffic et al., 2006),

as inflammatory responses often lead to tissue damage and pathology.

Finally, one study has implicated TLR10 in the detection of IAV infection (Lee et al.,
2014). The authors found that TLR10 expression in macrophages was increased
following IAV infection and that knockdown of the receptor by RNAI reduced the IAV-
induced expression of several cytokines, including IFNB and IL-6, although the
specific viral ligand of TLR10 was not identified (Lee et al., 2014).

1.3.1.2.3. Z-DNA binding protein 1 (ZBP1)

ZBP1 is a cytosolic protein which binds to double stranded DNA with a left-handed
helix structure, known as Z-DNA (Ha et al., 2006; Pham et al., 2006). The gene is
upregulated in the presence of IFNs, and adopts a nuclear localisation (Pham et al.,

2006). ZBP1 has previously been associated with the sensing of DNA viruses, leading
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to the activation of IRF3 and programmed cell death (Takaoka et al., 2007; Upton et
al., 2012). In 2016, ZBP1 was reported, by two separate studies, to be required for
the cell death of IAV-infected cells via necroptosis and apoptosis (Kuriakose et al.,
2016; Thapa et al., 2016). Kuriakose et al. found that ZBP1 co-precipitated with the
NP and PB1 proteins of AV, and that Zbp1” cells mice had reduced inflammatory
responses to IAV (Kuriakose et al., 2016). Furthermore, they reported that ZBP1
expression was required for the programmed cell death, via apoptosis, necroptosis
and pyroptosis, of IAV-infected macrophage and fibroblast cell lines (Kuriakose et al.,
2016). Thapa et al. also found that ZBP1 was required for IAV-induced cell death,
however, they reported that mutant ZBP1, lacking the NP/PB1 binding region, was
also capable of inducing cell death in IAV-infected cells, indicating that the viral
proteins are not the ligand for ZBP1 (Thapa et al., 2016). Instead, these authors
posited that the IAV RNA genome was the PAMP for ZBP1-mediated sensing of the
virus. Supporting this hypothesis, VRNA mapping to all eight gene segments were
detected with immunoprecipitation of tagged ZBP1 from infected cells (Thapa et al.,
2016). Thapa et al. posited a model in which cytoplasmic ZBP1 recognises and binds
to viral genomic RNA following its nuclear export, leading to ZBP1 oligomerisation
and the activation of receptor-interacting serine/threonine-protein kinase 3 (RIPK3),
which initiates apoptosis and necroptosis cell death pathways (Nogusa et al., 2016;
Thapa et al., 2016). In this model the vRNA is either present in a Z-RNA conformation
(double stranded left-handed helix structure) or adopts a Z-RNA conformation
following ZBP1-binding (Thapa et al., 2016). Recently, Zhang et al. reported that short
Z-RNA molecules are produced as part of defective replication of the viral genome
(Zhang et al., 2020). Nuclear ZBP1 colocalised with these Z-RNAs and induced both

RIPK3-mediated cell death pathways (Zhang et al., 2020).
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1.3.1.3. Interferons and interferon stimulated genes

As described above, the recognition of viral PAMPs often leads to the activation of
IRF3 and IRF7, which are transcription factors that mediate the expression of type |
IFNs (Au et al., 1998; Sato et al., 1998; Schafer et al., 1998). IFNs are antiviral
cytokines that were first described in 1957, when they were discovered to interfere
with the replication of IAV (Isaacs & Lindenmann, 1957; Isaacs et al., 1957). There
are three distinct families of IFN: type |, which in humans includes IFNa, IFNB, IFNEg,
IFNK, and IFNw; type I, which consists of IFNy only; and type I, which includes IFNA
1,2, 3, and 4 (de Weerd & Nguyen, 2012; Pestka et al., 2004). Type | and Il IFNs are
expressed by most cell types, including respiratory epithelial cells, whereas IFNy is
primarily expressed by NK cells and cytotoxic T cells (lwasaki & Pillai, 2014; Wu &
Metcalf, 2020). Expression of both type | and Il is activated by viral infection and
these cytokines signal through similar pathways, but via separate receptors, to
stimulate the expression of interferon stimulated genes (ISG) (Ank et al., 2006;
Onoguchi et al., 2007). Type | IFNs, particularly IFNa and IFNB, are the most well
understood of the families and greatly influence both the innate and adaptive immune
response to IAV in mammals (Wu & Metcalf, 2020), so will be the focus of discussion

in this section.

When type | IFNs are expressed by IAV infected cells, they are then secreted and
bind to receptors on both infected and uninfected neighbouring cells to induce antiviral
gene expression to limit the spread of the virus. The type 1 IFN-a/f receptor (IFNAR)
is composed of two subunits, IFNAR1 and IFNAR2 (Figure 1.6), each containing an
extracellular ligand-binding domain and a cytoplasmic tail which is associated with a
tyrosine kinase, tyrosine kinase 2 (Tyk2) and Janus kinase 1 (Jak1) respectively
(Randall & Goodbourn, 2008). Following ligand binding, the two subunits dimerise

and activate their associated tyrosine kinases, which in turn activate the signal
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transducers and activators of transcription (STAT) 1 and STAT2 by phosphorylating
them. Phosphorylated STAT1 and STAT2 then form a heterodimer, which associates
with an IRF9 monomer to form the IFN-stimulated gene factor 3 (ISGF3). ISGF3 is
then translocated to the nucleus where the heterotrimer binds to the IFN-stimulated
response element (ISRE), present in the promoters of most ISGs to enhance their
expression (Randall & Goodbourn, 2008; Wu & Metcalf, 2020). Some of the ISGs that

have been associated with anti-lIAV immunity are discussed below.
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Figure 1.6 IFN type I signalling. IFN binds to type 1 IFN-a/B receptor (IFNAR) subunits 1 and

2 on the cell surface. The IFNAR subunits activate the associated tyrosine kinases Tyk2 and

JAK1, which phosphorylate signal transducer and activator of transcription (STAT)1 and
STAT2, activating them to form a heterodimer. The STAT1-STATZ2 dimer associates with IRF9
to form IFN-stimulated gene factor 3 (ISGF3), which translocates to the nucleus and regulates
the expression of IFN-stimulated genes (ISGs) under the control of an IFN-stimulated

response element (ISRE). Created with Biorender.com.
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1.3.1.3.1. Myxovirus resistance protein A (MxA)

MxA is the human orthologue of the murine large GTPase Mx1, both of which are
encoded by the MX7 gene. Both Mx1 and MxA have been found to inhibit the
replication of IAV, as well as many other viruses (Haller et al., 2007; Pavlovic et al.,
1992). In mice, nuclear Mx1 inhibits the transcription of the IAV genome and thus
expression of viral genes (Krug et al., 1985), whereas human MxA accumulates in the
cytoplasm, binds to NP, and prevents nuclear import of the vVRNP (Turan et al., 2004;
Xiao et al., 2013). Mutations in NP that prevent this MxA-mediated restriction are
associated with viruses that are capable of cross-species transmission from animal
reservoirs into humans (Deeg et al., 2017; Dittmann et al., 2008; Zimmermann et al.,

2011).

1.3.1.3.2. IFN-inducible transmembrane (IFITM) proteins

The human genome encodes four functional IFITM genes, three of which encode
proteins that have been associated with antiviral activity against IAV (Brass et al.,
2009). Overexpression of human IFITM1, IFITM2 or IFITM3 in cell culture has been
shown to restrict IAV replication whereas knockdown of IFITM3 by RNAi enhanced
IAV infection (Brass et al., 2009). Furthermore, deletion of the entire /fitm locus in
mice, meaning that no IFITM proteins are expressed, leads to increased IAV
replication and enhanced morbidity and mortality (Bailey et al., 2012; Everitt et al.,
2012). The specific knockout of /fitm3, but not Ifitm1 or Ifitm2, gives the same results,
indicating that IFITM3 is the most potent and important IAV inhibitor of the family in
mice (Bailey et al., 2012; Everitt et al., 2012). IFITM3, which is found in the endosomal
compartment, inhibits IAV envelope fusion and release of viral components into the
cytoplasm, although the exact mechanism of this is not yet known (Feeley et al., 2011;

Huang et al., 2011).
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1.3.1.3.3. 2"-5'-oligoadenylate synthase (OAS) and RNaselL
Similarly to PRRs, OAS is activated by the binding of dsRNA in the cytoplasm, it then

activates RNasel, which cleaves both viral and cellular ssRNA, inhibiting viral
replication (Silverman, 2007). The resulting RNA degradation products may also be
recognised by RIG-I, potentiating the antiviral response (Malathi et al., 2007). The
OAS/RNaselL pathway is efficiently inhibited by the IAV NS1 protein, which also binds
dsRNA, competing with OAS (Min & Krug, 2006). This RNA binding ability of NS1 can
be much reduced by a single amino acid substitution (R38A), which greatly attenuates
the replication of viruses expressing the mutant NS1. The replication of such viruses

can be mostly rescued by the depletion of RNaseL (Min & Krug, 2006).

1.3.1.4. Inflammatory mediators

In addition to IFNs, PRR recognition of |IAV also leads to the expression of pro-
inflammatory cytokines. A primary function of most inflammatory cytokines is the
recruitment and activation of various cells such as macrophages, neutrophils and DCs
(Guidotti & Chisari, 2001; Mifsud et al., 2021). They also activate epithelial cells to
detect and respond to infection; for example, treatment of A549 cells with TNFa has
been shown to induce the expression of RIG-I and TLR3, as well as other factors
involved in the signalling of these receptors (Matikainen et al., 2006). Additionally, the
signalling induced by pro-inflammatory cytokines can induce programmed cell death
in infected cells in order to prevent the spread of infection (Fujikura & Miyazaki, 2018).
The composition of the inflammatory environment instructs and directs the
development of the adaptive response as it influences the differentiation of activated

T cells (Chen et al., 2018; Iwasaki & Pillai, 2014).

1.3.2. Adaptive immunity to IAV infection
1.3.2.1. T cells

As mentioned above, activation of the adaptive immune response in IAV infection is

largely mediated by DCs, which acquire viral antigens in the lung, migrate to the
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draining lymph nodes, and present antigens to T cells. DCs activate both CD8* and
CD4* T cells, generally depending on the manner by which they acquired the IAV
antigen. DCs that have been infected by IAV present peptides, generated by
proteosomal degradation of viral proteins, on MHC class | molecules to naive CD8* T
cells (Ho et al., 2011). These cells are then activated to differentiate into cytotoxic T
lymphocytes (CTLs) which migrate to the sites of infection to clear infected cells and
therefore prevent further spread of the virus (Bhardwaj et al., 1994; Ho et al., 2011;
Topham et al., 1997). DCs that have phagocytosed virus or apoptotic, virus-infected
epithelial cells, are able to present antigen on MHC class | molecules as described
above, but also degrade viral proteins in the lysosome to create peptides that are
presented on MHC class |l molecules to naive CD4* T helper cells (van de Sandt et
al., 2012). Depending on the cytokines present, activated CD4* T cells can
differentiate into various T helper (Th) effector subtypes. For example, Th1 cells
promote the migration and activity of CTLs and macrophages, whereas Th2 cells
promote the activation of B cells to produce antibodies (Chen et al., 2018; La Gruta &
Turner, 2014; van de Sandt et al., 2012). Additionally, the differentiation of CD4* T
cells in to regulatory T helper cells (Tregs) limit the CTL response in order to minimise

damage caused to the host via immune cytotoxicity (La Gruta & Turner, 2014).

1.3.2.2. B cells and antibodies

The activation of naive B cells by DCs and T helper cells in the lymph nodes causes
them to differentiate into antibody-forming plasma cells. During the first infection of a
host with an AV strain, activated B cells produce antibodies of immunoglobulin (lg)
M, IgG, and IgA subtypes, whereas in a secondary infection with the same strain, IgM
antibodies are not observed (Chen et al.,, 2018; van de Sandt et al., 2012). IgA
antibodies mediate mucosal neutralisation of virus, whereas IgG is responsible for

preventing the systemic spread of the virus (Chiu et al., 2015). Antibodies directed
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against HA can neutralise extracellular virions by binding near to the receptor binding
site and preventing cell attachment and internalisation into new cells (Jung & Lee,
2020; van de Sandt et al., 2012). NA-specific antibodies do not neutralise IAV but can
inhibit the enzymatic activity and thus prevent release of progeny viruses from infected
cells (Jung & Lee, 2020; van de Sandt et al., 2012). Furthermore, the binding of NA
or M2 on the surface of infected cells can facilitate antibody-dependent cell

cytotoxicity by NK cells (Jung & Lee, 2020).

The adaptive immune response to the first infection with an IAV strain is relatively
slow to develop, however it produces memory T and B cells. These memory cells
allow a rapid, highly specific response to the virus upon secondary exposure to the
same strain. Both CD4" and CD8" memory T cells have been shown to be important
for quickly recognising and clearing infection (Grant et al., 2016; Wilkinson et al.,

2012).

1.3.2.3. Antigenic drift and shift

IAV is able to escape host immune memory via a process called antigenic drift.
Antigenic drift describes the accumulation of amino acid substitutions in the viral
glycoproteins HA and NA. The selection pressure exerted by antibodies and memory
immune cells leads to the emergence of new strains of IAV that are no longer
recognised as effectively by the memory immunity within a population of hosts
(Krammer, 2019; Krammer et al., 2018). This is key contributor to the necessity for
annual vaccination and surveillance of circulating IAV strains in order to determine
the composition of these vaccines (European Centre for Disease Prevention and

Control, 2022; Krammer, 2019).

Additionally, the segmented nature of the IAV genome and the availability of animal
reservoirs allows for more drastic changes in antigenicity via reassortment. This

occurs when two or more strains of IAV infect the same host and exchange the
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genomic segments encoding the surface glycoproteins, creating a progeny virus with
radically different surface antigens (Krammer, 2019; Krammer et al., 2018). These
new strains, which are antigenically different from circulating strains, may be able to
cross the host species barrier into human populations with limited resistance, leading
to large scale outbreaks and pandemics (Krammer, 2019; Krammer et al., 2018;

Nypaver et al., 2021).

1.4. 1AV treatments

1.4.1. Currently available treatments

1.4.1.1. M2 ion channel blockers

The first drug used for treatment of IAV infection was amantadine, a chemical
derivative of adamantane, that was approved for clinical use in the UK in 1966 (Davies
et al., 1964; Lampejo, 2020). Subsequently, rimantadine, another adamantane
derivative, was approved for use in 1993 (Lampejo, 2020). Both drugs work by
interacting with the M2 tetramer within the transmembrane “proton gate” structure in
order to inhibit the conduction of protons and thus the acidification of the viral core,
which is required for the uncoating of the virion (Hay et al., 1985; Khurana et al., 2011;
Schnell & Chou, 2008; Stouffer et al., 2008). The efficacy of the adamantanes against
clinical disease was initially up to 90%. However |AV strains that were resistant to
these drugs were first detected in the 1980s (Hay et al., 1985). Since 2000, there has
been a drastic rise in adamantane-resistant strains of IAV. By 2013 approximately
45% of all IAV human subtypes in circulation globally were estimated to be resistant
(Hussain et al., 2017) and a more recent analysis estimated that approximately 80%
of global human IAV isolates harboured drug resistant M2 genes (He et al., 2021).
Due to this widespread resistance, adamantanes are no longer recommended for the

treatment of 1AV infection (Lampejo, 2020; UK Health Security Agency, 2021).
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1.4.1.2. Neuraminidase inhibitors

In the UK, two neuraminidase inhibitors (NAls), oseltamivir (Tamiflu; oral agent) and
zanamivir (Relenza; inhaled or administered intravenously) are approved and
recommended for prophylaxis and treatment of 1AV infection; additionally peramivir
has been licenced but not launched in the UK (Lampejo, 2020; UK Health Security
Agency, 2021). Development of NAls for the treatment of IAV began in the 1960s,
and the current inhibitors were designed following the determination of the NA sialic
acid binding site in the 1980s (Colman, 1994; Colman et al., 1983). NAls mimic sialic
acid, fitting into the NA active site and competitively inhibiting the binding of the natural
substrate (Moscona, 2005). As the sialidase activity of NA is required for the release
of progeny virus from infected cells and the movement of virus particles through
mucosal layers in the respiratory tract, NAls inhibit the spread of the virus within and
between hosts (Cohen et al., 2013; Griffin et al., 1983; Palese et al., 1974). In the
2007-2008 influenza season, human H1N1 strains were isolated which contained an
NA mutation that conferred resistance to oseltamivir (Bloom et al., 2010; Saito et al.,
2010). This mutation (H274Y/H275Y) prevents a conformational change in the NA
active site which is required for oseltamivir but not zanamivir binding, so
zanamivir susceptibility is not reduced (Lampejo, 2020; Moscona, 2009). Extremely
high rates (>90%) of oseltamivir resistance, specifically this mutation, were seen
during the 2008-2009 influenza season (Baranovich et al., 2010; Dharan et al., 2009;
Matsuzaki et al.,, 2010). However the pandemic H1N1 IAV strain that emerged
worldwide in 2009 mostly remained susceptible to oseltamivir, and the susceptibility

of subsequent seasonal strains has remained high (Lampejo, 2020).

1.4.1.3. Cap-dependent endonuclease inhibitor

Baloxavir Marboxil (Xofluza) was licenced in Japan and the USA in 2018 and was
approved by the UK Medicines and Healthcare products Regulatory Agency (MHRA)

in July 2021, but is currently only recommended to be used in the context of research
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(UK Health Security Agency, 2021). This drug is an inhibitor of the cap-dependent
endonuclease activity required for cap snatching (Noshi et al., 2018; Takashita et al.,
2018; Yuan et al., 2009). Baloxavir Marboxil is currently the only drug in this class.
Due to its recent release, there is limited data on resistance; however some H3N2
viruses with reduced susceptibility, containing an amino acid substitution in PA (I138T)
have been isolated from patients following treatment (Takashita et al., 2019a;
Takashita et al.,, 2019b; Uehara et al., 2020). The PA sequences of these viruses
were not the same, indicating that the resistance mutations emerged separately
(Takashita et al., 2019a; Takashita et al., 2019b). These mutant strains were
associated with higher viral loads and longer duration of infection and symptoms in
patients treated with Baloxavir compared to viruses lacking this substitution (Uehara
et al., 2020). The transmissibility of the 138T strains has not yet been determined. As
with all antimicrobial treatment, careful surveillance and monitoring of emerging

resistance is required as Baloxavir Marboxil use continues.

1.4.2. Targeting the host

As with evasion of the immune system, |AV is able to accumulate random mutations
that can lead to the emergence of resistance when subjected to the selection pressure
of drug treatment. In contrast, humans possess proof reading-competent genome
replication machinery so mutations occur less frequently. Furthermore, due to its
limited coding capacity, IAV requires the presence and activity of host factors to
complete every stage of its lifecycle. This makes the targeting of the host, exploiting
the dependency of the virus, an attractive strategy for the design of novel antiviral
treatments for IAV (Baillie & Digard, 2013; Ho et al., 2021; Watanabe & Kawaoka,
2015). Ideal targets for antiviral therapeutics are host factors upon which the virus

relies heavily but of which the host can tolerate temporary or partial inhibition.

39



There are a number of routes by which such targets can be identified, including
targeted research based on existing knowledge of the virus or host. For example, the
role of Rab11a in trafficking of IAV vVRNPs was initially investigated due to its known
cellular role and because it had previously been implicated in the lifecycles of other
viruses (Bruce et al., 2010). Such a targeted approach often comes with established
tools, protocols and information about the host factor that can aid in both the
investigation of their role in the viral life cycle and in the design of drugs and
treatments that target them. An example of specific understanding of host factors
being used to develop treatments is Verdinexor, a CRM1 inhibitor that is currently
being investigated by Karyopharm Therapeutics (Karyopharm Therapeutics, 2022).
Early research into CRM1 in nuclear export of VRNPs showed that treatment of cells
with leptomycin B, which irreversibly inactivates CRM1, blocked viral replication (Elton
et al., 2001). As leptomycin B is toxic in vivo, so would not make a suitable antiviral
treatment, Perwitasari et al. tested Verdinexor, a compound identified in a screen for
specific, reversible inhibitors of CRM1 for the treatment of cancers (Perwitasari et al.,
2014). They found that this drug had antiviral effects both in vitro and in vivo (mice
and ferrets), and work on Verdinexor in humans is ongoing (Karyopharm

Therapeutics, 2022; Perwitasari et al., 2014; Perwitasari et al., 2016).

Additionally, large scale genome-wide screens are an invaluable tool for the
identification of host factors. Many genome-wide RNAI screens examining host genes
required for IAV infection have been performed in recent years (Brass et al., 2009;
Karlas et al., 2010; Su et al., 2013; Tran et al., 2013). Host factors identified in these
screens include COPI, UBR4 and IFITM3 (Brass et al., 2009; Sun et al., 2013; Tripathi
et al., 2015). More recently, CRISPR/Cas9 technology has been employed in
genome-wide screens to identify host factors (Han et al., 2018; Li et al., 2020a). Such

large scale screens have the benefit of potentially revealing unexpected host factors
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that might not have been identified otherwise. The downside of screening approaches
is that these novel targets often require careful validation to confirm their importance

to virus replication, as well as to identify why (or if) they are important.

1.5. Aims

The aim of this thesis was to investigate various human genes that had been
implicated in the lifecycle of IAV, with a view to dissect the role of these proteins in
the IAV infection and to assess their suitability as drug targets. The host factors
investigated in this study had been identified through various routes. In Chapter 2, |
investigated the arginine demethylase Jumonji domain containing protein 6 (JMJDG6)
which previous work has found to have multiple roles in immunity. JMJD6 had been
suggested to be a host factor for other viral pathogens, and work in the Roslin Institute
by Dr Janice Kwok had found evidence that IAV replication was impaired in the
absence of the human enzyme. Next, the cap methyltransferase 1 (CMTR1), which
had been identified in a genome-wide CRISPR/Cas9 screen was examined in
Chapter 3. Finally, the family of insulin-like growth factor 2 mRNA binding proteins
(IGF2BP) was chosen for investigation due to their cellular role as N°&-
methyladenosine (m®A) reader proteins (the emerging role of m®A RNA modification
in 1AV is discussed in Chapter 4) and because they had been identified in IAV-host

interaction screens.

In each case, | used siRNA knockdown of the host factors to examine 1AV replication
in their absence. | also used over expression of host proteins and pharmaceutical
agents to evaluate their contribution to the 1AV lifecycle. This work aimed to dissect
the role of these proteins in the viral lifecycle and to assess their suitability as drug

targets in the treatment of IAV infection.
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Chapter 2: Dissecting the proviral role of
JMJD6

2.1. Background and aims
2.1.1. JMJD6

JMJDG6 is a highly conserved nuclear protein, part of a family of metalloenzymes
containing the Jumonji C domain, that is essential to several cellular functions
including the regulation of transcription and of chromatin structure (Kwok et al., 2017).
The proteins in this family are oxygenases; capable of catalysing demethylation and
hydroxylation reactions (Kwok et al., 2017). JMJD6 was initially proposed to be a
phosphatidylserine receptor, expressed on the cell surface of macrophages as well
as fibroblastic and epithelial cell lines, allowing the phagocytosis of apoptotic cells
(Fadok et al., 2000). This was later disputed when the protein was found to have a

nuclear localisation and functions (Bose et al., 2004; Cui et al., 2004).

2.1.1.1. JMJDG6 protein
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Figure 2.1: The human JMJDG6 protein domain structure. Scale bar indicates amino acid
coordinates, running from N- to C-terminus. PolyS indicates a poly serine domain. Other

features as labelled.

In addition to the central enzymatic Jumonji C domain, JMJD6 contains an AT-hook-
like motif. Canonical AT-hook domains facilitate the recognition and binding of DNA
(Reeves & Nissen, 1990), and similar domains, extended by basic amino acids in both
N- and C-terminal directions, bind RNA (Filarsky et al., 2015). The motif in JMJDG6 is

extended in the C- but not the N-terminal direction so is neither the classical nor the
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extended AT-hook (Kwok et al., 2017). JMJD6 has not been shown to interact directly
with DNA but is able to bind efficiently to single stranded RNA (Hong et al., 2010).
Furthermore, the in the three-dimensional structure of JMJDG6, the AT-hook, as well
as a predicted SUMOylation site located in the C-terminal direction, are thought to be

accessible for protein-protein interactions (Hahn et al., 2008).

JMJD6 contains five proposed nuclear localisation signals, three of which have been
validated (Cikala et al., 2004; Cui et al., 2004). The other two are located in the JmjC
domain and are unlikely to have an effect on JMJD6 localisation (Cikala et al., 2004).
A nuclear export signal has also been predicted towards the C-terminus (Hahn et al.,
2008). A C-terminal poly-serine (polyS) domain of JMJD6 has been shown to be
required for the subnuclear localisation of the protein to the nucleoplasm (Wolf et al.,
2013). An alternatively spliced variant of JMJD6 lacking the polyS domain shows
predominant localisation to the nucleolus and interact with nucleolar proteins (Wolf et
al., 2013). Figure 2.1 shows the domain structure of JMJD6 with its established

features.

The enzyme can be found as a monomer or homo-multimers (Hahn et al., 2010;
Tibrewal et al., 2007). The purpose and result of the oligomerisation of the protein is
not yet understood, but expression of multimers varies between cell types (Kwok et
al., 2017), suggesting that the extent of oligomerisation may influence function of the

enzyme.

2.1.1.2. JMJDG6 functions

Three enzymatic functions of JMJD6 have been reported: arginine demethylation,

lysyl hydroxylation and, more recently, tyrosine phosphorylation.

In 2007 JMJD6 was shown to demethylate arginine residues in histones H3 and H4

(Chang et al.,, 2007). Arginine methylation is an important and common post-

43



translational modification. Arginine residues of both nuclear and cytoplasmic proteins
can be mono- or di-methylated by protein arginine methyltransferase (PRMT)
enzymes with various functional consequences (Bedford & Clarke, 2009; Gao et al.,
2015). An important example of protein arginine methylation is seen within the histone
code in which arginine residues of histone tails are methylated leading to the
activation or repression of gene expression (Di Lorenzo & Bedford, 2011). For many
years protein arginine methylation was thought to be an irreversible post translational
modification until Chang et al. reported the arginine demethylase activity of JMJD6
(Chang et al., 2007). However, there has been variable success in reproducing this
histone demethylation in subsequent studies (Boeckel et al., 2011; Liu et al., 2013;

Webby et al., 2009).

Several other protein substrates for JMJD6 arginine demethylase activity have been
proposed, including oestrogen receptor a (ERa), where JMJD6 removes an inhibitory
methyl from Arginine 260 (Poulard et al., 2014); and heat shock protein 70 (HSP70),
for which removal of the methyl mark at Arginine 469 prevents interaction with
chromatin (Gao et al., 2015). Additionally, JMJD6 has been shown to demethylate the
5-methyl cap of the noncoding 7SK small nuclear RNA (snRNA) as part of RNA

polymerase Il promoter-proximal pause release (Liu et al., 2013).

Further to its roles in transcriptional regulation via polymerase Il promoter-proximal
pause release and histone demethylation, JMJDG is also though to contribute to RNA
processing through lysyl hydroxylase activity. This enzymatic activity adds a hydroxyl
group to lysine residues in the essential splice factor U2 auxiliary factor 65 kDa
subunit (U2AF65) as well as several other proteins involved in alternative splicing
(Heim et al., 2014; Webby et al., 2009). Through this involvement in the spliceosome
complex, JMJD6 alters alternative splicing patterns of many genes, including its own

(Raguz et al., 2020). JMJD6 has also been shown to hydroxylate histones H2a, H2b,
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H3 and H4 (Unoki et al., 2013), although the effects of this modification on chromatin

structure and gene expression are yet to be discovered.

Recently, JMJD6 has been suggested also to have tyrosine kinase activity. Liu et al.
found that JMJD6 phosphorylated Tyrosine 39 of the histone variant H2A.X, which

altered the expression of various autophagy-related genes (Liu et al., 2019).

Via these many proposed enzymatic activities, JMJD6 is potentially involved in
multiple biological processes. Namely, JMJD6 has essential functions in
embryogenesis as the protein is required for stem cell differentiation and the
development of several tissues (Ji et al.,, 2022; Kwok et al., 2017) and JMJD6
knockout in mice is perinatally lethal (Bdse et al., 2004). Furthermore, overexpression
of JMJD6 has been reported in many human cancers and high levels of expression
are associated with poor prognosis (Liu et al., 2019; Vangimalla et al., 2017; Yang et
al., 2020). Additionally, JMJD6 has been implicated the regulation of the immune

system and in various infectious diseases.

2.1.1.3. JMJD6 and the immune response

JMJDG is required for the embryonic development of the thymus and of T lymphocytes
(Kunisaki et al., 2004), the mechanism of which has been proposed to be via
regulation of Autoimmune Regulator (AIRE) alternative splicing (Yanagihara et al.,
2015). In JMJD6” medullary thymic epithelial cells (nTEC), the AIRE transcript was
not efficiently spliced leading to reduced abundance of mature AIRE protein, which is
required for the deletion of autoreactive T cells. This was partially rescued by the
transient expression of wild type JMJD6 but not a lysyl hydroxylase-defective mutant,
suggesting that JMJD6-mediated lysyl hydroxylation of splice factors is required for
effective AIRE splicing (Yanagihara et al, 2015). Moreover, JMJD6 is highly

expressed in healthy immune cells, including both CD4* and CD8" T cells and
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monocytes (Forrest et al., 2014) and has recently been shown to be essential for the

maintenance of hematopoietic stem cells (Lawson et al., 2021).

Within the innate immune response, JMJD6 may play a role in TLR signalling by
removing inhibitory arginine methylation from TNF receptor-associated factor
(TRAF®), which is part of the TLR-induced signalling cascade that leads to NF-kB
activation (Tikhanovich et al., 2015). Tikhanovich et al. reported that, in Huh7.5 and
THP-1 cells, stimulation of TLRs lead to a decrease in the protein arginine
methyltransferase 1 (PRMT1)/JMJD6 ratio. This resulted in an increase in the levels
of demethylated, and thus active, TRAF6. Two arginine residues in TRAF6, Arginine
88 and Arginine 125, were identified as important targets of PRMT1. Inhibition of
arginine methylation, or reduction of PRMT1 protein levels led to increased TRAF6
activity. Increased NF-kB nuclear localisation and activation, as well as transcription
of NF-kB target genes, were also observed. This effect was not seen in the absence
of JMJD6 and could also be induced by JMJD6 overexpression (Tikhanovich et al.,
2015). Proximity ligation assays and co-immunoprecipitation experiments within this
study also showed interaction between JMJD6 and TRAF6 (Tikhanovich et al., 2015),

further supporting this immune role of JMJDG6.

Another suggested role for JMJD6 in immunity is in the formation of stress granules
(SG) (Tsai et al., 2017). SGs are RNA-protein complexes which form in the cytoplasm
of cells following stress-induced translation inhibition. They are thought to prevent
MRNA degradation due to stress and to aid activation of innate immunity, including
antiviral immunity (Oh et al.,, 2016). Included in the complexes are SG-nucleating
proteins, overexpression of which induces SG formation. One such protein is the DNA
and RNA helicase G3BP1 which is methylated on three arginine residues by PRMT1
and PRMTS. Tsai et al. showed that JMJD6 interacted with G3BP1 within SG

complexes to demethylate all three of these residues to promote SG formation in

46



HelLa and U20S cells (Tsai et al., 2017). JMJD6 demethylase activity was required
for maximal induction SG formation in response to various types of stress (Tsai et al.,

2017).

Through these described functions within the immune system JMJD6 may broadly
impact viral infection. The protein has also been specifically connected to the
lifecycles of and immunity to a number of different viruses. This research is described

in the next section.

2.1.1.4. JMJDG6 and viruses

As mentioned above, JMJD6 has been shown to play important roles in T cell-
mediated immunity. This was further supported by research related to hepatitis B virus
(HBV) infection, where JMJDG6 expression was found to be reduced in the CD4* T
cells of chronic hepatitis B patients (Chen et al., 2014). This finding highlighted a role

of JMJDG6 in the regulation of T cell proliferation.

Another DNA virus JMJD6 has been associated with is vaccinia virus (VACV). In her
PhD thesis, Dr Janice Kwok (The Roslin Institute, University of Edinburgh)
investigated VACYV infection in JMJD6-deficient bone marrow derived macrophages
(BMDM). In these cells, levels of intracellular virus as well as the expression of some
late viral genes were decreased compared to wild type BMDM (Kwok, 2018).
Furthermore, cell death following VACV infection was greater in the absence of
JMJD6 (Kwok, 2018). However, siRNA knockdown of JMJDG6 in HelLa cells had no
effect on VACYV replication or spread (Kwok, 2018), indicating that the reported effect
of JMJDG6 expression was cell specific. Dr Kwok concluded that JMJD6 had a proviral
role in the VACYV lifecycle in macrophages, although the mechanism behind this was

not defined.
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JMJD6 has also been implicated in the lifecycles of RNA viruses. Lawrence et al.
suggested an indirect proviral role for JMJD6 in foot and mouth disease virus (FMDV),
a Picornavirus with a single stranded, positive sense genome (Lawrence et al., 2014;
Lawrence & Rieder, 2009). Following FMDV infection, levels of non-methylated RNA
helicase A (RHA) increased and accumulated in the cytoplasm (Lawrence et al.,
2014). RHA acts as a proviral host factor in FMDV infection as it promotes the
assembly of the viral replication complex (Lawrence & Rieder, 2009). The increase in
non-methylated RHA was due to the demethylation of arginine residues in the C-
terminus of the protein which determines its cellular localisation (Smith et al., 2004).
Lawrence et al. found that JMJDG6 co-precipitated with RHA, and that inhibition of JmjC
demethylases with the small molecule inhibitor N-oxalylglycine led to reduced
cytoplasmic accumulation of RHA, which in turn lead to reduced production of FMDV
viral protein and titres (Lawrence et al., 2014). Thus JMJD6 had a proviral effect on

FMDV replication by regulating another host factor.

The arginine demethylase activity of JMJD6 may also play a regulatory role in the
type | IFN pathway. Ganesan et al. observed that Huh 7.5 cells overexpressing JMJD6
had reduced levels of STAT1 arginine methylation, while cells transfected with
JMJD6-targeting siRNA showed the reverse (Ganesan et al., 2018). These data
suggested that methylated STAT1 is a substrate of JMJD6. The study also reported
that JMJD6 expression affected mRNA expression of the ISGs OASL and OAS-1 in
hepatitis C virus (HCV) infected cells following pre-treatment with IFNa. Expression
of the ISGs increased following JMJD6 knockdown and decreased with JMJDG6
overexpression (Ganesan et al., 2018). Through this STAT1 demethylation, the
authors proposed that JMJD6 prevents activated STAT1 from attaching to DNA and
activating the transcription of ISGs (Ganesan et al., 2018). The importance of STAT1

methylation had previously been shown. Methylation of STAT1 at the highly
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conserved residue Arginine 31 is required for efficient binding of phosphorylated
STAT1 to DNA (Mowen et al., 2001). This is due to protein inhibitor of activated
STAT1 (PIAS1) binding to the unmethylated STAT1 which prevents the formation of
STAT1-STAT2 dimers, a crucial step in the type | IFN signalling pathway (Mowen et
al., 2001). This was the first time the role of JMJDG in the type | IFN signalling pathway

had been suggested.

More recently, JMJD6 was again linked to the regulation of type | IFN responses in
viral infections, although via a different mechanism than previously presented. Zhang
et al. reported that overexpression of JMJD6 in HEK293T cells lead to decreased
MRNA and protein expression of IFNf, as well as reduced mRNA expression of the
ISGs ISG15, ISG56, and MX1, in response to infection with Sendai virus (SeV) (Zhang
et al., 2021). Knockdown of JMJD6 by RNAi in HEK293T cells and knockout by
CRISPR-Cas9 editing in HelLa cells showed the inverse effect, with increased IFN
response to SeV (Zhang et al., 2021). This was shown to be the result of JMJD6
recruiting the E3 ubiquitin ligase ring finger protein 5 (RNF5) to pIRF3 following SeV
infection, which lead to the ubiquitination and degradation of pIRF3 (Zhang et al.,
2021). Furthermore, infection of JMJD6 knockout HelLa cells with vesicular stomatitis
virus (VSV) resulted in fewer infected cells, reduced viral titres and an increased IFN
response compared to wild type cells (Zhang et al., 2021). SeV and VSV are both
RNA viruses of the order Mononegavirales, with single stranded, negative sense
genomes (Kolakofsky et al., 2021). JMJD6 could be considered a proviral host factor
in the lifecycle of these viruses. Which, or whether, enzymatic activity of JMJDG6 is
required for this process was not investigated. However, the authors found that RNF5
binds to JMJDG6 between residues 173-288 (Zhang et al., 2021), which are within the

JmjC domain and active site (Kwok et al., 2017; Mantri et al., 2010). Further study
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may reveal if RNF5 is demethylated, hydroxylated, or phosphorylated by JMJD6 in

this interaction.

Zhang et al. found that JMJD6 was involved in negatively regulating gene expression
triggered by detection of viral RNA via the RIG-lI-mediated signalling pathway,
whereas Ganesan et al. proposed that JMJD6 was a negative regulator of gene
expression resulting from activation of the IFN receptor. Involvement of JMJD6 at
multiple points in the IFN pathway makes the enzyme an attractive treatment target

for many viral infections

Finally, JMJD6 has been proposed as a proviral host factor for IAV. The data
supporting this also comes from the PhD thesis of Dr Kwok and, as discussed in the

next section, forms the basis of the project presented in this chapter.
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2.1.2. JMJD6 and IAV
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Figure 2.2: Preliminary data suggesting a proviral role of JMJDG6 for IAV. Figures adapted
from work by Dr Janice Kwok (A) and Dr Jun Hu (B). A: A549 cells were double transfected
with either siRNA-275 or a non-targeting control siRNA, and infected with influenza A/Puerto
Rico/8/1934 (PR8) at multiplicity of infection (MOI) 5. Cell lysates were harvested 2, 4, 8, or
24 hours post infection (hpi). Mock infected cells were incubated for 24 hours in virus free
media. Cell lysates were examined by western blot and probed with anti-H1N1 anti-sera to
detect levels of viral proteins HA, M1 and NP. Western blots were also probed for alpha tubulin
as a loading control. B: A549 cells were double transfected with either siRNA-275 (J) or a non-
targeting control siRNA (N), or left untransfected (U). Cells were then infected with PR8 at MO/
5 and cell supernatants were harvested 4, 8, or 24 hpi. Mock infected cells were incubated for
24 hours in virus free media. IFN levels in the cell supernatant were measured by HEK-Blue™
assay. Bars represent the mean of three biological repeats, error bars represent the standard

error of the mean.

Dr Kwok developed a JMJD6 knockdown protocol from previously published work

using an siRNA sequence named siRNA-275 (Heim et al., 2014). A549 cells were
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transfected with either siRNA-275 or a non-targeting siRNA control prior to infection
with influenza A/Puerto Rico/8/1934 (PR8). Expression of viral proteins was analysed
by western blot and infectious virus production was measured by plaque assay. Dr
Kwok found that the viral titre measured from these JMJD6 knockdown cells was
reduced compared to control cells by more than two orders of magnitude (Kwok,
2018). Similarly, the expression of viral proteins HA, NP and M1 were greatly reduced
in JMJD6-deficient A549 cells compared to cells that had been transfected with non-
targeting siRNA (Figure 2.2A). Levels of viral RNA isolated from JMJD6 knockdown
cells were also greatly reduced (Kwok, 2018). Dr Kwok also developed lines of JMJD6
knockout A549 cells which showed reduced IAV replication compared to wild type,
although the reduction in these cells was smaller than that seen with siRNA
knockdown (Kwok, 2018). These findings strongly suggested that JMJD6 was

required for efficient IAV replication.

Further investigation by Dr Kwok aimed to determine the point at which the 1AV
lifecycle was inhibited by JMJD6 knockdown. No effect of JMJD6 depletion on the cell
surface expression of sialic acid was observed, and viral binding at the cell surface
was not affected by JMJD6 expression (Kwok, 2018). However, nuclear import of viral
RNPs was seen to be reduced in JMJD6 knockdown cells as in immunofluorescence
experiments, only 20% of NP staining in JMJD6 knockdown cells was associated with
the nucleus, whereas untransfected cells showed 80% nuclear NP staining (Kwok,
2018). From this, it was concluded that JMJD6 has a proviral role in the lifecycle of

IAV, after binding at the cell surface, but at or before nuclear import of viral RNPs.

Subsequent work by Dr Jun Hu (The Roslin Institute, University of Edinburgh) showed
that, while untransfected A549 cells and cells transfected with non-targeting siRNA
did not produce a detectable IFN response to infection with PR8, high concentrations

of IFN were produced by JMJD6 knockdown cells following infection (Figure 2.2B).
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This suggested that the cells deficient in JMJD6 were able to produce a large antiviral
IFN immune response to PR8 infection where the control cells could not. This would
explain the reduced viral replication seen in these cells and was also consistent with

the findings presented in Ganesan et al., (2018).

The project presented in this chapter aimed to further dissect this proviral role of
JMJDG6, and identify the mechanism by which IAV infection was inhibited by JMJD6
depletion. Based on the work by Dr Hu, and previously published work linking JMJD6
to regulation of the IFN response in viral infection, the leading hypothesis at the start
of this project was that JMJD6 knockdown allowed an IFN response to IAV infection

that JMJD6 would otherwise downregulate.
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2.2. Results
2.2.1. Development of JMJD6 knockdown protocols
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Figure 2.3: Establishment of JMJD6 knockdown conditions. Using siRNA-275 or
SMARTpool, A549 cells were transfected with either IMJDG6 targeting (J) or non-targeting (N)
SiRNA. Cells were harvested and lysed at 24 or 48 hours post transfection. Untransfected cells
(U) were harvested 72 hour after seeding. A: Cell lysates were examined via western blot for
the indicated proteins, using fluorophore-conjugated secondary antibodies and a LI-COR
Odyssey Fc Imaging System; a single representative experiment is shown. B: Protein
expression was measured from replicate experiments using LI-COR Image Studio software.
JMJDG6 levels were normalised to alpha tubulin in the same sample and expressed as a
proportion of the matched control. Bars represent the mean of multiple biological repeats
(n>3), error bars represent standard error of the mean. Data were analysed by one-way
ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8. ns: not significant,
p=0.05; **: p<0.01; ****: p<0.0001.
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The protocol used previously by Drs Kwok and Hu called for a double transfection of
A549 human alveolar epithelial cells, with either siRNA-275 (sequence in Table 6.2)
or a non-targeting control 24 hours after seeding, followed by a second transfection
after a further 24 hours. Double transfection of A549 cells was not something that the
Digard group had previously found necessary to suppress expression of a particular
cellular gene with siRNA (e.g. (Bruce et al., 2010)). Furthermore, the preliminary
studies by Drs Kwok and Hu relied on a single JMJD6-targeting siRNA (siRNA-275)

which had not always been used with an appropriately matched negative control.

Accordingly, to investigate the role of JMJD6 in IAV replication further, an optimised
knockdown protocol was established for this study. A fresh stock of siRNA-275 was
acquired, as well as a universal siRNA negative control. Additionally, to assess the
reproducibility of the findings with siRNA-275, another JMJD6 knockdown system was
tested in parallel which used ON-TARGETplus siRNA SMARTpools from Dharmacon.
This system involves a pool of four siRNAs, each targeting a different part of the
JMJD6 mRNA sequence (all sequences in Table 6.2) each used at lower
concentrations than a single siRNA would be, and a matched non-targeting pool of

four scramble siRNAs.

First, A549 cells were transfected with either the non-targeting siRNAs (N) or siRNAs
targeting JMJD6 mRNA (J), or left untransfected (U). Cells were lysed and harvested
in order to assess JMJD6 protein levels by western blot. Both double and single
transfection protocols were tested. Double transfection of the cells, as previously done
by Drs Kwok and Hu, gave unacceptable levels of cytotoxicity in my hands (data not
shown). Therefore, single transfection protocols were tested in which cells were
harvested either 24 or 48 hours after siRNA transfection. With single siRNA
transfection, western blotting for alpha tubulin as a loading control showed consistent

recovery of cell lysate from siRNA-275 and control-transfected cells as well as
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untransfected cells (Figure 2.3A). Probing the same blots with anti-JMJD6 sera
showed the expected pattern of three similarly-sized isoforms (Hahn et al., 2008)
migrating around 46 kDa (Alahari et al., 2015; Miotti et al., 2017), but in obviously
lower amounts in siRNA-treated samples, indicating successful knockdown of
expression. Similar results were obtained with the SMARTpool siRNAs; an apparent
lack of gross cytotoxicity as indicated by even recovery of tubulin and efficient
reduction of JMJD6 accumulation (though note that in the right hand panel of Figure

2.3A a lower quality gel did not resolve the JMJDG6 isoforms).

To provide quantitative data on the reproducibility and effectiveness of the two
approaches to inhibiting JMJD6 expression, replicate experiments were performed
and JMJD6 levels quantified by densitometry, expressed relative to non-targeting
siRNA-treated samples after normalisation for tubulin levels. JMJD6 protein levels in
A549 cells 24 hours after transfection with siRNA-275 (Figure 2.3B left) were not
significantly lower than control (N) levels. However, 48 hours post siRNA-275
transfection JMJDG levels were, on average, 75% lower than those from the matched
scramble siRNA control (p<0.0001). This was deemed to be an acceptable level of
knockdown for subsequent infection experiments and was comparable to levels
previously achieved by Dr Kwok and Dr Hu (Kwok, 2018). JMJD6 levels 24 hours after
transfection with SMARTpool JMJD6-targeting siRNA were reduced by approximately
75% compared to the matched negative control (p<0.0001) and by 85% 48 hours
post-transfection (p<0.0001). However, the difference in knockdown efficiency
between the two time points was not statistically significant (p=0.1566) (Figure 2.3B
right). The mean JMJD6 knockdown efficiencies 48 hours post-transfection with either
siRNA-275 or JMJD6-targeting SMARTpool siRNA were comparable (p=0.3886),
although the SMARTpool knockdown system yielded more consistent levels of JMJD6

knockdown. Hence, effective single-transfection protocols for both siRNA-275 and the
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SMARTpool system for knockdown were successfully established, using 48 hour
incubation before harvest or subsequent infection. These protocols were taken

forward and used for the following investigations.
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Figure 2.4: IFN responses in JMJD6 knockdown cells. A: Schematic diagram of
experiments in which IFN in the supernatant of cells treated with siRNA was measured by
HEK-Blue™ assay. A549 cells were transfected with either JMJD6-targeting (J) or non-
targeting siRNA (N) using siRNA-275 or SMARTpool siRNA systems. Cell supernatant was
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harvested either 24 or 48 hours (h) post siRNA transfection. HEK-Blue™ IFN-a/B cells were
incubated with this supernatant or with controls for 24 hours before measuring Secreted
Embryonic Alkaline Phosphatase (SEAP) levels by determining the colour change of the SEAP
substrate, QUANTI-Blue™, via spectrophotometer. Diagram created in BioRender.com. B:
Spectrophotometer results of a single, representative experiment. An IFN standard curve was
generated by incubating HEK-Blue™ cells with known concentrations of universal IFN type I.
Baseline levels of IFN and the ability of the A549 cells to produce IFN were established by
incubating HEK-Blue™ cells with supernatant from untransfected A549 cells (U) and A549
cells transfected with poly I:C (Poly I:C) respectively. Bars represent mean of two technical
replicates, error bars represent standard deviation. C: IFN concentration in the supernatant of
cells transfected with siRNA (data from 48 hours post-transfection) or poly I:C. Data points
represent means of technical duplicates from independent experiments. Error bars represent
standard error of the mean. ns: not significant, p=0.05; ***: p<0.001. Data were analysed by

one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8.

The preliminary data from Dr Hu showed enhanced IFN production in JMJD6-
depleted A549 cells following IAV infection (Figure 2.2B). JMJD6 had previously been
suggested to have a role in the negative regulation of the type | IFN pathway via
demethylation of STAT1 (Ganesan et al., 2018). If this is the case, loss of this
inhibition of IFN signalling in JMJD6 knockdown cells could allow a better innate
immune response to viral infections, thus higher IFN levels and reduced viral

replication.

As part of protocol validation, levels of IFN secreted from siRNA-transfected cells
were measured in order to establish the pre-infection environment. Cell supernatants
were harvested at 24 and 48 hours post siRNA transfection and IFN levels were
measured using HEK-Blue™ |FN-ao/f cells. These cells have been engineered to
secrete SEAP in response to activation of the IFN receptor by type | IFNs (InvivoGen,
2011). HEK-Blue™ IFN-a/f cells were incubated with the harvested supernatants for
24 hours and levels of SEAP production were assessed by a colour change reaction
with QUANTI-Blue™ medium. Absorbance at 600 nm was measured and sample IFN

concentrations were estimated by comparison to a standard curve produced by
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incubating HEK-Blue™ cells in parallel with a range of known IFN concentrations

(Figure 2.4A).

The results of a single, representative HEK-Blue™ assay experiment, with two
technical replicates for each data point, are shown in Figure 2.4B. The reaction of the
HEK-Blue™ cells to media containing known concentrations of type | IFN, ranging
from 500 to 1 Units/mL (U/mL), was measured, giving a dose-response curve that
saturated above 50 U/mL of IFN. Additionally, fresh media containing no IFN (0 U/mL)
was used to establish baseline absorbance. Supernatant of untransfected A549 cells
(U) was also analysed in order to determine the baseline IFN levels in cell culture.
The supernatant of A549 cells transfected with the immunostimulant poly I:C was
used as a positive control in order to confirm the ability of the A549 cells to produce

IFN. JMJD6 knockdown was confirmed by western blot (data not shown).

At both time points, neither of the non-targeting siRNAs showed a reaction above the
baselines of the IFN-free media or the untransfected cell supernatant, indicating no
IFN production in response to the transfection of either negative control (Figure 2.4B).
This was also the case for the cell supernatant harvested 24 hours post transfection
with either siRNA-275 or JMJD6-targeting SMARTpool siRNA. However, cell
supernatant harvested 48 hours post transfection with siRNA-275 gave a reaction in
the HEK-Blue™ assay that was larger than that of both the poly I:C treated positive
control, and 500 U/mL type | IFN. This indicated a large IFN reaction following the
knockdown of JMJDG6 via transfection of siRNA-275. Conversely, cell supernatant
harvested 48 hours post transfection with JMJD6-targeting SMARTpool siRNA
showed no detectable IFN response above the baseline and negative control. This
suggested that the IFN response detected in the siRNA-275-treated cells was due to
transfection with the particular siRNA rather than any reduction in JMJD6 protein

levels.
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IFN levels in supernatants harvested 48 hours post siRNA transfection or following
poly I:C treatment from multiple biological replicates were assessed (Figure 2.4C),
knockdown of JMJD6 was confirmed by western blot for each experiment (data not
shown). There was some variability in the responses detected in both siRNA-275 and
poly I:C transfected cells, however, siRNA-275 transfection was seen to elicit a
statistically significant IFN response compared to both the matched control siRNA
(p=0.0001), and JMJD6-targeting SMARTpool transfection (p=0.0005). This IFN

reaction was comparable to that induced by poly I:C transfection (p=0.9263).

It can be surmised from these data that transfection of A549 cells with siRNA-275, not
the absence of JMJDG6, induced IFN production. These high levels of IFN prior to
infection may have caused the reduced levels of IAV infection and replication seen in
previous experiments. To examine this further, infection experiments were performed

following JMJD6 knockdown.
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2.2.2. Infection of siRNA-treated cells with IAV
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Figure 2.5 Infection of JMJD6 knockdown cells with IAV. A549 cells were transfected with
either JMJD6-targeting (J) or non-targeting (N) siRNA using siRNA-275 or SMARTpool
systems, or left untransfected (U). Cells were infected 48 hours post transfection with PR8 at
MOI 5. Cell lysates were harvested 4, 8, or 24 hours post infection (hpi). Mock infected cells
were incubated for 24 hours in virus free media. Cell lysates were examined by western blot

for cellular JMJD6 and viral NP, as well as an alpha tubulin loading control. Protein expression
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was determined by densitometry using LI-COR Image Studio software. NP levels were
normalised to tubulin in the same sample. MW indicates a pre-stained ladder of molecular
weight markers. A, B: Western blot showing a single, representative experiment in which cells
were transfected with (A) siRNA-275 or the matched non-targeting control or (B) SMARTpool
SiIRNA C: Relative protein levels of NP in cells transfected with non-targeting or JMJD6-
targeting (JMJD6) siRNA using siRNA-275 (left panel) or SMARTpool (right panel) systems.
Bars represent the mean of two biological replicates, error bars represent standard deviation.
ns: not significant, p=0.05; ***: p<0.001. Data were analysed by two-way ANOVA with Sidak’s

multiple comparison test using GraphPad Prism 8.

In order to assess the effect of JMJD6 depletion on IAV infection, A549 cells were
transfected with either JMJDG6-targeting or non-targeting siRNA from both established
knockdown systems. At 48 hours post transfection, cells were infected with PR8 at
MOI 5 for 4, 8 or 24 hours. Uninfected cells (Mock) were harvested in parallel with the
24 hour time point. These time points reflect those used previously by Drs Kwok and
Hu. Cell lysates were harvested in order to confirm JMJD6 knockdown and examine
viral protein expression by western blot. Supernatants were harvested and analysed

by plaque assay to measure infectious virus production.

Probing for the tubulin loading control showed consistent recovery of cell lysate from
all cells. Concurrent staining for JMJD6 showed the presence of the protein in
untransfected cells (U) and in control-siRNA-transfected cells (N) in roughly equal
amounts and all time points of infection other than at 4 hours post infection, which
showed a higher level of protein in the non-targeting condition (Figure 2.5A). Levels
of JMJD6 were consistently reduced in the siRNA-275-treated samples. Another blot
of the same samples, probed with antisera specific to influenza NP, showed the
appearance, above background, of the expected 56 kDa band at 8 hours post
infection in untransfected and non-targeting-treated cells. Stronger staining was seen
at this molecular weight in these cells at 24 hours post infection. These bands were
absent in the mock infected cells. This time-dependent increase of NP was expected

in normal infection as IAV goes through its lifecycle, producing more viral proteins,

63



and thus, more virus particles. However, in siRNA-275-treated samples, the expected
viral proteins could not be detected above background and any time point of infection.

This indicated a lack of IAV replication in these cells.

When examining SMARTpool siRNA-treated samples by western blot, probing for
tubulin similarly indicated equal lysate recovery across all of the conditions (Figure
2.5B). Additionally, expression of JMJD6 protein was observed at comparable levels
in the non-targeting-siRNA-transfected (N) and untransfected (U) cells, and
significantly reduced in cells treated with JMJD6-targeting siRNA at every infection
time point and in mock infected cells. However, contrary to the siRNA-275-treated
samples, cells treated with JMJD6-targeting SMARTpool siRNA showed levels of NP
equivalent to both non-targeting-treated and untransfected cells throughout the
course of infection. This implied that the knockdown of JMJD6 with SMARTpool
siRNA did not affect the ability of IAV to produce viral proteins in the same way that

knockdown with siRNA-275 did.

Replicate experiments were performed and NP levels in the non-targeting- and
JMJD6-targeting siRNA-treated cells were quantified and normalised to tubulin levels.
Again, viral NP was seen in the control cells after 8 hours and increased at 24 hours
post infection (Figure 2.5C). In siRNA-275 JMJD6 knockdown cells, however, NP
levels were greatly reduced at each time point, similarly to what was previously seen
by Drs Kwok and Hu (Kwok, 2018). This reduction was statistically significant at 24

hours post infection (p=0.0005).

In contrast, in cells that had been transfected with JMJD6-targeting SMARTpool
siRNA, NP levels were comparable to those in control cells at every time point of
infection, suggesting that the knockdown of JMJD6 per se did not affect the ability of

IAV to replicate.
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Instead, taking this result together with the pre-infection IFN data (Figure 2.4), it
seemed possible that siRNA-275 transfection induced an IFN response that inhibited
IAV infection and the production of viral proteins, whereas transfection with JMJDG6-

targeting SMARTpool siRNA did not.

Infectious virus
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Figure 2.6 Viral replication in JMJD6 knockdown cells. A549 cells were transfected with
either IMJD6-targeting (JMJDG6) or non-targeting siRNA using siRNA-275 or SMARTpool
SiRNA systems or left untransfected. Cells were infected at 48 hours post transfection with
PR8 at MOI 5. Cell supernatant was harvested at 4, 8 and 24 hours post infection and virus
was titrated by plaque assay on MDCK cells. Points represent the mean of two biological
replicates, error bars represent standard deviation. Data were analysed by two-way ANOVA

with Tukey’s multiple comparison test using GraphPad Prism 8.

Next, the effect of IMJD6 knockdown on infectious virus production was investigated
by plaque titrating supernatants harvested from the infection experiments described

above.

Untransfected cells showed increased output of infectious virus with time, with the
greatest increase seen between 8 and 24 hours post infection (Figure 2.6). A similar
pattern of virus production was seen in cells treated with non-targeting siRNA in both
siRNA-275 and SMARTpool systems. In both cases, a small increase in virus titre

was seen between 4 and 8 hours post infection, followed by a larger increase between
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8 and 24 hours. At every time point virus titres were observed in cells transfected with

either non-targeting siRNA that were comparable to those of untransfected cells.

Cells transfected with JMJD6-targeting SMARTpool siRNA also presented similar
infection kinetics. At every time point these cells showed no significant difference in
average titre when compared with either cells transfected with non-targeting
SMARTpool (p=0.76 at 24 hours) or untransfected cells (p=0.77 at 24 hours).
Conversely, infectious virus production from cells transfected with JMJD6-targeting
siRNA-275 was substantially decreased in comparison with untransfected cells and
cells transfected with non-targeting siRNA, displaying almost no increase in titre from
the 4 hour time point, which most likely represents residual inoculum. At 24 hours post
infection, average infectious virus titre was observed to be approximately two orders
of magnitude less in cells transfected with siRNA-275 than untransfected cells.
Although this difference was not found to be statistically significant (p=0.2294), the
reduction in virus titre correlated with the observed reduction in viral protein levels
seen in cells transfected with siRNA-275 (Figure 2.5). This suggested that
transfection with siRNA-275, not depletion of JMJD6 protein levels, restricts the ability

of AV to replicate in A549 cells.
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2.2.3. Generation of a clonal population of JMJD6”- A549 cells
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Figure 2.7 Process of making clonal JMJD6 knockout A549 cell populations. A: Analysis
of JIMJD6 knockout A549 cell lines created by Dr Kwok. These premade cell lines were
recovered from storage at -150°C and passaged three times. Cell lysate samples from each
cell population were harvested and analysed by western blot for JMJD6 and tubulin alongside
lysates of untreated A549 cells and A549 cells treated with non-targeting (N) or JMJD6-
targeting (J) SMARTpool siRNA from previous experiments. MW indicates pre-stained

molecular weight markers. B: Graph showing JMJDG6 protein levels, determined by
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densitometry and normalised to tubulin. C: Schematic diagram of the process used to create
clonal JMJD6 - cell lines. Diagram created in BioRender.com. D: Examples of analysis of
clonal cell lines, screened by western blot for IMJD6 expression. Populations were named by
their position in the 96-well cell culture plate following sorting. Populations that were negative
for JIMJD6 protein expression are indicated with *. These populations were selected and

expanded.

In order to further investigate the effect of SiRNA-275 on IAV replication distinct from
the reduction of JMJD6 protein expression, populations of JMJD6” A549 cells were
established. Heterogeneous populations of A549 cells which had previously been
treated by Dr Janice Kwok to knockout JMJD6 (Kwok, 2018), were available from
frozen stocks. These cells had either been transfected with the pSPCas9(BB)-2A-
GFP plasmid containing one of three JMJD6-targeting single guide (sg)RNAs or the
pSPCas9(BB)-2A-GFP plasmid backbone alone (empty). Following transfection with
the CRISPR-Cas9 system, these cells had not been subject to further screening or
sorting and were therefore mixed populations, containing both edited and unedited

cells.

After these cells were recovered from -150°C, they were passaged in the same way
as wild type A549 cells, as described in section 6.2.2.1. After three passages, cells
from each of the stock populations, as well as untreated A549 cells were harvested,
lysed and analysed by western blot. These cell lysates were compared to those of
A549 cells which had been transfected with non-targeting (N) or JMJD6-targeting (J)
SMARTpool siRNA. Probing for JMJD6 protein revealed that, although there was
some reduction in the level of JMJDG6 in one of the CRISPR-treated lines (sgRNA1)
compared to untreated A549 cells, the population levels of JMJD6 expression were

substantial, and higher even than siRNA knockdown levels (Figure 2.7A).

The CRISPR-treated line with the lowest JMJD6 protein level was clonally sorted in

order to make cell lines that were homogenously JMJD6™. The control line that had

68



been transfected with the empty pSPCas9(BB)-2A-GFP plasmid was similarly sorted
in order to make a clonal control cell population (denoted Empty). This process is
illustrated in Figure 2.7B. The starting cell populations were sorted by fluorescence-
activated cell sorting (FACS) so that each well of a 96-well plate contained a single
cell. FACS was performed by Mr Graeme Robertson from the Roslin Institute Bio-
Imaging facility. These single cell populations were cultured and expanded before

being screened for JMJD6 protein expression by western blot.

Figure 2.7C shows example western blots from the screening of clonal populations
sorted from the “sgRNA1” line. Clonal lines were named for their position in the 96-
well plate. Lines negative for JMJDG6 protein expression (marked in Figure 2.7C by
asterisks) in particular, JMJD6 knockout lines C12 and F2, hereafter termed KOC12

and KOF2, were further expanded to be used in subsequent experiments.
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2.2.4. Examination of the effects of siRNA transfection in JMJD6"
A549 cells
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Figure 2.8 Treatment of JMJD6" A549 cells with JMJD6-targeting siRNA. Wild type A549
cells, two clonal populations of JMJD6 knockout A549 cells (KOC12 and KOF2), and a clonal
JMJDG6** control line (Empty) were treated with siRNA. Cells were transfected with non-
targeting (N) or JIMJD6-targeting (J) siRNA from siRNA-275 or SMARTpool systems, poly I:C,
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or left untransfected (U). Cell lysates and supernatants were harvested 6 hours after
transfection with poly I:C and 48 hours post transfection with siRNA. A: Cell lysates were
examined by western blot for JMJD6 and an alpha tubulin loading control. MW indicates
molecular weight markers. Images are from a single experiment in which cells were seeded
more densely than usual for a better quality image. B: Cell supernatants were harvested and
IFN levels determined by HEK-Blue™ assay. Data points represent means of technical
duplicates from independent experiments. Error bars represent standard error of the mean.
Significance markers refer to comparison between siRNA-275-treated and untransfected cells
within the same cell type. Data were analysed by two-way ANOVA with Tukey’s multiple
comparison test using GraphPad Prism 8. ns: not significant, p=0.05; *: p<0.05. Data points

for A549 cells were also included in the analysis of Figure 2.4.

First, to examine the effect of siRNA-275 transfection, independent of JMJDG6
depletion, JIMJD6 knockout lines KOC12 and KOF2 as well as wild type A549 cells
and the clonal “Empty” control cell population, were transfected, with siRNA-275 or

SMARTpool siRNA systems as before.

To verify knockdown of JMJDG6 in the A549 and Empty cells, as well as to confirm
continued JMJD6 deficiency in the knock out lines, cell lysates harvested 48hours
after transfection were analysed by western blot. The western blot images shown in
Figure 2.8A are from an experiment in which cells were seeded more densely than

is ideal for optimal transfection efficiency, as this approach gave higher quality blots.

Probing for tubulin as a loading control indicated reasonably consistent recovery of
cell lysate from all conditions, across all cell types (Figure 2.8A). Parallel staining for
JMJD6 showed expression of the protein in both untransfected A549 and Empty cells,
and although levels appeared lower in untransfected Empty cells, this was not
reflected when normalised to tubulin. A549 and Empty cells that had been transfected
with siRNA-275 or with JMJD6-targeting SMARTpool siRNA showed reduced levels
of JMJD6 protein compared to the same cells transfected with the matched non-
targeting siRNA. The reduction in JMJD6 accumulation was greater with SMARTpool

than with siRNA-275 siRNAs. Overall, this indicated successful siRNA transfection
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and JMJD6 knockdown with both systems and was taken to support the assumption
that siRNA transfection was also successful in the knockout cell lines as this could
not be confirmed directly. When probing the cell lysates of the knock out cell lines,
KOC12 and KOF2, no signal above background was detected, validating the

continued Jmdj6” status of these lines.

The type | IFN response to transfection was assessed via HEK-Blue™ assay (Figure
2.8B). The ability of all four cell types to produce an IFN response was tested by
transfection with poly I:C. The immunostimulant induced an increase in IFN levels
compared to untransfected cells which was statistically significant in all cell lines
(p=<0.01). Although the intensity of response varied between biological repeats for
every cell type, the mean IFN responses to poly I:C in KOC12, KOF2 and Empty cells
were all comparable to that seen in wild type A549 cells (p=0.9856). Wild type A549
cells which had been transfected with siRNA-275 showed, on average, an IFN
response that was comparable to that of cells transfected with poly I:C (p=0.9893).
This response was significantly higher than the baseline levels seen from both
untransfected cells (p=0.0395) and cells transfected with the matched non-targeting
control (p=0.0167). However, IFN levels from independent biological repeats were
very variable, with one biological repeat showing no IFN production above
background. Conversely, no IFN was detected, above baseline, from any of the clonal
cell lines transfected using either siRNA-275 or SMARTpool systems. This was
expected for the non-targeting siRNAs or JMJD6-targeting SMARTpool siRNA but
additionally, no IFN response was observed from any of the clonal cell populations
transfected with siRNA-275. In both of the JMJD6 knockout cell lines, KOC12 and
KOF2, mean IFN levels were comparable to untransfected cells as well as cells
transfected with the matched non-transfecting siRNA (p=0.9999 in all cases). This

suggested that siRNA-275 transfection did not induce an IFN response in these
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JMJD6™ cell lines as it does in wild type A549 cells. Furthermore, the JMJD6"* Empty
cell line, which might have been expected to be equivalent to the parental A549 cell

line, also showed no significant IFN response to siRNA-275 transfection.

Taken together, these data did not support the hypothesis that transfection with
siRNA-275 induces an IFN response via a route unrelated to JMJD6 depletion.
However, as no IFN response to siRNA-275 transfection was observed in Empty cells,
which served as a JMJD6-expressing clonal control population, these data also did

not suggest that IFN response was associated with loss of JMJD6 expression.
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2.2.5. Infection of JMJD67- A549 cells with IAV
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Figure 2.9 Viral protein production in IAV-infected JMJD6"” A549 cells. Wild type A549
cells, two clonal populations of JMJD67- A549 cells (KOC12 and KOF2), and a clonal JMJD6+*
control line (Empty) were infected with PR8 at MOI 5. Cells were lysed at 2, 4, 8, or 24 hours

post infection (hpi). Mock infected cells (M) were incubated for 24 hours in virus free media.

Uninfected cells of each line were transfected with poly I:C (P) and cell lysates were harvested

at 6 hours post transfection. Cell lysates were examined by western blot for cellular JMJDG,

viral NP and M1 and an alpha tubulin loading control. MW indicates molecular weight markers.

Figure shows western blot images from a single, representative experiment.
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The JMJD6” A549 cells were accordingly used to further scrutinise the original
hypothesis of a proviral role of JMJD6 by testing their ability to replicate IAV. The
clonal populations of JMJD6” A549 cells, as well as wild type A549 cells and the
Empty clonal control cells, were infected with PR8 at MOI 5 for 2, 4, 8 or 24 hours.
Lysates of mock infected cells (M) were harvested in parallel with the 24 hour time
point, as were lysates of uninfected cells that had been transfected with poly I:C and

incubated for 6 hours.

Western blots were used to confirm both continued JMJD6 deficiency in KOC12 and
KOF2 cells, as well as consistent JMJD6 protein expression in A549 and Empty cells
(Figure 2.9). Probing for an alpha tubulin loading control indicated consistent
recovery of cell lysate in most conditions, but slightly lower overall protein levels were
recovered from both A549 and Empty cells harvested at 2 and 4 hours post infection.
JMJDG6 protein levels, proportional to tubulin, in A549 and Empty cells remained
consistent, both between the two cell lines and over the course of infection. Further,
no JMJD6 protein was detected in the cell lysates of KOC12 and KOF2 at any time
point. Further western blots of the same samples were probed with anti-NP and anti-
M1 sera to determine levels of viral protein. The expected band for NP, around 56
kDa, was detected above background in similar levels across all cell types at 8 and
24 hours post infection, while no NP was detected in uninfected cells. Probing for M1
showed appearance of a signal, above background, at the expected molecular weight
of 28 kDa at 24 hours post infection in A549 cells. In Empty cells, similar levels of M1
were detected at 24 hours post infection. Unlike in wild type A549 cells, a small
amount of M1 was also detected at the earlier time point of 8 hours post infection.
However, this difference was not found to be reproducible over replicate experiments
(Figure 2.10). M1 was detected at 24 hours post infection in both KOC12 and KOF2

cells at levels comparable to those seen in both A549 and Empty cells at the
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equivalent time point (Figure 2.9). In KOC12 cells, M1 was first detectable at 24 hours
post infection, as in A549 cells. KOF2 cells showed low levels of M1 staining at 8
hours post infection, similar to that seen in Empty cells. Overall, these data gave no
indication of a defect in viral protein production in JMJD6” A549 cells compared to

A549 cells expressing JMJD6.
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Figure 2.10 Levels of viral proteins detected in IAV-infected JMJD6” A549 cells. Wild
type A549 cells, two clonal populations of JMJD6 knockout A549s, and a clonal JMJD6**
control line (Empty) were infected with PR8 at MOI 5. Cell lysates were harvested at 4, 8, or
24 hours post infection (hpi). Mock cells (M) were incubated for 24 hours in virus free media.
Cell lysates were examined by western blot, probing for viral NP and M1, as well as for cellular
alpha tubulin as a loading control. Protein expression was determined by densitometry using
LI-COR Image Studio software. Viral protein levels were normalised to tubulin in the same

sample. Data from the two JMJD6 knockout cell lines were pooled into a single data set named
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“Knockout”. A: Relative levels of NP. B: Relative levels of M1. Bars represent mean of two
biological replicates, error bars represent standard deviation. Data were analysed by two-way

ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8.

Replicate infection experiments were performed and viral protein levels were
quantified and normalised relative to tubulin levels. Data from the two JMJD6
knockout cell lines were pooled into a single data set. Again, viral NP was seen in
A549 cells after 8 hours and increased at 24 hours post infection (Figure 2.10A). In
Empty cells, no statistically significant difference in NP levels compared to A549 cells
was observed at either 8 (p=0.4402) or 24 (p=0.9964) hours post infection. Equally,
JMJD6 knockout cells showed average levels of NP that were comparable to both
control cell groups at both time points. Relative M1 levels, shown in Figure 2.10B,
were more variable between biological replicates than NP. Nevertheless, mean M1
levels were consistent across cell types as there was no statistically significant
difference, at any time point, between JMJD6 knockout cells and either JMJDG6-
expressing control cell line. Therefore data from these replicate experiments further
demonstrated that IAV protein production was not inhibited by the absence of JMJD6

in these A549 cell lines.
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Figure 2.11 Viral replication in JMJD6 knockout cells. Wild type A549 cells, two clonal
populations of JMJD6 knockout A549 cells (KOC12 and KOF2), and a clonal JMJD6** control
line (Empty) were infected with PR8 at MOI 5. Cell supernatants were harvested at 4, 8, or 24
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hours post infection and analysed by plaque assay on MDCK cells. Data from two JMJD6
knockout cell lines were pooled into a single data set named “Knockout”. Points represent the
mean of two biological replicates, error bars represent standard deviation. Data were analysed
by two-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8. ns: not

significant.

Finally, the ability of IAV to produce infectious virus from these JMJD6” A549 cells
was investigated. Wild type A549 cells, JIMJD6 knockout cells or the Empty clonal
control cells were infected with PR8 at MOI 5 and viral titre in the cell supernatants

was measured via plaque assay.

Wild type A549 cells showed the expected kinetics of infection in which the output of
infectious virus increased with time and the final virus titre at 24 hours post infection
was approximately three orders of magnitude greater than that seen at 4 hours post
infection (Figure 2.11). The viral output from Empty cells showed a similar pattern to
that seen in wild type A549 cells. The mean titre measured at 8 hours post infection
appeared to be slightly higher in Empty cells than in A549, however this was minor
and not statistically significant (p=0.8318). Likewise, JMJD6 knockout cells showed
infectious virus production at levels and with kinetics that were comparable to wild
type A549 cells. The mean titre observed at 8 hours post infection from knockout cells
was slightly lower than that seen in A549 cells, however this difference was also found
not to be statistically significant (p=0.7903). Overall, these data indicated that IAV
replication is not impaired by the absence of JMJDG6 in A549 cells. When considered
with the data from transient JMJD6 knockdown, this study did not find evidence to

support a proviral role of JMJDG6 in IAV infection.
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2.3. Discussion

2.3.1. JMJD6 as a proviral host factor for IAV
In this project | sought to examine the role of JMJDG6 in the IAV lifecycle, with the

starting hypothesis that JMJD6 is proviral through being able to downregulate IFN
responses to the virus. The results obtained however, did not strongly support this

premise.

Arguing against the hypothesis, the work presented in this chapter demonstrated that
the siRNA sequence used previously by Drs Kwok and Hu, siRNA-275, induced a
large IFN response. This IFN response was not seen with the transfection of a JMJDG6-
targeting siRNA SMARTpool, indicating that the IFN response was due to transfection
with siRNA-275 and not the depletion of JMJD6. Furthermore, JMJD6 knockdown with
the non-IFN inducing siRNA SMARTpool did not inhibit the replication of IAV. This
suggested that the previously reported proviral role for JMJD6 could well be an
artefact of an siRNA-induced IFN response in A549 cells which restricted IAV infection

and replication, rather than loss of JMJD6.

Interestingly, Dr Hu did not detect an IFN response in uninfected (mock) knockdown
cells (Figure 2.2B). It is possible that with the original, longer knockdown protocol the
initial IFN response had dissipated past detectable levels, but left cells primed to
respond to IAV. Additionally, no antiviral effect on VACV was seen following siRNA
treatment of HelLa cells in Dr Kwok’s work (Kwok, 2018); this could suggest that the
IFN response to siRNA-275 is cell specific. However, IFN was not measured in HeLa
cells and, unlike IAV (Xiao et al., 2013), VACV is relatively resistant to a pre-existing
IFN response (Smith et al., 2018) so it cannot be assumed that there was no IFN

induction by siRNA-275 in HelLa cells.

The original hypothesis was supported by published works implicating JMJD6 in the

downregulation of antiviral IFN responses (Ganesan et al., 2018). Work by Ganesan
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et al. which showed negative regulation of IFN signalling by JMJD6 did not use siRNA-
275 but a commercial pool system from OriGene called Trilencer-27 (Ganesan et al.,
2018). They did not detect an IFN response following siRNA transfection and required
stimulation of the cells with exogenous IFN to observe the effects of JMJD6 on IFN-
induced gene expression (Ganesan et al., 2018). Furthermore, the findings from
siRNA knockdown of JMJD6 were also supported with JMJD6 overexpression
experiments which showed decreased IFN signalling in response to HCV infection

(Ganesan et al., 2018).

Examination of 1AV replication in gene edited cells unable to express JMJD6 also
failed to support the hypothesis that JMJD6 is proviral for IAV, as the virus displayed

normal gene expression and replication in two clonal populations of JMJD6 7 cells.

Overall, in this study, IAV infection was not inhibited by JMJD6 knockdown using
SMARTpool siRNA, and IAV replicated normally in JMJD6™ cells. Therefore, | found
no evidence that JMJDG6 is directly proviral for IAV, the primary focus of my starting
hypothesis. However, the original premise can be broken down into two components
— a proviral role for IAV, and a negative regulatory function for JMJDG in the antiviral

response. This latter aspect is discussed below.

2.3.2. JMJD6 and the IFN response

In contrast to the results reported in this thesis, work from others has reinforced the
hypothesis that JMJD6 can be proviral for viruses, although others than IAV. Zhang
et al. reported a role of JMJDG6 in the IFN response to SeV and VSV after the work
presented here was completed. The siRNA used in that study also does not match
siRNA-275 (Zhang et al., 2021). Zhang et al. also included overexpression
experiments which support the role of JMJD6 as a negative regulator of the IFN
response triggered by the detection of viral RNA (Zhang et al., 2021). Furthermore,

Zhang et al. observed enhanced IFN response to viral infections in JMJD6 knockout
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cells (Zhang et al., 2021). Overall, the published data supporting the roles of JMJD6
in the negative regulation of the IFN response to viral infections, both in the pathway
resulting from detection of viral RNA and from the activation of the IFN receptor, seem
very robust. However, both of the proposed regulatory roles for JMJDG6 involve the
inhibition of transcription factors activated at the final stage in a signalling pathway
(Ganesan et al.,, 2018; Zhang et al., 2021). IAV possesses mechanisms of
antagonising earlier stages of these pathways (Du et al., 2020; Ji et al., 2021), so may

circumvent the effects of JMJDG6 depletion.

That siRNA-275 transfection induced an IFN response in a manner independent of
JMJDG6 depletion could not be fully proven here, as no IFN response to siRNA-275
was detected in the clonal JMJD6™ cells. The Digard lab has previously found that
clonally sorted edited cells can behave differently to heterogeneous populations,
possibly due to the selection of adaptations caused by the loss of a gene
(unpublished). This could contribute to the disparity seen between the knockout and
wild type cells here. However, no IFN was detected in the “Empty” JMJD6-positive
clonal control population transfected with siRNA-275, suggesting that the lack of IFN
response was unlikely to be a consequence of editing. The three clonal cell
populations used in this study were later found to have been contaminated with
bacteria of the Mycoplasma genus. Mycoplasma contamination can affect the ability
of cells to produce cytokines, including IFN (Drexler & Uphoff, 2002). It is possible
that this contamination obscured the detection of an IFN response to siRNA-275 in
the edited cells. At the time of writing, work is currently ongoing at The Roslin Institute
to develop Mycoplasma-free JMJD6” A549 cells. These may be used in the future to
re-examine the effect of siRNA-275 transfection, as well as to further test the role of

JMJD6 in innate immune regulation.
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The suggestion that transfection with siRNA-275 may induce an IFN response has
implications for studies that have used siRNA-275 to investigate the functions of
JMJD6. The sequence was first published in Heim et al., 2014, where it, and other
JMJD6-targeting siRNA sequences, were used to examine the role of JMJD6 in
alternative splicing (Heim et al., 2014). Induction of an IFN response by siRNA-275
could have affected the findings in this work, as there is evidence that IFN itself may
alter mRNA splicing factors (Giorelli et al., 2001). At the time of writing, no other
published papers specifically name or specify the sequence of this problematic
JMJD6-targeting siRNA, although there are many studies that do not give the
sequences of siRNAs used. The siRNA-275 sequence, designed and published in the
Heim et al. study, was custom made and reproduced for the work of Drs Kwok and
Hu, as well as the work presented here. The sequence is not commercially available.
The findings of this PhD project strongly recommend against the use of siRNA-275

for future work.
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Chapter 3: Evaluating CMTR1 as a drug target
in AV infection

3.1. Background and aims
3.1.1. Identification of CMTR1 as a host factor for IAV

CMTR1 was associated with a proviral role in IAV replication by a genome-wide
CRISPR screen by Li et al. (2020). In this study, A549 cells expressing Cas9 were
infected with a lentivirus library which encoded sgRNAs targeting more than 18,000
protein coding genes, as well as non-targeting sgRNA controls. Edited cells, and
unedited control cells, were infected with PR8 for 16 hours before being sorted by
FACS based on their surface expression of viral HA (Li et al., 2020a). Cells with low
HA expression were analysed to identify genetic alterations that restricted IAV
replication and the top hits were re-examined in a secondary, more targeted screen.
The combined results of these screens gave a list of 121 genes, which included known
and predicted IAV host factors as well as genes that had not been previously
associated with the IAV lifecycle. One of the genes in this latter group was CMTR1,
which, along with three other candidate host factors, were further investigated using
polyclonal knockout populations (Li et al., 2020a). CMTR1 knockout cells infected with
PR8 showed reduced numbers of infected (HA-positive) cells compared to an
unedited population after 16 hours (Figure 3.1A), and gave reduced titres of infectious
virus over 72 hours (Figure 3.1B). This restricted IAV infection was also seen after
infection with a lab adapted H3N2 IAV strain as well as with more recent clinical

isolates and could be rescued by overexpression of CMTR1 (Li et al., 2020a).

These data strongly suggested that CMTR1 is a proviral host factor for IAV. The
protein, its cellular function, and further investigations by the authors of this screen

are discussed below.
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Figure 3.1 Published data indicating a proviral role for CMTR1. Figures adapted from Li
et al. (2020). Data for CMTR1 is indicated with purple arrows (added for this thesis). A: A549
cells that had been transduced using the indicated sgRNA were infected with PR8 at MOl 5.
Surface expression of HA was analysed at 16 hours post infection. Bars represent the mean
of three biological replicates, error bars represent standard deviation. B: Edited cells were
infected with PR8 at MOI 0.1. Infectious virus production was measured by plaque assay at
24, 48 and 72 hours post infection (h.p.i.). Points represent the mean of three biological
replicates, error bars represent standard deviation. C: A549 cells that had been transduced
with either non-targeting or CMTR 1-targeting sgRNA were left untreated, infected with PR8 at
MOI5, or treated with IFN-B. Levels of IFN-B mRNA, was measured by RT-qPCR at 16 h.p.i.
Bars represent the mean of three biological replicates, error bars represent standard deviation.
D: Polyclonal populations of edited cells were pre-treated with 0, 1, 5, or 10 nM Baloxavir and
infected with PR8 at MOI 5. Surface expression of HA was analysed at 16 hours post infection.

Bars represent the mean of three biological replicates, error bars represent standard deviation.
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3.1.2. CMTR1

3.1.2.1. mRNA cap structures
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Figure 3.2 Cap structures and CMTR1 domain architecture. A: Structures of mRNA 5’ cap,
taken from Schuberth-Wagner et al., 2015. B: Domain architecture of CMTR1. NLS: nuclear

localisation signal; GT-like: guanylyltransferase-like domain.

In eukaryotic cells, mMRNA molecules are capped at their 5° end with an N7-
methylguanosine (m’G), linked to the first nucleoside (N) by an inverted 5-5
triphosphate bridge (ppp) (Shatkin, 1976). This m’GpppN structure, known as cap0,
is added to pre-mRNA molecules co-transcriptionally by enzymes with RNA
triphosphatase, RNA guanylyltransferase and RNA guanine-N7 methyltransferase
activity, which interact with the C-terminal domain (CTD) of the largest subunit of RNA
pol Il, RPB1 (Ho et al.,, 1998). The cap0 structure is essential for the viability of

mammalian cells (Shafer et al., 2005).

Subsequent to the formation of the capO structure in mammalian cells, the first
transcribed nucleotide of the MRNA molecule is methylated at the ribose 2'-O position,
resulting in a m’GpppNm structure called cap1 (Wei et al., 1975). All human mRNA

molecules have at least this cap structure, and approximately half are further
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methylated at the ribose 2'-O position on the second transcribed nucleoside

(m’GpppNmNm) which gives a cap2 structure (Furuichi et al., 1975) (Figure 3.2A).

Cap1 structures have also been found on many viral RNAs and the first 2’-O-
methyltransferase enzyme to be isolated and characterised was the VACV VP39 in
1978 (Barbosa & Moss, 1978). Since then, 2’-O-methyltransferase activity has been
attributed to proteins encoded by many other viruses including the viral RNA-
dependent RNA polymerases of VSV (Hercyk et al., 1988) and Dengue virus (Egloff
et al., 2002). CMTR1 was identified as the enzyme responsible for cap1 formation in

humans in 2010(Bélanger et al., 2010).

3.1.2.2. CMTR1
CMTR1 had previously been named KIAA0082 when it was first identified as part of

the Kazusa cDNA sequencing project (Ohara et al., 1997). It was then reported as a
host protein upregulated in chimpanzees following infection with HCV (Su et al.,
2002). Expression of the protein was also found to be upregulated in the early stages
of VACV infection in HelLa cells (Guerra et al., 2003). Furthermore, expression of
KIAA0082 was found to be upregulated in various cell types following type | IFN
treatment (Geiss et al., 2003). In all three cases, the gene was identified along with a
number of others and was not investigated further. The protein was later renamed
ISG95, where the 95 refers to its molecular weight of 95 kDa (Haline-Vaz et al., 2008),
prior to the discovery of its role in cap1 formation, when it was renamed again to

CMTR1 (Bélanger et al., 2010).

CMTR1 is a multi-domain protein that contains a central RrmJ/FtsJ methyltransferase
domain (Haline-Vaz et al., 2008), which binds the cap0 structure and a methyl donor
cofactor in order to generate the cap1 (Smietanski et al., 2014). Additionally, the
protein has an N-terminal NLS and a G-patch domain, a short motif that is associated

with RNA binding proteins (Aravind & Koonin, 1999; Haline-Vaz et al., 2008). The G-
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patch domain of CMTR1 has also been reported to interact with other proteins,
including the RNA helicase DHX15 (Inesta-Vaquera et al., 2018; Toczydlowska-
Socha et al, 2018). A C-terminal WW domain also facilitates protein-protein
interactions, including with the RNA pol Il RPB1 subunit (Haline-Vaz et al., 2008;
Inesta-Vaquera et al., 2018). CMTR1 contains a guanylyltransferase (GT)-like domain
C-terminal to the methyltransferase domain (Figure 3.2B). Haline-Vaz et al. reported
that CMTR1 did not rescue cap formation when expressed in yeast mutants lacking
the fungal guanylyltransferase enzyme (Haline-Vaz et al., 2008), suggesting that the
GT-like domain of CMTR1 does not contribute to formation of the cap0 structure.
However, Smietanski et al. suggested that the GT-like domain is required for optimal
methyltransferase activity of CMTR1, as mutants truncated after the
methyltransferase domain showed reduced binding to and methylation of synthetic
RNA substrates (Smietanski et al., 2014). However these mutants also lacked the
WW domain, so the reduction in methyltransferase activity cannot be fully attributed
to the GT-like domain. More work is needed to fully understand the functions of all the
CMTR1 domains. Current understanding seems to suggest that CMTR1 is part of a
complex of RNA-binding proteins that contributes to co-transcriptional modifications

of RNA required for its later processing and function.

3.1.2.3. mRNA cap functions

Cap structures on mRNA are known to promote stability by protecting transcripts from
degradation by exonucleases (Furuichi et al., 1977). The cap0 structure is also
required for efficient splicing of pre-mRNA (Konarska et al., 1984; Ohno et al., 1987)
via the cap binding complex (CBC), which recruits spliceosome components (Pabis
et al., 2013). The CBC also mediates export of mMRNA to the cytoplasm where it
recruits translation initiation factors which then bind to the cap itself (Fortes et al.,

2000). It is unclear if the cap1 structure affects splicing, however RNA molecules

87



containing the 2’-O-methylation have been found to have enhanced ribosomal binding
(Muthukrishnan et al., 1976) and translation initiation (Muthukrishnan et al., 1978;
Zelus et al., 1989) compared to those without. Furthermore, significantly reduced
translation rates have been observed in CMTR1" cells compared to wild type cells
(Liang et al., 2022). The mechanism behind this is not yet known, however cap0 and
cap1 have been shown to bind to the eukaryotic translation Initiation Factor 4E

(elF4E) with similar affinity (Sikorski et al., 2020).

The major role of cap1 seems to be in recognition of mMRNAs as self. Inactivation of
viral cap 2’-O-methyltransferases has been shown to result in increased susceptibility
to antiviral IFN-induced proteins with tetratricopeptide repeats (IFITs) (Daffis et al.,
2010). It has been suggested that IFIT proteins have high affinity for uncapped
transcripts and for the capO structure, but much lower affinity for cap1 (Abbas et al.,
2013; Kumar et al., 2014). Similarly, the presence of a cap1 structure on an mRNA
transcript greatly reduces the affinity with which RIG-I is able to bind to it. Schuberth-
Wagner et al. and Devarkar et al. both generated synthetic RNA molecules containing
the 5'-triphosphate and various features of the cap0, 1 and 2 structures which were
transfected into human cells in order to examine the influence of each modification on
RIG-I binding and activation. Both groups found that the binding affinity of RIG-I to
RNA containing the cap0 structure and to RNA with only a 5’-triphosphate was very
similar, and that the binding affinity of RIG-I to RNA containing the cap1 structure was
greatly reduced compared to the other RNAs (Devarkar et al., 2016; Schuberth-
Wagner et al., 2015). Consequently, RIG-I-mediated IFN responses were induced by
RNA oligomers containing the 5’-triphosphate and oligomers with the capO structure,
however, the IFN response to cap1-containing RNA was greatly reduced, or absent
(Devarkar et al., 2016; Schuberth-Wagner et al., 2015) . Mutation of a single histidine

in the RNA-binding site of RIG-I, which had previously been seen to interact with the

88



2’-hydroxyl of the first nucleotide (Lu et al., 2010; Wang et al., 2010), allowed RIG-I to
bind to cap1 with equal affinity to cap0, which lead to activation of RIG-I and the
induction of IFN expression (Devarkar et al., 2016; Schuberth-Wagner et al., 2015).
Interestingly, Schuberth-Wagner et al. also saw that RNA oligomers which contained
a 2’-0O-methyl on the first nucleotide but lacked an m’G structure (pppNmN) did not
induce a RIG-I-mediated IFN response, suggesting that only this 2’-O-methyl is
required to inhibit RIG-I recognition of RNA molecules (Schuberth-Wagner et al.,
2015). This further highlights the importance of the function of CMTR1 in preventing

IFN responses to RNA.

Further supporting the idea that cap methylation can be used to discriminate host from
viral MRNA, coronaviruses with inactivated 2’-O-methyltransferases have been found
to induce higher MDA5-mediated IFN responses and to be more sensitive to IFN than
wild type viruses (Zust et al., 2011). These 2’-O-methyltransferase deficient viruses
were able to replicate normally in MDA5™ or IFIT1” cells (Ziist et al., 2011). Thus, the
cap1 structure is a marker of self that prevents both the activation of PRRs and the

binding of immune effector proteins.

3.1.3. CMTR1 as a host factor for IAV

Due to the importance of cap1 in preventing the activation of an immune response,
many viruses encode their own 2’-O-methyltransferase enzyme. IAV does not encode
its own capping enzymes, instead acquiring the cap structure from host mRNA
molecules via cap-snatching, as described in section 1.2.3.2. Briefly, IAV RNA
polymerase subunits bind to RNA pol Il and to mRNA cap structures (Engelhardt et
al., 2005; Ulmanen et al., 1981) and cleave the nascent host pre-mRNA in order to
use the cap and 10-15 nucleotides as a primer for the transcription of IAV genes (Krug
et al., 1980a; Krug et al., 1979). Transcription of viral mMRNA is dependent on these

primers (Plotch et al., 1981). IAV therefore relies on the host 2’-O-methyltransferase
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enzyme to generate a cap1 structure in order that viral RNA molecules do not activate
RIG-I. Furthermore, 1AV cleaves mRNAs with cap1 structures more efficiently than
those with a cap0 (Bouloy et al., 1980). As such, Li et al. hypothesised that CMTR1

is required for efficient cap snatching by IAV.

Immunoprecipitation experiments in CMTR1 knockout cells showed that a smaller
proportion of NP-encoding RNA was associated with elF4E than in wild type cells (Li
et al., 2020a). This lead the authors to conclude that CMTR1 knockout cells contained
less capped viral RNA and therefore that CMTR1 is required for IAV cap-snatching.
CMTR1 knockout cells also showed increased IFN production (Figure 3.1C) and
expression of antiviral ISGs in response to IAV infection compared to wild type cells
(Li et al., 2020a). This is consistent with the findings that RIG-I is activated by mRNAs
with capO0, but not cap1 5-termini (Devarkar et al., 2016; Schuberth-Wagner et al.,
2015). Whether viral RNA molecules are uncapped or capped with cap0 in CMTR1
knockout cells, they are more likely to be bound by RIG-I and thus activate an IFN

response.

Finally, Li et al. investigated the effects of the IAV antiviral Baloxavir in CMTR1
knockout cells. Baloxavir is the active form of Baloxavir Marboxil (Xofluza) which has
been shown to be effective in the treatment of IAV infection in humans (Hayden et al.,
2018) and was approved for use in the UK in 2021. The drug inhibits the cap-
dependent endonuclease activity of PA, which is required for cap-snatching (Noshi et
al., 2018; Takashita et al., 2018). Li et al. found that the antiviral effects of Baloxavir
were greater in CMTR1 knockout A549s than in unedited cells (Figure 3.1D). This
suggested potential synergistic action between loss of CMTR1 expression and

Baloxavir (Li et al., 2020a).
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3.1.4. Aims for this project
The data presented by Li et al. showed that IAV replication was reduced and the IFN

response increased in the absence of CMTR1, which was hypothesised to be due to
impaired cap-snatching in CMTR1 knockout cells. This project aimed to further
examine the role of CMTR1 in the IAV lifecycle, with a view to analyse its suitability
as a drug target. Initial plans sought to clarify the effects of CMTR1 depletion on the
IAV lifecycle. For example, as host mMRNAs with cap0 would presumably also be
recognised as non-self, cells that lack CMTR1 might be more immunologically primed
and therefore have reduced infectability. As the cellular role of CMTR1 is important
for normal host functioning, inhibition of the protein may have dangerous side effects.
A more detailed understanding of the role of CMTR1 in the IAV life cycle will allow for
the better design of CMTR1-targeting antiviral treatments which minimise risk to the

host.

For this work, an siRNA knockdown protocol was developed which was used instead
of CRISPR-Cas9 knockout for a number of reasons. Primarily, at the time of writing,
no specific chemical inhibitors of CMTR1 function are known. Knockdown of gene
expression by RNAI is more representative of a drug treatment, as the result is a
temporary and incomplete reduction of protein levels rather than its complete,
permanent removal. Furthermore, the cap1 structure made by CMTR1 is required for
many cellular functions, as described above, therefore knockout may lead to
undetected adaptations in edited cells that could confound the results of infection
experiments. Although there are also potential issues with siRNA-mediated
knockdown, as demonstrated in the previous chapter, using multiple techniques to

evaluate the role of CMTR1 in IAV infection makes for robust data.
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3.2. Results
3.2.1. Development of a CMTR1 knockdown protocol in A549 cells
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Figure 3.3: CMTR1 knockdown protocol development. A: A549 cells were transfected with
either non-targeting (N) or CMTR1-targeting (C) siRNA at a range of 5-100 nM or left
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untransfected (U). Cells lysates were harvested 48 hours post transfection and examined via
western blot for CMTR1 and an alpha tubulin loading control. Images for a single
representative experiment are shown. MW indicates molecular weight markers. B: A549 cells
were transfected with 0-120 nM of either CMTR1-targeting or non-targeting siRNA, treated
with 50 ug/uL puromycin, or left untreated (Cells only). After 48 hours cell lysates were
analysed using a CellTiter-Glo viability assay kit. Background luminescence was established
by incubating cell-free media with the CellTiter-Glo reagent (media only). Points represent the
mean of technical duplicates within independent repeats, bars represent the mean of two
biological replicates, and error bars represent standard deviation. Data were analysed by one-
way ANOVA with Tukey’s multiple comparison tests using GraphPad Prism 8. C: CMTR1
levels from western blots were determined using LI-COR Image Studio software and
normalised to alpha tubulin in the same sample. Bars represent the mean of nine independent
experiments in which cells were transfected with 30nM siRNA, expressed as a proportion of
the matched control. Error bars represent standard error of the mean. Data were analysed by

unpaired t test using GraphPad Prism 8. ****: p<0.0001.

In order to establish a CMTR1 knockdown protocol, an siRNA titration was performed
using a CMTR1-targeting ON-TARGETplus siRNA SMARTpool. A549 cells were
transfected with either non-targeting (N) or CMTR1-targeting (C) siRNA at
concentrations ranging from 5 to 100 nM, or left untransfected (U). Cells were then
lysed and CMTR1 protein levels were assessed by western blot. Probing for alpha
tubulin as a loading control showed consistent lysate recovery from all samples other
than cells treated with 10nM non-targeting siRNA (Figure 3.3A). Probing the same
western blots with anti-CMTR1 antibody showed a polypeptide migrating at the
expected 95 kDa in untransfected cells and in cells transfected with non-targeting
siRNA. The same band was seen with much lower intensity in cells transfected with
all concentrations of CMTR1-targeting siRNA, indicating successful knockdown even

at the lowest concentration of siRNA tested.

CMTR1 plays an important role in the normal functioning of cells; therefore, cell
viability following siRNA transfection was assessed in order to assess cytotoxicity in
the protocol. A549 cells were transfected with a two-fold dilution series of siRNA

concentrations ranging from 7.5 nM to 120 nM. After 48 hours, cells were lysed and
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analysed using a CellTiter-Glo viability assay. The assay produced a luminescence
signal proportional to the levels of ATP in the lysate which gave an indication of the
viability of the cells. In order to establish a baseline for luminescence produced by
healthy cells, untreated A549 cells (cells only) were also analysed. Background
luminescence was determined by incubating the CellTiter-Glo reagent with cell-free
media (media only), and the effect of high levels of cytotoxicity on the assay readout
was determined by analysing the lysates of cells that had been treated with the protein

synthesis inhibitor, puromycin.

The luminescence signal recorded from cells that had been treated with non-targeting
siRNA at the lowest concentration of 7.5 nM was comparable to that produced by
untreated cells, as were the signals from cells transfected with 25, 30, and 60 nM non-
targeting siRNA (Figure 3.3B). Cells transfected with 120 nM non-targeting siRNA
showed reduced mean luminescence compared to untreated cells, although this was
not statistically significant (p=0.9801). The viability of cells that had been transfected
with 7.5 nM CMTR1-targeting siRNA was comparable to untreated cells, whereas
cells transfected with 15, 30, or 60 nM CMTR1-targeting siRNA showed reduced
luminescence compared to untreated cells and to cells treated with the matching
concentration of non-targeting siRNA, although this was not significant at any
concentration. Luminescence measured from cells treated with 120 nM CMTR1-
targeting siRNA was further reduced compared to untreated cells, although this was
also not statistically significant (p=0.9295). Despite the lack of statistical significance,
the CellTiter-Glo assay showed a trend towards reduced cell viability in cells that had
been transfected with higher concentrations of siRNA. This cytotoxicity appeared to

be greater in cells transfected with CMTR1-targeting siRNA.

On balance, 30 nM siRNA was chosen to be used for subsequent experiments, and

any reduction in cell viability seen with transfection with this concentration of CMTR1-
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targeting siRNA was deemed to be acceptable for use in the context of this study. To
provide quantitative data on the reproducibility and effectiveness of this protocol at
depleting CMTR1 expression, CMTR1 levels from replicate siRNA titration
experiments, as well as subsequent experiments in which the 30 nM protocol was
used, were collated and expressed relative to the matched non-targeting siRNA-
treated samples (Figure 3.3C). An average knockdown efficiency of approximately
85% was observed in cells transfected with 30 nM CMTR1-targeting siRNA compared
to 30 nM non-targeting siRNA (p<0.0001). This level of CMTR1 depletion was judged

to be sufficient for this type of study.

Together with the cell viability data, this showed CMTR1 protein levels in A549 cells
could be greatly reduced using 30nM siRNA and that cells could tolerate this

temporary depletion with minimal cytotoxicity.
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Figure 3.4: IFN response to siRNA titration. A549 cells were transfected with 5-100 nM of
either CMTR1-targeting or non-targeting siRNA for 48 hours, 5 ug poly I:C for 6 hours or left
untransfected (Cells only). Cell supernatants were harvested and type | IFN was measured by
HEK-Blue™ assay. Data points represent the means of technical duplicates from independent
experiments, error bars represent standard deviation. Data were analysed by one-way ANOVA

with Tukey’s multiple comparison tests using GraphPad Prism 8.

95



The final step of this protocol development and validation was investigating IFN
response to CMTR1 knockdown. The cap1 2'-O-methylation of host transcripts by
CMTR1 is thought to act as a marker for recognition as self, by reducing the affinity
with which RIG-I can bind to the RNA molecules and thus induce IFN responses
(Devarkar et al., 2016; Schuberth-Wagner et al., 2015). Accordingly, at least one
previously published study has observed the induction of an IFN response, indicated
by increased levels of IFN-B mRNA, following siRNA-mediated knockdown of CMTR1
(Schuberth-Wagner et al., 2015). However other studies in which siRNA was used to
knockdown CMTR1 did not report an IFN response to the depletion (Bélanger et al.,
2010; Lee et al., 2020; Williams et al., 2020). Nor was an IFN response observed in

CRISPR-edited CMTR1 knockout cells without further stimulation (Li et al., 2020a).

To test the IFN response to this CMTR1 knockdown protocol, A549 cell supernatants
were harvested from the experiments described above, 48 hours post transfection
with 5-100 nM of either non-targeting or CMTR1-targeting siRNA. Supernatants of
untransfected cells and cells that had been transfected with poly I:C were also
harvested. These samples were assessed by HEK-Blue™ assay, and standard
curves of known concentrations of type | IFN were used to calculate approximate IFN
levels. Untransfected cells (cells only), showed no detectable IFN and cells
transfected with poly I:C acted as a positive control to confirm the ability of the cells
to produce an IFN response (Figure 3.4). Cells which had been transfected with non-
targeting siRNA showed no IFN response above the limit of detection of the HEK-
Blue™ assay, and at all concentrations were found to be comparable to untransfected
cells. Similarly, cells that had been transfected with CMTR1-targeting siRNA, and

hence were expressing reduced levels of CMTR1 protein, showed no IFN response.

Therefore, the depletion of CMTR1 protein did not result in a detectable IFN response

in this system, suggesting that, within the timeframe of these experiments, reduced
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CMTR1 expression did not lead to an immune reaction against cellular RNA
molecules. The CMTR1 knockdown protocol developed above, in which cells were
transfected with 30 nM siRNA, was therefore deemed suitable to be used for

examining the effects of CMTR1 depletion on 1AV infection.

3.2.2. Infection of CMTR1 knockdown cells
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Figure 3.5: Viral NP levels in infected CMTR1 knockdown cells. A549 cells were
transfected with CMTR1-targeting (C) or non-targeting (N) siRNA or left untransfected (U) and
incubated for 48 hours. Cells were infected with PR8 and cell lysates were harvested at the
indicated time points. Mock infected cells were incubated for 24 hours in virus free media.
Lysates were examined by western blot for cellular CMTR1, viral NP and an alpha tubulin
loading control. Single representative western blots are shown for experiments in which cells
were infected with PR8 at A: MOI 5 or B: MOI 0.01. hpi: hours post infection. MW indicates

molecular weight markers.

In order to determine if siRNA-mediated CMTR1 depletion had a similar inhibitory
effect on IAV replication as CMTR1 knockout (Li et al., 2020a), siRNA-treated cells
were infected with PR8. A549 cells were transfected with either CMTR1-targeting or

non-targeting siRNA or left untransfected; 48 hours post transfection cells were
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infected with PR8 at MOI 5 or 0.01. Cell lysates were harvested at various time points
and analysed by western blot to confirm CMTR1 knockdown. Viral NP was also
probed for in order to determine the effect of CMTR1 depletion on IAV protein

production.

For single cycle infections at MOI 5, in which nearly all cells should be infected, lysates
were harvested at time points up to 24 hours post infection. Examining these by
western blot for an alpha tubulin loading control showed somewhat variable lysate
recovery between the sets of samples (Figure 3.5A); this was considered when
judging the levels of CMTR1 and NP. Staining the same western blots with anti-
CMTR1 antibody indicated maintained and consistent expression of CMTR1, relative
to tubulin, in untransfected cells over the course of infection. Similarly, cells that had
been transfected with non-targeting (N) siRNA showed expression of CMTR1 protein
at a consistent level throughout the course of infection, and equivalent to those seen
in untransfected cells, relative to tubulin. Further, cells that had been transfected with
CMTR1-targeting siRNA showed greatly reduced levels of the protein compared with
both control groups, confirming successful knockdown. Probing a separate western
blot of the same samples with anti-NP antisera produced signal at the expected size
of 56 kDa, above background in untransfected cells at 8 hours post infection. This
band was not observed above background levels in mock infected cells of any siRNA
treatment condition. Comparable levels of NP, relative to tubulin, were seen at 8 hours
post infection in cells that had been transfected with non-targeting siRNA. CMTR1
knockdown cells also showed similar relative expression of NP at this time point.
Throughout the course of infection NP levels were seen to increase. This was seen
to be true for all conditions and at each time point, and NP levels observed in CMTR1

knockdown cells were comparable to the corresponding non-targeting siRNA-treated
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and untransfected cells. This indicated that NP production in IAV infected cells was

not inhibited by CMTR1 knockdown.

Multi-cycle infections at MOI 0.01 were also performed. In this type of infection, a
small proportion of cells are infected for a longer time in order to scrutinise the ability
of the virus to spread from cell to cell. Cells that had been infected at this lower MOI
were harvested at 6 hours post infection and then every 12 hours up to 48 hours.
Again, lysates were analysed by western blot in order to confirm CMTR1 knockdown.
Staining for alpha tubulin indicated variable levels of lysate recovery across samples
(Figure 3.5B), but this was not specific to any siRNA treatment condition. Staining for
CMTR1 gave the expected band at consistently equal intensities, relative to tubulin,
in untransfected cells and cells transfected with non-targeting siRNA throughout the
course of infection. CMTR1 reactivity was seen at much lower intensity, if at all, in all
samples that had been transfected with CMTR1-targeting siRNA indicating successful
knockdown. At this lower MOI, NP was not detected until 24 hours post infection.
Here, the level of NP was seen to be consistent between conditions, with similar signal
intensity observed in CMTR1 knockdown cells as in both CMTR1-expressing control
groups. Higher levels of the viral protein were seen at later time points for all
conditions. Again, no difference in NP protein expression was seen in CMTR1
knockdown cells compared to cells that had been transfected with non-targeting

siRNA or to untransfected cells.

Overall these data showed that CMTR1 expression in A549 cells was not increased
by IAV infection at either MOI. Furthermore, accumulation of a major IAV protein was
not inhibited by CMTR1 knockdown, suggesting that IAV gene expression may not be
inhibited by CMTR1 depletion, as it was reported to be in CRISPR-edited CMTR1

knockout cells.
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Figure 3.6: Infectious virus production in CMTR1 knockdown cells. A549 cells were
transfected with either CMTR1-targeting or non-targeting siRNA or left untransfected. After 48

hours, cells were infected with PR8 at the indicated MOls. Cell supernatants were harvested

100



at various time points and analysed by plaque assay on MDCK cells. A: Points represent the
mean of three biological replicates, error bars represent standard deviation. B: Points
represent the mean of two biological replicates, error bars represent standard deviation. C:
Points represent the mean of three biological replicates, error bars represent standard
deviation. Data were analysed by two-way ANOVA with Tukey’s multiple comparison test

using GraphPad Prism 8. No significant differences were found.

In addition to analysing viral gene expression, IAV replication in CMTR1 knockdown
cells was assessed by measuring the production of infectious virus. Cell supernatants
were harvested from the infection experiments described above, as well as from
similar experiments in which cells were infected at MOI 0.001, and viral output was

measured by plaque assay and growth curves were generated.

First, the effect of CMTR1 knockdown on virus titre in a single cycle infection was
examined using MOI 5 (Figure 3.6A). Virus titre was measured at 4, 8, 12, 16 and 24
hours post infection. Titres from untransfected cells showed the expected pattern for
high MOI IAV infection, of a sharp rise after 8 hours that plateaued by 16 hours post
infection. Cells which had been transfected with non-targeting siRNA showed the
same kinetics of infection as untransfected cells, but actual titre values were slightly
lower, although not statistically significantly different from those from untreated cells.
Cells which had been transfected with CMTR1-targeting siRNA showed infection
kinetics and mean titres comparable to both untransfected cells and cells transfected
with non-targeting siRNA. As with the non-targeting condition, titres produced by
CMTR1 knockdown cells appeared slightly lower than those produced by
untransfected cells. However, again, this reduction was not statistically significant at
any time point. As there was no difference in titre seen between cells transfected with
either siRNA, any reduction compared to untransfected cells was likely an artefact of

the transfection process rather than an effect of CMTR1 depletion.
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In order to examine the ability of IAV to spread between CMTR1 knockdown cells,
multicycle infections were performed using MOI 0.01 and MOI 0.001 (Figure 3.6B
and C respectively). In both cases, virus titres measured from CMTR1 knockout cells
were comparable to those from cells transfected with non-targeting siRNA and from
untransfected cells throughout the course of infection. This indicated normal 1AV

replication and spread despite depletion of CMTR1 protein.

CMTR1 knockout edited cells, exhibited greatly reduced PR8 titres compared to
unedited cells (Li et al., 2020a). However no defect in infectious virus production was
observed in the CMTR1 knockdown cells. Overall, CMTR1 knockdown cells showed
viral protein expression, infectious virus production and viral spread that was
equivalent to cells expressing normal levels of CMTR1. Together the data presented
here do not support an essential role for CMTR1 in IAV infection, contrary to what was

seen in knockout cells (Li et al., 2020a).
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Figure 3.7: IFN response in CMTR1 knockdown cells infected with IAV. A549 cells were
transfected with either CMTR1-targeting or non-targeting siRNA or left untransfected. At 48
hours post transfection, cells were infected with PR8 at MOI 5 and incubated in trypsin-free
media. Mock infected cells were incubated for 24 hours in virus-free media. Cell supernatants

were harvested at the indicated times post infection (hpi) and virus was inactivated using
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ultraviolet radiation. A positive control group of uninfected cells were transfected with poly I:C
and cell supernatant was harvested 6 hours post transfection. IFN levels in the supernatants
were measured by HEK-Blue™ assay. Data points represent the means of technical duplicates
from independent biological repeats, error bars represent standard error of the mean. Data
were analysed by two-way ANOVA with Dunnett’s multiple comparison tests using GraphPad

Prism 8.

Li et al. also reported increased levels of IFN-8 mRNA in IAV infected CMTR1
knockout cells compared to unedited cells. Therefore, the IFN response to IAV
infection was examined in CMTR1 knockdown cells. Cell supernatant was harvested
from siRNA-treated or untransfected cells which had been infected with PR8 at MOI
5 for examination by HEK-Blue™ assay. For this analysis, the infection overlay
omitted trypsin, which is required for IAV to spread between cells in tissue culture, but
would inhibit the colorimetric SEAP reaction of the HEK-Blue™ assay. Therefore IFN

response to low MOI, multi-cycle infections could not be measured in this way.

Transfection with poly I:C was used to confirm the ability of the cells to produce IFN.
Within these experiments, untransfected cells that were treated with poly I:C showed
great variation in the levels of IFN produced, and overall much lower levels than had
been previously seen in this study (Figure 3.7). In fact, in one biological repeat, no
IFN response was detected above background in the untransfected cells. Cells that
had been transfected with non-targeting siRNA 48 hours prior to transfection with poly
I:C showed a small IFN response, the mean of which was also much lower than that
seen in untransfected cells previously. CMTR1 knockdown cells transfected with poly
I:C also showed a small IFN response that was even weaker than the response from
either control group. This weak response to the positive control indicated either a
defect in the ability of the cells to produce IFN or a fault with the assay. No IFN was
detected above background in any of the siRNA treatment conditions at any time point
of infection, which correlates with the lack of 1AV inhibition seen in these cells.

However, due to the lack of robust positive controls, these data did not permit the
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strong conclusion of a lack of an IFN response to PR8 infection in CMTR1 knockdown

cells.

In summary, using siRNA to deplete CMTR1 protein in A549 cells did not result in
inhibition of IAV infection, as indicated by maintained viral gene expression (Figure
3.5) and infectious virus titres (Figure 3.6). This was not consistent with the findings
presented in Li et al. (2020), who suggested CMTR1 is an essential host protein for
IAV replication. Due to the difference in the two systems used to manipulate CMTR1
expression, the data presented here did not completely disprove a proviral role for
CMTR1 in IAV infection; however they did suggest that CMTR1 alone may not be a

suitable drug target for the treatment of IAV.
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3.2.3. Examination of CMTR1 knockdown for potential synergistic

action with Baloxavir
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Figure 3.8: Baseline Baloxavir activity. A: A549 cells were incubated with at a range of
concentrations of Baloxavir, DMSO vehicle only (0 nM), 50 ug/uL puromycin, or left untreated

(Cells only) for 24 hours. Cell lysates were analysed using a CellTiter-Glo viability assay.

Background luminescence was established by incubating cell-free media with the CellTiter-

Glo reagent (media only). Points represent the mean of technical duplicates, bars represent

the mean of three biological replicates, and error bars represent standard error of the mean.
Data were analysed by one-way ANOVA with Tukey’s multiple comparison tests using
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GraphPad Prism 8. Significance marker refers to comparison with cells only. ****: p<0.0001 B:
Ab549 cells were pre-treated with 1, 5, 10, or 50 nM Baloxavir or DMSO only (0 nM) for 24
hours prior to infection with PR8 at either MOI 5 or MOI 0.01. Cell supernatants were harvested
16 hours post infection and analysed by plaque assay on MDCK cells. Bars represent the
mean of two biological replicates, error bars represent standard deviation. The dotted lines

indicate the limit of detection for the assay.

In order to examine the potential suitability of CMTR1 as a target alongside a
combination treatment, CMTR1 knockdown was combined with Baloxavir treatment.
Li et al. found that CMTR1 knockout cells showed greater IAV inhibition with Baloxavir
pre-treatment than wild-type cells (Figure 3.2D), which suggested a potential
synergistic interaction between the loss of CMTR1 and Baloxavir treatment. In my
study, no inhibition of IAV was seen with CMTR1 knockdown alone. However, the
potential for CMTR1 protein depletion as an enhancer of Baloxavir antiviral activity

was examined.

First, appropriate Baloxavir concentrations for use in this system were determined by
assessing cytotoxicity of the drug. A549 cells were incubated with a range of
concentrations of Baloxavir or with DMSO vehicle only (0 nM) for 24 hours. Cell
lysates were analysed by CellTiter-Glo assay, using untreated cells (cells only) as a
measure of the luminescence produced by healthy cells, and puromycin treatment to
show the effect of high levels of cytotoxicity on the assay readout. Background
luminescence was determined by incubating the CellTiter-Glo reagent with cell free

media (media only).

Cells that had been treated with DMSO only (0 nM Baloxavir), appeared to show
reduced cell viability compared to untreated cells (Figure 3.8A), although this was not
statistically significant (p=0.8297). The luminescence signal measured from these
cells was significantly higher than that seen in puromycin-treated cells. In cells treated

with Baloxavir, no significant difference was observed in cell viability compared to
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cells only or DMSO only, even with increased Baloxavir concentrations. Therefore, it
was determined that the concentrations used by Li et al. (1, 5, and 10 nM) as well as

an additional, higher concentration of 50 nM, were suitable for use in this study.

To demonstrate baseline levels of Baloxavir antiviral activity, A549 cells were treated
with increasing concentrations of Baloxavir or with DMSO vector only 24 hours prior
to infection with PR8 at MOI 5 or 0.01. After a further 16 hour incubation, cell
supernatants were harvested and analysed by plaque assay. Cells that had been pre-
treated with DMSO only showed normal levels of infectious virus production at both
MOls tested here (Figure 3.8B). At MOI 5, cells pre-treated with the lowest
concentration of Baloxavir (1 nM) showed virus titres reduced by an order of
magnitude compared to 0 nM. At 5 nM, cells showed titres approximately three orders
of magnitude lower than those seen with DMSO only. Further reduction in infectious
virus was seen at 10 nM and cells pre-treated with 50 nM Baloxavir showed mean
titres approaching the limit of detection for the assay. Similarly, in cells infected at
MOI 0.01, pre-treatment with 1 nM Baloxavir also greatly reduced the observed titres
compared with vector only (Figure 3.8C). Furthermore, pre-treatment with Baloxavir
at 5 nM or higher reduced infectious virus output to below the limit of detection of the
assay. Overall, the Baloxavir concentrations used in the Li et al. (2020) study caused
a dose-dependent reduction in virus titre with no effect on host cell viability. These
concentrations were then used in combination with siRNA knockdown, and due to the
data shown here, plagque assays with a lower limit of detection were performed to

analyse low MOI infections with CMTR1 knockdown.
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Figure 3.9: Infection of CMTR1 knockdown cells pre-treated with Baloxavir. A549 cells
were transfected with either CMTR1-targeting (CMTR1) or non-targeting siRNA. At 48 hours
post transfection cells were treated with 0, 1, 5, 10 or 50 nM Baloxavir for a further 24 hours
prior to infection with PRS8. Infected cell supernatants were analysed by plaque assay on
MDCK cells. A: Virus titres from cells infected at MOl 5 at 16 hours post infection. Bars
represent the titres measured in a single experiment. B: Virus titres from cells infected at MOI
0.01. Filled points represent titres measured at 16 and 24 hours post infection in one
independent experiment, empty points represent titres measured at 16 hours post infection in
a separate independent repeat. Bars represent the mean of these points, error bars represent
standard error of the mean. Data were analysed by two-way ANOVA with Sidak’s multiple

comparison test; no significant differences were seen.
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In order to match the experiments done with Baloxavir in knockout cells, CMTR1
knockdown cells and cells that had been transfected with non-targeting siRNA were
treated with a range of concentrations of Baloxavir for 24 hours prior to infection with
PR8 at MOI 5. Cell supernatants were harvested 16 hours post infection to be
analysed by plaque assay and knockdown was confirmed by western blot (data not

shown). Due to time constraints, only a single experiment was performed.

Cells that had been pre-treated with DMSO only showed titres within the expected
range (Figure 3.9A) and similar levels of infectious virus were measured from CMTR1
knockdown cells as from cells that had been transfected with non-targeting siRNA.
Pre-treatment with 1 nM of the drug lead to decreased titres from both cell types,
although the reduction seen here was not as great as that previously seen in
untransfected cells (Figure 3.8B). Further reductions in titres were observed with
greater concentrations of Baloxavir in a dose dependent manner for both siRNA
conditions (Figure 3.9A). In this single experiment, titres measured from CMTR1
knockdown cells pre-treated with 1 nM Baloxavir were marginally higher than from the
control cells but with 5 nM and higher concentrations of drug this difference was
reversed; titres were up to four times lower from the cells treated with CMTR1-
targeting siRNA compared to non-targeting siRNA. However, as these were the
results of only a single biological repeat, no relationship between CMTR1 knockdown

and Baloxavir could be interpreted without further experimentation.

Additionally, treatment of CMTR1 knockdown cells with Baloxavir was tested with
infection at MOI 0.01. In this case, two independent experiments were performed.
Titres were measured 16 hours post infection in one repeat, and at two time points of
16 and 24 hours post infection in the other. The three titre values are shown in Figure
3.9B. Infectious virus production from these cells decreased with increasing Baloxavir

concentration. Based on the titre reduction seen in normal A549 cells, plaque assays
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with a limit of detection of 2 pfu/mL were used to measure virus levels from cells
treated with higher concentrations of Baloxavir. Titres measured at 5 and 10 nM
Baloxavir were approaching this limit of detection and no plaques were observed from
samples pre-treated with 50 nM. When comparing titres from CMTR1 knockdown cells
and cells transfected with non-targeting siRNA, no difference was seen with DMSO
only pre-treatment. However, CMTR1 knockdown cells pre-treated with 1 nM
Baloxavir showed mean titres six times lower than control cells treated with the same
concentration of drug. No difference in titres was observed between the cell types with
5 or 10 nM Baloxavir. As these data represent the results from only two biological
replicates, no conclusions about interaction between CMTR1 depletion and Baloxavir
treatment could be made. Nevertheless, these preliminary results suggested that with
further experimentation, an interaction might be detected, despite the fact that CMTR1
knockdown alone had no effect on IAV. Also, these data indicate that further
investigation at this MOI could gain more insight by using lower Baloxavir

concentrations.
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3.2.4. Overexpression of inactive CMTR1
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Figure 3.10: Minireplicon experiment with overexpression of methyltransferase dead
CMTR1. 293T cells were transfected with plasmids encoding PR8 PB2, PB1, PA and NP
(3PNP) as well as a firefly luciferase vRNA reporter plasmid. Experimental groups were also
transfected with overexpression plasmids encoding Flag-CMTR1 K239A or MxA (untagged),
or empty pcDNA plasmid (vector only). As a negative control, cells were transfected with the
IAV polymerase, omitting PB1 (2PNP). Cells were lysed 48 hours post transfection and either
were examined by western blot or for luciferase activity. A: Western blots probed for Flag-
CMTR1 K239A, PB1, MxA and an alpha tubulin loading control. MxA strip is interrupted due
to altered loading order between blots. MW indicates molecular weight markers. B: Luciferase
activity measured from cell lysates, expressed as fold change in luminescence compared to

2PNP. Bars represent the mean of three technical replicates; error bars represent standard
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deviation. Data were analysed by one-way ANOVA with Tukey’s multiple comparison tests

using GraphPad Prism 8. ns: not significant, p=0.05; **: p<0.01; ***: p<0.001.

A final examination of CMTR1 as a host factor for IAV was designed using
overexpression and an IAV minireplicon luminescence assay. A minireplicon assay
assesses the transcriptional activity of the IAV polymerase using plasmids encoding
the viral polymerase proteins (PB2, PB1 and PA) and NP under the control of a RNA
pol Il promoter to express the viral proteins. A plasmid encoding a luciferase reporter,
flanked by IAV UTR sequences, under an RNA polymerase | promoter is
simultaneously transfected. The transcription of this, by the cellular RNA polymerase
| produces a VRNA-like molecule that can be transcribed into mRNA by the IAV
polymerase, to be translated into luciferase protein by the cell (Lutz et al., 2005).

Therefore luciferase levels indicate the transcriptional activity of the viral polymerase.

If CMTR1 has a proviral role in IAV replication, overexpression of an inactive form of
the protein might inhibit the normal function of the endogenous protein through
dominant-negative effects (Sheppard, 1994) and thus inhibit the activity of the viral
replication machinery. A plasmid containing a Flag-tagged CMTR1 gene with the
mutation K239A, which leads to an inactive methyltransferase domain (Lee et al.,
2020; Smietanski et al., 2014), was successfully cloned by Dr Nisha Kriplani in our
laboratory. It was considered that since endogenous CMTR1 interacts host RNA pol
Il (Haline-Vaz et al., 2008), wild type CMTR1 might be displaced from this complex
by overexpression of the CMTR1 K239A and that this would be another way to model
inhibition of CMTR1 activity. With this in mind, a minireplicon assay was performed
using the methyltransferase inactivated CMTR1. Due to time limitations, this

experiment could be performed once.

X293T cells were transfected with plasmids encoding the three PR8 polymerase

proteins and NP (3PNP), and a firefly luciferase reporter vVRNA under the control of
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the IAV polymerase promoter. Additionally, cells were transfected with
overexpression plasmids containing CMTR1 K23A or the ISG MxA which is known to
inhibit IAV gene expression (Turan et al., 2004). For a vector only control, cells were
transfected with 3PNP and an empty pcDNA plasmid. Baseline luminescence was
measured from cells transfected with PR8 PB2, PA and NP, but no PB1, termed
2PNP. After 48 hours, expression of CMTR1 K239A, MxA and PB1 were examined
by western blot and luciferase expression was determined by measuring enzymatic

activity via luminescence.

When examining cell lysates by western blot, probing for tubulin showed consistent
lysate retrieval between conditions (Figure 3.10A). Staining with anti-PB1 antisera
was used to confirm expression of the protein in the relevant samples, as well as to
determine transfection efficiency across the conditions. This gave a band migrating at
around 86 kDa, the expected molecular weight, from cells that had been transfected
with 3PNP. This band was not seen in the 2PNP sample. Cells that had been
transfected with 3PNP and with additional overexpression plasmids also showed
expression of PB1, although at lower levels than cells transfected with 3PNP alone.
Probing a separate blot of the same samples for MxA showed expression of the
protein only in the cells that had been transfected with the relevant overexpression
plasmid, indicating successful transfection as well as the absence of endogenous
MxA. Similarly, the same samples were examined on another blot using an anti-Flag
antibody. This staining only gave signal in cells that had been transfected with the
Flag tagged CMTR1 K239A overexpression plasmid, at approximately 95 kDa, thus

all cells were seen to be expressing the expected proteins.

In order to determine the level at which the IAV polymerase had transcribed luciferase,
cell lysates were treated with luciferase reagent and luminescence was measured.

Figure 3.10B shows the fold change in luminescence compared to the 2PNP
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condition. Cells that had been transfected with 3PNP alone showed luciferase activity
that was more than an order of magnitude greater than the 2PNP condition. This
demonstrated the baseline replication activity of the IAV polymerase in this system.
The luminescence measured from cells transfected with 3PNP and an empty plasmid
vector was significantly higher than that from the 3PNP only condition (p=0.0308).
This did not correlate with transfection efficiency or expression of PB1. Cells that were
overexpressing MxA showed reduced luciferase activity compared to the 3PNP
condition, although this was not significant (p=0.1794). However, the luminescence
measured from these samples was significantly lower than that from the vector only
condition (p=0.0017), demonstrating the effective antiviral activity of MxA. Luciferase
activity in cells overexpressing CMTR1 K239A was significantly higher than the 3PNP
samples (p=0.0043) but comparable to the vector only condition (p=0.4766).
Furthermore, the luminescence from these cells was also significantly higher than
from cells expressing MxA (p=0.0004). These data represented the results of only a
single biological repeat and therefore no definitive conclusions could be inferred.
However at this preliminary stage, there was no suggestion of a relationship between
the overexpression of a methyltransferase dead CMTR1 and the activity of the IAV

polymerase.
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3.3. Discussion

In this chapter | set out to examine the role of CMTR1 in IAV infection in order to gain
understanding that could inform the design of antiviral treatments. Previous work by
Li et al. showed that IAV replication was inhibited and the IFN response to infection
was enhanced in CMTR1 knockout cells (Li et al., 2020a). This was hypothesised to
be due to a requirement for CMTR1 and its generation of cap1 structures for IAV cap-
snatching (Li et al., 2020a). However, in my study, IAV replication was not inhibited
by transient CMTR1 knockdown, as viral NP protein levels and infectious virus
production was comparable to those in cells expressing normal amounts of CMTR1.
This did not support the published findings that CMTR1 was required for efficient IAV

replication (Li et al., 2020a).

Of note, when Bélanger et al. first characterised the role of CMTR1 as a cap 1 2’-O-
methyltransferase, they tested the effect of its knockdown on influenza A virus but
saw no significant effect on viral replication, and therefore did not did not publish the
associated data but simply referred to it as “data not shown” (Bélanger et al., 2010).

This lends confidence to the validity of the findings presented in this chapter.

The difference in techniques used between the three studies could contribute to the
disparity seen between findings. Namely, the knockdown of CMTR1 in this study (and
presumably in that of Bélanger and colleagues) was incomplete, with an average
reduction in protein expression of approximately 85%. The remaining CMTR1 protein
could be sufficient for IAV replication. Similarly, CMTR1 was depleted for less time
with knockdown than with knockout, as the knockdown cells in the project described
here were infected two days post transfection, whereas Li et al. infected nine days
after transduction with the editing sgRNAs (Li et al., 2020a). It is therefore possible
residual cap1-containing mRNA in the siRNA-treated cells allowed IAV to replicate at

normal levels. This would presumably require cap-snatching from mature mRNA
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molecules independent of RNA pol II, which is not normally thought to occur in
infected cells (Amorim & Digard, 2006; Lukarska et al., 2017). The influenza viral
polymerase can certainly use mature mRNAs as a primer substrate in vitro though
(Beaton & Krug, 1981; Bouloy et al., 1978) and the Arenaviridae and Bunyaviridae
cap-snatch in the cytoplasm (Olschewski et al., 2020; Rosenthal et al., 2017), so this

may not be implausible.

Another possibility is that adaptations may have been made in CRISPR edited
CMTR1 knockout cells in order to compensate for the loss of an important gene. That
the knockout cells were reported to show normal levels of viability and proliferation
rates (Li et al., 2020a), despite the importance of CMTR1 and the cap1 in cellular
processes such as translation (Liang et al., 2022; Muthukrishnan et al., 1978; Zelus
et al., 1989), may support this hypothesis. Such modifications may not be detected
and could obscure the effects of CMTR1 deficiency on IAV. However, Li et al. reported
that transfection of CMTR1 knockout cells with plasmids encoding CMTR1 rescued
IAV replication in these cells (Li et al., 2020a). This strongly suggests that the
reduction of IAV replication was due to CMTR1 deficiency rather than additional

modifications.

An experiment was designed for this study, in which CMTR1 would be overexpressed
in 293T cells with the minireplicon system in order to assess if IAV replication was
enhanced. However, the wild type CMTR1 overexpression plasmid could not be made
within the time frame. Preliminary experiments with methyltransferase-inactive
CMTR1 did not indicate a relationship with IAV replication. Future work with CMTR1
overexpression and IAV would give more insight to this potential virus-host

interaction.

Overall, the findings presented here do not suggest that a treatment targeting CMTR1

alone would be effective against IAV, as complete ablation of the protein and its

116



function may be required for antiviral effects to be seen. However, preliminary data
from experiments treating CMTR1 knockdown cells with Baloxavir, suggested that
further investigation may show enhancement of drug treatment by targeting CMTR1.
Of note, the timing of treatment used in my study and by Li et al. meant that the drug
was not present in the media during viral replication. Further experiments with
Baloxavir treatment concurrent with infection may be more appropriate. Therefore,
the research into CMTR1 and the treatment of IAV should be continued with a view

to target CMTR1 in a combination treatment.

Since the completion of the work in this chapter, a meta-analysis of gene expression
in chickens following IAV infection was published, which associated upregulation of
the galline orthologue of CMTR1 with infection with highly pathogenic IAV strains
(Pirbaluty et al., 2022). This is consistent with previous studies that saw CMTR1
upregulation following HCV (Su et al., 2002) and VACV (Guerra et al., 2003) infection,
although CMTR1 protein was not seen to be upregulated with 1AV infection in this
study. This finding supports the association of CMTR1 with IAV infection, but does

not provide insight to a possible mechanism.
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Chapter 4: Examining IGF2BP proteins as host
factors for IAV

4.1. Background and aims

4.1.1. The N8-methyladenosine (m®A) epitranscriptome

Many posttranscriptional or epitranscriptomic modifications to RNA molecules can
alter their function and expression. Within the mammalian epitranscriptome the most
prevalent modification is the addition of a methyl group at the N° position of internal
adenosine residues (Desrosiers et al., 1975). When this modification was first
discovered in the 1970s, it was estimated that the average cellular mRNA transcript
(approximately 2.2 kb) contained three internal N®-methyladenosine (m°®A) residues
(Desrosiers et al., 1974; Desrosiers et al., 1975). Since then it has been reported that
highly regulated mRNA molecules may contain 10 or more internal m®A residues

(Linder et al., 2015).

The mCA epitranscriptome is dynamically regulated by so called “writers” and
“erasers”. methyltransferase and demethylase enzymes, respectively, that add and
remove the m®A modification from RNA. The first writer to be identified was
methyltransferase-like 3 (METTL3) (Bokar et al., 1994; Bokar et al., 1997), a highly
conserved protein that acts as the core methyltransferase subunit of a large m°A
methyltransferase complex (Bokar et al., 1994; Bujnicki et al., 2002). More recently,
methyltransferase-like 14 (METTL14) was reported to form a stable heterodimer with
METTL3 and facilitate m®A deposition (Liu et al., 2014). Crystal structure analysis of
this dimer has suggested that METTL14 does not exert methyltransferase activity
within this complex, but is instead required for binding to the RNA substrate and
enhances the catalytic activity of METTL3 (Sledz & Jinek, 2016; Wang et al., 2016).
In vitro, knockdown (Wang et al., 2014b) or knockout (Batista et al., 2014; Geula et

al., 2015) of either METTL3 or METTL14 in mammalian cells has been reported to
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result in 60 to 99% reduction in detectable m°A (Batista et al., 2014; Geula et al.,
2015; Wang et al., 2014b), strongly suggesting that the METTL3-METTL14 complex
is responsible for the majority of m®A methylation. A second m®A methyltransferase,
METTL16, has also been identified, which appears to act as a monomer and has a
smaller range of known substrates than the METTL3-METTL14 complex (Doxtader et

al., 2018; Pendleton et al., 2017).

The known mPA erasers, or demethylases are fat mass and obesity-associated
protein (FTO) and a-ketoglutarate-dependent dioxygenase AIkB homologue 5
(ALKBHS5). FTO was found to have mRNA m°A demethylase activity in 2011, which
proved that this RNA modification was reversible (Jia et al., 2011). Later, ALKBH5, a

homologue of FTO was also shown to demethylate m°A residues (Zheng et al., 2013).

This dynamic modification of RNA has been implicated in several processes of mMRNA
regulation, including splicing (Dominissini et al., 2012), stability (Wang et al., 2014a)
and both cap-dependent (Heilman et al., 1996; Kariké et al., 2008), and cap-
independent (Meyer et al., 2015) translation. These functions are mediated by m°A
“reader” proteins, RNA-binding proteins which preferentially bind m®fA modified RNA.
Some readers can bind directly to m®A residues, as has been shown for the YTH
domain family (YTHDF) and YTH domain containing (YTHDC) proteins (Li et al.,
2020b; Xu et al., 2015; Xu et al., 2014; Zhu et al., 2014). Other, more indirect reader
proteins bind to motifs made accessible by m®A-dependent changes in RNA structure,
in @ mechanism called the “m®A switch” (Liu et al., 2015b). This was first observed by
Liu et al., who reported that m®A modifications destabilised double stranded RNA
within hairpin structures, increasing the accessibility of the single stranded binding
site for heterogeneous nuclear ribonucleoprotein (hnRNP)-C (Liu et al., 2015b).
Approximately 7% of the hnRNP-C binding sites identified in this study were predicted

to be regulated by an m®A switch (Liu et al., 2015b). Other hnRNP proteins have also
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been shown to indirectly recognise mPA sites via this switch mechanism (Liu et al.,

2017b; Wu et al., 2018).

Whether binding to m®A directly or identifying binding sites via the m®A switch
mechanism, reader proteins exert a wide range of effects. The first reader proteins to
be identified were the YTHDF and YTHDC proteins (Dominissini et al., 2012), which
have been very well studied. YTHDF1 has been shown to bind to mRNA transcripts
and enhance their translation efficiency, as siRNA-mediated knockdown of this m°A
reader lead to reduced ribosomal binding of its target mMRNA (Wang et al., 2015).
YTHDF1 interacts with ribosomal subunits and translation initiation factor elF3 to
promote ribosomal loading of the modified mMRNA (Wang et al., 2015). Conversely,
YTHDF2, which may share approximately 50% of its target transcripts with YTHDF1
(Wang et al., 2015), has been shown to enhance mRNA degradation and turnover by
recruiting deadenylation complexes (Du et al., 2016) and shuttling RNA to processing
bodies (Wang et al., 2014a). YTHDC1 was initially described as a component of the
spliceosome, as overexpression in vitro was shown to alter splicing patterns
(Hartmann et al., 1999). It was later reported to bind m®A modified pre-mRNA, and
knockout of the gene was associated with splicing defects in its targets (Kasowitz et
al., 2018). These are a small selection of a large range of proteins that demonstrate

the diversity of effects mediated by m®A reader proteins.

4.1.2. m°A and IAV

Soon after the discovery of internal mfA in mammalian cells, Krug et al. reported that
IAV viral mRNA also contained the modification (Krug et al., 1976). This was the first
instance of a virus being shown to bear these modifications, and since then m°A
residues have been found in many others, including herpesviruses (Moss et al., 1977),
retroviruses (Kane & Beemon, 1985; Lichinchi et al., 2016), and more recently,

coronaviruses (Liu et al., 2021). Krug et al. found that viral mRNA contained similar
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levels of m°A residues to host MRNA; approximately three per mRNA chain (Krug et
al., 1976). This was later disputed by Narayan et al. who reported differing levels of
mCA content between IAV genes (Narayan et al., 1987). Despite the discovery of
internal m®A residues in IAV in the 1970s, little investigation into their function in the
lifecycle of the virus has been conducted until recently, most likely because the cell

biological significance of the methylation was not known.

In 2017 Courtney et al. used a technique called photo-crosslinking-assisted m6A
sequencing (PA-mPA-seq) (Chen et al., 2015a) to map m®A modifications on both the
MRNA (positive sense) and the genomic VRNA (negative sense) of PR8 (Courtney et
al., 2017). This gave a more detailed picture of the IAV m®A epitranscriptome than
had been seen previously. They found multiple m°A sites on both VRNA and mRNA
molecules encoding the HA, NP, NA, M and NS genes and lower levels on those
encoding PB2, PB1 and PA (Courtney et al., 2017). Courtney et al. also showed that
IAV replication was impaired in METTL3” A549s compared to unedited cells, with
reduced expression of the examined viral proteins: NP, NS1 and M2, and lower levels
of spliced M2 mRNA detected in the absence of the mfA methyltransferase (Courtney
et al., 2017). Furthermore, infectious virus production in METTL3 knockout cells was
almost an order of magnitude lower than in control cells (Courtney et al., 2017). Earlier
studies had reported that IAV replication is inhibited by 3-deazaadenosine, a
methyltransferase inhibitor that depletes SAM, the methyl donor of METTL3 (Fischer
et al., 1990; Woyciniuk et al., 1995). Courtney et al. also reproduced this finding
(Courtney et al., 2017). However SAM is also the methyl donor for many other
methyltransferases, including those involved in cap formation such as CMTR1
(Bélanger et al., 2010; Byszewska et al., 2014), so inhibition by 3-deazaadenosine is
not mPA-specific, and the role of m®A could not be dissected from this. Therefore, the

work by Courtney et al. was the first to specifically show that m®A modification of IAV
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RNA enhances viral gene expression. Levels of m°A following METTL3 knockout
were not examined, so whether METTL3 is the only m8A methyltransferase for IAV is

unknown.

Moreover, Courtney et al. used synonymous point mutations to remove multiple m°A
sites from either the mRNA or vRNA of the HA segment. Both of these mutant viruses
showed reduced mRNA and protein expression of HA over the course of infection in
A549 cells, where other viral genes, NS1 and M2, were unaffected (Courtney et al.,
2017). Interestingly, this reduction appeared more pronounced in the mutant virus
lacking m®A on the negative sense (VRNA) strand. Furthermore, both mutants showed
reduced pathogenicity in mice (Courtney et al., 2017). These findings further
supported that m®A modifications in IAV RNA function to enhance gene expression
and infection. Although, the mutation of so many nucleotides at once, 14 for the mRNA
mutant and 15 for vRNA, could have had effects on gene expression or vVRNA

packaging independent of m®A, which was not controlled for in this study.

Furthermore, Courtney et al. investigated how three major m®A readers, YTHDF1-3,
interacted with 1AV by ectopically expressing each protein in A549 cells prior to
infection with PR8. They found that the expression of viral proteins, as well as the
production of infectious virus was increased in cells overexpressing YTHDF2
(Courtney et al., 2017). This is similar to effects seen with YTHDF2 overexpression in
human immunodeficiency virus 1 (HIV-1) infection (Kennedy et al., 2016), but is at
odds with the reported cellular role of YTHDF2 as a mediator of mRNA degradation
(Du et al., 2016; Wang et al., 2014a). This potentially demonstrates that this m°®A

reader exerts different functions depending on the RNA target.

No effect on IAV gene expression was observed with overexpression of YTHDF1 or
YTHDF3 in A549 cells (Courtney et al., 2017). However, using photoactivatable

ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) in IAV-
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infected, YTHDF-overexpressing 293T cells, binding sites for all three of the m°A
reader proteins on both IAV vRNA and mRNA were identified (Courtney et al., 2017).
Furthermore, these binding sites largely correlated with the mSA maodifications

mapped using PA-m6A-seq (Courtney et al., 2017).

Currently, the Courtney study represents the primary work on m®A readers in 1AV
infection, and presents a proviral function for YTHDF2, although the mechanism of
this is not yet understood. However many questions remain. For example, do
methyltransferases other than the METTL3-METTL14 complex catalyse the addition
of m®A modifications to IAV RNA? Are patterns of m®A deposition consistent between
IAV strains and host cells? Do other m®A readers interact with IAV RNA to influence

its lifecycle?
In this chapter, | aimed to address this last question.

4.1.3. IGF2BPs

With a view to investigate m®A readers as potential host factors for IAV, a literature
search was conducted. This search found the insulin-like growth factor 2 mRNA
binding proteins (IGF2BP), which had recently been shown to preferentially bind m6A-
modified RNA and to promote stability and enhance translation of their targets (Huang
et al., 2018), in the Host-Pathogen Interaction Database (HPIDB) 3.0 (Kumar &
Nanduri, 2010). This database lists host proteins from multiple species that have been
reported to interact with the proteins of pathogens (Kumar & Nanduri, 2010). Here,
IGF2BP1, IGF2BP2 and IGF2BP3 were all listed as potentially interacting with the
NS1 protein from multiple strains of IAV. This came from a large screen which aimed
to identify host proteins that interact with viral immune-modulating proteins (Pichlmair
et al., 2012). These human proteins and their galline and bovine orthologues were

also listed as interactors for several other viral and bacterial pathogens (Kumar &
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Nanduri, 2010). Furthermore, another study investigating the interactome of PR8 NS1

also identified IFG2BP1 and IGF2BP3 (Rahim et al., 2018).

IGF2BP1-3 constitute a highly conserved family of RNA binding proteins that bind
specific mRNAs and recruit other proteins in order to stabilise their targets (Doyle et
al., 1998), and repress (Huttelmaier et al., 2005; Nielsen et al., 1999) or enhance (Dai
et al., 2011; Liao et al., 2005) translation. The proteins all contain four hnRNP-K
homology (KH) domains in their C-terminal two-thirds, which mediate m®A recognition
and RNA binding (Farina et al., 2003; Huang et al., 2018), as well as two N-terminal
RNA-recognition motifs (RRMs) which have been suggested to stabilise IGF2BP-RNA
interactions (Nielsen et al., 2004) (Figure 4.1A). The three genes share high levels of
similarity in both the DNA and amino acid sequences, particularly IGF2BP1 and
IGF2BP3, which share 73% amino acid sequence identity (Bell et al., 2013) (Figure
4.1B). This is reflected in a large overlap of RNA targets, as Huang et al. identified
more than 2,000 mRNA transcripts that are bound by all three proteins (Huang et al.,

2018).
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Figure 4.1 Primary protein structures of the IGF2BP family. A: Domain architecture of

proteins in the IGF2BP family. B: Alignment of the amino acid sequences of the human
IGF2BP1 (reference sequence NM_006546.4), IGF2BP2 (reference sequence NM_006548.6)
and IGF2BP3 (reference sequence NM_006547.3), with the corresponding domains indicated

above.

In 2018, Huang et al. reported that more than 80% of the mRNA targets of the IGF2BP
family contained m®A modifications and used pull-down experiments to demonstrate
that they preferentially bound RNA bait that was m®A-modified (Huang et al., 2018).
They mapped mPA sites on the IGF2BP1 target transcript, c-Myc, using methylated
RNA immunoprecipitation sequencing (MeRIP-seq/mfA-seq) and found strong

correlation between the binding sites of all three IGF2BPs (Huang et al., 2018). The
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authors suggested that the third and fourth KH domains of each protein bind directly
to mPA (Huang et al., 2018), however, Sun et al. reported in 2019 that IGF2BP3 bound
certain RNA probes in a manner dependent on the m°A switch (Sun et al., 2019).
Therefore the mechanism by which the IGF2BPs identify m8A-modified sites may

differ between RNA targets.

Huang et al. showed that the IGF2BPs recruited known mRNA stabilising proteins
such as Hu antigen R (HUR) in order to stabilise their mfA-containing targets (Huang
et al., 2018). Since this finding, the known functions of IGF2BPs as m®A readers have
expanded: IGF2BP3 has been implicated in micro RNA processing (Li et al., 2022b);
and both IGF2BP2 (Zhao et al., 2022) and IGF2BP3 (Xueqing et al., 2020) have been

reported to regulate alternative splicing.

Therefore, on the basis of the data described above, the IGF2BPs were selected to
be investigated as potential host factors in IAV due to their m®A reader function and
probable interaction with NS1. This project thus combined a knowledge-driven

approach and the results of large screens to identify targets for investigation.

4.2. Hypothesis and aims

This project aimed to examine whether the IGF2BP m®A readers are involved in the
IAV lifecycle and if they would make suitable targets for the design of IAV treatments.
The IGF2BPs preferentially bind to RNA containing the m°A modification, which is
prevalent in the IAV genome and in IAV mRNA (Courtney et al., 2017; Krug et al.,
1976; Narayan et al., 1987). They have also been suggested to interact with the 1AV
immunomodulatory protein, NS1. Therefore, | hypothesised that host IGF2BPs may
contribute to the 1AV lifecycle via a combination of interaction with NS1 protein and

mSA-modified viral RNA.
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4.3. Results

4.3.1. Development of knockdown protocols

4.3.1.1. SiRNA titrations
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Figure 4.2 Titration of IGF2BP1-targeting siRNA. A: A549 cells were transfected with either
non-targeting (N) or IGF2BP1-targeting (I1) siRNA at a range of concentrations or left
untransfected (U). Cell lysates were harvested 48 hours post transfection and examined via
western blot for IGF2BP1 and an alpha tubulin loading control. Images from a single
representative experiment are shown. MW indicates molecular weight markers. B: IGF2BP1
protein levels were determined from western blots using LI-COR Image Studio software,
normalised to tubulin in the same sample and expressed as a proportion of the matched non-
targeting control. Bars represent the mean of three independent experiments. Error bars
represent standard deviation, Data were analysed by two-way ANOVA with Tukey’s multiple
comparisons test using GraphPad Prism 8. ***: p<0.001; ****: p<0.0001.

In order to develop an IGF2BP1 knockdown protocol, an siRNA titration was

performed using a IGF2BP1-targeting ON-TARGETplus siRNA SMARTpool. A549
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cells were transfected with a range of concentrations of either non-targeting (N) or
IGF2BP1-targeting siRNA, or left untransfected (U). Cells were lysed and knockdown
was evaluated by western blot for IGF2BP1 and an alpha tubulin loading control.
Signal measured from the loading control indicated consistent lysate recovery from
all conditions (Figure 4.2A). Probing the blots with anti-IGF2BP1 anti-sera gave
strong signal at 63.5 kDa, the expected molecular weight, from untransfected cells
and cells transfected with any concentration of non-targeting siRNA. A second
polypeptide migrating at a slightly lower apparent molecular weight was also observed
in these cells with lower signal intensity. This band did not correspond with the known
alternative isoform of IGF2BP1, which is approximately 50 kDa (Fakhraldeen et al.,
2015). In cells that had been transfected with IGF2BP1-targeting siRNA, signal for the
band at 63.5 kDa was seen at much lower intensity than in untransfected cells and
cells treated with non-targeting siRNA. The second, lower molecular weight band was
also seen to be reduced in cells treated with IGF2BP1 targeting siRNA, suggesting
that the band does represent IGF2BP1 protein, perhaps resulting from some form of
post-translational modification or which had been incompletely denatured. In this
initial experiment, the level of IGF2BP1 reduction did not noticeably vary across the

various concentrations of siRNA tested.

To provide quantitative data on knockdown efficiency relative to siRNA concentration,
this titration experiment was repeated twice further. IGF2BP1 protein levels were
calculated by densitometry and expressed as a proportion of the matched non-
targeting siRNA-treated samples. Cells that had been treated with 5 nM IGF2BP1-
targeting siRNA showed an average knockdown efficiency of approximately 60%
compared to cells transfected with 5 nM non-targeting siRNA (Figure 4.2B). This was
statistically significant (p=0.0001), although there was some variability between

repeats. Cells that had been transfected with 10, 20, 30, or 40 nM of IGF2BP1-
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targeting siRNA showed an average of 80% less IGF2BP1 protein than each matched
control, which was reproducible between repeats (p<0.0001 for all). The mean
knockdown efficiency measured from cells transfected with 50 nM IGF2BP1-targeting
siRNA was 70% (p<0.0001). The differences in knockdown efficiency between
different concentrations of siRNA were not found to be statistically significant. Overall,
it was found that IGF2BP1 knockdown could be achieved even at low concentrations
of siRNA. The maximum knockdown efficiency reached was 80%, using between 10
and 40 nM siRNA targeting the /IGF2BP1 mRNA. For subsequent IGF2BP1

knockdown experiments, 30 nM siRNA was used.
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Figure 4.3 Titration of IGF2BP2-targeting siRNA. A: A549 cells were transfected with either
non-targeting (N) or IGF2BP2-targeting (12) siRNA at a range of concentrations or left
untransfected (U). Cell lysates were harvested 48 hours post transfection and examined via
western blot for IGF2BP2 and an alpha tubulin loading control. Images from a single
representative experiment are shown. MW indicates molecular weight markers. B: IGF2BP2
protein levels were determined from western blots using LI-COR Image Studio software,
normalised to tubulin in the same sample and expressed as a proportion of the matched non-
targeting control. Bars represent the mean of two independent experiments, error bars
represent standard deviation. Data were analysed by two-way ANOVA with Tukey’s multiple

comparison test using GraphPad Prism 8. ns: not significant, p=0.05.

Similarly, a range of concentrations of IGF2BP2-targeting siRNA, also an ON-
TARGETplus siRNA SMARTDpool, were tested in order to establish a knockdown
system for the second protein in the family. Again, A549 cells were transfected with

either non- (N) or IGF2BP2 (I2) -targeting siRNA at a range of concentrations or left
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untransfected (U) and harvested after 48 hours. Cell lysates were then analysed by
western blot. Probing for alpha tubulin gave consistent signal across all conditions
(Figure 4.3A). The same blot was also stained with anti-IGF2BP2 anti-sera, which
resulted in a band migrating around the expected size of 66 kDa. This staining also
showed another band at around 60 kDa which may correspond to a known IGF2BP2
isoform, generated by alternative translation initiation, which is expressed at lower
levels than the full length protein (Le et al., 2012). The intensity of both bands was
seen to be consistent across all samples regardless of siRNA treatment or

concentration indicating that knockdown of IGF2BP2 was not achieved here.

This siRNA titration was repeated and IGF2BP2 protein levels were calculated using
the band at 66 kDa normalised to tubulin in the same sample. Figure 4.3B shows the
result of the two biological repeats. In cells transfected with 5 nM IGF2BP2-targeting
siRNA, mean IGF2BP2 protein levels were approximately 50% lower than those seen
with the matched non-targeting control, however this was not statistically significant
(p=0.4154). There was no difference in mean IGF2BP2 levels between cells that had
been transfected with 10 nM or 40 nM targeting siRNA and cells treated with non-
targeting siRNA, while a non-significant reduction in IGF2BP2 was seen in cells
transfected with 20 nM or 50 nM IGF2BP2-targeting siRNA (p=0.7563 and p=0.3310
respectively) and a non-significant increase was seen with 30 nM (p=0.5563). On the
whole, these siRNA titration experiments showed no effective knockdown of IGF2BP2
with these concentrations of siRNA. Higher concentrations of siRNA gave
unacceptable levels of cytotoxicity (data not shown). Therefore an IGF2BP2

knockdown protocol could not be developed with this system.
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Figure 4.4 Titration of IGF2BP3-targeting siRNA. A: A549 cells were transfected with either
non-targeting (N) or IGF2BP3-targeting (13) siRNA at a range of concentrations or left
untransfected (U). Cell lysates were harvested 48 hours post transfection and examined via
western blot for IGF2BP3 and an alpha tubulin loading control. Images from a single
representative experiment are shown. MW indicates molecular weight markers. B: IGF2BP3
protein levels were determined from western blots using LI-COR Image Studio software,
normalised to tubulin in the same sample and expressed as a proportion of the matched non-
targeting control. Bars represent the mean of two independent experiments, error bars
represent standard deviation. Data were analysed by two-way ANOVA with Tukey’s multiple

comparison test using GraphPad Prism 8. ns: not significant, p=0.05.

Finally, a titration of an IGF2BP3-targeting siRNA SMARTpool was performed. A549
cells were treated and harvested as above and cell lysates were analysed by western
blot with anti-IGF3BP and anti-alpha tubulin antibodies. Uniform recovery of cell
lysates across conditions was confirmed by the tubulin staining (Figure 4.4A).

Probing for IGF2BP3 gave a band from all cells which corresponded with the
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canonical isoform of the protein at 63.7 kDa. This band was expressed highly in all
cells that had been transfected with non-targeting siRNA and in untransfected cells.
In cells that had been treated with lower concentrations of IGF2BP3-targeting siRNA,
5, 10 or 20 nM, the signal detected at this band was slightly lower than that in the
control cells. At higher concentrations of the siRNA, IGF2BP3 levels were reduced
further, compared to the matched non-targeting controls. The greatest reduction,
observed with 50 nM siRNA, was still small, suggesting only partial knockdown of

IGF2BP3 was achieved, even with this highest concentration of siRNA.

The IGF2BP3 levels from this titration, as well as a second biological repeat, were
calculated as before and expressed relative to the matched non-targeting controls.
Cells that had been transfected with 5 nM IGF2BP3-targeting siRNA showed a non-
significant decrease in mean IGF2BP3 protein levels of approximately 30% compared
to the matched non-targeting control (p=0.3802; Figure 4.4B). With transfection of 10
nM and 20 nM siRNA, the mean reduction increased to 35% and then to 40%,
although these were also not significant (p=0.2811 and p=0.0951 respectively). This
trend in reduction did not continue with higher concentrations of siRNA, IGF2BP3
levels measured from cells that had been transfected with 30, 40, or 50 nM siRNA
were also not significantly reduced compared to the matched controls and were
variable between the two repeats. None of these siRNA concentrations gave

sufficient, reproducible knockdown to be used for further experiments.

As knockdown protocols apparently could not be developed here for either IGF2BP2
or IGF2BP3, it was considered that the similarity in gene sequences within this family
could have reduced the specificity and thus effectiveness of siRNA targeting them.
That is, siRNA targeting one gene could have also bound to the mRNA of another,
reducing the amount of siRNA targeting the intended gene. Further, the high amino

acid sequence identity between the proteins could have caused cross-reactivity
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between the antibodies used, which would have masked the knockdown efficiency of

the siRNAs. These possibilities were investigated next.

4.3.1.2. Evaluation of siRNA specificity
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Figure 4.5 Examination of siRNA specificity. The lysates of cells from siRNA titration
experiments that had been transfected with 50 nM non-targeting (N) siRNA or IGF2BP1 (I1)-
IGF2BP2 (12)-, or IGF2BP3 (13)-targeting siRNA were analysed by western blot. Membranes
were probed with the indicated antibodies and an alpha tubulin loading control. MW indicates
molecular weight markers. Western blotting with anti-IGF2BP2 (middle panel) was performed
by Dr Hui-Min Lee.

In order to investigate the specificity of the siRNAs targeting each of the three genes,
the lysates of A549 cells that had been transfected with 50 nM non-targeting (N), or
IGF2BP1 (I1)-, IGF2BP2 (I12)-, or IGF2BP3 (I3)-targeting siRNA were examined by
western blot for the expression of all three proteins. When probing with anti-IGF2BP1
antibody, the expected band at 63.5 kDa was seen in the cells treated with non-
targeting siRNA (Figure 4.5, left). As in Figure 4.2A, the same band intensity was
reduced in cells that had been transfected with IGF2BP1-targeting siRNA. In cells that
had been treated with siRNA targeting either IGF2BP2 or IGF2BP3 mRNA, IGF2BP1
protein levels, relative to tubulin in the same sample, were comparable to those seen
with the non-targeting control (Figure 4.5, left). This suggested that neither of these

siRNA pools had significant off target binding with IGF2BP1 mRNA.

Staining a duplicate western blot of the same samples with anti-IGF2BP2 antibody
(performed by Dr Hui-Min Lee in our group) gave the two expected polypeptides

migrating at 66 and 60 kDa from all samples (Figure 4.5, middle). The signal intensity
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of both bands was marginally reduced in cells transfected with IGF2BP2-targeting
siRNA compared to the non-targeting control. Conversely, IGF2BP2 protein levels in
the cells treated with IGF2BP1-targeting siRNA were apparently higher than in the
matched control, particularly the 60 kDa isoform. No difference in expression was
observed between cells treated with the IGF2BP3-targeting and the non-targeting
siRNA. These data did not indicate off target knockdown of the other proteins by the

IGF2BP2-targeting siRNA.

Finally, another western blot of the samples was probed with anti-IGF2BP3 antibody.
As seen in the siRNA titration experiment, the IGF2BP3 band at approximately 64
kDa had slightly lower intensity in cells that had been transfected with IGF2BP3-
targeting siRNA compared to non-targeting siRNA (Figure 4.5, right). Further, the
IGF2BP3 band in cells that had been treated with IGF2BP1-targeting siRNA also
appeared reduced compared to the matched control. The IGF2BP3 levels in these
cells were comparable to the cells treated with IGF2BP3-targeting siRNA, which
suggested a potential off target knockdown by the IGF2BP1-targeting siRNA pool.
Cells that had been transfected with IGF2BP2-targeting siRNA showed higher signal

at the IGF2BP3 band than all other samples.

Together these data did not suggest off target effects of IGF2BP2- or IGF2BP3-
targeting siRNAs on the other genes in the family, but did indicate a potential reduction
in IGF2BP3 protein by the IGF2BP1-targeting siRNA. However, due to the variable
efficacy of both IGF2BP2 and IGF2BP3 knockdown, meaning that successful
transfection of the siRNA was hard to prove, conclusive examination of the effects of

these siRNAs on the other genes was also difficult.
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Figure 4.6 Alignment of siRNA target sites. The canonical cDNA sequences of the three
IGF2BP genes were aligned using Clustal Omega. The target sites of each of the four siRNA
sequences from the SMARTpools for IGF2BP1 (A), IGF2BP2 (B) and IGF2BP3 (C) are shown.

Nucleotides matching the target sequence are highlighted (left). siRNA sequences in each
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pool were arbitrarily assigned a number 1-4 which corresponds to graphs showing percentage
sequence identity to the siRNA target sequences for each gene, calculated using an online

tool from bioinformatics.org (right).

As further investigation of the possibility of off target knockdown within the IGF2BP
family, the cDNA sequences of each gene were aligned and examined for sequence
identity with the siRNA targets. When examining the sequences of IFG2BP1-targeting
siRNA, all four were found to share 100% identity with sites in the target gene (Figure
4.6A). The same sites in the IGF2BP2 cDNA sequence showed between 52 and 74%
identity with IGF2BP1, and an average of 62% identity. In the IFG2BP3 gene, the
target sites shared an average of 70% identity with /IGF2BP1. None of the siRNA
sequences matched either IGF2BP2 or IGF2BP3 mRNA sequences to a degree that

would suggest substantial off target binding would be likely.

The IFG2BP2-targeting siRNA sequences also matched the target gene with 100%
identity (Figure 4.6B). The mean identity at these points was 67% with /IGF2BP1 and
62% with IGF2BP3. Further, neither gene shared more than 68% identity at any site
with the target. Again, these data did not suggest that any of these siRNA sequences

was likely to bind to the wrong gene.

Finally, the target sites for the IGF2BP3-targeting siRNA were examined. As with the
other two genes, the target sites in the IGF2BP3 gene shared 100% identity with the
siRNAs targeting it (Figure 4.6C). /IGF2BP1, the more closely related gene, showed
between 63 and 68% identity with the target gene at these sites. In the case of
IGF2BP2, three of the four sites showed similar identity to IGF2BP3 as had been seen
with the other genes and target sites. The second site shared 79% identity with
IGF2BP3, with only four nucleotide mismatches. Neither IGF2BP1 nor IGF2BP2
showed enough similarity to the target gene to strongly suggest the potential off target

binding and knockdown. The siRNA sequence most likely to bind off target was the
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second IGF2BP3-targeting siRNA, which could possibly bind to IGF2BP2 mRNA;
however there was no suggestion of this in the western blot data (Figure 4.5). Overall,

no off target binding of siRNA to the other genes in the family was predicted with any

of the siRNA pools.
4.3.1.3. Examination of antibody cross-reactivity
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Figure 4.7 Examination of IGF2BP antibody cross reactivity with overexpressed Flag-
tagged proteins. BSR-T7 cells were transfected with plasmids containing Flag-tagged
IGF2BP1, IGF2BP2, or IGF2BP3 genes under the control of a T7 RNA polymerase promotor,
empty pMiniT plasmid (vector only), or left untransfected. After 24 hours, cells were lysed and
cell lysates were analysed by western blot using anti-Flag (A), anti-IGF2BP1 (B), anti-
IGF2BP2 (C), or anti-IGF2BP3 (D) antibody. Alpha tubulin was probed for as a loading control.
MW indicates molecular weight markers.

In order to examine potential cross-reactivity of the antibodies used that could have
masked knockdown effects, overexpression plasmids encoding each of the IGF2BP
genes were generated. Dr Nisha Kriplani cloned the cDNA sequence of each IFG2BP
gene, along with an N-terminal Flag-tag (DYKDDDDK) into pMiniT plasmids oriented
to be under the control of a T7 RNA polymerase promoter. The sequences of these

plasmids were validated by diagnostic digests and Sanger sequencing (data not
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shown). These plasmids were then transfected into BSR-T7 cells, a hamster kidney
fibroblast cell line that stably expresses T7 RNA polymerase (Buchholz et al., 1999).
A vector only control was generated by transfecting cells with linear pMiniT plasmid
lacking an insert. The lysates of these, as well as of untransfected cells, were

analysed by western blot.

Firstly, the samples were probed with an anti-Flag antibody and an alpha tubulin
loading control. Tubulin staining indicated slightly reduced lysate recovery in the
vector only and untransfected samples (Figure 4.7A); subsequent loading of the
samples was adjusted to account for this. Probing with the anti-Flag antibody gave no
signal in either of the vector only or untransfected controls. Cells that had been
transfected with Flag-IGF2BP1 overexpression plasmid showed strong staining of a
single band at approximately 63.5 kDa, indicating successful overexpression of
IGF2BP1. Anti-Flag staining in cells transfected with the Flag-IGF2BP2
overexpression plasmid was weaker, with a band migrating slightly more slowly than
the smaller IGF2BP1 protein, suggesting that the cells were expressing Flag-
IGF2BP2, but at a lower level. No Flag signal was detected in the cells transfected
with the Flag-IGF2BP3 overexpression plasmid. Multiple unsuccessful attempts were
made to express Flag-IGF2BP3 using this plasmid, and other plasmid backbones
(data not shown), which suggested an undetected issue with the synthetic DNA

sequence that could not be determined within this study.

Another western blot of the same samples was probed with anti-IGF2BP1 antibody.
The tubulin loading control of this blot indicated that the samples were loaded equally
(Figure 4.7B). In cells that had been transfected with the Flag-IGF2BP1
overexpression plasmid, anti-IGF2BP1 staining gave a double band, as seen
previously with this antibody (Figure 4.2A and Figure 4.5, left). Both bands were

absent in all other samples (Figure 4.7B), however, as Flag-IGF2BP2 expression was
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very weak this could not rule out cross reactivity of the antibody. Furthermore, Flag-
IGF2BP3 expression was not achieved, so off target binding to this protein could not

be examined here.

Parenthetically, with anti-Flag staining, only the primary IGF2BP1 band was detected
in cells that had been transfected with the Flag-IGF2BP1 overexpression plasmid,
and not the additional, lower molecular weight band detected with the anti-IGF2BP1
antibody. The lower molecular weight band, was not seen in the absence of the
IGF2BP1 overexpression plasmid, which suggested that this band did not represent
nonspecific binding of the anti-IGF2BP1 antibody. It could represent an isoform
lacking the N-terminus of the protein and thus the Flag tag, although no IGF2BP1

isoform of this molecular weight has been described to date.

Next, the samples were examined with anti-IGF2BP2 antibody on a separate western
blot. In all samples, this reacted with a polypeptide migrating at around 45 kDa, just
faster than the tubulin band (Figure 4.7C). This was uniform across all conditions and
was likely due to off target antibody binding to a golden hamster protein. At the
expected molecular weight of IGF2BP2, no signal was detected from the control cells
or the cells that had been transfected with Flag-IGF2BP3 overexpression plasmid. As
the Flag-IGF2BP3 plasmid had failed to express the protein, no data on the cross-
reactivity of the anti-IGF2BP2 antibody with IGF2BP3 protein could be gathered here.
In cells that had been transfected with the Flag-IGF2BP2 plasmid, strong signal was
detected at approximately 66 kDa at much greater intensity than the corresponding
band detected with anti-Flag antibody. No signal was detected at 60 kDa, suggesting
that the smaller isoform was not translated from the plasmid in these cells. A faint
signal was detected from cells transfected with Flag-IGF2BP1 overexpression
plasmid, indicating some cross-reactivity of this antibody with IGF2BP1. As the two

IGF2BP polypeptides are so similar in size, it would not be possible to resolve them
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in the same sample by standard SDS-PAGE. Therefore the binding of IGF2BP1 by

anti-IGF2BP2 may have obscured the detection of IGF2BP2 knockdown.

Lastly, the cell lysates, on another western blot, were probed with anti-IGF2BP3. In
the untransfected and vector only cells, a band was detected at the expected
molecular weight (Figure 4.7D), which likely represented the hamster IGF2BP3
orthologue. This band was also detected, at the same intensity, in the cells transfected
with the Flag-IGF2BP3 expression plasmid which had not detectably expressed the
Flag antigen. Cells that had been transfected with the Flag-IGF2BP2 plasmid also
showed comparable signal to both control groups, suggesting that the anti-IGF2BP3
antibody did not cross-react with IGF2BP2; however the expression level of IGF2BP2
was low in these cells and cross-reactivity might have been detected if greater
expression had been achieved. The anti-IGF2BP3 signal was greatly increased in the
cells transfected with Flag-IGF2BP1 overexpression plasmid. Further, the second,
lower molecular weight band, seen with anti-IGF2BP1 antibody, was also detected
here. This demonstrated strong cross-reactivity of the anti-IGF2BP3 antibody with

IGF2BP1 which would inhibit the detection of IGF2BP3 knockdown by western blot.

In summary, both the anti-IGF2BP2 and anti-IGF2BP3 antibodies were found to
cross-react with IGF2BP1, which meant that western blot with these antibodies could
not be used to accurately measure knockdown of the target proteins. Poor and failed
overexpression of IGF2BP2 and IGF2BP3, respectively, meant that the cross-
reactivity of the anti-IGF2BP1 antibody could not be fully examined here. Instead the

sequences of the antibody binding sites were considered.
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IGF2BP1 anlibody target site

IGF2BP1/147-196 HALKVSY IPDEQ | AQGPE- - - NGRRGGFGSRGQPRQAGSPVAAGAPAKQQQVD |
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IGF2BP3 antlbody target site
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IGF28P3/106-167 VWESCEQVNTDSETAVVNVYTYSSKDQARQALDKLNGFQLENFTLEVAY IPDEMAAQQNPLOOQ
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Figure 4.8 Analysis of antibody target sites. The amino acid sequences of IGF2BP1,
IGF2BP2 and IGF2BP3 were aligned using Clustal Omega. The alignment at sites
corresponding to the antigen sequences used to generate anti-IGF2BP1 (A), anti-IGF2BP2
(B), and anti-IGF2BP3 (C) antibodies are shown. Amino acids matching the antigen sequence
are highlighted. The antigen sequence for the IGF2BP2 antibody (B) was given as
corresponding to two sites in the protein separated by 44 amino acids, the intermediate
sequence is omitted here. Identity and similarity between the proteins at these sites were
calculated using an online tool from bioinformatics.org and presented in heat maps (D). Darker

green indicates greater percentage identity or similarity to the antigen sequence.

Due to poor overexpression of IGF2BP2 and IGF2BP3, cross-reactivity of antibodies

with these proteins could not be properly evaluated. Therefore the antibody target
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sites (as given in the datasheets of each anti-serum) of all three IGF2BPs were
compared in order to predict the likelihood of off target binding within the family. The
amino acid sequences of the three proteins were aligned using Clustal Omega, and
the antigen sequences used to generate the polyclonal rabbit antibodies were
identified. Figure 4.8A, B and C show the alignments at each of these sites with the
residues matching the antigen sequences highlighted in green. The identity and
similarity between the proteins at these sites was calculated and presented as heat
maps in Figure 4.8D. The 100% identity and similarity with their own antibody target

sequence was omitted from the heat maps.

IGF2BP1 protein was found to have 43.48% identity with the IGF2BP2 antigen
sequence and 53.04% similarity (Figure 4.8D). It is stated that 75-85% homology with
an immunogenic sequence indicates a high likelihood of cross-reactivity (Abcam,
2021; Proteintech, 2020); however the anti-IGF2BP2 antibody bound to IGF2BP1
(Figure 4.7) despite having this lower level of similarity. The identity and similarity of
IGF2BP1 to the IGF2BP3 antigen sequence was greater, 67.74% and 73.39%
respectively (Figure 4.8D), which correlated with the higher cross-reactivity of the

anti-IGF2BP3 antibody with IGF2BP1 than the anti-IGF2BP2 antibody (Figure 4.7).

The identity and similarity between IGF2BP2 and the IGF2BP1 immunogenic
sequences were much lower, at 28.30% and 39.62% respectively (Figure 4.8D). No
cross-reactivity of anti-IGF2BP1 antibody with the poorly overexpressed IGF2BP2
was detected (Figure 4.7). These alignment data suggest that, even with greater
levels of IGF2BP2 expression, cross-reactivity would be unlikely. Conversely, high
levels of identity (54.84%) and similarity (68.55%) were found between IGF2BP2 and
the IGF2BP3 antibody binding site (Figure 4.8D). This homology was greater than
that seen between IGF2BP1 and the IGF2BP2 antigen sequence, which lead to

observable cross-reactivity. This suggested that cross-reactivity of anti-IGF2BP3
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antibody with IGF2BP2 protein was probable and might have been detected via

western blot if greater IGF2BP2 overexpression had been achieved.

Overexpression of Flag-IGF2BP3 was not achieved in previous experiments (Figure
4.7) which meant that cross-reactivity of anti-IGF2BP1 and anti-IGF2BP2 antibodies
with IGF2BP3 could not be assessed. The likelihood of off target binding was instead
considered using the homology between IGF2BP3 and the antigen sequences used
to generate these antibodies. At the IGF2BP1 antibody target site, IGF2BP3 was
found to have 45.28% identity with the immunogenic sequence (Figure 4.8D), which
was greater than that seen to cause cross-reactivity of the anti-IGF2BP2 antibody with
IGF2BP1 protein. This suggested that anti-IGF2BP1 antibody could bind to IGF2BP3
protein. Both the identity and similarity between IGF2BP3 and the IGF2BP2 antigen
sequence were lower than any that had been seen to cause cross-reactivity here,

which suggested that anti-IGF2BP2 antibody was less likely to bind to IGF2BP3.

Overall, while the anti-IGF2BP1 anti-sera does not show cross-reactivity with
IGF2BP2, the homology data presented here suggested that off target binding of
IGF2BP3 was likely. This could have disguised the efficacy of IGF2BP1-targeting
siRNA, although high knockdown efficiency was detected. The anti-IGF2BP2 anti-
sera moderately cross-reacted with IGF2BP1, however off target binding to IGF2BP3
was predicted using the alignment data to be less likely and weaker. Anti-IGF2BP3
anti-sera was found to be highly cross-reactive with IGF2BP1 and homology data
suggested that it was also likely to bind IGF2BP2. Antibody cross-reactivity, likely
obscured the extent of knockdown achieved with both IGF2BP2- or IGF2BP3-
targeting siRNA. Due to the difficulties developing knockdown protocols for IGF2BP2
and IGF2BP3, it was decided to focus on investigating the role of IGF2BP1 in IAV

infection going forward.
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4.3.2. Infection of IGF2BP1 knockdown cells with IAV
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Figure 4.9 Viral protein levels in infected IGF2BP1 knockdown. A549 cells were
transfected with IGF2BP1-targeting (l) or non-targeting (N) siRNA or left untransfected (U) and
incubated for 48 hours. Cells were infected with PR8 and cell lysates were harvested at various
time points (hpi: hours post infection). Mock infected cells were incubated for 24 hours in virus
free media. Lysates were examined by western blot for cellular IGF2BP1, viral NP and an
alpha tubulin loading control. MW indicates molecular weight markers. A: Western blots of a
single representative experiment in which cells were infected with PR8 at MOl 5. B: Western
blot images from a single representative experiment in which cells were infected with PR8 at
MOI 0.01.

With the aim of investigating the effect of IGF2BP1 knockdown on IAV replication,
A549 cells were transfected with 30 nM IGF2BP1-targeting (l) or non-targeting (N)
siRNA or left untransfected 48 hours prior to infection with PR8. Cells were infected
at either MOI 5 or 0.01 and cell lysates were harvested at various time points to be

analysed by western blot for IGF2BP1, viral NP, and an alpha tubulin loading control.
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First, the lysates of cells infected at MOI 5 were analysed. Probing for the alpha tubulin
loading control showed variable lysate recovery between samples including one
sample with no tubulin detected (Figure 4.9A). Low lysate recovery was not specific
to a time point or siRNA treatment. The absence of protein in the sample harvested
at 8 hours post infection was likely due to error in the wash step of sample harvest.
Probing the same western blot with anti-IGF2BP1 anti-sera showed the expected
staining of a band at 63.5 kDa and a smaller, lower molecular weight band in all
untransfected cells and cells transfected with non-targeting siRNA. In cells that had
been treated with IGF2BP1-targeting siRNA, this band was either absent or present
at a much lower level, confirming successful knockdown. The western blot was then
probed for NP in order to assess viral protein production. No NP was detected in mock
infected cells, or in infected cells at 2 or 4 hours post infection. NP was first detected
above background at 8 hours post infection in the untransfected cells and in cells
transfected with non-targeting siRNA. NP expression at this time in the cells
transfected with IFG2BP1-targeting siRNA could not be determined due to poor
sample recovery. At 12 hours post infection, NP was detected at higher levels in the
both control cell samples and was also seen in cells treated with IGF2BP1-targeting
siRNA. Relative to tubulin, expression of the viral protein at this time point was
comparable between all conditions. NP was expressed at a similar level at 16 hours
post infection, and was consistent regardless of IGF2BP1 expression. The highest
levels of NP were seen at 24 hours post infection. Again, expression of the viral
protein in untransfected cells and in cells transfected with non-targeting siRNA was
similar to that seen in IGF2BP1 knockdown cells. This data suggested that knockdown

of IGF2BP1 did not affect the production of viral protein.

When examining the lysates of cells infected at MOI 0.01, tubulin staining showed

more consistent lysate recovery across all samples (Figure 4.9B). Staining with anti-
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IGF2BP1 showed the band at 63.5 kDa was expressed highly in all untransfected
cells and cells transfected with non-targeting siRNA. The lower molecular weight band
was present in these cells but the signal was weaker here than had been seen
previously. Cells that had been transfected with IGF2BP1-targeting siRNA showed
greatly reduced IGF2BP1 protein expression at every time point, and average
knockdown efficiency for this experiment was calculated to be approximately 85%. At
this MOI, NP protein was not detected above background until 36 hours post infection,
when it was seen in IGF2BP1 knockdown cells but not in either of the control cells.
This earlier expression of NP was not reproducible across repeats (data not shown).
At 48 hours post infection, NP was detected in all conditions but expression of the
protein was lower in untransfected cells than in cells treated with either siRNA.
However, IGF2BP1 knockdown did not alter NP levels compared to treatment with

non-targeting siRNA.

Together, these data did not suggest that IGF2BP1 knockdown either inhibited or

enhanced expression of viral NP.
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Figure 4.10 IAV replication in IGF2BP1 knockdown cells. A549 cells were transfected with
either IGF2BP1-targeting (IGF2BP1) or non-targeting siRNA or left untransfected. After 48
hours, cells were infected with PR8. Cell supernatants were harvested at various time points
and analysed by plaque assay on MDCK cells. A: Virus titres from cells infected at MOI 5. B:
Virus titres from cells infected at MOI 0.01. Points represent the mean of two biological
replicates, error bars represent standard deviation. Data were analysed by two-way ANOVA

with Tukey’s multiple comparison test using GraphPad Prism 8.

IAV replication in IGF2BP1 knockdown cells was also assessed using plaque assay
of cell supernatants, harvested from the infection experiments described above, to
measure infectious virus production. With infection at MOI 5, cells transfected with

either siRNA showed comparable viral titres and the same infection kinetics as
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untransfected cells (Figure 4.10A), suggesting that IGF2BP1 knockdown did not
affect the replication of PR8. Similarly, IGF2BP1 knockdown cells infected at MOI 0.01
produced viral titres at the same level as both IGF2BP1 expressing control groups up
to 24 hours post infection (Figure 4.10B). At 36 hours post infection, viral levels
measured from cells transfected with non-targeting siRNA were marginally, but not
significantly, higher than those from untransfected cells (p=0.9972). IGF2BP1
knockdown cells at this time showed mean titres that were almost an order of
magnitude greater than untransfected cells, although this was not statistically
significant (p=0.8685). At 48 hours post infection, titres from IGF2BP1 knockdown
cells were still higher than those from untransfected cells, although to a lesser extent
and again, this was not statistically significant (p=0.3670). Further, the titres measured
from cells transfected with non-targeting siRNA were comparable to those from

knockout cells at this time point.

Overall, these data did not suggest that knockdown of IGF2BP1 inhibited the
replication or spread of IAV in A549 cells. Infection at low MOI showed a potential
proviral effect of knockdown at 36 hours post infection, which correlated with the
earlier detection of NP seen in these cells (Figure 4.9B). However, in both cases, this
was not consistent between biological repeats so was not found to be a real effect.

This does not support the hypothesis that IGF2BP1 is involved in IAV infection.

4.3.3. Pharmaceutical inhibition of IGF2BP1 and IAV infection
IGF2BP proteins, IGF2BP1 in particular, have been found to bind to and stabilise the

mRNA of many oncogenic genes and so make an attractive target for pharmaceutical
inhibition in the treatment of many cancers. For this reason, in 2017, a small molecule
screen was carried out to find inhibitors of IGF2BP1 (Mahapatra et al., 2017). The
compound  2-[[(5-bromo-2-thienyl)methylene]lamino]-benzamide (BTYNB) was

identified and found to selectively inhibit the binding of IGF2BP1 to c-Myc mRNA, as
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well as the mRNA of several other oncogenes and genes associated with tumour cell
proliferation and migration (Mahapatra et al., 2017; Muller et al., 2020). The
mechanism by which BTYNB inhibits IGF2BP1-mRNA binding and specificity within

the IGF2BP family has not been described.

In this study, BTYNB was used to further investigate any potential role of IGF2BP1 in
the 1AV lifecycle. The compound was acquired from Cayman Chemical Company and
various infection experiments were carried out. Later, shortly before | finished
experimental work for this thesis, testing by Cayman Chemical Company found that
the compound in the batch | had received had the incorrect structure and was not
BTYNB. A replacement confirmed to contain the correct BTYNB compound was
acquired and tested. Due to the volume of work performed using the incorrect
compound, the data gathered is presented here. The compound is referred to as
“BTYNB”. The concentrations used were based on the molar mass of BTYNB, as the
actual molecular structure of the compound are unknown, these are not accurate but

indicate relative concentrations within experiments.
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4.3.3.1. Incorrect compound
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Figure 4.11 “BTYNB” cytotoxicity and effect on IAV titre. A: A549 cells were incubated
with at a range of concentrations of “BTYNB”, DMSO vector only (0 uM “BTYNB”), 50 ug/uL
puromycin, or left untreated (cells only) for 24 hours. Cell lysates were analysed using a
CellTiter-Glo viability assay. Background luminescence was established by incubating cell-
free media with the CellTiter-Glo reagent (media only). Points represent the mean of technical
duplicates; bars represent the mean of three biological replicates; and error bars represent
standard error of the mean. Data were analysed by one-way ANOVA with Tukey’s multiple

comparison tests using GraphPad Prism 8. Significance markers refer to comparison with cells
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only. ****: p<0.0001; *: p<0.05. B and C: A549 cells were infected with PR8 at either MOl 5
(B) or MOI 0.01 (C), 1 hour post infection, cells were overlaid with media containing 2, 10, or
20 uM “BTYNB” or DMSO only (0 uM). Cell supernatants were harvested at 16 hours post
infection and analysed by plaque assay on MDCK cells. Bars represent the mean of three
biological replicates, error bars represent standard deviation. Data were analysed by one-way
ANOVA with Tukey’s multiple comparison tests using GraphPad Prism 8.

In order to ascertain an appropriate range of drug concentrations to use, cytotoxicity
of the compound was examined using a CellTiter-Glo assay. A two-fold dilution series
of “BTYNB” in DMSO was set up and A549 cells were incubated with the drug or
DMSO only (0 uM “BTYNB?”) for 24 hours. The lysates of these cells, as well as of
untreated cells (cells only) and cells treated with puromycin, were incubated with
CellTiter-Glo reagent. The luminescence signal produced was proportional to the
metabolic activity, and therefore viability, of the cells. Background luminescence was
determined using cell free media (media only) incubated with the CellTiter-Glo
reagent. The luminescence data from the media only, cells only and puromycin
controls presented here (Figure 4.11A) were also shown in Figure 3.8 in relation to
Baloxavir cytotoxicity, as the two compounds were tested concurrently using the same

control conditions.

Luminescence measured from untreated cells (cells only) established the assay
readout with normal levels of cell viability. Cells that had been treated with puromycin
showed an 87% reduction in luminescence compared to cells only (Figure 4.11A;
p<0.0001), demonstrating high levels of cytotoxicity. The mean luminescence
measured from cells that had been treated with DMSO only (0 uM “BTYNB”) was 25%
lower than that from untreated cells, however this reduction was not statistically
significant (p=0.5501). Cells that had been treated with the two lowest concentrations
of drug, 0.78 and 1.56 uM, showed mean luminescence that was marginally higher
than that from cells only, and treatment with 3.13 uM “BTYNB” gave signal at similar

levels to untreated cells. The viability of cells treated with 6.25 uM of the drug was
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slightly, but not significantly reduced compared to cells only (p=0.9229). Further
reduction was seen with 12.5 yM “BTYNB”, however this was also not found to be
significantly different from cells only (p=0.5638) and was equivalent to the
luminescence measured from cells treated with DMSO only. Significant loss of cell
viability was seen with 25 yM “BTYNB” as luminescence measured from these cells
was approximately 45% of that seen in cells only (p=0.0243). Similar levels of
cytotoxicity were observed at 50 and 100 uM “BTYNB”, with no significant decrease
in viability seen between these three highest concentrations. However the
luminescence measured from these cells was not found to be significantly lower than

that from cells treated with DMSO only (p>0.65 for all three concentrations).

Overall, these data show a trend of increased cytotoxicity with increased
concentration of this compound, although at lower concentrations cell viability was not
reduced significantly. BTYNB had been previously shown to inhibit the interaction of
IGF2BP1 with oncogenic mRNAs at 10 uM (Mahapatra et al., 2017). Based on this
and the cytotoxicity data, 10 yM was deemed an appropriate concentration for initial
tests with IAV infection. Concentrations that were substantially higher (20 uM) and
lower (2 uM) were also tested in order to detect any dose dependent effects of the

drug.

Accordingly, infections were carried out in which A549 cells were infected with PR8
at MOI 5 and 0.01 and overlaid 1 hour post infection with media containing DMSO
only or the chosen concentrations of “BTYNB”. Supernatants were harvested 16
hours post infection and analysed by plaque assay. In cells that had been treated with
DMSO only and infected at MOI 0.01, the mean titre measured was approximately
3.5x103 pfu/mL (Figure 4.11C). In comparison, twice as much infectious virus was
seen in cells treated with 2 yM “BTYNB?”, although this difference was not statistically

significant (p=0.7475). There appeared to be a slight reduction in mean virus titre from

153



cells that had been treated with 10 yM “BYTNB”, and another reduction with 20 yM
“BTYNB”. However, virus titres from both of these conditions were comparable to
those from DMSO only and the 2 uM “BTYNB” treatments. Altogether, the differences
in titre seen between “BTYNB” treatment concentrations were minimal and none were
statistically significant. These data did not suggest that the protein was involved with

IAV replication or spread.

Cells that had been infected at MOl 5 and overlaid with media containing DMSO
showed average titres after 16 hours of approximately 2x10” pfu/mL (Figure 4.11B).
Virus titres measured from cells treated with 2 yM “BTYNB” were marginally lower,
however this was not statistically significant (p=0.7454). With 10 uM BTYNB, titres
were reduced further, and infectious virus produced by cells treated with 20 yM was
almost an order of magnitude lower than that from cells treated with DMSO only.
Compared to the 0 uM titres, neither of these differences were statistically significant
(p=0.3800 and p=0.4405 respectively), but the difference in titres produced following
treatment with 2 and 20 uM “BTYNB” approached significance (p=0.0540). There was
likely a slight loss of cell viability at this concentration of the drug compared to 0 uM,
however this seemed unlikely to account for the level of titre reduction. Therefore the
compound may have had some minor antiviral effects at the higher concentration. At
the point in the project when the compound was still thought to be the IGF2BP1
inhibitor, this was taken to support a potential non-essential or redundant role of the

protein in AV infection.
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Figure 4.12 Viral protein levels in cells treated with “BTYNB”. A549 cells were infected

with PR8 at MOI 5. One hour post infection, cells were overlaid with media containing 2, 10,
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or 20 uM “BTYNB” or DMSO only (0 uM). Cell lysates were harvested at 16 hours post infection
and analysed by western blot for the indicated viral proteins and alpha tubulin loading controls.
Mock infected cells were incubated with the drug in virus free media for 16 hours. A: Western
blots of a single representative experiment. The alpha tubulin blot shows the loading control
from simultaneous staining with NP and M1 and is representative of the loading controls for
NS1 and M2 which were probed for on a separate membrane. MW indicates molecular weight
markers. Protein expression was measured from replicate experiments using LI-COR Image
Studio software. Levels of NP (B), NS1 (C), M1 (D) and M2 (E) were normalised to alpha
tubulin in the same sample and expressed as a proportion of protein detected in cells treated
with 0 uM “BTYNB”. Bars represent the mean of three biological repeats, error bars represent
standard deviation. Quantification data were analysed by one-way ANOVA with Tukey’s

multiple comparison test using GraphPad Prism 8.

The virus titres produced in cells infected at MOI 5 appeared to be slightly reduced
with “BTYNB” treatment (Figure 4.11B). In order to further scrutinise this trend, the
cell lysates of the infected cells were analysed by western blot to measure the
expression of viral proteins in the presence of “BYTNB”. The western blots were
probed with anti-alpha tubulin antibody which showed equal lysate recovery and
loading across samples (Figure 4.12A). Staining with anti-NP anti-sera gave no
signal above background in mock infected cells, and in cells infected at MOI 5, a band
was observed at the expected size of 56 kDa. Slightly increased levels of NP were
detected in infected cells treated with 2 yM “BTYNB”. With 10 uM “BTYNB” treatment,
NP was marginally reduced compared to cells treated with either 0 uM or 2 pM.
Further reduction in NP expression was seen in cells that had been treated with 20
MM of the drug. The levels of viral protein were measured from three independent
experiments, normalised to tubulin in the same sample and expressed as a proportion
of the levels observed in cells treated with DMSO only. Mean NP levels were greater
in cell treated with 2 yM “BTYNB” than with DMSO only (Figure 4.12B), although this
was largely due to particularly high expression in one of the replicates. NP levels
following treatment with 10 uM “BTYNB” were comparable to those seen with 0 yM

(p=0.9963). Cells treated with 20 uM of the drug showed mean NP levels that were
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approximately 24% lower than those in cells treated with DMSO, although this
reduction, was not statistically significant (p=0.4697). Similarly to the titre data in these
infections, the difference in mean NP levels between cells treated with 2 uM and 20

MM “BTYNB” was approaching significance (p=0.0591).

IGF2BP1 has been found to interact with NS1 protein (Pichlmair et al., 2012; Rahim
et al., 2018), although the consequences of this interaction are unknown. In order to
test for altered NS1 protein levels with IGF2BP1 inhibition, the same samples were
probed with anti-NS1 anti-sera on a separate western blot. Again, no viral protein was
detected in mock infected cells (Figure 4.12A). A band was seen at approximately 26
kDa, the molecular weight of NS1, in cells that had been treated with DMSO only.
Slightly greater NS1 staining was seen in cells treated with 2 yM “BTYNB” than with
0 uM, however in cells treated with 10 uM of the compound, the viral protein was
detected at lower levels. In cells treated with 20 uM “BTYNB”, NS1 levels were
comparable to those from cells treated with 2 uM. Across biological repeats, mean
levels of NS1 protein were slightly, although not significantly, higher in cells treated
with 2 uM “BTYNB” (Figure 4.12C; p=0.9940). Cells treated with either 10 uM or 20
MM showed mean NS1 levels that were comparable to those in cells treated with
DMSO only. This did not suggest any effect of “BTYNB” treatment on the expression

of NS1 protein.

One of the functions of mPA reader proteins binding to mRNA is the regulation of
alternative splicing (Dominissini et al., 2012), which has been shown for both
IGF2BP2 (Zhao et al., 2022) and IGF2BP3 (Xueqing et al., 2020). In order to examine
the effects of IGF2BP1 inhibition on the alternative splicing of an IAV gene, the
expression of viral M1 and M2 proteins in the “BYTNB”-treated A549 cells was
analysed. The western blot for NP was also stained with anti-M1 anti-sera, and M2

was probed for on the blot used to examine NS1 expression. No signal was seen in
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mock infected cells for either protein (Figure 4.12A). In infected cells treated with 0
MM “BTYNB”, anti-M1 staining showed a band migrating at approximately 28 kDa.
The same band was seen with slightly higher signal intensity in cells treated with either
2 or 10 uM “BTYNB”. However, expression of M1 detected in cells treated with 20 uM
“BTYNB” was reduced compared to all other drug concentrations. Staining for M2
gave a band at approximately 15 kDa, slightly higher than the expected 11 kDa. This
signal intensity of this band was higher in cells treated with 2 uM of the compound
than with DMSO only. With 10 uM treatment, lower M2 levels were observed and the
highest expression of the protein was seen in cells treated with 20 uM “BTYNB”. Mean
expression of these two segment 7 proteins were examined across biological repeats.
M1 protein levels were found to be higher in cells that had been treated with 2 yM
“BTYNB” than in cells treated with DMSO only (Figure 4.12D), however this difference
was not statistically significant (p=0.4222). With increased “BTYNB” concentrations,
mean M1 levels decreased, and in cells treated with 20 uM of the compound, M1 was
comparable to that in cells treated with DMSO and none of the differences in protein
accumulation between conditions were statistically significant. Mean M2 levels were
consistent across all “BTYNB” concentrations, although there was great variation
between biological repeats (Figure 4.12E). As M1 protein levels decreased with
“BTYNB” treatment but M2 levels did not, the ratio between the two proteins did
change with increased drug concentration, but not significantly (data not shown; one-
way ANOVA, p=0.8145 ). Therefore, as the compound used was thought to be the
IGF2BP1 inhibitor, there was no indication here that IGF2BP1 bound to the mRNA of

PR8 segment 7 to affect alternative splicing.
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Figure 4.13 Infectious virus production in cells pre-treated with “BTYNB”. A549 cells
were incubated with “BTYNB” or DMSO vector only (0 uM “BTYNB”) for 24 hours prior to
infection with PR8 at either MOI 5 (A) or 0.01 (B). At 16 hours, post infection, cell supernatants
were harvested and analysed by plaque assay on MDCK cells. Bars represent the mean of
two biological repeats, error bars represent standard deviation. Data were analysed by one-
way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8. Ns: not
significant, p=0.05; *: p<0.05.

The apparent inhibition of IGF2BP1 had no obvious direct effect on IAV replication,
but | considered whether indirect effects through its altering of normal cellular
processes were possible. Accordingly, the effect of “BTYNB” on IAV replication was
further scrutinised using infection experiments in which A549 cells were pre-treated
with drug 24 hours prior to infection in order to allow any effects of IGF2BP1 inhibition
to take hold. The supernatants of cells infected at MOI 5 or 0.01 were harvested at 16
hours post infection and analysed by plaque assay. In cells pre-treated with 2 uM
“BTYNB” and infected at MOI 5, the mean infectious virus measured at 16 hours was
double that seen in cells pre-treated with DMSO only (Figure 4.13A), although this
difference was not statistically significant (p=0.3012). Conversely, the mean virus
titres from cells pre-treated with 10 uM or 20 uM “BTYNB” were both comparable to

that from cells pre-treated with DMSO. Unlike the infections at MOI 5 with “BTYNB”
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in the virus overlay, no effect of the drug on infectious virus production was observed

here.

With infection at MOI 0.01, infectious virus produced by cells pre-treated with 2 uM
“‘BTYNB” was slightly reduced compared to that from cells treated with DMSO only
(Figure 4.13B), although this difference was not statistically significant (p=0.7250).
The mean titre measured from cells that had been pre-treated with 10 uM “BTYNB”
was approximately 80% lower than that measured from cells treated with 0 M, but
this also did not reach statistical significance (p=0.0629). Virus production was further
reduced with 20 uM pre-treatment and was significantly lower than that observed from
cells treated with DMSO only (p=0.0474). Although statistical significance was only
reached at the highest concentration of “BTYNB”, these data showed a trend of
reduced infectious virus output with increased concentrations of “BTYNB” pre-
treatment. This trend was not seen when the drug was administered in the infection
overlay (Figure 4.11C). When the compound was thought to inhibit IGF2BP1, these
data suggested that inhibition of the protein prior to infection reduced multicycle 1AV
replication, which implied an indirect role in the viral lifecycle. However, at this point,
Cayman Chemicals contacted me to explain that they had supplied the incorrect
compound. Furthermore, the actual identity or structure of the compound could not be
determined, and therefore the mechanism that lead to this reduction in virus

replication could not be identified.
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4.3.3.2. Correct compound
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Figure 4.14 BTYNB cytotoxicity. A549 cells were incubated with at a range of concentrations
of BTYNB, DMSO vector only (0 uM BTYNB), 50 ug/uL puromycin, or left untreated (Cells
only) for 24 hours. Cell lysates were analysed using a CellTiter-Glo viability assay. Background
luminescence was established by incubating cell-free media with the CellTiter-Glo reagent
(media only). Points represent the means of technical duplicates, bars represent the mean of
two biological replicates, and error bars represent standard deviation. Data were analysed by
one-way ANOVA with Tukey’s multiple comparison tests using GraphPad Prism 8.

Significance markers refer to comparison with cells only. ****: p<0.0001.

When Cayman Chemicals realised their error, they supplied the correct BTYNB
compound. Accordingly, a CellTiter-Glo assay was performed to determine an
appropriate range of concentrations to be used for infection experiments. As before,
a two-fold dilution series of the drug was made and A549 cells were incubated with
either BTYNB, puromycin or drug-free media (cells only) for 24 hours before the ATP
content of the cell lysates was analysed. The mean luminescence detected from cells
treated with DMSO only (0 uM) was slightly, but not significantly (p=0.7116), reduced
compared to cells only (Figure 4.14), indicating minimal loss of cell viability. With all
concentrations of BTYNB tested, mean luminescence was not significantly different

to that from either cells only or cells treated with DMSO, indicating that the drug did
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not cause cytotoxicity at these concentrations. Using this data and the concentration
at which inhibitory activity of BTYNB had been previously seen, 10 uM (Mahapatra et

al., 2017), a range of 0 to 50 uM was chosen for |AV infection experiments.
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Figure 4.15 Infectious virus production in cells treated with BTYNB. A and B: A549 cells
were infected with PR8 at either MOIl 1 or MOI 0.001 and 1 hour post infection, cells were
overlaid with media containing BTYNB or DMSO only (0 uM). Cell supernatants were
harvested at 16 hours post infection and analysed by plaque assay on MDCK cells. C and D:
Ab549 cells were pre-treated with BTYNB or DMSO vector only (0 uM BTYNB) for 24 hours

prior to infection with PR8 at either MOI 5 or 0.01. At 16 hours post infection, cell supernatants
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were harvested and analysed by plaque assay on MDCK cells. Bars represent the mean of
two biological repeats, error bars represent standard deviation. Data were analysed by one-

way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 8.

In order to investigate the effects of IGF2BP1 inhibition on IAV, A549 cells were
infected with PR8 and BTYNB was added to the infection overlay media.
Supernatants were harvested at 16 hours post infection and analysed by plaque
assay to assess infectious virus production. Due to calculation errors, the cells were
infected at approximately MOI 1 instead of the usual MOI 5. Here, no significant
differences in virus titre were seen between cells treated with DMSO only and cells
treated with any concentration of BTYNB (Figure 4.15A). In cells infected at MOI
0.001, 1 uM BTYNB treatment apparently increased virus replication by more than an
order of magnitude compared to that from cells treated with DMSO (Figure 4.15B).
Higher concentrations of drug then led to lower titres more comparable to the DMSO
control. However overall titres from these experiments were unexpectedly low, there
was great variation between the biological replicates at 1 uM and no differences were
statistically significant. Due to this, no conclusions could confidently be made using
this data. Overall, no effect of IGF2BP1 inhibition during IAV replication was seen

here.

As with the incorrect compound, further infection experiments were conducted in
which cells were pre-treated with BTYNB prior to infection. Cells were incubated with
BTYNB or DMSO for 24 hours, infected with PR8 at either MOI 5 or MOI 0.01 and
released virus titred by plaque assay at 16 hours post infection as before. At all
concentrations of BTYNB pre-treatment other than 5 uM, mean virus titres measured
from cells infected at MOI 5 were comparable to those seen from cells pre-treated
with DMSO only (Figure 4.15C). Although on average higher, the titres from cells
treated with 5 yM BTYNB were variable and none of these differences were

statistically significant (p>0.6 in all cases). Therefore no relationship between
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IGF2BP1 inhibition and IAV replication was seen at this MOI. With infection at MOI
0.01, the mean titres were more consistent and showed a trend, although still not
statistically significant, towards increased infectious virus output with increased
BTYNB concentrations (Figure 4.15D). Due to time limitations, only two independent
repeats of these experiments could be performed and more power was needed to
determine whether this increase was real. If it were, this could suggest a minor
antiviral role for IGF2BP1; however with the data presented here, no effect of

IGF2BP1 on IAV replication could be proven.
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4.3.4. Overexpression of IGF2BP1

&
w LSS
75 kDa b a. E ,"-1 .":' ";%"m)

A

75 kDa p — F
6 kDa
50 kDa Lt _ .| (rekDa)

Flag-IGF2BP1
(63.5 kDa)

Tsm:- .

50 kD& bon] S S s’ S | | s s [ Tubulin
{50 kDa)

Minireplicon

102 . ———

Fold change from 2PNP
s

s éf 7

Figure 4.16 IAV gene expression in cells overexpressing IGF2BP1. 293T cells were
transfected with plasmids encoding PR8 PB2, PB1, PA and NP (3PNP) and a vRNA firefly
luciferase reporter plasmid. Experimental groups were also transfected with overexpression
plasmids encoding Flag-IGF2BP1 or untagged MxA, or empty pcDNA3.1 plasmid (vector
only). As a negative control, cells were transfected with the IAV polymerase, omitting PB1
(2PNP). Cells were lysed 48 hours post transfection and either were examined by western blot
or for luciferase activity. A: Western blots of a single representative experiment in X293T cells,
probed for Flag-IGF2BP1, PB1, MxA and an alpha tubulin loading control. MW indicates

165



molecular weight markers. The western blot images for PB1, MxA and Tubulin were also
shown in Figure 3.10. B: Cell lysates were treated with luciferase reagent, luminescence
signal was measured and expressed as fold change compared to 2PNP. Filled points
represent the technical replicates from HEK293T cells, empty points represent technical
replicates from X293T cells. Control data from X293T cells were also presented in section
3.2.4 in a minireplicon experiment with CMTR1 K23A overexpression. Bars represent the
mean of two biological repeats; error bars represent standard error of the mean. Data were
analysed by one-way ANOVA with Tukey’s multiple comparison tests using GraphPad Prism
8. ns: not significant, p=0.05; ***: p<0.001; ****: p<0.0001.

Finally, the effects of IGF2BP overexpression on |AV gene expression in a mini-
replicon system were examined. For this, 293T cells were transfected with pDUAL
plasmids encoding the components of the viral RNP (3PNP) and a luciferase reporter
plasmid encoding a vVRNA-like molecule to be transcribed by the IAV polymerase (Lutz
et al., 2005). Additionally, cells were also transfected with a pcDNA3.1 plasmid
encoding Flag-IGF2BP1 (cloned by Dr Nisha Kriplani), an untagged MxA
overexpression pcDNA3.1 plasmid or empty pcDNA3.1 (vector only). A 2PNP
negative control was included, in which cells were transfected with the reporter
plasmid and an incomplete viral RNP, omitting PB1. At 48 hours post transfection,
cells were lysed and luciferase activity was analysed as a measure of viral polymerase
activity and expressed relative to 2PNP. Two independent repeats were performed,
one in HEK293T cells and the other in X293T cells; the data from these are presented

together.

To confirm successful transfection and appropriate protein expression, cell lysates
were analysed by western blot. Equal alpha tubulin staining was seen across samples
(Figure 4.16A). Probing with anti-PB1 anti-sera showed signal for the viral protein in
cells that had been transfected with 3PNP that was absent in the 2PNP sample. The
same band was also present, though to a lesser extent, in cells that had been co-
transfected with 3PNP and pcDNA plasmids. The western blots were also probed with

anti-MxA antibody, which showed expression of the antiviral ISG in cells that had been
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transfected with the corresponding plasmid but not in other cells, indicating that MxA
was not endogenously expressed in this experiment. Lastly, overexpression of
IGF2BP1 in the relevant cells was confirmed by probing the samples, on a separate
blot, with anti-Flag antibody. Here, signal was detected in cells transfected with the
Flag-IGF2BP1 overexpression plasmid at the expected molecular weight, around 63.5
kDa but again, not seen in the other cells. Therefore, the cells were determined to be
expressing the correct proteins so that the IAV polymerase activity could then be
analysed. The gene expression activity of the viral RNP was determined by treating
cell lysates with luciferase reagent and measuring the luminescence signal produced,
expressing the values as fold change from the background signal measured from cells
transfected with 2PNP. The baseline activity of the viral polymerase in cells
transfected with 3PNP was approximately 30 times greater than background signal
(Figure 4.16B). Cells that had been transfected with 3PNP and an empty plasmid
vector showed increased luminescence signal compared cells transfected with 3PNP
alone. However this difference was not statistically significant (p=0.0694).
Luminescence measured from cells expressing MxA was significantly reduced
compared to both the 3PNP positive control (p=0.0012) and cells transfected with
3PNP and empty pcDNA3.1 (p<0.0001), demonstrating the effect of an antiviral
protein on the minireplicon assay. With overexpression of Flag-IGF2BP1 no
significant difference in mean luminescence was seen compared to cells transfected
with 3PNP alone (p=0.9987), or to cells transfected with 3PNP and empty vector
(p=0.0934). The replicative activity of the IAV RNP in these cells was also significantly
higher than in cells expressing MxA (p=0.0008). Overall, these data did not suggest
any effect, either pro- or anti-viral of IGF2BP1 overexpression on the activity of the

IAV polymerase.

167



4.4. Discussion

4.4.1. Development of tools to study IGF2BP proteins and IAV

In this chapter, | aimed to investigate whether the IGF2BP m°A readers were involved
in the lifecycle of IAV. In order to do this, | attempted to develop knockdown protocols
for each of the proteins in the family. IGF2BP1 knockdown was achieved with an
average knockdown efficiency of approximately 80%. In the process of investigating
IGF2BP1, western blotting showed a band at a lower molecular weight than expected,
which did not correspond to a known isoform of the protein (Fakhraldeen et al., 2015),
and was reduced in cells transfected with IGF2BP1-targeting siRNA (Figure 4.2).
When examining antibody staining using IGF2BP1 with an N-terminal Flag tag, this
band was seen with anti-IGF2BP1 staining but not with anti-Flag (Figure 4.7). This
suggested that the band seen here may represent an undescribed IGF2BP1 isoform
lacking the N-terminus of the protein. Whether this has any biological relevance, in

IAV replication or otherwise, is not clear.

Knockdown of IGF2BP2 or IGF2BP3 could not be definitively established in this study.
This was partly due to antibody cross-reactivity between IGF2BPs that obscured the
measurement of knockdown. Therefore, depletion of IGF2BP2 or IGF2BP3 may have
been better evaluated using qPCR measurements of transcript levels. Two recent
studies have been able to achieve reproducible knockdown of IGF2BP2 mRNA in the
lung bronchial epithelial cell line BEAS-2B using single siRNA (Dong et al., 2021) or
short hairpin (sh)RNA (Wang et al., 2021) molecules. Furthermore, other groups have
achieved IGF2BP3 knockdown via shRNA transduction in A549 cells (Zhao et al.,
2017) or with siRNA in gastric cancer cell lines (Jiang et al., 2021; Zhou et al., 2017).
These studies demonstrate that knockdown of IGF2BP2 or IGF2BP3 is achievable

and could be used to guide protocol optimisation for any future work on IGF2BPs and
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IAV. Furthermore, the antibodies used in these studies to confirm knockdown of

IGF2BP3 expression may serve better than the ones used here.

An attempt to study the effects of overexpression of the IGF2BP proteins on IAV was
also made. Plasmids for the overexpression of all three IGF2BP proteins with N-
terminal Flag tags were developed by Dr Nisha Kriplani. Plasmids encoding Flag-
IGF2BP1 in both a pMiniT and pcDNA3.1 backbone were successfully cloned, and
transfection of these into mammalian cells resulted in translation of the tagged protein
(Figure 4.7 and Figure 4.16, respectively). A pMiniT plasmid encoding Flag-IGF2BP2
was also produced, however the resulting protein expression was poor (Figure 4.7).
Multiple other plasmid backbones were tested without success; it was therefore
hypothesised that an unknown product of the sequence was toxic to the bacteria used
for cloning. pMiniT and pcDNAS3.1 plasmids containing the Flag-IGF2BP3 gene were
produced and confirmed by diagnostic digest and sequencing (data not shown).
However, transfection of either plasmid into cells did not give expression of the tagged
protein, suggesting that there was a problem with the sequence used to generate
these plasmids, although the specific issue could not be determined within the time

frame of this study.

Nevertheless, the IGF2BP1 knockdown system was used, in addition to inhibition and
overexpression experiments, to investigate whether IGF2BP1 is involved in 1AV

infection.

4.4.2. IGF2BP1 in IAV infection

In IGF2BP1 knockdown cells, there was no consistent evidence for either inhibition or
enhancement of IAV infection. Courtney et al. reported that m®A modifications in IAV
RNA enhance viral gene expression and infectious virus production (Courtney et al.,
2017). However, knockout of METTL3 reduced titres by less than an order of

magnitude (Courtney et al., 2017), so under the assumption that METTL3 is the only
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enzyme responsible for IAV m®A methylation, this suggests that the modification
amplifies infection, but is not strictly required. If IGF2BP1 is a host factor via its m®A
reader function, any reduction in IAV replication due to loss of IGF2BP1 expression
would be modest. Furthermore, large overlap in the RNA targets of the three proteins
in the IGF2BP family likely causes redundancy that could not be explored here without
conclusively establishing systems to deplete IGF2BP2 or IGF2BP3. Future research
in this area could use gene editing techniques to create single, double and triple
knockout cells in order to dissect the contribution, if any, of the individual proteins and

of the whole family.

An IGF2BP1 inhibitor was also used to investigate any contribution of the protein to
IAV infection. BTYNB was reported to inhibit the binding of IGF2BP1 to its mRNA
targets (Mahapatra et al., 2017), although the mechanism, binding site and specificity
of the drug have not been clarified. | initially received a compound that appeared to
have minor antiviral effects. However, retroactive quality control experiments by the
supplier revealed that the batch received contained the wrong compound. The actual
structure of the compound could not be discerned by myself or the supplier. Therefore
the cause of the antiviral effect is unknown. With the correct compound, no antiviral

effect was detected, which was consistent with the knockdown data.

Finally, minireplicon experiments with overexpression of IGF2BP1 showed no effect
on IAV replication. This supported the other data here that suggest IGF2BP1 is not
involved in the lifecycle of IAV. However, these experiments only analyse the activity
of the 1AV polymerase (indirectly, relying on mRNA translation). IGF2BP1 has been
reported to interact with NS1 (Pichlmair et al., 2012; Rahim et al., 2018) and this
interaction was not examined using this experimental technique. Overexpression of
the Flag-tagged IGF2BP1 could be used to investigate this interaction over the course

of infection and whether this influences the localisation or activity of the viral protein.
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These investigations were not possible within the time frame of this study, and are
unlikely to directly aid in the development of treatment strategies, however they may

provide insight into the functioning of the viral immunomodulatory NS1.

Overall, the data presented in this chapter could not support a role for IGF2BP1 in the
lifecycle of IAV and thus IGF2BP1 alone is not a suitable drug target for the treatment
of IAV. However, this evidence was not sufficient to exclude IGF2BP1 or the other

proteins in the family and should not deter future investigation in this area.

171



Chapter 5: Final discussion

5.1. Concluding remarks

The work presented in this thesis aimed to investigate cellular factors in the lifecycle
of IAV with a view to assess whether these factors were suitable targets for the design
of antiviral therapies. For various reasons, none of these factors were determined to
be suitable drug targets; nevertheless my findings may provide some direction for
future work. First JMJDG6, a factor that had been selected for investigation via a
knowledge-driven route, had previously been suggested to be involved in the
replication of IAV. However, the data presented in Chapter 2 showed that a published
JMJD6-targeting siRNA sequence induced an IFN response when transfected into
cells that would obscure any effects of the depletion of JMJD6 expression on 1AV
infection. Using an alternative method of RNAi knockdown that did not induce IFN, as
well as JMJD6™ cells, | found that IAV could replicate normally with reduced or ablated
expression of JMJD6. | next investigated CMTR1, which had been identified in a
genome wide CRISPR/Cas9 screen for IAV host dependency factors. However the
data presented in this thesis suggested that IAV replication is not inhibited without
complete removal of CMTR1 or its activity, which could not realistically be achieved
with drug treatment. Nevertheless, this work did not rule out that targeting CMTR1
may enhance the antiviral activity of the cap-dependent endonuclease inhibitor
Baloxavir, which should be investigated further. Finally, the IGF2BP family of RNA
binding proteins was examined, based on a focused literature search of various IAV-
host factor screens. The investigation of IGF2BPs in IAV infection was hindered by
issues with knockdown development, time restrictions and being supplied with an
incorrect chemical inhibitor. However, while the work presented here does not support

these cellular proteins as host dependency factors, they also could not be excluded
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as such. Suggestions for experiments that may determine whether IGF2BPs are

involved in the lifecycle of IAV are discussed in section 4.4.

Together, this work highlights the difficulties of validation studies when developing
treatment strategies for infectious disease. Furthermore, Chapters 2 and 3 in
particular demonstrate that published research regarding IAV host factors, as with all
research, should be regarded with a certain level of scrutiny and that work building on
published studies should be approached with caution. The examination of the same
host factor in different hands, using different tools can yield varying results and
highlight as yet unseen issues. Therefore collaboration and validation between
different research groups is invaluable for the advancement of the understanding of

IAV infection and the design of treatments.

5.2. Future directions: identifying new targets

Experiments for future investigation into CMTR1 and the IGF2BPs are discussed in
Chapters 3 and 4, respectively. Here, | will briefly discuss how new host factors and

drug targets for the treatment of IAV may be identified in the future.

Three different routes were used to identify the potential host factors examined in this
thesis. The direct selection of individual genes that have known functions that may
translate to IAV infection, as with JMJD®6, has benefits, such as the existence of tools
and literature to support the design of an investigation. However this is limited in that
only one factor, or group of factors is examined at once. Large scale, hypothesis-free
RNAIi and CRISPR screens, such as that performed by Li et al. which highlighted
CMTRA1, allow for the examination of many genes at once and may reveal genes or
pathways that may not have been considered based on pre-existing knowledge of the
pathogen (Li et al., 2020a). However, the results of screens often vary greatly between

research groups and studies (Chou et al., 2015). Additionally, as demonstrated in this
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thesis with CMTR1, these screens can potentially over-represent the importance of

some host factors.

Combining knowledge of the pathogen with the results of large scale screens, as was
done here with IGF2BP1, is a way to exploit the benefits of both. Specifically, a large
number of potential candidates can be considered in a more focused way that could
reduce examination of irrelevant false positives. Targeted examination of larger scale
screens, or smaller more focused screens may yield more useful and successful hits.
For example, screening the genes of specific pathways, such as spliceosome
components that may be required for the expression of IAV M2 or NEP genes, or

genes associated with anti-IAV immunity such as ISGs.

Large scale screens in which host genes are knocked down or out (Li et al., 2020a),
and interaction screens, in which tagged IAV proteins are overexpressed in cell
culture and examined using immunoprecipitation (Pichimair et al., 2012) were briefly
discussed in this thesis. Other types of larger scale screens that have been used to
examine IAV and the human host include genetic association studies, examining the
genomes of patients that suffer serious IAV infections compared to those with mild
disease or exposed, uninfected individuals, which can be focused on specific
pathways, or genome-wide (Chen et al., 2015b; Clohisey & Baillie, 2019; To et al.,
2014). Additionally transcriptomic studies of |AV infected cells, animals and patients
can reveal host gene expression patterns that are altered in IAV infection that may
have pro- or anti-viral effects (Cao et al., 2019; Hancock et al., 2018; Josset et al.,

2010; Zhou et al., 2021).

In 2019, Pizzorno et al. used the data gathered from transcriptomic profiles of IAV-
infected patients in order to refine a list of FDA-approved host-targeted inhibitors that
were then screened for antiviral activity in 1AV infection (Pizzorno et al., 2019). The

authors reported that diltiazem, an antagonist of voltage-gated calcium channels,
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inhibited IAV replication in mice and a cultured airway epithelium model (Pizzorno et
al., 2019). Voltage-gated calcium channels had separately been reported to mediate
IAV cell entry (Fujioka et al., 2018), but not all inhibitors of this channel show
significant antiviral activity against IAV (Pizzorno et al., 2019). Pizzorno et al. also
identified off-target effects of diltiazem that could have contributed to 1AV restriction
and which will likely be the focus of future study and antiviral design (Pizzorno et al.,
2019). This study demonstrates the benefits of combining different tools and
techniques for the investigation of IAV host factors and drug targets. With the
development and advancement of new technologies, many study and screen types
may be used in collaborations in the future in order to inform the design of IAV

treatments.
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Chapter 6:
6.1. Materials

6.1.1. General reagents

Materials and Methods

General purpose reagents were supplied by Sigma-Aldrich, Scientific Laboratory

Supplies and Fisher Scientific. The Roslin Institute Central Services Unit (CSU)

prepared and provided sterile water and phosphate-buffered saline (PBS). Additional

specific reagents and kits and their respective suppliers are listed below in Table 6.1.

Table 6.1 General reagents.

Reagent or kit Source

30% acrylamide:bisacrylamide (37.5:1) BioRad

Agarose (UltraPureTM) Invitrogen

Avicel FMC Biopolymer
Cell-Titre Glo Promega
DharmaFECT1 Dharmacon

Dimethyl sulphoxide (DMSO) ThermoFisher Scientific
1kb DNA Ladder Promega

Gel Loading Dye, Purple (6X)

New England Biolabs

Lipofectamine 2000

ThermoFisher Scientific

Luciferase Assay Reagent Promega
Mini-PROTEAN® TGX™ Precast Gels BioRad
Neutral Buffered Formalin (NBF) Leica
Nitrocellulose membrane (0.45um) BioRad
Nuclease free water Qiagen
Precision Plus Dual Colour Molecular Weight Marker | BioRad
Polyinosinic:polycytidylic acid (poly I:C) InvivoGen
QIAGEN Plasmid Midi Kit Qiagen
QUANTI-Blue™ InvivoGen
Reporter Lysis Buffer Promega
Resolving buffer for acrylamide gels Protogel
Stacking buffer for acrylamide gels Protogel
SYBR DNA gel stain Invitrogen
Tetramethylethylenediamine (TEMED) Protogel
Trans-Blot Turbo 5x Transfer Buffer BioRad
Tween20 Sigma-Aldrich
Universal type | IFN Bio-Techne
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6.1.2. siRNAs

Table 6.2 Sequences of targeting siRNA.

Gene target | Sequence Source

Jmjdé GGAAAUAUCGGAACCAGAAGUUCAA Sigma-Aldrich

(siRNA-275) (custom)

Jmjd6 GGAGAGCACUCGAGAUGAU Dharmacon (L-

(SMARTpool) | GGACCCGGCACAACUACUA 010363-00-0005)
GGUAUAGGAUUUUGAAGCA
GGAUAACGAUGGCUACUCA

CMTR1 GAAUUCAGCUUGCCGAGAA Dharmacon (L-
UGGAUAACACAGAUCGCAA 014142-01-0005)
GGGAUUACCUCUUCGCAGU
GAUCAAAGCUCUGGCGAAA

IGF2BP1 CGAAACACCUGACUCCAAA Dharmacon (L-
UGAAGGCCAUCGAAACUUU 003977-00-0005)
GAAAGUAGAAUUACAAGGA
GCUUAGAGAUUGAACAUUC

IGF2BP2 AAGGAGGGCUUGACCAUAA Dharmacon (L-
GUGCUGAGAUAGAGAUUAU 017705-00-0005)
GCUAAGCGGGCAUCAGUUU
GAGCAUAUACAACCCGGAA

IGF2BP3 CCAAGUGGUUGUCAAAAUA Dharmacon (L-
UCGAGGCGCUUUCAGGUAA 003976-00-0005)
GGAUUUCAGUUAGAGAAUU
GAUAUUGCUUCUAUGAAUC
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6.1.3. Plasmids
Table 6.3 Plasmids used throughout the study.

Name

Description

Source

pDual

Reverse  genetics  plasmid.

Bidirectional pol | and pol Il
promoters either side of insert
lead to mRNA and vRNA-like
RNA synthesis. Used to make
A/Puerto  Rico/8/1934 H1N1
(PR8) stocks and to reconstitute
the PRS8

minireplicon assays.

polymerase in

Segment Accession

number

PB2 EF467818

PB1 EF467819

PA EF467820

HA EF467821

NP EF467822

NA EF467823

M EF467824

NS EF467817

Dr Rute dos Santos Pinto (The
Roslin Institute, The University
of Edinburgh, UK); (de Wit et al.,
2004)

pcDNAS.1

CMV pol Il promoter upstream of
insert leads to constitutive high
Used for
IGF2BP1,

protein expression.
overexpression  of
CMTR1 K23A and Mx.

Dr Nisha Kriplani; Dr Hui-Min
Lee (The Roslin Institute, The
University of Edinburgh, UK);

Invitrogen

pMiniT 2.0

Cloning vector used as part of
NEB® PCR Cloning Kit, T7 and
SP6 promoters upstream of
restriction sites allows induced

expression of insert.

Dr Nisha Kriplani (The Roslin
Institute, The University of
Edinburgh, UK); New England
Biolabs
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Name

Description

Source

pPol | FF

Luciferase

Reporter for minireplicon assay.

Contains firefly luciferase

reporter gene in  reverse
orientation. Flanked by UTRs of

PR8 segment 8 under the control

Dr Laurence Tiley (The
University of Cambridge, UK)

of a pol | promotor.

6.1.4. Antibodies

Table 6.4 Primary antibodies and antisera raised against IAV proteins.

Antibody Application | Source

Rabbit polyclonal anti-PR8 M1 (A2917) | WB (1:500) | (Amorim et al., 2007)
Mouse monoclonal anti-M2 (14C2) WB (1:500) | Abcam (ab20343)
Rabbit polyclonal anti-MBP-NP (A2915) | WB (1:1000) | (Noton et al., 2007)
Rabbit polyclonal anti-NS1 (V29) WB (1:500) | (Carrasco et al., 2004)
Rabbit polyclonal anti-PB1 (V19) WB (1:1000) | (Digard et al., 1989)

Table 6.5 Primary antibodies raised against human cellular proteins, and tags.

Antibody

Application

Source

Rabbit polyclonal anti-CMTR1

WB (1:1000)

Atlas Antibodies via
Cambridge
Biosciences
(HPA029979)

Rabbit polyclonal anti-Flag

WB (1:1000)

Sigma-Aldrich
(SAB4301135)

Rabbit polyclonal anti-IGF2BP1

WB (1:1000)

Atlas Antibodies via
Cambridge
Biosciences
(HPA062273)

Rabbit polyclonal anti-IGF2BP2

WB (1:500)

Atlas Antibodies via
Cambridge
Biosciences
(HPA035145)

Rabbit polyclonal anti-IGF2BP3

WB (1:1000)

Atlas Antibodies via
Cambridge
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Antibody Application | Source
Biosciences
(HPA002037)
Mouse monoclonal anti Jmjd6 (H-7) WB (1:2000) | Santa Cruz
Biotechnology (sc-
28348)
Goat polyclonal anti-MxA/Mx1 WB (1:1000) | R&D systems
(AF7946)
Rat monoclonal anti-tubulin (YL1/2) WB (1:2000) | Thermo Fisher
(MA180017)
Table 6.6 Secondary antibodies.
Antibody Application | Source
IRDye 800CW Donkey anti-Rabbit IgG | WB LI-COR (926-32213)
(H + L) Secondary Antibody (1:10000)
IRDye 800CW Donkey anti-Mouse 1gG | WB LI-COR (926-32212)
(H + L) Secondary Antibody (1:10000)
IRDye 800CW Donkey anti-Goat IgG (H | WB LI-COR (926-32214)
+ L) Secondary Antibody (1:10000)
IRDye 680RD Goat anti-Human I1gG | WB LI-COR (926-68078)
Secondary Antibody (1:10000)

6.1.5. Mammalian cell lines

Table 6.7 Mammalian cell lines used throughout the study.

Cell

Description

Source

A549

Human Adenocarcinomic

Alveolar Basal Epithelial cells

Sigma/ Dr Nikki Smith (The
Roslin Institute, The University of
Edinburgh, UK); (Turnbull et al.,

2016)
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Cell

Description

Source

MDCK Madin-Darby Canine Kidney | Sigma/ Dr Nisha Kriplani (The
cells Roslin Institute, The University of
Edinburgh, UK); (Wise et al.,
2012)
HEK293T | Human Embryonic Kidney cells | Sigma/ Dr Hui-Min Lee (The
Roslin Institute, The University of
Edinburgh, UK); (Clements et al.,
2021)

X293T Lenti-X 293T subclone of the | ATCC/ Dr Nisha Kriplani (The
transformed HEK 293 which is | Roslin Institute, The University of
highly transfectable Edinburgh, UK); (Kriplani et al.,

2021)

HEK- HEK-Blue™ IFNa/B cells InvivoGen /Dr Rute dos Santos

Blue™ Pinto (The Roslin Institute, The
University of Edinburgh, UK);
(Turnbull et al., 2016)

BSR-T7 Clone of BHK-21 (Baby Hamster | (Buchholz et al., 1999)/ Olga

Kidney fibroblasts) which stably

expresses T7 RNA polymerase

Diebold (The Roslin Institute, The

University of Edinburgh, UK)
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6.1.6. Solutions and Media

6.1.6.1. Eukaryotic cell culture media and cell passage solutions

Table 6.8 Reagents used in the preparation of media for eukaryotic cell culture.

Reagent Source

0.25% Trypsin- Ethylenediamine tetraacetic acid Life Technologies
(EDTA)

Blasticidin InvivoGen

Bovine serum albumin (BSA) ThermoFisher Scientific
Dulbecco’s Modified Eagle Medium (D-MEM) Sigma-Aldrich

Foetal Bovine Serum (FBS)

Life Technologies

Glasgow's Modified Eagle Medium (G-MEM)

Life Technologies

L-1-Tosylamide-2-phenylethyl chloromethyl ketone- -
(TPCK)-treated bovine pancreatic trypsin

Sigma-Aldrich

L-Glutamine

Life Technologies

Opti-MEM

Life Technologies

Penicillin/Streptomycin

Life Technologies

Tryptose Phosphate Broth solution (TPB)

Sigma-Aldrich

Zeocin

InvivoGen

The previously listed supplies were used to prepare the following media:

e Complete D-MEM: D-MEM supplemented with 10% (v/v) heat inactivated (HI) -
FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin.

o Serum free medium: Complete D-MEM without FBS.

e Virus growth medium: D-MEM supplemented with 2 mM glutamine, 100 U/mL

penicillin, 100 pg/mL streptomycin, 0.14% (w/v) BSA, and 1 pg/mL N-tosyl-L-

phenylalanine chloromethyl ketone (TPCK)-treated trypsin.

e Transfection medium: Complete D-MEM without penicillin and streptomycin.
¢ BSR-T7 culture medium: G-MEM supplemented with 10% (v/v) HI-FBS, 10% (v/v)
TPB, 100 U/mL penicillin, and 100 pg/mL streptomycin.

6.1.6.2. Bacterial media

Bacterial growth media and agar were prepared and provided by the Roslin Institute

CSU according to the following formulae:

e Luria-Bertani (LB) Broth: 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride

(pH 7.0).
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e Super Optimal Broth (SOB): 20 g/L tryptone, 5 g/L yeast extract, 10 mM NaCl, 2.5
mM KCI, 10 mM MgCl2, and 10 mM MgSOa4.

e LB agar 15 g/L agar, 20g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride
(pH 7.0).

Ampicillin sodium salt (used at 100 ug/mL) was sourced from Sigma-Aldrich.

6.1.6.3. Competent bacteria preparation solutions

e Calcium/Manganese Based (CCMB) transformation buffer: 10 mM potassium
acetate, 10% (v/v) glycerol, 80 mM CaCl2, 20 mM MnCl2, 10 mM MgClz, pH 6.4.

6.1.6.4. Protein buffers and solutions

6.1.6.4.1. Lysis buffer

Laemmli’'s sample buffer: 20% (v/v) glycerol, 2% (w/v) sodium dodecyl sulphate
(SDS), 100 mM dithiothreitol (DTT), 24 mM Tris pH 6.8, 0.016% (v/v) bromophenol

blue, 0.016% (v/v) xylene cyanol solution.

6.1.6.4.2. Acrylamide gel electrophoresis

e SDS-PAGE running buffer. 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS.

e 4 x resolving buffer (Protogel) 1.5 M Tris-HCI, 0.4% (w/v) SDS, pH 8.8.

e 4 x stacking buffer (Protogel) 0.5 M Tris-HCI, 0.4% (w/v) SDS, pH 6.8.

e Resolving polyacrylamide gel: 7-15% acrylamide:bisacrylamide (37.5:1), 1x
resolving buffer, 0.1% (w/v) APS, 0.1% (v/v) TEMED. This formula was adapted
to make gels containing 7-15% polyacrylamide by altering the added amounts
30% acrylamide solution and water.

e Stacking polyacrylamide gel: 4% acrylamide:bisacrylamide (37.5:1), 1x stacking
buffer, 0.5% (w/v) APS, 0.1% (v/v) TEMED.

6.1.6.4.3. Western blotting

e Protein transfer buffer: Trans-Blot Turbo Transfer Buffer (BioRad), 20% (v/v)
ethanol.

e Blocking Buffer: PBS/0.1% (v/v) Tween20, 5% (w/v) skimmed milk (local
supermarkets).

e Washing solution (PBST): PBS/0.1% (v/v) Tween20
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6.1.6.5. Nucleic acid gel electrophoresis buffers

Tris acetate EDTA (TAE) buffer was prepared and supplied by the Roslin Institute

CSU according to the following formulae:
e TAE buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA.

e 6x DNA loading buffer: 10 mM Tris-HCI (pH 7.6) 0.15% (w/v) Orange G dye,
0.03% (w/v) xylene cyanol FF, 60% (v/v) glycerol, 60 mM EDTA.

6.1.7. Drugs
Table 6.9 Compounds used throughout the study.

Reagent (solvent; concentrations) Source

Baloxavir (DMSO; used at 1, 5, 10 and | LKT Laboratories via Cambridge

50 nM) Bioscience

BTYNB (DMSO used at 1, 5, 10 and Cayman Chemical Company via
50 puM) Cambridge Bioscience

BTYNB incorrect compound (DMSO Cayman Chemical Company via
used at 2, 10 and 20 uM) Cambridge Bioscience

6.2. Methods

6.2.1. Molecular techniques

6.2.1.1. Preparation of agar plates

LB agar was heated in a microwave until all agar had dissolved. After cooling, the
appropriate selection antibiotic was added and mixed. Molten LB agar was poured
into sterile 10 cm dishes, working under the flame of a Bunsen burner to reduce
contamination. The agar was then allowed to set at room temperature and stored at

4°C until further use.

6.2.1.2. Preparation of competent DH5a bacterial cells

Stocks of Escherichia coli bacteria (strain DH5a) were used to produce competent
cells. Briefly, at least 10 pL of a starter culture was propagated overnight in 5 mL of
antibiotic-free SOB medium at 37°C on an orbital shaker. The next day, the culture

was diluted 1:100 in 60 mL of SOB and incubated at 37°C for a further 3 hours on an
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orbital shaker until the optical density at 550 nm (ODsso) was approximately 0.3.
Spectrophotometry was performed using 1 mL of the bacterial culture, using blank
SOB medium as a reference. For the first two hours, the ODsso was measured once
every hour, however in the last hour measurements were taken every 15-30 minutes.
Once the desired ODssp was reached, the bacteria were incubated on ice for 10
minutes, followed by centrifugation at 3000 rpm at 4°C for 10 minutes. The
supernatant was removed and the pellet were resuspended in 1/4 of the initial volume
(15 mL) of cold CCMB buffer (Hanahan et al., 1991) and incubated on ice for 4 hours.
Bacteria were pelleted as before, resuspended in 1/12 of the starting volume (5 mL)
of cold CCMB buffer, and 100 pL aliquots were snap frozen on dry ice and stored at
-80°C.

6.2.1.3. Transformation of competent DH5a bacterial cells

The competent DH5a E. coli cells prepared before were used to amplify plasmid DNA
using the heat shock transformation method. Briefly, approximately 50 ng of plasmid
DNA was added to 50 uL of bacteria. This mixture was incubated on ice for 30
minutes, heated at 42°C for 45 seconds, then immediately incubated on ice for 5
minutes. LB broth (800 uL) was added and the cells were placed in a shaker (180-
200 rpm) for 1 hour at 37°C to recover. Bacterial cells were then spread onto agar
plates containing the appropriate antibiotic, using a sterile spreader whilst working
under a flame. Agar plates were incubated in an inverted position overnight at 37°C.
The remaining volume of the transformation reaction was stored at 4°C until
confirmation of successfully transformed colonies along with the absence of colonies

in water-transformed bacteria under antibiotic selection.

To amplify plasmid DNA from the transformed bacteria, single colonies were picked
with a P200 pipette tip and incubated in 100 mL of LB with antibiotic selection at 37°C

in a shaker (180-200 rpm). Following overnight incubation, the bacterial cells were
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pelleted at 4300 rpm at 4°C for 15 minutes and the supernatant discarded. Cells were

then used to prepare the plasmid DNA or stored at -20°C.

6.2.1.4. Plasmid extraction and quantification
Plasmid DNA midi-preps were performed using QIAGEN Plasmid Midi Kit according

to the manufacturer’s instructions. DNA was diluted in nuclease free water and the
final concentration was determined by measuring absorbance at 260 nm using a
NanoDrop ND-1000 spectrophotometer. Plasmid integrity was also checked by

agarose gel electrophoresis.

6.2.1.5. Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was carried out using 0.8-2% (w/v) agarose gels
depending on the size of DNA fragments to be separated. Gels were prepared by
dissolving agarose in TAE buffer using a microwave. After cooling, 1X SYBR DNA gel
stain was added (1:10,000) and mixed. The melted agarose was poured into a gel
tray with a comb containing the desired number of wells. Once set, the gel was
immersed in TAE buffer. DNA samples were mixed with 1X gel loading dye (final
concentration) and loaded into the set agarose gel alongside 1kb DNA ladder. Gels
were typically run at 80-100 V for 45-60 minutes in a horizontal electrophoresis tank

(Bio-Rad). Gels were imaged using a LI-COR Odyssey Fc Imaging System.

6.2.1.6. Restriction enzyme digestion

DNA endonuclease enzymes were obtained from New England Biolabs (NEB), and
digests were performed as instructed by the manufacturer. Typically, 1 ug of DNA
was digested in a 50 yL reaction. The buffer used, amount of enzyme added, and
incubation conditions were determined using the NEBcloner tool from NEB

(https://nebcloner.neb.com/#!/).
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6.2.2. Eukaryotic cell culture, isolation and manipulation

6.2.2.1. Cell passage
MDCK cells, 293T cells and A549 cells were all grown in complete D-MEM. HEK-

Blue™ cells were cultured in complete D-MEM supplemented with 30 pg/mL
blasticidin and 100 pyg/mL Zeocin. BSR-T7 cells were cultured inBSR-T7 culture
medium. All cells were grown at 37°C in 5% CO.. Cells were typically passaged twice
weekly by washing cells once with PBS and detaching using 0.25% trypsin-EDTA
solution or without trypsin for HEK-Blue™ cells. Cells were resuspended in the

relevant fresh medium and typically split 1 in 10.

6.2.2.2. Cell counting

All cell types were counted using a haemocytometer (Neubauer counting chamber).
Usually, 10 uL of cell suspension was added into each side of the chamber under a
glass cover slip. Under a light microscope, the number of cells was counted in a
designated squared area equivalent to 0.1 mm?® (1x10“mL). Cell concentration was

then estimated (cell concentration (cells/mL) = number of counted cells x 10%).

6.2.2.3. Cytotoxicity assays

Drug cytotoxicity was measured using the CellTiter-Glo viability assay kit, which
quantifies the ATP content of cells. Cells were seeded at 1.5x10* cells/well in a flat
clear bottom, opaque-walled 96-well plate. On the following day, cells were incubated
with increasing concentrations of drug and/or DMSO (vehicle) in a total volume of 100
pL of complete D-MEM at 37°C in 5% CO; for 24 hours. An equal volume of the
CellTiter-Glo reagent was added to each well and mixed for 2 minutes on an orbital
shaker to induce cell lysis. The plate was incubated at room-temperature for 10
minutes to stabilise the luminescent signal before imaging with a micro plate reader

(BioTek) using Gen5 software.
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CellTiter-Glo viability assay kit was also used as described above to determine
cytotoxicity caused by the transfection of siRNAs. The day following seeding, cells
were transfected with increasing concentrations of targeting or non-targeting siRNA
in a total volume of 100 L transfection medium. Following 24 hours incubation at
37°C in 5% COg, the siRNA and transfection medium was removed and cells were
overlaid with 100 pL complete D-MEM and incubated for a further 24 hours at 37°C

in 5% CO.. The CellTiter-Glo protocol was then followed as above.

6.2.2.4. SiRNA transfection of A549 cells

A549 cells were transfected with siRNA in order to deplete protein levels of the
candidate genes targeted in this study. Initial knockdown of Jmjd6 was performed
using a protocol adapted from the Ph.D. thesis of Dr Janice Kwok (Kwok, 2018) and
a published siRNA sequence termed siRNA-275 (Heim et al., 2014). All other
targeting siRNAs used were ON-TARGETplus siRNA SMARTpool from Dharmacon.
All targeting siRNA sequences are listed in Table 6.2. MISSION® siRNA Universal
Negative Control #1 (Sigma-Aldrich; SIC001) was used as a matched non-targeting
control siRNA for siRNA-275. ON-TARGETplus Non-targeting Control Pool
(Dharmacon; D-001810-10) was used matched non-targeting control for all

SMARTpool siRNAs.

A549 cells were seeded in 1 mL complete D-MEM per well of a 24-well plate to
achieve 60-70% confluence the following day for transfection. Prior to transfection,
the complete D-MEM was removed, the cells were washed once with PBS and
overlaid with transfection medium. SMARTpool siRNA transfections used 400 pL/well
transfection medium as described above in section 6.71.6.1. Transfection of siRNA-
275 used 150 pL/well of a different transfection medium, D-MEM supplemented with

5% HI-FBS and 2 mM L-glutamine.
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DharmaFECT1 transfection reagent and siRNA were diluted in separate volumes of
either transfection medium, for siRNA-275, or Opti-MEM, for SMARTpool siRNAs,
and incubated at room temperature for 5 minutes. The DharmaFECT1 and siRNA
mixtures were combined and gently mixed. Following 20 minutes incubation at room
temperature, 100 pL of the DharmaFECT 1/siRNA mixture was dripped slowly into
each well, making final total volume per well 250 uL for siRNA-275 and 500 pL for

SMARTpool.

The concentration of siRNA used for SMARTpool transfections was determined by
performing siRNA titration experiments, in which increasing concentrations of siRNAs
(5-100 nM) were transfected into A549 cells and knockdown efficiency was
determined using western blotting. For each gene that was targeted in subsequent
infection experiments, 30 nM siRNA was determined to be optimal. The final
composition of transfection mixtures that cells were incubated with are described

below:

siRNA-275: 22475 pyL DMEM (5% HI-FBS, 2 mM L-glutamine), 0.75 pL

DharmaFECT1 (Dharmacon) and 100 nM siRNA per well.

SMARTpool siRNAs: 400 uL D-MEM (10% HI-FBS, 2 mM L-glutamine), 96 uL Opti-

MEM, 1 yL DharmaFECT1, and 30 nM siRNA per well.

Cells were incubated at 37°C in 5% CO2for 24 hours, after which either the samples
were harvested or the transfection medium was removed and cells were overlaid with
complete D-MEM. Cells were incubated for a further 24 hours (48 hours total) and
either harvested or used for further infection experiments. For sample harvest,
supernatants were removed and stored at -80°C, cells were washed with PBS and
lysed with 150 uL/well 2X Laemmli sample buffer (10% DTT). Cell lysates were stored

at -20°C.
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6.2.2.5. Plasmid transfection of mammalian cells
Mammalian cell lines X293T, HEK293T, and BSR-T7 were transfected with

overexpression plasmids using Lipofectamine2000. Briefly, cells were seeded in 1 mL
of the relevant culture medium per well of a 24-well plate to achieve 60-70%
confluence the following day for transfection. Prior to transfection, media was
removed, the cells were washed once with PBS and overlaid with 400 pL either
transfection medium (293T lines) or G-MEM supplemented with 10% (v/v) heat
inactivated (HI)-FBS, 10% (v/v) TPB, without penicillin and streptomycin (BSR-T7).
Lipofectamine2000 (2 uL) and 100 ng plasmid were each diluted separately in 50 pL
Opti-MEM. After 5 minutes incubation at room temperature, these mixtures were
combined, gently mixed, and incubated at room temperature for a further 20 minutes.
The Lipofectamine2000/plasmid mixture (100 yL total) was then added to cells
dropwise. Cells were incubated for 24 hours and lysed with 150 pyL/well 2X Laemmli

sample buffer (10% DTT). Cell lysates were stored at -20°C.

6.2.2.6. Generation of Jmjd6 knockdown cells

Frozen stocks of heterogeneous populations of A549 cells, which had previously been
treated by Dr Janice Kwok to knockout Jmjd6 (Kwok, 2018) were recovered from
storage at -150°C and passaged as normal A549 cells (as described in section

6.2.2.1).

After three passages, the heterogeneous cell lines were prepared for single cell
cloning by FACS. Cells were pelleted by centrifugation at 3000 rpm at 4°C for 10
minutes, washed once in PBS and pelleted again under the same conditions. Media
removed from the cells was filtered through a 0.2 uym filter (Sigma-Aldrich), mixed 1:1
with complete D-MEM and filtered again to make conditioned medium. The cells were
resuspended in serum free medium at an approximate density of 5x10° cells/mL,

passed through a Falcon® 70 um cell strainer and kept on ice until sorting.
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FACS was performed by Mr Graeme Robertson from the Roslin Institute Bio-Imaging
facility. Cells were sorted so that each well of a 96-well plate contained a single cell
in 100 pL conditioned medium and were incubated at 37°C in 5% CO.. Cells were
checked by microscopy every 24 hours. After 1 week cells that had survived and
divided were detached using 0.25% trypsin-EDTA solution and resuspended in 1 mL
conditioned medium. Resuspended cells were seeded into two wells of a 24-well plate
and incubated at 37°C in 5% CO.. When cells reached 70-80% confluency, one well
was passaged into a t25 flask and the other was lysed with 150 uL/well 2X Laemmli
sample buffer (10% DTT). Cell lysates were stored at -20°C prior to screening for
Jmjd6 expression by western blot. Populations determined to be Jmjd6 negative were

then passaged as wild type A549 cells.

6.2.3. Virus work

6.2.3.1. Generation of PO stocks
Wild type influenza A/Puerto Rico/8/1934 H1N1 (PR8) was rescued as previously

described using an eight plasmid reverse genetics system (de Wit et al., 2004). This
system uses eight pDUAL plasmid vectors (Table 6.3), each encoding a single IAV
genome segment, transfected into 70-80% confluent monolayers of HEK293T cells in
6-well plates. Briefly, 250 ng of each plasmid was diluted in 100 pL Opti-MEM and 4
ML Lipofectamine2000 was separately mixed with 100 pL Opti-MEM. Following 5
minutes incubation at room temperature, these were mixed gently and incubated for
a further 20 minutes at room temperature. The HEK293T cells were washed once with
PBS and overlaid with 800 uL transfection medium. The Lipofectamine2000/ DNA/
Opti-MEM mixture was dripped slowly over the cells and incubated overnight at 37°C
in 5% CO2. The following day, the transfection medium was replaced with 2 mL virus
growth medium and the cells were incubated for a further 48 hours at 37°C in 5%

COs. Cell supernatant was harvested and cleared by low-speed centrifugation (5
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minutes at 1500 rpm), giving a “passage zero” (PO0) viral stock which was aliquoted

and stored at -80°C to be used to make a P1 virus stock.

6.2.3.2. Generation of P1 stocks

A first passage (P1) PR8 stock was generated using confluent monolayers of MDCK
cells in T75 flasks. Cells were washed twice with PBS, inoculated with 200 pL of the
PO stock diluted in 2 mL serum free medium and incubated for 1 hour at 37°C in 5%
COs.. The cells were overlaid with 18 mL serum free medium and incubated for a
further 48 hours at 37°C. Supernatants were harvested and cleared by centrifugation

at 3000 rpm for 5 minutes at 4°C. P1 stocks were aliquoted and stored at -80 °C.

6.2.3.3. Growth of virus in embryonated chicken eggs

PO viral stocks were obtained as described above and 100 pL used to infect 10-day
old embryonated chicken eggs (Henry Stewart & Co.) via the allantoic cavity. Mock-
infected eggs were inoculated with 100 yL of serum free medium. Eggs were
incubated for 48 hours at 37°C with 40-50% humidity. Prior to infection, eggs were
candled to check viability of the embryo. The shell was sterilised with 70% ethanol
(v/v) and a small hole was punctured in the egg shell, just below the line of the air sac.
Using a 1 mL syringe and 25 gauge needle, PO virus stock or serum free medium was
inoculated into the allantoic cavity via this hole. The punctures were sealed with
Scotch Magic Tape and eggs were incubated for a further 48 hours at 37°C in 40-

50% humidity.

Eggs were culled by chilling overnight at 4°C. The top of the shell was removed using
curved forceps and the air sac membrane was punctured using a P1000 Gilson tip.
Allantoic fluid was collected using a P1000 Gilson, clarified at 4000 rpm for 10 minutes

and aliquoted and stored at -80°C until further use.
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6.2.3.4. Quantification of virus by plaque assay

Viral titre determination was performed on monolayers of MDCK cells, which were
seeded in 6-well plates in complete D-MEM and grown to 100% confluence. Virus P1
or supernatant from virally infected cells was serially diluted 10-fold (10! to 10%) in
serum free medium. Prior to infection, cells were washed once with PBS and infected
with 500 pL of virus dilutions per well. Cells were incubated with the virus dilutions for
1 hour at 37°C in 5% CO_, then overlaid with Avicel overlay (virus growth medium
supplemented with 1.2% (w/v) Avicel, 0.14% BSA and 1 ug/mL TPCK-treated trypsin).
Following 48 hours incubation at 37°C, cells were fixed with 2 mL of 10% neutral
buffer formalin (NBF) per well for 1 hour at room temperature. The NBF and remaining
Avicel overlay were removed and the cells stained with 0.1% Toluidine blue. After 20
minutes to 1 hour incubation at room temperature, staining solution was rinsed under
tap water, plates were air dried and plaques were counted. The value for plaque
forming unit (pfu)/mL was determined by multiplying the plaques per well by 2 and

then by the dilution factor of that well.

6.2.3.5. Viral infections

A549 cells were either seeded in to 24-well plates the day prior to infection to achieve
approximately 90% confluence on the day of infection, or seeded and transfected with
siRNA as described above. Cells were washed once with PBS to remove FBS. Virus
stocks were diluted in serum free medium to the required MOI and 100 uL was applied

to cells for 1 hour at 37°C in 5% CO..

For multi-cycle infections (MOI 0.01 and MOI 0.001), inoculum was removed and cells
were overlaid with 1 mL virus growth medium. For single-cycle infections (MOI 5 and
MOI 1), inoculum was aspirated, 250 pL acid wash buffer (10 mM HCI, 150 mM NacCl,
pH3) was applied for 1 minute to inactivate non-internalised particles, and cells were

washed three times with PBS. Single-cycle infections for which measurement of IFN
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secretion by HEK-Blue™ type | IFN assay was intended were overlaid with serum free
medium supplemented with 0.14% (w/v) BSA. All other single-cycle infections were
overlaid with virus growth medium, the make-up of which is described in section

6.1.6.1.

Supernatants and cell lysates were harvested 1 hour post acid wash and at various
time points post infection. Supernatants were harvested and stored at -80°C. Cells
were washed once with PBS and lysed with 100 pL/well 2X Laemmli sample buffer

(10% DTT). Cell lysates were stored at -20°C.

6.2.3.6. Minireplicon assays
HEK293T or X293T cells were seeded in 24-well plates to achieve 60-70% confluence

the following day for transfection. Lipofectamine2000 (1 pL) was mixed with 50 uL
Opti-MEM and incubated for 5-10 minutes. Separately, 50 ng pDUAL plasmids
encoding PR8 PB2, PB1, PA and NP (abbreviated as 3PNP), along with 20 ng pPol |
FF Luciferase and 50 ng of various overexpression pcDNA3.1 plasmids, or empty
pcDNA3.1, were diluted in 50 yL Opti-MEM. As a negative control, transfections
lacking the PB1 plasmid (empty vector was used to balance plasmid intake) were also

performed (2PNP).

The Lipofectamine2000 mixture and the plasmid mixture were combined, gently
mixed and incubated for 20 minutes at room temperature. Medium on the 293T cells
was removed, the cells were washed once with PBS and overlaid with 500 yL Opti-
MEM. The Lipofectamine2000/ DNA/ Opti-MEM mixture (100 pL total) was dripped
slowly over the cells. Following 24 hours incubation at 37°C in 5% CO., the
transfection mixture was removed, the cells were overlaid with complete D-MEM and

incubated for a further 24 hours at 37°C in 5% CO..
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Medium was removed and 150 pL Reporter Lysis Buffer (Promega) added per well,
cells were lysed by freezing and thawing, and lysates were collected into clean tubes.
Lysates were clarified by centrifugation at 3000 rpm for 5 minutes at 4°C. The
supernatant was removed, 60 uL was transferred to an opaque-walled 96-well plate
and an equal volume of Luciferase Assay Reagent (Promega) was added.
Luminescence was immediately read using a micro plate reader (BioTek) and Gen5

software.

6.2.4. Protein Analysis
6.2.4.1. SDS-PAGE

Proteins were separated using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). Both precast polyacrylamide gels (BioRad) and
polyacrylamide gels made in-house were used. Stacking gels were cast at 4% (v/v)
acrylamide and resolving gels were cast at various acrylamide concentrations (7-
15%) depending on the size of the proteins being separated. Both were prepared
using reagents supplied by Protogel according to the manufacturer’s instructions;

recipes for these are shown in section 6.7.6.4.2.

Prior to SDS-PAGE, cell lysates were heated at 95 °C for 5 minutes, vortexed briefly
and centrifuged for 1 minute. Each lane was loaded with 5-20 uL of sample and 3 uL
of Precision Plus Dual Colour Molecular Weight Marker (BioRad) was added to the
end lanes. All electrophoresis was performed in a Bio-Rad tank (Mini-Protean tetra
system) at 80 V for 30 minutes to cross the stacking gel, followed by 120 V for the

desired length of time.

6.2.4.2. Western blotting

Proteins separated by SDS-PAGE were transferred to 0.45 um nitrocellulose
membrane using the Transfer-blot® Turbo™ semi-dry transfer system (BioRad)

according to the manufacturer’s instructions (2.5 A, 25.0 V for 7 minutes). Membranes
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were blocked for at least 1 hour with 5% (w/v) milk blocking buffer (described above
in section 6.1.6.4.3) and probed with a primary antibody diluted in blocking buffer
overnight at 4°C on a platform rocker. Membranes were washed 3 times for 5 minutes
in PBST and incubated at room temperature for 45-60 minutes with secondary
antibody (Table 6.6) diluted in blocking buffer. Membranes were again washed 3
times for 5 minutes and imaged using a LI-COR Odyssey Fc Imaging System and LI-

COR Image Studio version 5.2.5 software.

6.2.4.3. Densitometry

Protein quantification following western blotting was determined by densitometry

using the LI-COR Image Studio Lite version 5.2.5 software.

6.2.5. HEK-Blue™ type | interferon assays

Positive controls were acquired for each experiment by transfecting cells with
polyinosinic:polycytidylic acid (poly I:C) to induce a type | IFN response via the RIG-I
pathway. Confluent A549 cells in 24-well plates were overlaid with transfection
medium. Poly I:C (5 pg) and 2 pL Lipofectamine2000 were separately diluted in 100
ML Opti-MEM and incubated at room temperature for 5 minutes. The two mixtures
were combined, gently mixed and incubated at room temperature for 20 minutes. The
poly 1:C/ Lipofectamine2000/ Opti-MEM mixture was dripped slowly over the cells.
After 6 hours incubation at 37°C in 5% CO, supernatants were harvested and stored
at -80°C. Cells were washed once with PBS and lysed with 100 pL/well 2X Laemmli

sample buffer (10% DTT). Cell lysates were stored at -20°C.

Cell supernatants harvested from experiments described above in sections 6.2.2.4
and 6.2.3.5 were thawed on ice. Samples from infection experiments were UV-treated
to inactivate infectious virus particles by transferring 300 puL of sample to a 24-well

plate, kept on ice with lid removed, and treating at 120000 pJ/cm? for 10 minutes in a
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CL-1000 Ultraviolet Crosslinker. Inactivation of the virus was confirmed by plaque

assay.

HEK-Blue™ cells were suspended in complete D-MEM at 2.8 x 105 cells/mL and180
ML of cell suspension was added to 20 pL of either original or UV-inactivated samples
in 96-well. An IFN standard curve was produced by incubating known quantities of
universal type | IFN (Bio-Techne) alongside experimental samples. After 24 hours
incubation at 37°C in 5% COx, 20 yL of HEK-Blue™ cell supernatant was transferred
to 180 yL of QUANTI-Blue™ reagent (InvivoGen) in a separate 96-well plate and
incubated for 1 hour at 37°C. Absorbance values at 600 nm were acquired using a

GLOMAX® multidetection system.

6.2.6. Alignment of cDNA and protein sequences

In order to assess potential siRNA and antibody cross reactivity between the proteins
in the IGF2BP family, alignments of protein and cDNA sequences of the genes were
generated and analysed. Protein sequences were exported from UniProt and cDNA
sequences were exported from Ensembl. Alignments were generated using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and exported to Jalview 2.11.0
(https://www.jalview.org/development/release-history/Jalview-2110). Identity and
similarity was calculated using the Sequence Manipulation Suite (version 2) Ident and
Sim online analysis tool from bioinformatics.org
(https://www.bioinformatics.org/sms2/ident_sim.html). Identification numbers for the

genes are shown in Table 6.10.

Table 6.10 IGF2BP gene and protein sequence identification numbers.

Gene Ensembl gene ID NCBI Reference | UniProt Accession
Sequence number

IGF2BP1 | ENSG00000159217 | NM_006546.4 Q9NZI8-1 (Canonical
sequence: 577aa)
IGF2BP2 | ENSG00000073792 | NM_006548.6 Q9Y6M1-2 (Canonical
sequence: 599aa)
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Gene Ensembl gene ID NCBI Reference | UniProt Accession
Sequence number
IGF2BP3 | ENSG00000136231 | NM_006547.3 000425-1 (Canonical

sequence: 579aa)

6.2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 Software.
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