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Abstract

Since the turn of the century, the emergence of three highly pathogenic
coronaviruses highlights the importance of understanding coronavirus-host
interactions. If sufficient cellular factors are available for a virus to complete its
life cycle, genome-encoded post-entry blocks to replication may determine
whether virus replication is successful. One such barrier is the interferon response,
a signalling pathway upregulating hundreds of interferon-stimulated genes (I1SGs),
many of which encode proteins with specific and potent antiviral activity. The
presence and timing of a functional interferon response is important in controlling
coronavirus infection. Thus, identifying ISGs with antiviral activity can provide
insights into genetic risk factors associated with coronavirus disease severity and
the barriers to coronavirus zoonosis. To identify ISGs that inhibit unmodified
coronaviruses, | optimised an arrayed ISG expression screening protocol that
utilises immunostaining of the dsRNA replication intermediate and quantification
of virus infection by plate-based image cytometry. | screened the endemic
coronavirus HCoV-0C43 against multiple ISG libraries encoded into lentiviral
vectors, including three published species libraries (human, macaque, bovine) and
two newly generated libraries (mouse, bat). This revealed ISGs with known and
novel antiviral activity against coronaviruses, including 2’-5’-oligoadenylate
synthetase 2 (OAS2). OAS proteins classically activate RNase L via the synthesis of
2’-5’-oligoadenylates, resulting in the degradation of cellular and viral RNA.
Alternative splicing generates two OAS2 isoforms, p69 and p71, exhibiting
differential antiviral activity. | show that the p69 isoform restricts HCoV-0C43,
while the p71 isoform restricts the unrelated picornavirus Cardiovirus A (EMCV)
via different mechanisms. The OAS gene family thus enhances antiviral breadth in
the host genome by both gene duplication and alternative splicing. This research
has provided insights into how coronaviruses interact with the innate immune

system.
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1. Introduction

1.1. The innate immune response to viruses

1.1.1. The interferon response

The innate immune response is a crucial frontline defence against an
invading pathogen. In 1957, Alick Isaacs and Jean Lindenmann studied the process
of virus interference, where infection by one virus can inhibit infection by
another. The addition of inactivated influenza virus to the highly vascularised
membrane of a chick egg, the chorioallantoic membrane, resulted in the release
of an agent that inhibited subsequent infection, which they named ‘interferon’
(IFN) (Isaacs and Lindenmann, 1987). IFNs are a group of signalling proteins that
trigger an antiviral state within cells and are a key component of the innate

immune response.

Since this initial discovery, IFNs have been classified into three groups
(Type I, Type Il and Type lll) based on amino acid sequence homology and receptor
usage. In humans, the type | family includes 13 subtypes of IFN-a and single
subtypes of IFN-B, IFN-g, IFN-k and IFN-w (Lazear et al., 2019). The type Il family
consists of four subtypes (-A1, -A2, -A3 and -A4) (Wack et al., 2015). The type Il
family consists of only IFN-y, mainly produced by natural killer cells and T
lymphocytes. IFN-y plays an important role in the innate and adaptive immune
response against pathogens but also has pro-inflammatory and immunomodulatory

functions and will not be discussed further (Alspach et al., 2019).

Type | and type Il IFNs are induced by viral infection, via similar signalling
pathways and activate similar gene expression programmes, but have notable
biological differences. The receptor for type Il IFNs is mainly restricted to
epithelial cells. Thus, this IFN type is protective in barrier tissues, such as the
respiratory and gastrointestinal tract (Wack et al., 2015). The type | IFN receptor
is widely expressed, as it is presented on nucleated cells. It is thought that IFN-A,

as well as IFN-B, are produced by virus-infected cells, with the localised type Ill-
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dominant response being less inflammatory. When this is not enough to confine
the infection, the production of large amounts of IFN-a by immune cells prompts

a systemic IFN response (Lazear et al., 2019).

1.1.2. Induction of interferon

IFN production generally relies on pattern recognition receptors (PRRs),
which recognise specific pathogen molecules known as pathogen-associated
molecular patterns (PAMPs). Pathogen detection activates signalling cascades,
resulting in the production of cytokines, such as interferon (IFN). Regarding viral
infection, the most common PAMP is foreign nucleic acid, such as double-stranded
RNA (dsRNA). Most viruses produce dsRNA during their replication cycle, due to
their genome structure, as a replication intermediate, or (by)products of

transcription (Chen and Hur, 2022).

Interferon production results from the recognition of nucleic acid structures
uncommon in the host or in abnormal locations, mainly via three types of PRRs
that differ in localisation and ligand specificity (Fig 1-1). Endosomal toll-like
receptors (TLRs) can recognise dsRNA (TLR3) or single-stranded RNA (ssRNA)
species (TLR7 and TLR8) (Kawai et al., 2024). Cyclic GMP-AMP synthase (cGAS) is
located in the cytoplasm and recognises dsDNA in this abnormal location. Also in
the cytoplasm, retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) are most
relevant for the positive-sense ssRNA viruses discussed in this project and include
RIG-1 (DDX58) and melanoma differentiation-associated gene 5 (MDA5) (Goubau et
al., 2013); the RNA structures recognised by RLRs differ, with RIG-I mainly
recognising base-paired RNA that has a 5’-triphosphate group (5’ppp) while MDA5

recognises long dsRNA molecules.

Upon receptor binding, downstream signalling occurs via adaptor proteins;
in the case of RLRs, this adaptor protein is mitochondrial antiviral signalling
protein (MAVS), which is predominantly found on the outer membrane of
mitochondria. MAVS activates cellular kinases such as TANK-binding kinase 1

(TBK1), resulting in the phosphorylation of interferon regulatory factor (IRF)3
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and/or IRF7. MAVS can also activate the NF-kB pathway, which involves
dissociation and degradation of IkB so that NF-kB is released. Similarly, TLRs
activate these signalling cascades using the adaptor proteins MyD88 or TRIF. The
IRF or NF-kB transcription factors can then migrate to the nucleus to bind to IFN

gene promoters (Dalskov et al., 2023).

IRF3 is constitutively expressed, while IRF7 is expressed in plasmacytoid
dendritic cells (the primary producers of IFNa) and induced in other cells in
response to IFN stimulation by positive feedback. It is suggested that IRF3, along
with NF-kB, are the predominant transcription factors for IFN-A1 and IFN-B
expression. In contrast, the IFNa promoter can bind multiple IRFs, with IRF7 being
the major controller. Full activation of IFN promoters is thus complicated, as the
most studied IFN-B promoter is believed to require the cooperative binding of
multiple transcription factors (ATF-2/c-Jun, IRF3, IRF7 and NF-kB) to the promoter
to form what is known as the ‘enhanceosome’ (Dalskov et al., 2023; Panne et al.,
2007; Randall and Goodbourn, 2008). Considering the pro-inflammatory nature of
type | and type lll interferons, this complicated regulation is likely necessary to

balance control of virus infection with the pathological effects of IFN induction.
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Figure 1-1: Sensing of viral nucleic acids leads to IFN production. dsRNA is sensed
by PRRs, such as cytosolic RIG-Il and MDA5 and the endosomal TLR3. RIG-I and MDA5
signal through the adaptor protein MAVS, which activates IRF3/7 and NF-kB signalling.
These pathways are also activated by TLR3, which signals through the adaptor protein
TRIF. Secreted IFN can act on the same cell or adjacent cells to induce an antiviral state.

RIG-I MDAS5

Endosome

(3,

8-
p
©

1.1.3. Interferon signalling

After the translation of IFN proteins, these cytokines are secreted and
induce their transcriptional programmes via their respective receptors. Type |
IFNs signal through a heterodimeric receptor (IFNAR) consisting of IFNAR1 and
IFNAR2 subunits. Type Ill IFNs also signal via a heterodimeric receptor (IFNLR)
consisting of IFNLR1 (IL28Ra) and IL10RB. Despite the difference in receptors,
downstream signalling can occur through a canonical pathway. The binding of the
IFN ligand to the receptor activates Janus kinase 1 (JAK1) and tyrosine kinase 2
(TYK2); these receptor-associated protein tyrosine kinases phosphorylate the IFN
receptor. This facilitates the recruitment of signal transducer and activator of
transcription 1 (STAT1) and STAT2 proteins which are subsequently
phosphorylated. IRF9 and these phosphorylated STAT proteins form the

transcription complex IFN-stimulated gene factor 3 (ISGF3). After translocating
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into the nucleus, ISGF3 binds IFN-stimulated response elements (ISREs), which
induces an antiviral state by the upregulation of hundreds of interferon-stimulated
genes (ISGs). These ISG protein products can exhibit specific and potent antiviral
activity (Park and Iwasaki, 2020; Randall and Goodbourn, 2008).

Type | IFN Type lll IFN
a,B,&,K,Ww A

STAT1
STAT2,

v
A

Figure 1-2: Canonical interferon signalling pathway. IFNs bind and activate their
respective receptors. The tyrosine kinases JAK1 and TYK2 phosphorylate STAT1 and
STAT2 proteins, leading to the formation of the ISGF3 complex. ISGF3 translocates to the
nucleus, where it binds interferon-stimulated response elements (ISRE), leading to the
transcription of hundreds of interferon-stimulated genes (ISGs).

1.1.4. Interferon-stimulated genes

As discussed in (Schoggins, 2019), defining an ISG is complex. The basic
definition would be a gene that is induced by IFN signalling. More explicitly, an
ISG is a gene whose expression is increased because of ISGF3 binding - or IFN-y
activated factor (GAF) in the case of type Il IFNs. However, many ISGs are also
direct targets of IRFs or NF-kB, so can be induced independently of IFN signalling.
Some ISGs are not expressed without IFN signalling, while others have basal
expression levels and are also IFN-inducible; the latter includes genes like PLSCR1

and DAXX (described in section 3.1.4). To complicate terminology further, some
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genes are downregulated due to the IFN response. This thesis will focus on genes
that are upregulated in response to interferon. ISGs can utilise diverse
mechanisms to exhibit broad or highly specific antiviral activity against DNA and
RNA viruses. I1SGs have evolved to target most stages of the virus replication cycle,
and in some cases, an individual ISG can target a different cycle stage depending
on the virus. In the following sections, | will provide examples of ISGs (Fig 1-3),

particularly those targeting RNA viruses and their mode of inhibition.

Virus Entry l OAS/RNase L
and Trafficking Senome ‘/ lzs %Pz )
‘ . ® Replication ~ APOBEC
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# and Egress
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Figure 1-3: Examples of ISGs targeting stages of the virus replication cycle. ISGs
have evolved to target the different stages of the virus replication cycle. Note that a given
ISG can target a different stage depending on the virus.
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1.1.5. ISGs targeting viral entry and trafficking

A virus must bind to and enter the host cell to begin its replication cycle.
Many ISGs have evolved to target this process. A prime example is the IFN-
inducible transmembrane (IFITM) proteins, which have been shown to interfere
with the entry of a diversity of viruses, including orthomyxoviruses, flaviviruses
and coronaviruses. IFITM3 was identified as a restriction factor of influenza A virus
(IAV) in a siRNA genetic screen, and subsequent experiments using virus
pseudotypes discovered the antiviral block was occurring prior to release of the
viral genome into the cytosol (Brass et al., 2009). Given its localisation to
endosomes, IFITM3 is most potent against viruses that enter cells via the endocytic
pathway. Although its exact mechanism of action is still being ascertained, it is
thought that IFITMs can affect membrane fluidity, which interferes with virus-cell
membrane fusion, as well as enhancing the trafficking of virion-containing vesicles
to lysosomes for degradation (Diamond and Farzan, 2013; Spence et al., 2019).
Other ISGs that affect virus-cell membrane fusion include cholesterol-25
hydroxylase (CH25H) and nuclear receptor co-activator protein 7 (NCOA7), which

are discussed later in section 3.1.2 (Majdoul and Compton, 2022)

For viruses that replicate in the nucleus, nuclear import of viral genomes is
an essential step which can make these viruses susceptible to the antiviral activity
of several ISGs. The Mx dynamin-like GTPases Mx1 and Mx2 are localised to the
cytoplasm and nuclear pore, respectively. Mx1 exhibits anti-lIAV activity by
interfering with the translocation of viral genomes into the nucleus, in addition to
inhibiting viral gene expression. Meanwhile, Mx2 is a potent restriction factor of
retroviruses, such as HIV-1, by binding the capsid protein and inhibiting nuclear
uptake and subsequent genome integration (Haller et al., 2015). Another ISG that
restricts retroviruses is TRIM5a, which binds to and forms a lattice around the viral
capsid, resulting in capsid disassembly prior to nuclear import (Ganser-Pornillos
and Pornillos, 2019).
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1.1.6. ISGs targeting viral RNA processes

Given the universal inability of viruses to translate their proteins, the
requirement of host cell machinery to complete the replication cycle means ISGs
have evolved to target these processes. Negative-sense RNA viruses must
transcribe their genomes first, so blocking transcription can be successfully
inhibitory. The E3 ligase Retinoblastoma binding protein 6 (RBBP6) binds to VP30,
the transcriptional regulator encoded by Ebola virus (EBOV). This prevents the
interaction of VP30 with the viral nucleoprotein, inhibiting transcription (Batra et
al., 2018). Another E3 ligase, tripartite motif containing 69 (TRIM69) inhibits
Indiana vesiculovirus (VSV) by association with the viral phosphoprotein (P), a
cofactor of the viral polymerase, thus inhibiting transcription of viral mRNAs
(Kueck et al., 2019; Rihn et al., 2019).

Positive-sense RNA viruses must translate their genomes to generate the
proteins required for replication. Thus, ISGs targeting protein translation can be
particularly effective restriction factors for this virus group. Protein kinase R (PKR)
is activated by the PAMP dsRNA. In its best-characterised mechanism, PKR
phosphorylates the eukaryotic translational initiation factor subunit elF2a, which
prevents cap-dependent translation (Hur, 2019). This global protein shut-off also
occurs when the oligoadenylate synthetase (OAS)/RNase L pathway is activated,
which results in the degradation of cellular mRNA and viral RNA, including

genomes of ssRNA viruses (Bisbal and Silverman, 2007)(described in section 4.1).

Interferon-induced proteins with tetratricopeptide repeats (IFIT) proteins
can also interfere with protein translation by binding to elF3 (Diamond and Farzan,
2013). Additionally, IFIT proteins recognise 5’ppp and unmethylated capped viral
transcripts, which would be absent on host mRNA, and prevent their translation.
Viruses have evolved methyltransferases to evade this restriction and appear more
host-like. Indeed, mutating West Nile virus to impair its 2’0-methyltransferase
activity impairs its ability to infect mouse cells, but replication is enhanced when
Ifit1 is absent (Daffis et al., 2010).
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ISGs can also exhibit antiviral activity through the degradation of viral RNA.
One example is zinc finger antiviral protein (ZAP), encoded by the ZC3HAV1 gene.
ZAP recognises CG dinucleotides in viral sequences (Takata et al., 2017), which
are present in lower-than-expected numbers in vertebrate genomes, and targets
them for degradation by recruiting co-factors TRIM25 and endonuclease KHNYN.
Additionally, ZAP can inhibit viral protein translation of alphaviruses by
recruitment of TRIM25 to ubiquitinate host proteins (Yang and Li, 2020). 1SG20, a

3’ to 5’ exonuclease, can also degrade viral RNA genomes (Espert et al., 2003).

Retroviruses must convert their RNA genome into DNA by reverse
transcription for successful replication. Apolipoprotein B mRNA-editing enzyme
catalytic polypeptide-like (APOBEC) proteins, especially APOBEC3G, are cytidine
deaminases that mutate deoxycytidine to deoxyuridine and can target this
process. The resulting hypermutated viral DNA leads to impaired gene expression

and replication (Chemudupati et al., 2019).

1.1.7. ISGs targeting virion assembly and egress

After genome replication, this genetic material must be assembled into the
virion before trafficking and egress from the host cell. Far fewer ISGs have been
identified that target this replication cycle; whether this is due to it being harder
to identify late-acting ISGs or not many exist is unclear. One example is tetherin,
encoded by the gene BST2. Early studies showed HIV-1 virions lacking the
accessory protein Vpu accumulated at the cell surface, and it was hypothesised
that Vpu evaded a host protein that caused this adherence. This led to the
discovery of the transmembrane protein tetherin (Neil et al., 2008), which can
anchor virions to the plasma membrane, thereby preventing their release. Another
example is RSAD2-encoding viperin; this lipid droplet and ER-localised protein
inhibits the enzyme farnesyl diphosphate synthase (FPPS), which is involved in the
synthesis of sterols. The resulting changes in membrane fluidity affect the

formation of lipid rafts, structures from which IAV virions bud (Wang et al., 2007).
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1.1.8. Negative regulation of IFN signalling

Type | interferonopathies, such as Aicardi-Goutiéres syndrome, are
inherited autoimmune diseases resulting from excessive and/or unregulated IFN
signalling (Crow and Stetson, 2022). Genes involved in these diseases are involved
in nucleic acid metabolism, nucleic acid sensing and negative regulation of the
IFN response. Other autoimmune diseases, such as systemic lupus erythematosus
(SLE), also show increased type | IFN production. These rare disorders cause
complex pathologies, particularly affecting the brain and skin, reflecting the
importance of negative regulation of the IFN response. For example, excessive IFN
signalling can result in sustained activation of antigen-presenting cells, thus
increasing recruitment and activity of B and T cells. This predisposes to the
production of autoantibodies and the development of autoimmune disease
(Ivashkiv and Donlin, 2014). Additionally, some ISGs are involved in the induction
of apoptosis or proinflammatory cytokines, so prolonged IFN signalling promotes

tissue damage that worsens disease pathology (McNab et al., 2015).

Cell intrinsic mechanisms to downregulate the IFN response include
endocytosis of IFN receptors and dephosphorylation of activated JAK and STAT
proteins. However, some ISGs themselves are negative regulators of IFN signalling.
Phosphorylated tyrosine residues on IFN receptors and JAK1/2 are bound by
Suppressor of cytokine signalling (SOCS) proteins; this prevents further binding of
STAT proteins. Perhaps the most well-known negative regulator is ubiquitin-
specific peptidase 18 (USP18), which binds to the intracellular side of the IFNAR2
receptors and changes its conformation; this change impairs the binding of Type |
IFNs and downstream JAK-STAT signalling (Schneider et al., 2014).

Activation of the interferon response is a key barrier in the innate immune
response, as the induction of hundreds of ISGs targeting different stages of the
viral replication cycle can hinder the spread of an invading virus until an adaptive
immune response can be mobilised. Concurrently, the upregulation of negative

regulators creates a feedback loop to limit signalling so that the cytotoxic effects
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of a prolonged IFN response do not outweigh the pathogenic impact of virus

infection.

1.2. Coronaviruses

1.2.1. Introduction to human coronaviruses

Coronaviruses (Order Nidovirales, family Coronaviridae) are named after
the crown-like appearance of the virion, due to the spike attachment protein on
the surface. They are classified into four genera: alpha and beta coronaviruses
mainly infect mammalian species, whereas gamma and delta coronaviruses mainly
infect avian species (Alluwaimi et al., 2020). The first human coronavirus was
described in 1965; this sample, named B814, was isolated from a child displaying
common cold symptoms and could not be cultivated using traditional cell culture
techniques (Tyrrell and Bynoe, 1965). David Tyrrell, the virologist leading the
research at the Common Cold Unit in Salisbury, England, sent samples to the
pioneering virologist June Almeida, who successfully imaged the virus for the first
time. Almeida had previously imaged viruses causing infectious bronchitis in
chickens (Infectious bronchitis virus (IBV)) and liver inflammation in mice (Mouse
hepatitis virus (MHV)) and realising the similarities between their structures,
discovered a new group of viruses - coronaviruses (Almeida and Tyrrell, 1967).
Two human coronaviruses that are endemic today, HCoV-229E and HCoV-0C43 (a
strain of Betacoronavirus 1), were identified soon after in 1966 and 1967. These
isolates were sensitive to chemical ethers, suggesting the viruses had lipid
envelopes. The other endemic coronaviruses, HCoV-NL63 and HCoV-HKU1, were
discovered in the early 2000s (D. X. Liu et al., 2021).

The prevalence of these four endemic or “seasonal” coronaviruses peaks in
winter and early spring, with HCoV-OC43 being the primary causative agent
(Talbot et al., 2009). These viruses generally result in mild upper respiratory tract
infections, but like many viruses, age, immune status, and underlying health

conditions determine disease severity; pneumonia and bronchiolitis have been
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reported in infants, the elderly and immunocompromised individuals (Gaunt et
al., 2010).

Three highly pathogenic coronaviruses have emerged since the start of the
century. Severe acute respiratory syndrome-related coronavirus (SARS-CoV)-1 first
appeared in Guangdong Province, China in 2002 (Drosten et al., 2003); this
outbreak was controlled by extensive public health measures with a ~9% case
fatality. In 2012, the first case of Middle East respiratory syndrome-related
coronavirus (MERS-CoV) was confirmed in samples taken from a patient in Saudi
Arabia (Zaki et al., 2012); this virus has been associated with a ~35% case fatality
rate. SARS-CoV-2, the causative agent of the recent coronavirus disease 19
(COVID-19) pandemic, emerged in late 2019 in Wuhan, China (Zhu et al., 2020).
Disease varied from asymptomatic, mild upper respiratory disease to severe,
lower respiratory disease, with >770 million cases reported as of January 2025
(“WHO COVID-19 dashboard,” 2025). This range of symptoms meant control of
SARS-CoV-2 was more difficult than SARS-CoV-1, as virus transmission occurred
before symptom onset, unlike with SARS-CoV-1. More intense public health
measures were thus required, such as quarantining infected individuals and their
contacts, widespread testing and nationwide lockdowns. Given that natural
infection or vaccination against SARS-CoV-2 does not provide life-long immunity,
it can be argued that SARS-CoV-2 has transitioned to an endemic coronavirus
(Harrison et al., 2023; Rabaan et al., 2023).

Before the COVID-19 pandemic, the prototypic betacoronavirus was MHV,
which commonly infects laboratory mice. This project focuses on the related
betacoronavirus HCoV-0C43, and the following sections will highlight the biology

of this virus when possible.

1.2.2. Coronavirus genome organisation and structure

Coronaviruses have non-segmented, positive-sense, single-stranded RNA
genomes that range from 27 to 32 kilobases (kb), thus have the largest genome

sizes for RNA viruses; the coding region is flanked by structured 5’ and 3’
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untranslated regions (UTRs). Mimicking host mRNA, these genomes have a 5’-cap
and are polyadenylated, enabling their immediate translation to produce viral
proteins required for replication. The 5’ end of the genome encodes ~16 non-
structural proteins (nsp1-16) in two overlapping open reading frames (ORF1a and
ORF1b); ORF1a is translated directly into the polyprotein pp1la while a -1
ribosomal frameshifting event produces the second polyprotein pp1ab (Fig 1-4).
The polyproteins are processed by autoproteolytic cleavage by viral proteases
papain-like protease (PL’®) and main protease (M"™©), encoded by nsp3 and nsp5,

respectively (D. X. Liu et al., 2021).

Structural and accessory proteins are encoded in the 3’ end of the genome.
Most coronaviruses encode four structural proteins - spike (S), envelope (E),
membrane (M) and nucleocapsid (N) (Siu et al., 2008). S protein decorates the
virion surface and is required for virus entry and attachment. The M protein is the
master conductor orchestrating virion assembly, via its interaction with the other
structural proteins; the E protein is incorporated to a lesser extent into the lipid
envelope (Fig 1-4). Finally, the N protein encapsidates the viral genomic RNA.
Embecoviruses are a subgroup of betacoronaviruses that include HCoV-OC43,
HCoV-HKU1 and MHV, and encode an additional structural protein -
haemagglutinin-esterase (HE). HE can possess sialic acid-binding activity and
sialate-O-acetylesterase activity, which equips the virus with receptor-binding
and receptor-destroying activity, respectively. A study utilising HCoV-0C43
infectious clones with depleted or impaired HE protein found that the presence of
a functional HE protein contributes to the efficient production and dissemination

of infectious virions in vitro (Desforges et al., 2013).

The number and location of accessory proteins within or between structural
genes varies between coronaviruses. Although many are dispensable in vitro, they
have important roles in antagonising host systems that affect their replication in
vivo, such as the interferon response, stress response and apoptosis (Fang et al.,
2021). HCoV-0C43 has two characterised accessory proteins - ns2a and ns5a. The
NS2/NS2a protein of HCoV-OC43 exhibits phosphodiesterase activity that can
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antagonise the OAS/RNase L pathway (discussed in section 4.1.6). ns5a/ns12.9
encodes a protein that oligomerises to form ion channels, known as a viroporin,
and is involved in virion morphogenesis (Zhang et al., 2015). Interestingly, SARS-
CoV-1 ORF3a and HCoV-229E ORF3a also encode viroporins between the S and E
genes; these accessory proteins can rescue replication of HCoV-0OC43 mutants
lacking ns12.9, suggesting these viroporins have a conserved and vital role in

coronavirus infection.
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Figure 1-4: Coronavirus virion and genome structure. (A) Schematic representation
of a coronavirus virion with structural proteins and genomic RNA labelled. *Only some
betacoronaviruses express haemagglutinin-esterase (HE). (B) Schematic representation
of the genome structure of alphacoronavirus HCoV-229E and the betacoronaviruses
SARS-CoV-2, MHV and HCoV-OC43 are shown, with the open reading frames for non-
structural proteins (grey), structural proteins (light blue) and accessory proteins (orange)
labelled. The pp1a and pp1ab replicase polyproteins are represented at the bottom of the
figure, with red triangles indicating where cleavage occurs. Papain-like protease (PL"™);
main protease (MP™); RNA-dependent RNA polymerase (RdRp); Helicase (Hel); RNA 5'-

triphosphatase (RTPase);

Exonuclease (ExoN);

N7-methyltransferase (N7-MT);

Endoribonuclease (EndoU); 2’-O-methyltransferase (2’-O-MT).
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1.2.3. Coronavirus replication cycle: virus entry

The first stage of the coronavirus replication cycle is binding of the spike
protein to a cellular receptor to mediate virus entry into the cell. The spike
protein exists as a homotrimer that undergoes cleavage into the S1 and S2 domains
by host proteases; the S1 domain is responsible for receptor binding, whilst the S2
domain mediates membrane fusion. Many human coronaviruses utilise peptidases
as receptors, such as angiotensin-converting enzyme 2 (ACE2; SARS-CoV-1, SARS-
CoV-2, HCoV-NL63), aminopeptidase N (APN; HCoV-229E) and dipeptidyl peptidase
4 (DPP4; MERS-CoV) (D. X. Liu et al., 2021). However, it is widely accepted HCoV-
0C43 and HCoV-HKU1 bind 9-O-acetylated sialic acids on glycan based-receptors
(Hulswit et al., 2019); supporting this, CASD1, an enzyme involved in the
biosynthesis of such sialic acids, was revealed as an HCoV-0C43 dependency factor
in a loss-of-function CRISPR screen (Poston et al., 2022). Alternatively, major
histocompatibility complex (MHC) Class | and transmembrane protease, serine 2
(TMPRSS2), have been implicated as protein receptors for HCoV-OC43 and HCoV-
HKU1, respectively (Collins, 1994; Saunders et al., 2023).

Fusion of viral and cellular membranes can occur at the cellular or
endosomal membrane. This has been well-documented for SARS-CoV-2 (Jackson
et al., 2022); the SARS-CoV-2 spike protein has two sites that must be cleaved for
successful fusion. The S1/S2 site is cleaved by furin during virion maturation in
the virus-producing cell, while the S2’ site (within the S2 domain) requires
cleavage at the target cell. This can occur at the cell membrane if suitable
proteases, such as TMPRSS2, are expressed at sufficient levels on the surface.
Otherwise, the ACE2/SARS-CoV-2 spike complex undergoes clathrin-mediated
endocytosis, where cathepsin L or B can mediate cleavage following endosome

acidification.

The HCoV-0C43 replication cycle, including its entry stages, has not been
as extensively studied. In vitro experiments suggest HCoV-OC43 enters the cell via
caveolin-mediated endocytosis, which involves bulb-like invaginations of the

cellular membrane abundant in cholesterol and other lipids (Owczarek et al.,
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2018). Perhaps supporting this entry route, several loss-of-functions CRISPR
screens reveal genes involved in  cholesterol metabolism and
glycosylphosphatidylinositol (GPI)-anchored protein biosynthesis as important host
proteins facilitating HCoV-OC43 replication. Many genes involved in intracellular
trafficking and endosome maturation, such as VPS29, RAB7A and WDR81, were
also identified as host dependency factors in these screens (Poston et al., 2022;
Schneider et al., 2021; Ruofan Wang et al., 2021). Successful release of the
coronavirus genome into the cytosol, no matter the location of membrane fusion,

is the starting point for viral protein synthesis and genome amplification.

1.2.4. Coronavirus replication cycle: RNA synthesis

As discussed previously, the coronavirus genome is immediately translated,
and the non-structural proteins are released from the polyprotein, so that the
viral replication transcription complex (RTC) can be formed. Some of these non-
structural proteins initiate extensive remodelling of intracellular membranes,
especially the endoplasmic reticulum (ER), into convoluted structures, such as
double-membrane vesicles (DMV), which anchor the RTCs (Knoops et al., 2008).
Supporting this, the ER-localised transmembrane protein 41B (TMEM41B) was
identified as a pan-coronaviral host factor as it was required for the efficient
replication of SARS-CoV-2, HCoV-OC43, HCoV-NL63 and HCoV-229E; it is also
important in flavivirus replication and due to its subcellular localisation, it has
been hypothesised to be involved in ER remodelling (Schneider et al., 2021). In
addition to concentrating the RTC for RNA synthesis, the formation of these DMVs
likely acts as an immune evasion mechanism to shield dsRNA replication

intermediates from cytosolic sensors, such as RIG-1 and MDAS5.

Viral RNA synthesis occurs via a negative-sense RNA intermediate, which
acts as a template to produce genomic and subgenomic mRNAs (sgmRNAs);
subgenomic mMRNAs are translated into the structural and accessory proteins.
Genomic amplification is a continuous process with nsp12 encoding the RNA-
dependent RNA polymerase (RdRp), synthesising RNA with assistance from the

nsp7 and nsp8 co-factors. The large RNA genome is maintained by the 3’-5’-

35



PhD Thesis Emma L. Davies (2025)

exonuclease (nsp14), which provides coronaviruses with its proofreading activity.
Nsp13, nsp14 and nsp16 act as RNA 5’-triphosphatase, N7-methyltransferase and
2’-0-methyltransferase, respectively, to add the 5’cap to the viral RNA (V’kovski
et al., 2021) .

In contrast, the production of a nested set of sgmRNAs involves a
discontinuous transcription process unique to viruses in the Nidovirales order.
These sgmRNAs are co-terminal to the virus genome at the 5’ and 3’ ends; the 5’
end contains a common leader sequence present at the 5’ end of the genome.
This process requires transcription-regulating sequences (TRS) located proximal to
the leader sequence (TRS-L) or before the viral gene, known as the body (TRS-B).
Due to the complementarity between the TRS-B on the negative-sense strand and
the TRS-L on the positive-sense genome, a template switch can occur, facilitating
the fusion of the non-contiguous leader and body sequences. This negative-sense
subgenomic RNA is then used to produce positive-sense sgmRNAs which are

subsequently translated into structural and accessory proteins (Sola et al., 2015).

1.2.5. Coronavirus replication cycle: assembly and egress

The structural proteins M, E and S are translated by ribosomes of the ER
and accumulate at the ER-Golgi intermediate compartment (ERGIC). N protein is
translated by cytosolic ribosomes and associates with the viral genomic RNA. The
N-encapsidated genomes bud into the ERGIC where coronavirus assembly occurs
(Katiyar et al., 2024; Stertz et al., 2007). It was initially thought that
coronaviruses egress by exocytosis via the biosynthetic secretory pathway. Recent
work studying the egress of MHV and SARS-CoV-2 suggests that betacoronaviruses
exit the cell via the lysosomes, which are deacidified in infected cells (Ghosh et
al., 2020).
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Figure 1-5: Coronavirus life cycle. Coronavirus virions bind to their cellular receptors via
the spike (S) protein, resulting in conformational changes that facilitate fusion at the cellular
or endosomal membrane. The positive-sense single-stranded RNA genome is released
into the cytoplasm and is translated by ribosomal frameshifting to produce two polyproteins
ppla and pp1ab. These polyproteins are processed into 16 non-structural proteins (nsps)
that generate the replication-transcription complex (RTC). The nsps induce remodelling of
the endoplasmic reticulum (ER) to induce double-membrane vesicles (DMVs) and other
membrane structures to anchor the RTC. A negative-sense intermediate acts as a
template for synthesising viral genomic RNA and a nested set of subgenomic mRNA
(sgmRNAs). The sgmRNAs are translated into the viral structural and accessory proteins,
with nucleocapsid (N) translated in the cytoplasm and S, envelope (E) and membrane (M)
proteins translated in the ER. The N-encapsidated viral genomes and structural proteins
assemble at the ER-Golgi intermediate compartment (ERGIC) by budding. Mature virions
egress from the infected cell by exocytosis.
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1.2.6. Evolutionary hosts of coronaviruses

The ancestral hosts of all human coronaviruses are thought to be bats or
rodents, with zoonotic transmission to humans via an intermediate mammalian
host (Corman et al., 2018). Perhaps the most accepted evolutionary history of a
human coronavirus is HCoV-0C43; unlike other human coronaviruses, HCoV-0OC43
is not a stand-alone species but a strain of Betacoronavirus 1, which includes other
viruses from a diversity of hosts, such as bovine coronavirus (BCoV), porcine
hemagglutinating encephalomyelitis virus (PHEV) and canine respiratory
coronavirus (CRCoV). Betacoronavirus 1 exists in the coronavirus subgenus
Embecovirus, which includes rodent-related viruses such as MHV, suggesting
rodents are also ancestral hosts. The most recent common ancestor for HCoV-
0C43 and BCoV is predicted to be the late 19t /early 20t century, when it emerged
into humans via livestock species, such as cattle (Shaw and Gatherer, 2023). The
evolutionary history of HCoV-HKU1 is not well understood, but its presence in the

Embecovirus subgenus suggests rodents are also the ancestral host.

The remaining seasonal coronavirus (HCoV-229E, HCoV-NL63) and emerging
coronaviruses (SARS-CoV-1, MERS-CoV, SARS-CoV-2) have ancestral links to bats.
Viruses related to HCoV-229E have been identified in alpacas, camels and bats,
suggesting this virus emerged from Hipposiderid bat species into humans, via a
camelid intermediate host (Harrison et al., 2023). Similar parallels can be seen
with MERS-CoV, as dromedary camels have been implicated as the zoonotic source
of the outbreak (Muller et al., 2014).

SARS-CoV-1 and SARS-CoV-2 belong to the Sarbecovirus subgenus, which
includes many SARS-like coronaviruses found in horseshoe bats (Rhinolophus spp.).
The SARS-CoV-1 outbreak started in a wildlife market, with masked palm civets
implicated as the intermediate host facilitating transmission into humans (Cui et
al., 2019). The wildlife trade has also been associated with the spillover of SARS-
CoV-2; there is no widely accepted intermediate host for SARS-CoV-2 yet, but
mammals commonly associated with these wildlife markets, such as raccoon dogs,

have been suggested (Crits-Christoph et al., 2024).
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1.2.7. Role of interferon in coronavirus infection

The presence and timing of a functional interferon (IFN) response is
important in controlling coronavirus infection, with delayed type | IFN signalling
enhancing inflammation in infected individuals (Channappanavar et al., 2016; Park
and Iwasaki, 2020). Accordingly, autoantibodies against type | IFNs and genetic
errors in IFN signalling effectors have been identified in patients with severe
COVID-19 (Bastard et al., 2020; Zhang et al., 2020), highlighting the importance
of interferon-stimulated genes during coronavirus infection. Before the COVID-19
pandemic, few ISGs that inhibited human coronaviruses had been investigated (Liu
et al., 2014; Zhao et al., 2018).

Despite this, coronaviruses, including SARS-CoV-1, SARS-CoV-2 and MHV,
appear to show poor induction of the IFN response, at least in vitro (Blanco-Melo
et al., 2020; Roth-Cross et al., 2007; Ziegler et al., 2005) . The relationship
between IFN and HCoV-0C43 is particularly complex. A recent transcriptomic and
proteomic analysis of HCoV-OC43 infected cells revealed that HCoV-0C43
effectively suppressed interferon signalling pathways, but the ER stress response
is highly induced (Bresson et al., 2025). In mice challenged with HCoV-0C43, it
was found that alveolar macrophages are critical in protection against severe
pneumonia (Zhong et al., 2025). Interferon has been shown to enhance HCoV-
0C43 infection in some cell lines; this is thought to be due to the upregulation of
IFITM proteins (section 1.1.5)(Zhao et al., 2014), which have been proposed to act
as entry factors for HCoV-OC43. However, the addition of exogenous type | IFNs
in cell culture can successfully restrict coronaviruses (Blanco-Melo et al., 2020; de
Wilde et al., 2013), suggesting systemic interferon responses or IFN therapy could

be protective in infected individuals.

Unsurprisingly, coronaviruses encode numerous mechanisms to interfere
with interferon induction and signalling. Such mechanisms have mainly been
identified for SARS-CoV-1, SARS-CoV-2 and MERS-CoV, and have been extensively
reviewed (Park and Iwasaki, 2020; Znaidia et al., 2022). In SARS-CoV alone, at

least 12 proteins have been shown to perform such evasion mechanisms (Sa Ribero
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et al., 2020); this includes structural, non-structural and accessory proteins
showing the multi-functional nature of their activities and the importance of

inhibiting the interferon response for successful replication.

As described previously, remodelling of the ER into double membrane
vesicles and binding of N protein to the coronavirus genome can help mask
inflammatory RNA from host sensors. However, coronaviruses can limit IFN
induction by targeting these sensors directly. It has been shown that activation of
MDAS5 requires conjugation of the ubiquitin-like protein 1ISG15. SARS-CoV-2 nsp3
(encoding PLP™), can antagonise this ISG15-dependent activation using its
delSGylating activity (G. Liu et al., 2021). Nsp3 can also target IFN induction
downstream of nucleic acid sensors; SARS-CoV-1 nsp3 can interact with the
transcription factor IRF3, preventing its phosphorylation and nuclear translocation
(Devaraj et al., 2007). Understandably, IRF3 is a prime target with several proteins
of MERS-CoV (M, ORF4a, ORF4b, ORF5), SARS-CoV-1 (nsp3, ORF3b, ORF6) and
SARS-CoV-2 (nsp3, nsp5, ORF3b, nsp13) also interfering with its phosphorylation,

nuclear translocation and function (Sievers et al., 2024; Yang et al., 2013).

Coronaviruses also encode multiple evasion mechanisms targeting
JAK/STAT signalling triggered by IFN. SARS-CoV-1 ORF3a can downregulate IFNAR1
by inducing its phosphorylation, which subsequently leads to translocation to
lysosomes for degradation (Minakshi et al., 2009). SARS-CoV-2 nsp14 similarly
targets IFNAR1 for degradation (Hayn et al., 2021). Coronaviruses can also hijack
the host’s own negative regulators of IFN signalling for evasion, as SARS-CoV-2
ORF3a can increase expression of SOCS1 (section 1.1.8) (Rong Wang et al., 2021),
hampering STAT1 activation. STAT1 and/or STAT2 activation is also hindered by
SARS-CoV-2 ORF7a and ORF7b which block its phosphorylation (Xia et al., 2020).
ORF6 proteins of SARS-CoV-1 and SARS-CoV-2 are also potent IFN antagonists, as
they prevents translocation of STAT1 into the nucleus; for SARS-CoV-2, this
inhibition was mediated by localisation of ORFé to the nuclear complex where its
interacts with Nup98-Rae1 (Miorin et al., 2020).
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Coronaviruses can also evade the immune response by shut down of host
translation. The best-studied example is Nsp1. During SARS-CoV-2 infection, Nsp1
binds to the 18S ribosomal subunit, blocking the mRNA entry channel and
subsequent translation of cytokines and ISGs. The importance of the interferon
response in coronavirus infection is therefore highlighted by the diversity of

mechanisms that coronaviruses have evolved to evade it.

1.3. Aims and approaches

The overall aim of this project was to identify ISGs that hinder the
transmission of coronaviruses within the human population. At the Centre for Virus
Research and elsewhere, arrayed ISG expression screening has been used
successfully to identify such ISGs. Although some ISG libraries were already
available, as part of this project, it was planned to expand them to include genes
of additional species relevant to coronavirus transmission. Since many viruses of
present and future clinical importance do not have reporter viruses available,
Chapter 3 describes an immunostaining screening approach using an antibody that
targets a PAMP widely produced during virus replication, to quantify virus
infection. | aimed to validate this optimised protocol by performing a large-scale
ISG screen against HCoV-0C43.

HCoV-0C43 is increasingly being considered as a low-risk model to study
human coronaviruses and their interactions with the host. Firstly, it is an endemic
human coronavirus that mainly causes minor symptoms, so it does not require
biosafety level 3 (BSL-3) containment, unlike the “emerging” coronaviruses SARS-
CoV-1, SARS-CoV-2 and MERS-CoV. Given its predicted spillover into humans
almost 150 years ago, the transition of HCoV-OC43 to a common cold virus with
seasonal prevalence can provide insights into the future evolution of SARS-CoV-2,
which also belongs Betacoronavirus genus. Since | planned to screen thousands of
ISGs for antiviral activity, HCoV-0OC43 was an attractive choice as such large-scale
experiments can be optimised and performed more efficiently and safer in lower

containment labs. Additionally, no virus from the Embecovirus subgenus had been
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screened and | thought it could enhance our knowledge of ISGs that target

coronaviruses, especially those with ancestral rodent origins.

In the final year of my PhD studies, Professor Sam Wilson, my primary
supervisor, relocated his lab to Cambridge. | abruptly joined the research group
of Dr Adam Fletcher, who specialises in studying host defence enzymes, such as
E3 ubiquitin ligases. Given the different expertise of my new lab, it was decided
to end the ISG screening component of my project and undertake experiments to
characterise the antiviral activity of a ‘hit’ identified in the screen against HCoV-
0C43. In Chapter 4, various approaches were used to investigate the mechanism
by which the dsRNA sensor OAS2 inhibits HCoV-0C43. Finally, Chapter 5 describes
the use of infection assays to assess fluorescent tag retention in reporter viruses,
to assist in other research projects performed by collaborators at the Centre for

Virus Research.

Overall, this thesis describes my efforts to provide new information on the
interactions of human coronaviruses with the innate immune system and further
enhance our understanding of new mechanisms by which already well-studied ISGs

exhibit antiviral activity.
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2. Materials and Methods

2.1. Materials

2.1.1. Mammalian cell lines

Human Embryonic Kidney 293T (HEK 293T) cells were received from Paul
Bieniasz. A549, a human adenocarcinoma alveolar basal epithelial cell line, and
17cl1, a mouse fibroblast cell line, were propagated from a lab stock. A549-
ISRE:GFP, expressing eGFP under the control of an ISRE promoter, were received
from Richard E. Randall. A549-ACE2-TMPRSS2 (AAT) have been previously
described (Rihn et al., 2021). VeroE6, interferon-deficient kidney epithelial cells
from an African green monkey, were received from Michele Bouloy. BHK21, baby
hamster kidney cells, were purchased from ECACC. Huh7.5, a human

hepatocellular carcinoma cell line, were propagated from laboratory stocks.

2.1.2. Viruses

Betacoronavirus 1 strain OC43 (ATCC-1558) was purchased from ATCC.
HCoV-0C43 was propagated in VeroE6é (Chapter 3) or Huh7.5 (Chapter 4) at 33°C.
The SARS-CoV-2 virus strain CVR-GLA-1 was produced at the Centre for Virus
Research and the stock used in this work (Chapter 4) was propagated by Dr Arthur
Wickenhagen. Mouse hepatitis virus encoding a GFP reporter (MHV-GFP) was kindly
gifted by Dr Volkel Thiel and propagated in 17cl1 cells at 33°C.
Encephalomyocarditis Virus/Cardiovirus A (EMCV) was purchased from ATCC and
propagated in VeroEé6 cells at 37°C. PR8-GFP11-WT and PR8-GFP11-Mutant viruses
(based on a reverse genetic system of A/Puerto Rico/8/1934 (H1N1)) were

generated by Dr Matthew Turnbull.

2.1.3. Bacterial cultures

Propagation of DNA plasmids was carried out in DH10B (Chapter 3) or DH5-
Alpha competent E. coli (NEB) (Chapter 4); bacteria were cultured in Luria Bertani
(LB) agar and broth (E&O Laboratories).
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Table 2-1: List of cell culture reagents used and their suppliers.

Reagent Supplier

Dulbecco’s Modified Eagle Medium (DMEM)

10x Minimum Essential Medium (MEM)
Opti-MEM

Phosphate-buffered Saline (PBS)
Fetal Calf Serum (FCS)

Bovine Serum Albumin (BSA)

0.05% Trypsin-EDTA (1x)

0.5% Trypsin-EDTA (10x)
TPCK-treated trypsin

Gentamicin 50 mg/mL
Penicillin/Streptomycin 10000 U/mL
Puromycin 2 mg/mL

Blasticidin S 10 mg/mL

G418 200 mg/mL

Doxycycline

Polyethylenimine (PEI)
Lipofectamine LTX with PLUS reagent
Polybrene 8 mg/mL

Avicel RC-591

TRIzol Reagent

Ruxolitinib

Human interferon beta 1b

Human interferon alpha H2

Thermo Fisher Scientific (31966021)
Thermo Fisher Scientific (11430030)
Thermo Fisher Scientific (31985047)
Thermo Fisher Scientific (14190094)
Thermo Fisher Scientific (10082147)
Sigma Aldrich (A7638)

Thermo Fisher Scientific (25300054)
Thermo Fisher Scientific (15400054)
Sigma Aldrich (T1426)

Melford Laboratories (G0124)
Thermo Fisher Scientific (15140122)
Melford Laboratories (P330020)
Melford Laboratories (B12150)
Melford Laboratories (G64000)
Sigma Aldrich

PolySciences (23966-1)

Thermo Fisher Scientific (15338030)
Merck (107689)

FMC Biopolymer

Thermo Fisher Scientific (15596026)
Stratech Scientific (51378)

Stratech Scientific (11415-1)
Stratech Scientific (11145-1)
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2.1.5. Molecular kits

Table 2-2: List of molecular kits and their suppliers.

Kit Supplier

QlAprep Spin Miniprep kit Qiagen (27104)

Plasmid Midi Kit Qiagen (12143)

RNeasy Mini Kit Qiagen (74104)

PureLink Quick Gel Extraction kit Thermo Fisher Scientific (K210012)
QlAquick Gel Extraction Kit Qiagen (28704)

2.1.6. Buffers and solutions

Protein Sample buffer: NuPAGE 4X Bolt LDS Sample Buffer (Thermo Fisher
Scientific) with 5% 2-Mercaptoethanol (Sigma-Aldrich).

SDS Running Buffer: 20X NuPAGE MES SDS Running Buffer (Thermo Fisher

Scientific).

TAE Buffer: To prepare 1L of 10X solution, add 48.5 g TRIS, 11.4 mL acetic acid
and 20 mL 0.5M EDTA.

PBS-T: To make 2 L of a 10X solution, add 35 g NazHPO4+2H:0, 4.8 g KH2PO4, 160
g NaCl and 4 g KCl into dH20. After dilution to 1 L, add 1% Tween-20 (v/v) to give
1X PBS-T.

Ethidium Bromide: Dissolved in dH20 to make 10 mg/mL stock solution (Sigma-

Aldrich). Used at 0.5 pg/mL concentration in agarose gels.

Cell freezing mix: Filter-sterilised FCS containing 10% DMSO (Sigma-Aldrich).
Stored at -20°C until use.

Coomassie Stain: For 500 mL, add 1 mL Coomassie Brilliant Blue R-250 (Thermo
Fisher Scientific), 250 mL Ethanol, 37.5 mL Acetic acid and 212.5 mL dH:0.
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Ampicillin: 100 mg/mL ampicillin stock was made by dissolving 5 g of ampicillin
salt (Melford, A40040) in 50 mL dH20 and stored at -20°C until use.

2.1.7. Antibodies

Table 2-3: Primary and secondary antibodies used in this project.

Antibody Application Source
Mouse monoclonal anti-GAPDH WB: 1:10000 | Thermo Fisher Scientific (AM4300)
Rabbit monoclonal anti-vinculin (E1E9V) | WB: 1:1000 Cell Signalling Technologies (13901)
Rabbit monoclonal anti-RNase L (D4B4J) | WB: 1:1000 Cell Signalling Technologies (27281)
Rabbit polyclonal anti-OAS1 WB: 1:1000 Proteintech (14955-1-AP)
Rabbit polyclonal anti-OAS2 WB: 1:1000 Proteintech (19279-1-AP)

IF: 1:500
Mouse monoclonal anti-OAS2 (G-9) WB: 1:100 Santa Cruz Biotechnology (sc271117)
Rabbit monoclonal anti-phosphoSTAT1 WB: 1:1000 Cell Signalling Technologies (9167)
(Tyr701) (58D6)
Sheep polyclonal HCoV-0C43 WB: 1:5000 MRC Protein Phosphorylation and
Nucleocapsid Ubiquitylation Unit (DA116)
Mouse monoclonal anti-dsRNA (J2) IF: 1:1000 Nordic-MuBio (10010500)
Mouse monoclonal anti-58K IF: 1:500 Abcam (ab27043)
Mouse monoclonal anti-calnexin (AF18) | IF: 1:500 Thermo Fisher Scientific (MA3-027)
Donkey anti-sheep 1gG (H+L), HRP WB: 1:5000 Thermo Fisher Scientific (A16041)
Goat anti-rabbit IgG (H+L), HRP WB: 1:5000 Cell Signalling Technologies (7074)
Horse anti-mouse (H+L), HRP WB: 1:5000 Cell Signalling Technologies (7076)
Mouse IgG Fc Binding Protein, HRP WB: 1:5000 Santa Cruz Biotechnology (sc-

525409)

Goat anti-mouse I1gG2a IF: 1:1000 Thermo Fisher Scientific (A21131)
Alexa Fluor™ 488
Goat anti-rabbit 1gG (H+L) IF: 1:1000 Thermo Fisher Scientific (A32731)
Alexa Fluor™ 488
Goat anti-rabbit 1gG (H+L) IF: 1:1000 Thermo Fisher Scientific (A11011)
Alexa Fluor™ 568
Goat anti-mouse IgG (H+L) IF: 1:1000 Thermo Fisher Scientific (A11001)
AlexaFluor™ 488
Hoechst 33342 5 pg/mL Thermo Fisher Scientific (H3570)
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2.2. Methods

2.2.1. Mammalian cell culture

All cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% FCS and 10 pg/mL gentamicin (Chapter 3, 5) or 100 U/mL
penicillin/100 pg/mL streptomycin (Chapter 4).

2.2.2. Polymerase chain reaction (PCR)

PCR was used to amplify commercially purchased gene blocks or for in vivo
assembly (IVA) to modify plasmids. Gene blocks were amplified using custom made
forward and reverse primers complementary to the N-terminus and the C-
terminus, respectively. Herculase Il DNA polymerase (Agilent) was used according
to manufacturer’s protocols in 25 pL (IVA) or 50 pL (gene blocks) total volumes.
For gene blocks, DNA was usually amplified at 95°C for 1 min, followed by 35
cycles (95°C for 15 sec, 55°C for 20 sec and 68°C for 1 min/kb) and a final
extension at 68°C for 3 min. For IVA, DNA was usually amplified at 95°C for 30
sec, followed by 18 cycles (95°C for 10 sec, 60°C for 30 sec and 72°C for 15 sec/kb)

and a final extension at 72°C for 10 min.

2.2.3. Gel electrophoresis and purification

PCR products and restriction digest fragments were resolved by agarose gel
electrophoresis. 1% (w/v) agarose gels were made by dissolving UltraPure agarose
powder (Thermo Fisher Scientific) in 1x TAE buffer using microwave heating,
followed by addition of 8 pL ethidium bromide or 5 pL SYBR™ Safe DNA gel stain
(533102, Thermo Fisher Scientific). DNA excised from the gel was purified using
PureLink Quick Gel extraction kit or QIAquick gel extraction kit, according to

manufacturer’s protocols. DNA was eluted with 50 yL dH20.
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2.2.4. Molecular cloning

Modified plasmids pLV-EF1a-IRES-Sfil-Puro-TagRFP and pLV-EF1a-IRES-Sfil-
Neo-TagRFP have been described previously (Wickenhagen et al., 2021). The
following cDNA were ordered as gene blocks (IDT DNA) with flanking Sfil sites:
human OAS2 p71 (NM_016817.3) and OAS2 p69 (NM_002535.3), mouse Oasla
(NM_145211), Oas1b (NM_001083925.1), Oasic (NM_033541.4), Oas1d
(NM_133893.3), Oasle (NM_001347450.1), Oas1f (NM_145153.3), Oasig
(NM_011852.3), Oas1h (NM_145228.2), Oas2’>" (NM_001347448.1) and Oas2’
(NM_145227.3). These gene blocks were PCR amplified (section 2.2.2) and gel
purified (section 2.2.3). To generate the OAS2-p71°%A and OAS2-p69©24
myristoylation mutants, the parental gene blocks were PCR amplified with primers

that mutate the glycine residue at position 2 to alanine.

Sfil (New England BioLabs, NEB) was primarily used to linearise 5 pug vector
plasmid and to create complementary ends in the insert, according to
manufacturer’s protocols. Linearised plasmid was treated with alkaline
phosphatase (NEB) to prevent self-ligation. Digested plasmid and insert were gel
purified and eluted with 50 pL of dH:20. For standard ligation reactions, 1 pL vector
and 3.5 pL insert was mixed with 5 pL 2x T4 Buffer and 0.5 pL of T4 DNA Ligase
(Promega) for a final volume of 10 pL. The ligation mixture was incubated for 4 h
at room temperature or 4°C overnight before bacterial transformation (section
2.2.5). Post DNA extraction, Hindlll-HF (NEB) restriction digestion was primarily

used for screening colonies for sequencing.

The OAS2-p69P481A°~ QAS2-p69CAFAKA = QAS2-p6IR374E/K3T8E  and  OAS2-
p69R>ZIE/RSIZE plasmids were generated by in vivo assembly using overlapping
primers (Table 2-4). The PCR mixture contained 1 ng of pLV-EF1a-IRES-Sfil-OAS2-
p69, 200 uM dNTPs (Promega), 100 nM primers (Table 2-4), 3% DMSO, 5 pL 5x Herc
Il buffer, 0.5 uL Herculase Il (Agilent) and 14.75 pL water. After PCR amplification,
template DNA was degraded using 1 pL FastDigest Dpnl (Thermo Fisher Scientific)

for 15 minutes at 37°C. 2 pyL PCR mixture was used for bacterial transformation.
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Table 2-4: Primers used for in vivo assembly.

Primer Sequence ‘
5’-CCTCAACGAAAGTGTCAGCTTTGCAGTGCTTCCTCCT
TTAATGCACTGGG-3’

OAS2-p69®*™A Rey 5'-AAAGCTGACACTTTCGTTGAGGACTTTGG-3’
5’-GGAATGGTTATCCTCTCCCGCCGCCGCGGATGGGAC
TGGAAACCCAATACCACC-3’

OAS2-p6OCAFAKARey | 5-GGGAGAGGATAACCATTCCTTTGCTTC-3’
5’-ATTGACAGTGCTGTTAACATCATCGAAACATTCCTTG
AAGAAAACTGCTTCCGACAATCAACAG-3’
OAS2-p69RTAE/KITEE Rey | 5'-GATGATGTTAACAGCACTGTCAATCTGCTC-3’

5’- CTGTTTCACAGTCCTGCAGGAAAACTTCATTGAATC
CCGGCCCACCAAACTAAAGG-3’

OAS2-p6IRIE/RSIE Rey  5'-CTGCAGGACTGTGAAACAGGTAGAAAAC-3’

OAS2-p69°481A Fwd

OAS2-p69CAFAKA Fyyd

OAS2- p69R374E/K378E Fwd

OAS2- p69R529E/R533E Fwd

2.2.5. Transformation of £. coli

DH10B or DH5-Alpha competent E. coli were thawed on ice for 30 minutes.
10 pL ligation mix was added to 100 pL bacteria for ligation reactions. 1-2 pL of
plasmid was added to 50 pL bacteria for plasmid propagation. After a 30-minute
incubation on ice, the bacteria were subject to a heat shock at 42°C for 30
seconds. The bacteria were chilled on ice for > 2 minutes prior to addition of 150-
200 pL SOC media (NEB), then incubated at 30°C (DH10B) or 37°C (DH5-Alpha) for
> 45 minutes, with shaking. Bacteria were then plated on pre-warmed LB agar
plates containing 200 pug/mL ampicillin and incubated overnight at 30°C (DH10B)
or 37°C (DH5-Alpha).

2.2.6. Extraction of plasmid DNA

For generating plasmid DNA for the mouse ISG library, 500 ng of 372 SCRPSY
plasmids (GenBank accession no. KT368137.1, synthesised by BioBasic) were
transformed individually into DH10B competent bacteria, using standard protocols

(section 2.2.5). Individual colonies were inoculated into 3.5 mL Terrific Broth (TB)
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medium (Sigma-Aldrich), supplemented with 200 pg/mL ampicillin (Melford) in 14
mL round bottom polypropylene test tubes with caps (Corning). Glycerol stocks of
each plasmid were made by mixing 0.5 mL culture with 0.5 mL 80% glycerol (Fisher
Chemical). DNA was extracted from 2 mL culture using QlAprep Spin MiniPrep Kit.
DNA  concentration was measured using NanoDrop  Microvolume
Spectrophotometer (Thermo Fisher Scientific) and normalised to 25 ng/pL. For
transduction troubleshooting, 250 ng DNA or 5 pL neat miniprep DNA was digested
for 2 h using HindllI-HF (NEB) and visualised by agarose gel electrophoresis (section
2.2.3).

For small-scale DNA preparations, an individual colony was inoculated in 3-
5 mL of LB broth containing 200 pg/mL ampicillin and grown overnight with
shaking at 30°C (DH10B) or 37°C (DH5-Alpha). DNA was extracted using the
QlAprep Spin Miniprep kit and eluted in 50 pL dH20. Concentrations were measured

on the NanoDrop Microvolume Spectrophotometer.

For medium-scale DNA preparations, an individual colony was inoculated in
175 mL of LB broth containing 200 pyg/mL ampicillin and grown overnight with
shaking at 30°C. DNA was extracted using the Plasmid Midi Kit, eluted in 200 pL
dH20 and concentrations was measured on the NanoDrop Microvolume

Spectrophotometer.

2.2.7. Retroviral vectors and cell modification

Lentiviral vectors were produced by transient transfection. 5 pg vector
plasmid (described in section 2.2.4), 5 ug HIV-1 gag-pol (pNLGP) and 1 pg vesicular
stomatitis virus glycoprotein expression plasmid (pVSVg) were mixed with 500 pL
serum-free DMEM by vortex, in the presence of PEl. This transfection mixture was
incubated for 30 minutes, then added dropwise to a confluent 10 cm dish of HEK
293T. The media was replaced 16-24 h post-transfection and lentiviral vector
containing supernatant was harvested and filtered using a 0.45 pm pore-size-filter

at 48 h post-transfection. Supernatant was stored at -80°C before use.
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To generate stable cell lines, A549 cells were seeded at a density of ~5x10°
cells/well in 6-well plates. The next day, cells were transduced with 0.5 to 1 mL
lentivirus-containing supernatant. Cells underwent antibiotic selection 48 h post-
transduction and remained in antibiotic-containing media until all cells were dead
in the mock-transduced control; puromycin was used at a concentration of 2
pg/mL and blasticidin was used at a concentration of 5 pg/mL. Success of gene

expression or depletion was determined by Western blotting (section 2.2.9).

2.2.8. Gene editing by CRISPR Cas9

LentiCRISPRv2-Puro and lentiCRISPRv2-Blast plasmids were used to
knockdown expression of OAS2 and RNase L, respectively (Sanjana et al., 2014).
CRISPR guides were designed using the CHOPCHOP tool
(https://chopchop.cbu.uib.no). Seven guides were subcloned into the lentiCRISPRv2

system and the three best guides for depleting target protein expression were
used for subsequent experiments. The following guides are included in this thesis:
OAS2 (guide 1: 5’-GTC TTA AGA GGC AAC TCC GA-3’ , guide 2: 5’-GGA CGG AAA
ACA GTC TTA AG-3’ , guide 3: 5’-GCT TAC TCA GAG CGT TGA AGG-3’ ) and RNase
L (guide 1: 5’-GCC GAG TTG CTG TGC AAA CG-3’, guide 2: 5’-TTA TCC TCG CAG
CGA TTG CG-3’, guide 3: 5’-CTA TAG GAC GCT TCG GAA TG-3’, guide 4: 5’-TAT
AGG ACG CTT CGG AAT GT-3’, guide 5: 5’-TAG TCA TCT TCA GCC GCT AT-3’, guide
6: 5’-TTT ATC TCG CAG CGA TTG C-3’, guide 7: 5’-GCA ATC GCT GCG AGG ATA
AA-3’). Lentiviral supernatants were generated and used for transduction as
described before (section 2.2.7). OAS2 CRISPR guides were transduced into A549
cells and RNase L CRISPR guides were transduced into A549-OAS2-p69 or A549-
OAS2-p71 cells.

2.2.9. Western blot

Cells were pelleted, washed once with PBS then lysed on ice for 15 minutes;
the lysis buffer contains 50 mM Tris-HCl pH 7.5, 10 mM sodium 2-
glycerophosphate, 5 mM sodium pyrophosphate, 270 mM sucrose, 50 mM NacCl, 200
UM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 10 pM Tris(2-
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carboxyethyl)phosphine hydrochloride (TCEP) and 1% NP-40. Samples were
centrifuged at 12000 x G for 15 minutes at 4°C and supernatant was collected.
Protein concentration was measured using Pierce™ Bradford Plus Protein Assay
Reagent (Thermo Fisher Scientific) and sample concentrations were normalised.
NuPAGE 4X Bolt LDS Sample Buffer (Thermo Fisher Scientific), containing 5% 2-
Mercaptoethanol (BME) was then added, to a final concentration of 1X sample
buffer, 1.25% BME.

Proteins were separated on NuPage 4-12% BisTris polyacrylamide gels and
transferred onto nitrocellulose membranes using the iBlot 2 (Invitrogen). After
blocking in 5% milk (Sigma-Aldrich), membranes were probed with primary
antibodies (Table 2-4), in 5% BSA (Millipore). Membranes were then stained with
species IgG-specific secondary antibodies conjugated to horseradish peroxidase
(Table 2-4). After addition of Pierce™ ECL substrate (Thermo Fisher Scientific) or
Amersham ECL Select™ (Cytiva), membranes were scanned using the LI-COR
Odyssey XF scanner or using High Performance Chemiluminescence Film (Cytiva)
on the SRX-101A Medical Film Processor (Konica Minolta).

2.2.10. Rescue of infectious virus

BHK-21 cells were seeded at a density of 3x10° cells/well in 6-well plates.
The following day, media was changed to DMEM containing 2% FCS and transfected
with 3 pg pCC1-4K-SARS-CoV-2-alpha-WT or pCC1-4K-SARS-CoV-2-alpha-ZsGreen
and 3 pL Lipofectamine® LTX (Thermo Fisher Scientific), with 3 yL PLUS™ reagent
in Opti-MEM media. Following a 20 minute incubation, transfection mix was added
dropwise to cells. 48 h post transfection, supernatant was transferred to T25 flasks
containing VeroE6 cells. The virus stock was harvested 2-4 days post infection,
according to cytopathic effect or fluorescence levels. Infectious titre, including
fluorescent tag stability, was determined by plaque assays (section 2.2.11,
2.2.12).
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2.2.11. Virus infection

For HCoV-0C43 plaque assays, transduced A549 cells were seeded at 4x10°
cells/well in a 12-well plate and grown to confluency overnight. Cells were
inoculated with 250 yL HCoV-0C43 serially diluted 10-fold in serum-free DMEM and
incubated at 33°C for 1 h. An overlay of 1:1 Avicel (1.2%) and 2x MEM,
supplemented with L-Glutamine, Sodium Bicarbonate 7.5% (Thermo Fisher
Scientific), Gentamicin and 4% FCS was then added. Cells were incubated for 5
days and fixed with a final concentration of 2% Formaldehyde solution, washed
twice with PBS then stained with Coomassie Blue for plaque visualisation. SARS-
CoV-2 and EMCV plaque assays were performed under the same conditions but
incubated for 3 days at 37°C. For MHV plaque assays, 17cl1 cells were seeded at
2x10° cells/well and incubated for 30 h at 33°C.

For PR8-GFP11 virus plaque assays, MDCK-GFP1-10-Hs.ANP32A cells were
seeded at a density of 1.8x10° cells/well in 6-well plates and treated with 125
ng/mL doxycycline. Cells were infected with a 10 dilution of virus stock so that
discrete plaques formed and an overlay of 1:1 Avicel (2.4%) and serum-free DMEM
(supplemented with final concentrations of 1 pug/mL TPCK-treated trypsin, 125
ng/mL doxycycline, and 0.14% BSA) was added. 48 hpi, cells were fixed with a

final concentration of 2% formaldehyde.

For infections for RT-gPCR and western blot analysis, multiplicity of
infection (MOI) was calculated using virus titre calculated by plaque assay on A549
cells. Unless otherwise stated, A549 derivative cells were infected at MOI 0.01 and
incubated for 72 h prior to cell collection. For experiments involving pretreatment
with Ruxolitinib (RUX) or interferon, concentrations and incubation times are

indicated in figure legends.

For virus titrations, virus was usually serially diluted 3- or 4-fold in serum-
containing media. Media was removed from cells and replaced with diluted virus.

Cells were fixed with formaldehyde 24-96 h post-transduction.
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Infection experiments typically represent 3 technical replicates (Chapter 3
optimisation experiments) or at least two biological replicates, calculated as an

average of two technical replicates, unless stated otherwise in the figure legend.

2.2.12. Quantifying retention of fluorescent tags in reporter

viruses

Fixed cells were washed twice with PBS and scanned for GFP fluorescence
on the Celigo Imaging Cytometer (Exposure = 300 ms, Gain = 200). Cells were then
stained with Coomassie Blue to visualise all plaques in the brightfield channel and
then scanned again (Exposure = 4 ms, Gain = 200). The percentage of GFP-positive
plaques was calculated by counting the total number of Coomassie-stained
plaques then examining these counted plaques for GFP fluorescence in the green
channel - small plaques on the very edge of the wells were excluded from this
count as GFP fluorescence could not be confidently determined from the image
scans due to high levels of autofluorescence. Images showing GFP fluorescence
were colourised green using ImageJ software. For the PR8-GFP11 plaque assays,
brightness and contrast were consistently adjusted for the GFP images shown in

order to facilitate visualisation.

2.2.13. RNA extraction

Infected cells were lysed with 500 pL TRIzol reagent, frozen on dry ice and
stored at -80°C. Samples were thawed on ice prior to addition of 100 pL of
chloroform. Samples were shaken vigorously by hand and centrifuged at 12000 x
G and 4°C for 15 minutes. The upper aqueous layer was collected and mixed with
an equivalent volume of 70% ethanol. RNA was extracted using the Qiagen RNeasy
kit with an on-column DNase treatment, following manufacturer’s instructions.
Samples were eluted in 50 pL dH20 heated to 50°C, then concentration was

measured on a Nanodrop Spectrophotometer.
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2.2.14. First-strand (cDNA) synthesis

cDNA was synthesised using SuperScript IV Reverse Transcriptase (Thermo
Fisher Scientific) with random hexamers primers, following manufacturer’s
instructions. Briefly, 1 ug RNA in an 11 pL volume was mixed with 1 pL random
hexamers (50 pM, Thermo Fisher Scientific) and 1 pyL dNTPs (10 mM, Promega).
The mixture was heated at 65°C for 5 minutes then incubated on ice for > 1
minute. 4 pL 5X SSIV Buffer, 1 yL 0.1 M DTT, 1 pL RNase OUT and 1 pL SuperScript
IV (Thermo Fisher Scientific) was then added to each sample. The reactions were
incubated at 23°C for 10 minutes, 55°C for 10 minutes then 80°C for 10 minutes.
Remaining RNA was degraded by adding 1 pyL E. coli RNase H (Thermo Fisher

Scientific) at 37°C for 20 minutes. Samples were stored at -20°C until use.

2.2.15. RT-qPCR

Host and viral gene expression was measured using TagMan Fast Universal
Master Mix (Applied BioSystems, 4366072) and specific TagMan probes listed below
on the QuantStudio 3 Real-Time PCR machine (Thermo Fisher Scientific). Each 20
WL reaction mix contained 1 pyL cDNA, 10 yL 2x TagMan Master Mix and 1 pL 20X
Primer/Probe mix. The qPCR cycling parameters are 50°C for 2 min, 95°C for 10
min followed by 40 cycles (95°C for 15 seconds, 60°C for 1 min). Using the 2-2~Ct
method, viral transcript levels were normalised to ACTB, then normalised to input
viral transcripts at 2 h in the respective cell line or at 48 h/72 h in the control cell

line.

The following primers and probes were used: ACTB (Hs01060665_g1,
Thermo Fisher Scientific), ISG15 (Hs00192713_m1, Thermo Fisher Scientific), IFIT1
(Hs03027069_s1, Thermo Fisher Scientific), HCoV-OC43_N_Fwd: 5’-CTA CTT CGC
GCA CAT CCA G-3’, HCoV-OC43_N_Rev: 5’-GTC AGG TGT TAC ACC AGA GG-3’,
HCoV-OC43_N_Probe: 5’-AGC CTC TAG TGC AGG ATC GCG TAG-3’, HCoV-
OC43_ORF1a_Fwd: 5’-ATG TGG TGT AAA GCA GGA AC-3’, HCoV-0OC43_ORF1a_Rev:
5’-GCA AGA ACA GTC CAC GGT ATA-3’, HCoV-OC43_ORF1a_Probe: 5’-TAC TGG
TCT GGA CGC TGT TAT GC-3’. Reactions were performed in duplicate.

55



PhD Thesis Emma L. Davies (2025)

2.2.16. Generation of ISG library supernatant

ISG cDNA libraries encoding human, macaque and bovine genes have been
described previously (Hardy et al., 2023; Kane et al., 2016; Rihn et al., 2019).
cDNAs for the mouse ISG library were generated as part of this project (section
3.2.4), alongside the cDNAs for the bat ISG library generated by Yongtao He.
Briefly, libraries were generated in HEK-293T seeded in 96-well plates at a density
of 3.5x10° cells/well. HEK-293T were transfected with pSCRPSY, pNLGP and pVSVg
at a ratio of 125 ng:25 ng:5 ng, in the presence of PEIl. Supernatant was collected
at 48, 72 and 96 h post-transfection and replaced with fresh medium. Leftover

supernatant was pooled and used as a validation mix for screening optimisation.

2.2.17. Arrayed ISG expression screening

A549 cells were seeded in 96-well Pheno plates (PerkinElmer) at a density
of ~5x103 cells/well and grown overnight. For optimisation experiments only, A549
cells were treated with 8 pug/mL polybrene. Cells were transduced with 50 pL
library lentivirus supernatant and spinoculated at 500 x G for 1 h. Cells were
infected 48 h post-transduction with HCoV-0C43 diluted in DMEM supplemented
with 2% FCS (~5x10* PFU). After incubation at 33°C for 72 h, cells were fixed with
a final concentration of 2% formaldehyde for 30 minutes, washed with PBS then
permeabilised with 0.2% Triton X-100 (Sigma-Aldrich) for 5 minutes.

After cells were washed and blocked with 1% BSA for 1 h, cells were
incubated with mouse anti-dsRNA 1gG2a overnight at 4°C. After repeating washing
and blocking steps, cells were incubated with goat anti-mouse IgG2a
AlexaFluor488 and Hoechst 33342 for 1 h. Screening plates were scanned and
analysed on the Celigo Imaging Cytometer (Nexcelom Biosciences) (section
2.2.16). Transduced and infected cells were gated using FlowJo v10.8. Formulae
used to analyse ISG data are provided below (Table 2-5), using RStudio (Appendix

1). ISGs with <10% transduction efficiency were excluded from hit selection. For
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the HCoV-0C43 miniscreen, data was normalised to the mean of 8 SCRPSY-EMPTY

controls.

Table 2-5: Formulae used to analyse ISG data.

Formula

UL TagRFP+ dsRNA- gated population
UR TagRFP+ dsRNA+ gated population
Percent_transduction ' UL + UR

Ratio UR + Percent_transduction
Percent_VirusGrowth  (Ratio + library mean) x 100

Z-score (Ratio - library mean) + library standard deviation

To measure cytotoxicity and ISRE induction, A549-ISRE:GFP cells were
transduced with 50 pL/well of miniscreen library supernatant and spinoculated for
1 hat 500 x G. 120 h post-transduction, supernatant was collected and tested with
the CytoTox-Glo™ Cytotoxicity assay (Promega, G9290) following manufacturer’s
protocols. Cells were fixed with formaldehyde and GFP+ cells were measured using
the Guava EasyCyte flow cytometer (MilliPore). Data was normalised to SCRPSY-
EMPTY controls.

2.2.18. Image cytometry

For ISG screening experiments, fluorescence was measured on the Celigo
Imaging Cytometer (Nexcelom Biosciences) using the Expression Analysis: Target
1 + 2 + Mask setting, with the mask being the blue channel (nuclei). Cells were
imaged in 3 channels: Blue 377/447 [Exposure = 50000, Gain = 200], Red 531/629
[Exposure = 3000, Gain = 200] and Green 483/536 [Exposure = 50000, Gain = 200].
Image scans were subject to the following analysis settings: % Well Mask = 97,
Intensity threshold = 4, Dilation Radius = 6, Background Correction, Separate
Touching Objects. Data was exported as .fcs files and gated using relevant controls

on FlowJo v10.8 software.
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2.2.19. Flow cytometry

The percentage of RFP+ cells and GFP+ cells were quantified using the
Guava easyCyte flow cytometer (Millipore). Cells were trypsinised with 50 pL 10X
trypsin-EDTA for 5 minutes at 37°C. 150 yL of DMEM was added and mixed to form
a single-cell suspension. 100 pL cells were transferred into a round bottom 96-well
plate containing 100 pyL 4 % formaldehyde. On the flow cytometer, 10000
events/well were acquired and data was subsequently analysed using FlowJo v10.8

software.

2.2.20. Myristoylation click-chemistry reaction

A549 cells expressing RFP, p71, p69, p71%% or p69°2* were incubated with
25 pM Myristic Acid, Azide (Thermo Fisher Scientific, C10268) for 6 h. Cells were
trypsinised, washed three times with PBS and lysed in 200 pL lysis buffer
(described in section 2.2.9, without TCEP) for 15 minutes on ice. Lysates were
centrifuged at 12000 x G (4°C, 15 minutes) and supernatant was harvested and
normalised to 1 mg/mL. Click chemistry reactions were then performed following
manufacturer’s protocols using Biotin Alkyne and Click-iT™ Protein Reaction Buffer
Kit (Thermo Fisher Scientific), followed by methanol/chloroform precipitation.
Protein was resuspended in buffer (50 mM Tris-HCl pH 8, 100 mM NaCl, 0.1% SDS)
and 20 pL of equilibrated Pierce™ magnetic streptavidin beads (Thermo Fisher
Scientific) were added per sample. After rotating for 1 h at room temperature,
beads were washed four times before addition of 2X Bolt LDS Sample Buffer
(Thermo Fisher Scientific), containing 5% BME. Samples were heated at 85°C for 3

minutes before immunoblotting for OAS2 (section 2.2.9).

2.2.21. Confocal laser scanning microscopy

A549 or modified cells were seeded at a density of 5x10* cells/well onto
glass coverslips. Cells were pre-treated with 1000 U/mL IFNB or infected with
HCoV-0C43 at MOI 10 for 24 h (see figure legends). After washing with PBS and
fixing with 4% formaldehyde for 15 minutes at room temperature, cells were
permeabilised in buffer containing 0.2% BSA and 0.2% Triton X-100 in PBS for 20
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minutes at room temperature. Antibodies were diluted in permeabilization buffer
(see Table 2-3). Coverslips were incubated for 1 h with primary antibody followed
by secondary antibody and Hoechst for 1 h. Maximum intensity projection images
of cell monolayers were acquired with an Airyscan Fast detector fitted to a Zeiss

LSM880 confocal microscope. Acquired images were analysed using ZEN software.

2.2.22. Modelling OAS2-RNA interactions

OAS2-dsRNA  complex structural predictions were generated using

AlphaFold3 public server (www.alphafoldserver.com) (Abramson et al., 2024). The

server generates 5 ranked models per complex and the top ranked model (_0) was
used for forming testable hypotheses. Structural analysis and figure preparation

were performed with ChimeraX (version 1.8).

2.2.23. Software

Protein sequences were analysed using ClustalW on DNADynamo (Blue
Tractor Software LTD). Graphs were generated using GraphPad Prism v10.
Schematic illustrations were generated using BioRender software
(BioRender.com). Image and flow cytometry data were gated using FlowJo v10.8.
ISG screening data was analysed using RStudio. Fluorescent plaque assay images
were edited with ImageJ and GIMP2 software v.2.10.32.

2.2.24. Statistical analysis

Statistical analyses were performed using GraphPad Prism v10, on figures
with 3 biological replicates. Details of statistical tests are indicated in the figure
legends. ™p> 0.05, *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3. An ISG screening platform utilising dsRNA

immunostaining

3.1. Introduction

One of the first ISGs identified was Mx1; mice homozygous for the Mx1 gene
were resistant to influenza infection but succumbed to infection when treated
with antibodies against interferon (Haller et al., 1979). Like Mx1, the link between
expression of an individual gene and resistance to viral infection was how many of
the first ISGs were discovered. Developments in sequencing technologies have
accelerated our knowledge of genes upregulated in response to interferon, which
in turn has informed ISG screening approaches against viruses. These ISG screens
have enabled the antiviral potency and specificity of ISGs to be characterised
through two main approaches: gain-of-function or loss-of-function screens (Jones
et al., 2021). This introduction will particularly highlight ISGs identified in recent
screens that target coronaviruses (Le Pen and Rice, 2024), most of which were
performed against SARS-CoV-2 during the COVID-19 pandemic.

3.1.1. Methods of ISG screening: Gain of function

Gain-of-function screens, also known as overexpression or cDNA screens,
involve examining the effect of ectopic expression of ISGs on viral infection. The
first larger scale ISG screens involved transducing an ISG lentivirus library,
containing 389 human ISGs, into cells prior to virus infection (Schoggins et al.,
2011). Many ISG libraries are now based on the SCRPSY lentiviral vector which
enables dual expression of both an ISG ORF and TagRFP, from an early, spliced
HIV-1 mRNA and a late, unspliced HIV-1 mRNA, respectively (Fig 3-1 A).
Additionally, a puromycin resistance gene is encoded in the same ORF as TagRFP,
separated by a 2A ribosomal skipping peptide, allowing for antibiotic selection of

transduced cells.
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The standard arrayed expression screening approach involves transducing
cells with the lentiviral vector (one ISG per well) before infection with a reporter
virus encoding a green fluorescent protein (GFP). Virus infection is measured using
flow cytometry, by determining the ratio of GFP+ cells in the total TagRFP+
positive population; TagRFP expression is thus used as a proxy for ISG expression.
This approach can be modified (Table 3-1), by immunostaining with an antibody
specific to the virus being screened, followed by a secondary antibody conjugated
to a fluorescent dye and measuring infection by flow cytometry or image

cytometry (Fig 3-1 C).

The ISG lentivirus library has also been expanded by adding ISGs from other
species. At the Centre for Virus Research, in addition to 543 human ISGs, there
are now 345 macaque, 289 bovine, 372 mouse and 82 bat ISGs (Hardy et al., 2023;
Kane et al., 2016; Rihn et al., 2019); there are multiple copies or different
isoforms of some of the ISGs, so the number of ORFs in each library is even higher
(Fig 3-1 B). The yet unpublished mouse and bat ISG libraries have been developed
throughout this project (section 3.2.4), to represent coronavirus reservoir species.
Indeed, the ISGs from the bat library originate from horseshoe bats of the

Rhinolophus genus, implicated in the origin of SARS-CoV-2 (Zhou et al., 2021).

GOF screens identify regulatory ISGs (exerting positive or negative
feedback on the immune response) and ISGs with a direct antiviral effect. To
further focus screening on characterising directly acting ISGs instead of ISGs
triggering antiviral signalling, modified cell lines deficient in IFN signalling have
been used. Such cell lines include STAT1-deficient or IRF3-deficient fibroblasts,
or IRF3-deficient A549 cells (Lin et al., 2020; Schoggins et al., 2011; Wickenhagen
et al., 2021). This can also be examined post-screening, by transducing the entire
ISG library or select ISGs into reporter cell lines modified to express luciferase or
GFP under the control of an IFNB promoter or ISRE (Kane et al., 2016; Wickenhagen
et al., 2021).
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Figure 3-1: Methodology for gain-of-function screens.(A) Schematic of the SCRPSY
lentiviral vector encoding an individual ISG and TagRFP under different promoters. (B)
Number of genes and open reading frames for the different ISG libraries available at the
Centre for Virus Research. (C) Schematic of approaches used for cONA screening with the
SCRPSY ISG library to identify antiviral genes.
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Table 3-1: Gain-of-function screens and methods of virus quantification.

Viruses Quantification
d Flow Image Microplate IR Esae: Vilie- Luciferase Refe rence
=eEES Cytometry Cytomgetry reager IRETpaite :ﬁggg;c reporter
CHIKV, HCV, HIV-1, .
VEEV, WNV, YFV Y Y (Schoggins et al., 2011)
BUNV, CVB, EAV,
HMPV, IAV, MeV,
NDV, ONNV, P|V3, Y Y (Schoggins et al., 2014)
PV, RSV, SINV-A,
SINV-G, WV
IAV Y YNucleupmtein (Dittmann et al., 2015)
H IV' 1 Y Y (Kane et al., 2016)
BUNV Y Y (Feng et al., 2018)
VSV Y Y (Rihn et al., 2019)
EBOV Y Y (Kuroda et al., 2020)
HCOV-229E Y YNucleocapsid (Pfaender et al., 2020)
HCMV Y Y (Lin et al., 2020)
WNV Y Y (Hanners et al., 2021)
SARS = COV'Z Y Y (Wickenhagen et al., 2021)
HCV Y Y (Bamford et al., 2022)
BTV Y Y (Hardy et al., 2023)
1AV Y Y (Pinto et al., 2023)
USUV, WNV Y Y Envelope (Zoladek et al., 2024)

Bluetongue virus (BTV); Bunyamwera virus (BUNV); Chikungunya virus (CHIKV); Coxsackie B virus (CVB);
Equine arterivirus (EAV); Ebola virus (EBOV); Human coronavirus 229E (HCoV-229E); Hepatitis C virus (HCV);
Human cytomegalovirus (HCMV); Human immunodeficiency virus type 1 (HIV-1); Human metapneumovirus
(HMPV); Influenza A virus (IAV); Measles virus (MeV); Newcastle disease virus (NDV); O’nyong’nyong virus
(ONNV); Human parainfluenza virus type 3 (PIV3); Poliovirus (PV); Respiratory syncytial virus (RSV);Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2); Sindbis virus AR86 (SINV-A); Sindis virus Girdwood
(SINV-G); Usutu virus (USUV); Venezuelan equine encephalitis virus (VEEV); Indiana vesiculovirus (VSV);
West Nile virus (WNV); Yellow fever virus (YFV).

3.1.2. Anti-coronaviral ISGs identified by gain-of-function

screening

One ISG identified as having anti-coronaviral activity through gain-of-
function screening is lymphocyte antigen 6 complex locus E (LY6E). In this study,
Huh7 cells were transduced with a human ISG lentivirus library and infected with
HCoV-229E (Pfaender et al., 2020). LY6E was subsequently stably expressed in
cells and was found to be antiviral against HCoV-OC43, MERS-CoV, SARS-CoV-1,
SARS-CoV-2 and MHV. This effect was also observed in vivo, with mice generated

with immune cells deficient in Lyée showing increased susceptibility to MHV
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infection. This antiviral effect is thought to be due to LY6E interfering with spike-

mediated membrane fusion.

Another ISG identified to interfere with coronavirus entry is cholesterol 25-
hydroxylase (CH25H), which converts cholesterol into 25-hydroxycholesterol. This
was identified in a small-scale overexpression screen, involving 57 human ISGs,
against VSV-SARS-CoV-1 and VSV-SARS-CoV-2 pseudotypes (Zang et al., 2020). It
has been hypothesised this is due to endosomal and plasma membranes having

reduced cholesterol, affecting virus-cell membrane fusion.

ISGs inhibiting coronaviruses post-entry have also been identified by GOF
screening, including OAS7. One such study used the standard overexpression
screening method, where A549-ACE2-NP™ cells were transduced with the human
and macaque ISG libraries and infected with a GFP-expressing SARS-CoV-2 reporter
virus (Wickenhagen et al., 2021); NP is a protein expressed by bovine viral
diarrhoea virus (BVDV) that binds IRF3 and targets it for degradation, hence
making the cells IRF3-deficient (Hilton et al., 2006). Further investigation
revealed this OAS1-mediated inhibition occurred via the canonical pathway
involving downstream activation of RNase L (Wickenhagen et al., 2021). This
discovery of the anti-SARS-CoV-2 activity of OAS1 was supported by another gain-
of-function screen that utilises CRISPR activation (CRISPRa). In this alternative
approach, 1266 guide RNAs directed a catalytically inactive Cas9 fused to
transcriptional activators, which enhanced expression of 414 downstream ISGs
(Danziger et al., 2022). Both screens also identified LY6E and nuclear receptor
coactivator 7 (NCOA7) as a restriction factor against SARS-CoV-2. In a separate
study, ectopic expression and gene depletion confirmed the antiviral activity of
the short isoform of NCOA7; it was proposed that NCOA7 targets the endocytic
route of SARS-CoV-2 entry by interaction with the vacuolar H*-ATPase (V-ATPase)

resulting in acidification of the vesicle (Khan et al., 2021).
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3.1.3. Methods of ISG screening: Loss-of-function

The development of CRISPR/Cas9 technology has advanced our
understanding of virus-host interactions and has increasingly become the primary
method of identifying host restriction factors of viruses, in addition to host factors
the virus depends on for replication. To “knockout” genes, a complementary
single guide RNA (gRNA) directs the Cas9 enzyme to the gene of interest, resulting
in DNA cleavage. These double-stranded breaks in the DNA are repaired by non-
homologous end joining (NHEJ); this error-prone pathway introduces insertions
and deletions into the gene of interest, which can disrupt gene function (Doudna
and Charpentier, 2014).

Like cDNA screens, CRISPR/Cas9 screens first involve transducing a
lentiviral vector encoding antibiotic resistance genes, a gRNA and Cas9. Many
screens have utilised genome-wide human CRISPR KO libraries such as the GeCKO
v2 library (123,411 gRNAs targeting 19,050 genes (Sanjana et al., 2014)) or the
Brunello library (76,441 gRNAs targeting 19,114 genes (Doench et al., 2016)). More
targeted human ISG CRISPR KO libraries were also developed, containing 15,416
gRNAs targeting 1,902 ISGs (Roesch et al., 2018). In contrast to SCRPSY-based
screens, these libraries can be used in arrayed or pooled format, the latter being
cheaper to perform and less labour intensive. Arrayed approaches are more
effective at examining proviral and antiviral genes in one screen, and there is no
competition between gene KO, which could result in non-essential genes being

depleted in pooled format and appearing essential.

An example CRISPR KO screen, based on methods of recent screens, is
described next (Mac Kain et al., 2022; McDougal et al., 2023; Xu et al., 2023).
Successfully transduced cells are selected for by addition of the relative
antibiotic, usually puromycin. For screens aimed at identifying restriction factors,
cells are pre-treated with or without IFN before infection with the virus of
interest; many screens have used reporter viruses encoding fluorescent proteins
or antibodies specific for viral proteins. Infected cells were then obtained by

fluorescence-activated cell sorting (FACS). Genomic DNA was extracted, PCR
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amplified and subjected to next-generation sequencing to identify enriched
gRNAs.

3.1.4. Anti-coronaviral ISGs identified by loss-of-function screening

Two LOF screens identified phospholipid scramblase 1 (PLSCR1) as a
restriction factor of SARS-CoV-2. In one study, Huh7.5 and A549-ACE2 cells were
transduced with the pooled GeCKO v2 library and subject to IFN-y pretreatment
before SARS-CoV-2 infection (Xu et al., 2023). The other study performed an
arrayed CRISPR screen in Huh7.5 cells, using the human genome Edit-R crRNA
library (targeting 16,790 genes) and pre-treatment with IFN-a before infection
with SARS-CoV-2 (Le Pen et al., 2024). Only 56 significant gene hits overlapped
between these screens, and anti-coronaviral ISGs discussed in this introduction
(DAXX, IF16, LY6E) differed in their hit status between screens, likely due to
differences in methods. However, both screens concluded that PLSCR1, which is
ubiquitously expressed but enhanced by IFN stimulation, inhibits spike-mediated
entry of SARS-CoV-2. Further experiments by these authors, using pseudoviruses
containing coronavirus spike proteins, suggest PLSCR1 possesses differential
antiviral activity towards coronaviruses; MERS-CoV was potently inhibited, but
only modest inhibition was observed with seasonal coronaviruses such as HCoV-
0C43.

Another ISG whose basal expression is increased by IFN stimulation is Death
domain-associated protein (DAXX). DAXX was identified as restricting SARS-CoV-2
replication in a LOF screen using a CRISPR KO library specifically targeting ISGs
(Mac Kain et al., 2022); it should be noted that DAXX mRNA did not significantly
increase upon IFN stimulation in A549-ACE2 used in this screen, so its “ISGness” is
context-dependent, unlike classic ISGs like Mx1 and OAS1. The authors
demonstrated that DAXX is located in the nucleus of uninfected cells, but upon
SARS-CoV-2 infection, DAXX relocates to the cytoplasm. Cell entry of pseudotypes
expressing SARS-CoV-2 spike was unaffected by DAXX KO, suggesting this antiviral

mechanism targets a post-entry stage of the SARS-CoV-2 replication cycle.
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Although not chosen as the hit characterised in the aforementioned studies,
interferon alpha inducible protein 6 (IFI6) was identified as having antiviral
activity in two LOF screens and two GOF screens against SARS-CoV-2 (Table 3-2).
IF16 is localised to the endoplasmic reticulum, where coronavirus replication
occurs, and was also revealed to have anti-flaviviral activity in a genome-wide
CRISPR KO screen against yellow fever virus (YFV) (Richardson et al., 2018). The
study concludes IF16 prophylactically impairs the ability of flaviviruses to form
their single membrane invaginations in the ER required for genome replication.
However, the flavivirus Hepatitis C Virus (HCV) and HCoV-0OC43, which form
double-membrane vesicles protruding from the ER, were unaffected by ectopic
expression of IFI6. Therefore, it is not yet clear how IFI6 impairs SARS-CoV-2

replication.

Table 3-2: ISGs identified in genetic screens described in this section.

Screen Candidate antiviral hit?

Study Cell line AT
- - N Y* - N

(Pfaender et Huh7 HCoVv-229E | GOF

al., 2020)

PLSCR1

(Wickenhagen A549- SARS-CoV-2 GOF - - Y Y Y Y* N
et al., 2021) ACE2-Npro
(Zang et al., HEK293- | VSV-5ARS-CoV-1 GOF Y* - Y Y } ) )
2020) ACE2 VSV-SARS-CoV-2
(Danziger et A549-ACE2 SARS-CoV-2 GOF - - N Y Y Y* -
al., 2022) (+/- ASTATY)
. iifzft A549-ACE2 | SARS-Cov-2  LOF | N - y* ¥ ¥y N NI N
(wetal, | HUNZ.5 " gaRs.cov-2 LOF N N N Y N N Y
2023) A549-ACE2
(Le Pen et al., Huh7.5 SARS-CoV-2 LOF N Y Y N N N Y*

2024)

Hit (Y). Not-hit (N). Not present in library (-). Characterised in study (*).

3.1.5. Advantages of gain-of-function screens

Performing GOF screens to identify antiviral restriction factors has some
advantages, with the most notable perhaps being the capacity for comparative

screening given the adaptability of the approach. ISG overexpression screens
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against six (-)ssRNA viruses and seven (+)ssRNA viruses revealed that similar ISGs
targeted viruses with related genome types (Schoggins et al., 2014). Comparative
screening can also reveal differences in the antiviral activity of ISGs against viruses
of the same family. Usutu virus (USUV) and West Nile virus (WNV) are related
flaviviruses transmitted by mosquitoes, but a SCRPSY-based miniscreen revealed
WNYV was inhibited by the 3’-5’ exonuclease ISG20 while USUV was not. Subsequent
characterisation revealed that USUV can resist [1SG20-mediated genome

degradation via a structure in the 3’-UTR of the genome (Zoladek et al., 2024).

The ability of an individual ISG to differentially restrict strains of the same
virus can also be identified with cDNA screening. An ISG screen using the human
and macaque lentivirus libraries against three influenza A virus strains discovered
the I1SGs BTN3A1 and BTN3A3 inhibited the avian strain (Mallard), whereas the
mammalian strains (PR8 and Cal04) were resistant (Pinto et al., 2023). A residue
in the viral nucleoprotein determines sensitivity to BTN3A3, and avian strains that
have exhibited zoonotic transmission into humans have evolved to evade BTN3A3.
Therefore, comparative ISG screening helped reveal BTN3A3 evasion as a potential

risk factor for avian IAV spillover into humans.

The availability of multi-species ISG libraries increases the number of genes
screened but also has the potential to identify species-specific differences in ISG
activity. Human and macaque 15SG20 was identified in an ISG screen as having
antiviral activity against Bunyamwera orthobunyavirus (BUNV). Further testing
against 15 bunyaviruses showed human ISG20 usually exhibited more potent
restriction than macaque 1SG20, except in the case of Capim orthobunyavirus
(CAPV). These ISG20 orthologs only differ by four amino acids, suggesting these
changes may influence virus specificity of the proteins (Feng et al., 2018). Since
both orthologues were expressed against an isogenic background, any differences

in antiviral specificity are presumed to stem from the protein itself.

cDNA screening is limited to testing only genes present in the library. This

may be considered an advantage, as it focuses the screen on ISGs in many species,
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whereas many CRISPR screens utilise genome-wide libraries from one species.
Additionally, in screening experiments where virus inhibition by IFN is not
substantial, ISGs having a moderate effect in the IFN-induced antiviral state are

more likely to be identified using cDNA screening.

3.1.6. Disadvantages of gain-of-function screens

Many disadvantages of GOF screens relate to the transduction of the ISG-
encoding vector. As gene expression is no longer at endogenous levels, this
“artificial” expression may result in apparent virus restriction or cell death as an
artefact of ISG-mediated toxicity. Additionally, the library is biased against the
successful transduction of long genes owing to packaging limits of the lentiviral
system. This means long transcripts are either excluded from the library
preparation or suffer low viral titres and corresponding poor transduction

efficiencies in the target cell population.

A significant limitation of GOF screens is that ISGs that work as part of a
complex are not routinely identified. This is exemplified by GOF and LOF screens
performed on the alphavirus Venezuelan equine encephalitis virus (VEEV). There
was no apparent substantial reduction in VEEV infectivity in STAT1-/- fibroblasts
when IFIT1 (67.2%) and IFIT3 (94.9%) were overexpressed (Schoggins et al., 2011).
However, IFIT1 and IFIT3 appeared as hits in LOF screens against VEEV-infected
U-2 OS cells transduced with the Brunello genome-wide library or an ISG CRISPR
KO library (McDougal et al., 2023). IFIT1 binds capO RNA (capped RNA lacking 2’-
O-methylation), minimising translation of viral RNA. It has been reported human
IFIT3 associates with IFIT1 and enhances its recognition of cap0 RNA. Expression
of IFIT1 in doxycycline-inducible 293T-IFIT1 cells did not restrict the VEEV strain
TC83 when trans-complemented with a firefly luciferase control, but co-
expression of IFIT3 resulted in a substantial decrease of VEEV infection (Johnson
et al., 2018).
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3.1.7. Advantages of loss-of-function screens

LOF screens are effective at targeting specific genes and reducing gene
expression. Compared to cDNA libraries, CRISPR KO libraries are commercially
available and can identify genes that work in a complex. Perhaps the main
advantage of CRISPR KO screening compared to cDNA screening is that it examines
the importance of specific gene expression at a physiological level; virus inhibition
may be due to an artefact of gene overexpression, such as dysregulation of a
cellular process, instead of direct antiviral activity. This gene knockout may be
more reflective of disease states, as susceptibility to disease is often due to
deleterious mutations of genes. Indeed, loss-of-function variants in genes involved
in the type | IFN signalling pathway were identified in patients with severe COVID-
19 (Zhang et al., 2020).

CRISPR KO libraries, including those designed to examine just ISGs, are
generally more extensive than the cDNA libraries available, as they have less strict
inclusion criteria, such as the fold change upon IFN stimulation. This enables the
identification of more “intrinsic” ISGs, i.e. expressed at basal levels and only
weakly induced by IFN, such as DAXX. DAXX was not included in any GOF screen
libraries discussed in this section (Table 3-2), so its antiviral activity would not

have been discovered without the larger CRISPR libraries.

3.1.8. Disadvantages of loss-of-function screens

LOF screens are more labour intensive - there is an absolute requirement
for antibiotic selection, and the sequencing step means these screens require
longer timeframes than cDNA screens. Large, complex data are generated, so
extensive bioinformatic analysis is needed, especially if screening is conducted in

pooled format.

Even though CRISPR/Cas9 technology is quite effective, there is still a high
chance of off-target effects, meaning the Cas9 nuclease can target unpredicted

genomic sites in addition to those to which it is intended to cut, which could result
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in false hits. Knockout of essential genes can result in cell death, so if these genes
possess antiviral activity, it would not be identified using this screening approach.
The IFN response is also considerably redundant; multiple genes can perform the
same or similar function, so when one gene is depleted, another gene can
sometimes compensate for its loss, and then its antiviral effect may not be
detected.

In summary, GOF and LOF screens are powerful approaches to identify
antiviral genes, despite their different limitations. Here, | present a new
methodology for GOF screening using previously described ISG lentivirus libraries.
| develop a method of measuring virus infection by detecting infection-related
dsRNA rather than virus-derived protein antigens, as frequently done before. The
goal is to broaden the applicability of ISG screening methodology to allow the
investigation of antiviral mechanisms against diverse viruses without needing
virus-specific reagents. This independence from reporter virus constructs is
enabled by the broad generation of dsRNA during infection by both DNA and RNA
viruses. In contrast to CRISPR-based screening, this approach is easier to scale,
especially if paired with automated pipetting stations during the immunostaining
stage, at much lower costs. This is because it requires small volumes of readily
available antibodies, in comparison to the higher costs associated with
sequencing. It is therefore easier to modify this approach for comparative
screening, by changing the cell line infected or by using different viruses/isolates
of the same virus, in a cost-effective fashion. As described in the following
section, this screening methodology can successfully identify ISGs that specifically

target an RNA virus.
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3.2. Results

3.2.1. Recognition of Contribution

Table 3-3: List of people and their contributions to experimental work.

Contribution

Arthur Wickenhagen Generation of the SARS-CoV-2 miniscreen library (previous lab project)

Douglas Stewart Assistance in the transformations, overnight cultures and minipreps
required to make the mouse ISG library

Yongtao He Experiments optimising DNA extraction protocol for library generation

Generating plasmid DNA for the bat ISG library

3.2.2. Measuring virus infection by dsRNA staining using the Celigo

Imaging Cytometer

At the Centre for Virus Research, the standard protocol for ISG screening
utilises a recombinant fluorescent virus to measure infection by flow cytometry.
However, there were few, if any, reporter virus systems available for human
seasonal CoVs, such as HCoV-0C43, at the beginning of my PhD (Shen et al., 2016).
| therefore decided to design a new protocol for ISG screening that uses dsRNA
immunostaining to measure virus infection (Fig 3-1 C). Other GOF studies
previously screened wild-type coronaviruses using immunostaining with antibodies
against specific protein components, such as the HCoV-229E N protein (Pfaender
et al., 2020). Immunostaining a broad target like dsRNA is not frequently used for
screening; one study that employed this tactic utilised dsRNA immunostaining in
combination with fluorescence microscopy to identify host factors required for

coronavirus replication (Schneider et al., 2021).

Like other (+)ssRNA viruses, coronaviruses replicate their genomes via a
dsRNA replicative intermediate (V’kovski et al., 2021). dsRNA is an activator of
the innate immune response, so it is not expressed at high levels in uninfected
cells (Park and Iwasaki, 2020). A new ISG expression screening protocol was thus
developed that utilises immunostaining of dsRNA with quantification of infection

by image cytometry. dsRNA was chosen as a staining target over more virus-
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specific antibodies so that this protocol could be adapted to screen other (+)ssRNA
viruses that may not have readily available reporter virus systems or antibodies,
such as emerging viruses or animal viruses. At the time, successful ISG screens had
been performed against HCoV-229E and SARS-CoV-2, so | decided to use HCoV-
0C43 as the model virus to optimise my protocol. This was because it was a
betacoronavirus like SARS-CoV-2 but is instead thought to have an ancestral
reservoir in a rodent (Corman et al., 2018); given the diversity in ISGs expressed
by different species (Shaw et al., 2017), it is plausible that the ISGs that inhibit a
given virus may have been influenced by the ancestral reservoir, as suggested in
(Wickenhagen et al., 2021).

Using the Celigo Imaging Cytometer, immunostaining allows dsRNA staining
to be measured in the green fluorescence channel via a secondary antibody
conjugated to the AlexaFluor488 dye. Additionally, nuclei are stained with
Hoechst and measured in the blue fluorescence channel. | then quantified virus
infection from high-resolution scans of the whole well. To do this, the cell outline
must first be defined in a fluorescence channel, known as a mask. Ideally, we
would have used a cytoplasmic stain, but | did not have this during the preliminary
experiments, so Hoechst was used instead. An individual cell is therefore
identified by the Hoechst-stained nucleus, and the area is then dilated to include
most of the cytoplasm (Fig 3-2 A). This approach worked well given that
coronaviruses replicate in double-membrane vesicles derived from the ER, and
thus dsRNA staining presents close to the nucleus (V’kovski et al., 2021)(Fig 3-2
B).

In a preliminary experiment to determine the suitability of this protocol for
ISG screening, HCoV-OC43 was titrated on A549 cells and fixed at multiple
timepoints (Fig 3-2 C). A549 cells were the cell line of choice because they are a
lung adenocarcinoma line permissive to respiratory virus HCoV-OC43 replication.
Moreover, the SARS-CoV-2 ISG screen, performed by my colleagues, used A549-
derived cells, and | wanted to keep the protocols as comparable as possible

(Wickenhagen et al., 2021). In this experiment, the signal-to-noise ratio was high,
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with dsRNA+ cells increasing in number over time and with increasing doses of
HCoV-0C43, while background staining remained low in uninfected controls. When
A549 cells were pretreated with type | IFN for 24 h, the number of dsRNA+ cells
was drastically reduced at the highest doses of IFNB1, showing that HCoV-0C43 is
sensitive to ISGs within these cells (Fig 3-2 D). Combined, these data demonstrate

that dsRNA staining is a sensitive method for quantifying viral infection.
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Figure 3-2: Quantifying HCoV-OC43 infection using the Celigo Imaging Cytometer.
(A) Schematic representation of how the “mask” approach on the Celigo Imaging
Cytometer is used to measure transduction efficiency and virus infection, via dsRNA
staining. (B) Representative image of HCoV-OC43 infected A549 cells stained with anti-
dsRNA (green) and nucleic acid stain Hoechst (blue). After Mask settings are applied, cells
are categorised into uninfected (red outline) and infected (green outline). (C) A549 cells
were infected with serial dilutions of HCoV-OC43, fixed at multiple timepoints, and stained
with anti-dsRNA antibody and Hoechst before dsRNA+ cells were quantified. (D) A549 cells
were pre-treated with increasing concentrations of IFNB1 for 24 h prior to infection with
HCoV-OC43 for 72 h (~5x10* PFU). Infected cells were quantified as in (C) and normalised
to mock-treated cells. (C-D) The mean and SD of one independent experiment are shown.
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3.2.3. Optimisation of conditions for ISG screening

For ISG screening, transduction with the SCRPSY lentiviral vector results in
RFP expression, in addition to ISG expression, allowing transduction efficiency to
be measured in the red fluorescence channel. Similar to flow cytometry,
thresholds for transduction and infection are then set based on mock-transduced,
mock-infected and transduced mock-infected controls, respectively (Fig 3-3 A). If
red or green fluorescence is detected above threshold in this dilated area, the
cells are classified as RFP+ and dsRNA+, respectively. These cells can be gated
using the Celigo software or exported as .fcs files, and gating can be performed
using flow cytometry software, such as FlowJo. As before, | titrated HCoV-0C43
on A549 cells, this time transduced with a fixed dose of SCRPSY-EMPTY lentivirus
and fixed at multiple timepoints (Fig 3-3 B). The infection level was similar to
mock transduced cells, confirming that transduction with a SCRPSY vector does
not affect HCoV-0C43 replication. An infection level of 30-50% is optimal for ISG
screening; this can be obtained in A549 cells with an incubation period of over 48

hours.
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Figure 3-3: Quantifying ISG expression for screening experiments.(A) A549 cells were
transduced with 20 puL/well of SCRPSY-EMPTY lentivirus-containing supernatant for 48 h
prior to infection with 4-fold serial dilutions of HCoV-OC43. Fixed cells were stained with
anti-dsRNA (green) and Hoechst (blue), then gated into the following classes on the Celigo
Imaging Cytometer: RFP- dsRNA- (light blue), RFP+ dsRNA- (red), RFP+ dsRNA+
(orange) and RFP- dsRNA+ (green). Representative images of one independent
experiment are shown. (B) Quantification of transduced (RFP+) dsRNA+ cells from (A)
superimposed with mock-transduced infected cells from (Fig 3-2 C). The mean and SD for
one independent experiment are shown.

77



PhD Thesis Emma L. Davies (2025)

Unlike flow cytometry, where cells are first dissociated from tissue culture
surfaces before fixation, this protocol uses formaldehyde to fix A549 cells to the
plate well for scanning. This means that the initial cell seeding density is of even
greater importance because if the seeding density is too high, the Celigo software
is unable to distinguish individual cells from a monolayer, resulting in inaccurate
quantification of cell number. To determine the optimal seeding density, the
experiment described above was performed with different input cell
concentrations (Fig 3-4 A-B). From this, | concluded the optimum concentration
was 5x103 cells/well, as there was still space in the monolayer and there were
approximately 4x10“ cells/well 120 h post-transduction, which is greater than the
usual number of cells (~10000 events) analysed for screening by flow cytometry.
As screening also requires a large volume of virus, a new stock of HCoV-0C43 was
propagated for subsequent experiments. | titrated this stock on A549 cells and
measured dsRNA+ cells at 48 h and 72 hpi (Fig 3-4 C); | decided on a virus dose of
~5x10* PFU/well and an incubation time of 72 h for screening to ensure the 30-

50% infection optimum is satisfied.
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Figure 3-4: Optimisation of cell and virus conditions for screening. A549 cells were
seeded at different densities and infected 24 h later with serial dilutions of HCoV-OC43, as
in (Fig 3-3). (A) Representative well images of cell densities 48 hpi. (B) Cell number was
quantified at multiple timepoints using the Celigo Imaging Cytometer. (C) A new HCoV-
0OCA43 stock was propagated for screening experiments and titrated on A549 cells. dsRNA+
cells were quantified at 48 h and 72 hpi. The dashed lines indicate the optimal 30-50%
range. (B-C) The mean and SD for one independent experiment are shown.
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It should be noted that previous ISG screens have used the cationic polymer
polybrene to increase the transduction efficiency of the SCRPSY-ISG vector
(Wickenhagen et al., 2021), but | noticed HCoV-0OC43 infection was decreased
when polybrene was used (Fig 3-5 A-B). Polybrene acts by neutralising charge
repulsion between lentiviruses and the cell surface, such as sialic acids. Since
HCoV-0C43 uses N-acetyl-9-O-acetylneuraminic acid as a receptor (Hulswit et al.,
2019), this may explain why there was a >3-fold reduction in HCoV-0C43 infection
observed when the standard working concentration of 8 ug/mL polybrene was used
(Fig 3-5 B).

With this protocol looking promising for screening HCoV-OC43, further
optimisation was required prior to doing a multi-library screen. First, new human,
bovine and macaque ISG lentivirus libraries were generated, consisting of 543, 289
and 345 genes, respectively. Prior to this, | extended the human library by 32
genes, including previously absent genes and different isoforms of genes already
present in the library (data not shown). Supernatant remaining after lentivirus
harvest can be pooled and used to determine the volume to add to reach the
optimal >90% transduction efficiency. Since SCRPSY lentiviral plasmids also encode
a puromycin resistance gene, antibiotic selection can be used to increase the level
of transduction to reach the optimum (Fig 3-5 C). Given that the multi-species
library screen would involve twenty 96-well plates and puromycin addition did not
substantially increase the proportion of transduced cells, | decided against this

additional step.

Since no ISG screen had been performed on the Celigo imaging cytometer
before, | also wanted to check the transduction level was not being
underestimated or overestimated; RFP+ cells were therefore measured in parallel
on the Celigo image cytometer and Guava flow cytometer. Reassuringly, there was
no considerable difference in RFP+ cells measured by both instruments at
transduction levels required for screening (Fig 3-5 D). Given that 90% transduction
efficiency was unlikely to be reached in A549 cells without polybrene, | decided
to use a SCRPSY library supernatant volume of 50 pL/well for screening, which

enabled a transduction efficiency of ~75%.

80



PhD Thesis Emma L. Davies (2025)

Prior to performing the multi-library screen for HCoV-0C43, | performed a
miniscreen against HCoV-0C43, containing the gene hits from the published SARS-
CoV-2 screen to optimise scanning and analysis settings on the Celigo Imaging
Cytometer (Fig 3-5 E). The results of the miniscreen validated this new screening
protocol as many expected genes inhibited HCoV-OC43 infection. These include
IFNB1 and LY6E, which have been previously shown to inhibit coronaviruses,
including HCoV-0OC43 (Fig 3-2 D)(Pfaender et al., 2020). Therefore, | have
successfully optimised a protocol that enables the quantification of fluorescently
labelled viral dsRNA in fixed cells using plate-based image cytometry, to screen

ISGs for antiviral activity.
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Figure 3-5: Optimisation of transduction conditions for screening. A549 cells were
treated with polybrene for 48 h prior to addition of HCoV-OC43 in fresh medium for 72 h
(5x10* PFU). (A) Representative histograms and nuclei mask well images at different
polybrene concentrations. (B) Quantification of dsRNA+ cells post-polybrene treatment.
Data normalised to mock-treated cells. The dashed line indicates the standard working
concentration of polybrene (8 ug/mL). (C) A549 cells were transduced with SCRPSY
lentiviral supernatant, then mock-treated or treated with 2 pg/mL puromycin 48 h later. 120
h post-transduction, RFP+ cells were quantified by flow cytometry. (D) Mock-treated A549
cells from (C) were measured for RFP expression in parallel by flow cytometry and image
cytometry. (E) A549 cells were transduced with 50 uL/well of the SARS-CoV-2 miniscreen
library generated by Wickenhagen et al., (2021) for 48 h prior to a 72 h infection with HCoV-
OC43 (5x10* PFU). Fixed cells were stained with anti-dsRNA and Hoechst, and dsRNA+
cells were quantified using the Celigo Imaging Cytometer. Data normalised to SCRPSY-
EMPTY controls. (B-D) Mean and SD of one independent experiment are shown.
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3.2.4. Generation of a novel functioning mouse ISG library

During the optimisation of this screening protocol, a new mouse ISG library,
containing 372 genes, was developed at the Centre for Virus Research. | wanted
to screen HCoV-0C43 with this mouse library as, alongside the human and bovine
library, this meant a species from every step involved in the proposed transmission
of HCoV-0C43 (rodent - livestock = human) was represented in the screening
process (Corman et al., 2018). This may provide insights into innate immune
barriers that could have facilitated or hindered the emergence of HCoV-0C43 into
the human population. This library was initially prepared using glycerol stocks
provided by the biotechnology company Bio Basic, who synthesised the I1SGs and
ligated them into the SCRPSY vector. An ISG screen against HCoV-OC43 was
performed with this new lentiviral library (Fig 3-6 A). Hits included Lyéa, although

it should be noted that Lyée is not present in the mouse ISG library.

Although these hits appeared valid, | quickly noticed an issue with the
transduction efficiency of this library preparation; 161/372 genes had a
transduction efficiency of <10%, which is the cutoff | use for my screens (Fig 3-6
B). I investigated how the initial DNA yield of the SCRPSY plasmid level related to
transduction efficiency and found no correlation (Fig 3-6 C). There was also no
correlation between transduction efficiency and HCoV-OC43 infection level (Fig 3-
6 D). To troubleshoot this, normalised plasmid DNA for the first 24 ISGs from mouse
library plate 1 were restriction digested and visualised by agarose gel
electrophoresis (Fig 3-6 E). Half of these genes did not transduce above 10%, and
faint or absent bands were seen for most of them. This suggests the original
miniprep from the Bio Basic glycerol stocks was not good quality, and the DNA

concentrations given by the Nanodrop spectrophotometer were inaccurate.
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Figure 3-6: Troubleshooting the first mouse ISG library screen. A549 cells were
transduced with 50 pL/well of mouse ISG library supernatant prior to a 72 h infection with
HCoV-OC43 (5x10* PFU). Infected cells were quantified using the described screening
protocol. (A) Hits with a z-score of < -2 are indicated. (B) Transduction efficiency of
individual ISGs from the library are shown. The dashed line indicates the 10% transduction
threshold. (C-D)The correlation between transduction efficiency and initial DNA yield (C)
or HCoV-0OC43 infection (D) is shown. (E) 250 ng of SCRPSY-ISG plasmid from a
selection of mouse library ISGs were restriction digested prior to visualisation by agarose
gel electrophoresis. The transduction efficiency is indicated for each gene.
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With the assistance of Douglas Stewart, | redid the 372 SCRPSY plasmid
minipreps for the mouse ISG library with initial bacterial transformation using 500
ng of plasmid DNA provided by BioBasic; this seems like a high amount of DNA, but
even this did not give many isolated colonies post-transformation. The choice of
media, incubation time and culture volume had to be optimised for this library
preparation. This was performed by Yongtao He, who also made the new bat ISG
library containing 67 ISGs from Rhinolophus affinis and 70 I1SGs from Rhinolophus

sinicus, alongside us.

Prior to normalising the new plasmid preparations, 5 pL of 24 DNA minipreps
were restriction digested. Examining the gel revealed that all the genes had DNA
bands, and the intensity of the bands largely correlated with the DNA
concentration readout (Fig 3-7 A). Since | have previously observed high
concentrations of DNA inhibiting lentivirus production during library preparation,
the DNA minipreps of these 24 genes were serially diluted and transfected to make
lentivirus to ensure the standard protocol amount of DNA was still appropriate for
this new library. When using the standard plasmid amount of 125 ng for lentivirus
production, 23/24 genes showed transduction efficiencies greater than the 10%
cutoff in A549 cells (Fig 3-7 B); these transduction levels were from 50 pL/well of
lentivirus-containing supernatant which is the usual dose for A549 cells. The only
gene that doesn’t pass the threshold is Casp2, which is unsurprising considering
the involvement of this gene in apoptosis (Lopez-Cruzan et al., 2016). This was
performed in parallel in 293T cells, commonly used for ISG screening, to
determine whether the transduction efficiency is cell-type specific (Figure 3-7 C).
In this case, 21/24 genes showed transduction efficiencies greater than the 10%

cutoff, suggesting A549 cells were the preferable cell line to use for my screen.

Although most genes transduced above the 10% cutoff, optimal transduction
efficiency for standard screening is >90%, which is not obtained here. Therefore,
these transduction experiments were repeated at different cell seeding densities
and with a higher volume of lentivirus supernatant. As expected, reducing seeding
density to 5x10° cells/well and adding >50 pL/well lentivirus increases the

transduction efficiency but not substantially (Fig 3-8). Yongtao He found that
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adding polybrene results in optimal transduction efficiencies with these new
libraries (data not shown), but as discussed earlier (Fig 3-5 A-B), this is not possible
with HCoV-0C43, so screening went forward without. Nevertheless, we
successfully generated a novel functioning mouse ISG library that will provide

insight into the antiviral activity of rodent ISGs.
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Figure 3-7: Testing the transduction efficiency of the newly generated mouse ISG
library. SCRPSY-ISG plasmids were transformed into a lab bacterial stock, and DNA was
extracted. (A) 5 uL of newly made SCRPSY-ISG plasmid for 24 mouse library genes was
restriction digested and visualised by agarose gel electrophoresis. The miniprep DNA
concentration is indicated for each plasmid. The plasmids for the above genes were serially
diluted and transfected to produce lentivirus-containing supernatant. A549 (B) or 293T (C)
cells were transduced with 50 uL/well of library and fixed 120 h post-transduction. RFP+
cells were measured by flow cytometry. The dashed line on the x-axis indicates the
standard 125 ng input. The dashed line on the y-axis indicates the 10% transduction
threshold.
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Figure 3-8: Transduction efficiency is improved by altering the lentiviral library
volume or initial seeding density. The first 12 genes from (Fig 3-7) were transfected
as before. A549 cells were seeded at 5x10° or 1x10* cells/well and transduced with 50 pL
or 75 uL/well of library supernatant. RFP+ cells were measured 120 h post-transduction by
flow cytometry. The dashed line indicates the standard 125 ng DNA input.
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3.2.5. A multi-species library screen reveals genes with candidate

antiviral activity against HCoV-0C43

Using this optimised protocol with new libraries, a multi-species ISG screen
was performed to identify genes exhibiting antiviral activity against HCoV-0OC43
at a late stage of infection (72 hpi). The ISG libraries consist of 543 human (Homo
sapiens), 345 macaque (Macaca mulatta), 289 bovine (Bos taurus), 372 mouse (Mus
musculus), 68 intermediate horseshoe bat (Rhinolophus affinis) and 70 Chinese
rufous horseshoe bat (Rhinolophus sinicus) genes. To determine HCoV-0C43
infection in ISG-expressing cells, the cells were gated on FlowJo using a cell-only
control (-SCRPSY, -HCoV-0OC43) and a transduced, mock-infected control (+
SCRPSY-EMPTY, - HCoV-0C43). The gates were then checked using two additional
controls: a transduced, infected control (+ SCRPSY-EMPTY, + HCoV-0C43) and a
virus-only control (-SCRPSY, + HCoV-0C43) (Fig 3-9 A). Examining the cell-only
control, it appears that there are multiple populations of cells. When gating these
populations, the smaller population appears localised to the left edge of the well
(Fig 3-9 B). For a 96-well plate, the Celigo Imaging Cytometer works by taking 16
images (fields of view) and stitching them together. This smaller population is
likely a combination of higher density in that section of the well and the stitching

process because it does not consistently occur in my experiments.

Using this screening protocol, some hits can be first identified visually by
examining the well images, as a substantial reduction in dsRNA staining can be
seen in the green channel, which correlates well with the FlowJo analysis (Fig 3-
9 C). The transduction efficiencies were generally sufficient, although expectedly,
many genes failed to pass the 10% transduction cutoff. In total, 8% human, 10%
macaque, 27% bovine, 6% mouse, and 4% bat ISGs (R. affinis = 2 ISGs, R. sinicus =
4 ISGs) fell below this cutoff (Fig 3-9 D). Longer genes often fail to transduce,
which could be due to poor packaging of the lentiviral vector genome, but ISG-
mediated cytotoxicity can also contribute. ISGs that commonly fail to transduce
are EIF2AK2 (PKR), APOBEC3G and MOV10, and there have been suggestions that
this is because they possess anti-retroviral activity and target the HIV-1-based

vector in the producer cell (Schoggins et al., 2011).
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Figure 3-9: Gating strategies and transduction efficiencies of the multi-species
library screen. A549 cells were transduced with 50 uL/well of supernatant from the
following ISG libraries: human (H. sapiens), rhesus macaque (M. mulatta), cattle (B.
taurus), mouse (M. musculus) and bat (R. affinis and R. sinicus). 72 hpi with HCoV-0OC43,
cells were stained for dsRNA and analysed using the protocol described. (A) Cells were
gated on FlowdJo first using the controls shown. The percentage of cells in each gated area
is shown. (B) Gating, nuclei mask well image and Celigo well scan explaining the dual
population observed in the cell-only (- SCRPSY-EMPTY, - HCoV-OC43) control. (C)
Representative Celigo well scans and corresponding FlowJo analysis plot of an ISG hit and
a non-hit. (D) Transduction efficiencies of all the ISGs tested. ISGs that fall below the 10%
transduction threshold (dashed line) were excluded from hit analysis.
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The data was normalised to the mean of the species library, with the mean
for the human (30.9), macaque (36.2), bovine (34.6), mouse (45.0) and bat (R.
affinis = 39.5, R. sinicus = 36.5) libraries all falling within the optimal 30-50%
infection range. Despite SCRPSY-EMPTY being present on every 96-well plate, | do
not believe this is an optimal control for normalisation for two reasons. Firstly,
the SCRPSY plasmid does not have an ISG insert; it is considerably smaller than
most plasmids in the library, so there is a tendency for over-transduction to occur.
This sometimes results in cells over-expressing SCRPSY-EMPTY having lower
infection levels than the mean infection level of the library. Secondly, the well
position of SCRPSY-EMPTY on these library plates is H12. | have noticed that corner

wells tend to have lower infection rates, which may be due to media evaporation.

To keep consistency with other published ISG screens outside of the Centre
for Virus Research, z-scores for each ISG were calculated, and ISGs with a z-score
< -2 were considered candidate antiviral genes (Fig 3-10). Additionally, ISGs that
had a transduction efficiency of <10% were excluded from hit selection. The
validity of this screening protocol is promising, as many hits from this HCoV-0C43
screen also appear in my colleague’s previous screen of SARS-CoV-2 that used the
standard reporter virus/flow cytometry protocol (Wickenhagen et al., 2021). Of
note is the appearance of LY6E as a hit in the human, macaque, bovine and bat
libraries. As mentioned previously, LY6E has been shown to have antiviral activity
against many coronaviruses, including HCoV-0C43, making it an excellent positive
control (Pfaender et al., 2020). Therefore, this optimised ISG screening protocol
revealed 52 candidate ISGs from multiple species that can be further assessed for
anti-HCoV-0C43 activity.
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Figure 3-10: Identification of candidate ISGs with antiviral activity against HCoV-
0OC43. A549 cells were transduced with 50 pL/well of supernatant from each of the following
ISG libraries: humans (H. sapiens), rhesus macaques (M. mulatta), cattle (B. taurus), mice
(M. musculus) and two species of horseshoe bat (R. affinis and R. sinicus). The level of
HCoV-OC43 infection after 72 h was measured after dsRNA immunostaining using the
Celigo Imaging Cytometer. Data was normalised to the mean infection level of each species
library. Hits with a z-score of < -2 are indicated.
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3.2.6. Confirmation of the antiviral activity of candidate ISGs

Since the multi-species library screen was only performed once,
miniscreens were performed to confirm the antiviral activity of the 52 candidate
ISGs. This miniscreen included 20 human, 15 macaque, 3 bovine, 10 mouse and 4
bat genes (R. affinis = 3, R. sinicus = 1). As discussed in section 3.2.5, SCRPSY-
EMPTY is not an optimal control, so | wanted to add ISGs to the miniscreen library
that have not previously shown substantial proviral or antiviral activity. To do this,
| collated ISG screening data from 28 independent screens, including my HCoV-
0C43 screen, performed at the Centre for Virus Research. Given that there were
no z-scores for the other 27 screens, | filtered ISGs with a normalised infection
between 50-150%. These “non-hit” ISGs were removed if they had a transduction
efficiency of <70% in the HCoV-OC43 screen, to ensure they had good ISG
expression in the miniscreen. | then examined the normalised infection level of
the remaining non-hit ISGs from other published screens (Pfaender et al., 2020;
Schoggins et al., 2014). From this, | discovered 19 ISGs that are not proviral or
antiviral against 37 diverse viruses with DNA; (+)ssRNA, (-)ssRNA and dsRNA
genomes (Fig 3-11), suggesting together they could be a good control for
normalisation. The fact that these ISGs have not shown antiviral activity (yet) in
these screens is interesting as it begs the question of why some of these ISGs have

evolved to be induced in response to IFN.

| normalised the infection level in the presence of candidate ISGs against
the average infection level in the presence of 8 SCRPSY-EMPTY controls or the
average infection level in the presence of 18 non-hits; the non-hit GEM was not
included because the miniprep had a low DNA concentration. This gave similar
values, suggesting the 18 non-hits are a good infection control for future screens
(Fig 3-12 A-B). 34/52 ISGs showed a >2-fold reduction in HCoV-OC43 replication,
although 5 of the ISGs that did not show this restriction had a transduction
efficiency of <10% (Fig 3-12 C-H).
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Figure 3-11: Identification of non-hits from ISG cDNA screens. Previous ISG screens
performed by the Centre for Virus Research and from published ISG screens were
analysed for ISGs that have never been substantially proviral or antiviral (“non-hits”). 19
genes were identified from ISG screens of 37 viruses and the normalised infection level is
presented as a heatmap. *ISG screen described in Schoggins et al., (2014). **ISG
described in Pfaender et al., (2020).
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Several of these candidate ISGs also appear as hits in most screens the
Centre for Virus Research has performed. This is because they are likely inhibiting
viruses non-specifically. This can be due to the ISG causing cytotoxicity or inducing
a general antiviral state. To investigate this, | transduced A549-ISRE:GFP cells with
the miniscreen library. The cell supernatant was tested 120 h later with a
commercially available cytotoxicity assay (Fig 3-13 A). This highlighted ISGs
associated with cell apoptosis, such as TNFRSF10A and TNFSF10, which were
removed from the candidate ISG list. | measured the percentage of GFP+ cells by
flow cytometry and removed ISGs that induced >10% activation of the ISRE
reporter, using GFP expression as a substitute (Fig 3-13 B); these genes were
IFNB1, IRF1, IRF4, IRF7 and DDX58 (RIG-1), many of which play important roles in

upregulating the IFN response.

Since HCoV-0C43 is an endemic virus in humans, | decided to focus primarily
on human ISGs. It should be noted that the LAMP3 gene is duplicated in the human
ISG library, which explains why it appears twice in the miniscreen (Fig 3-12 C). |
additionally removed LY6E, due to its known anti-coronaviral activity, and IL28RA,
due to it encoding a receptor for Type lll interferons, from the candidate ISG list.
Following this hit selection pipeline, | identified 7 ISGs (CTSS, ETV6, LAMP3, OAS2,
PAX5, RORB and ZBTB42) that showed potent antiviral activity against HCoV-0C43,

without causing cytotoxicity or substantial ISRE induction.
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Figure 3-12: ISG miniscreen confirms anti-HCoV-OC43 activity of candidate genes.
A549 cells were transduced with 50 uL/well of supernatant from the miniscreen library
containing the ISG hits from (Fig 3-10), SCRPSY-EMPTY or 18 non-hits from (Fig 3-11).
The level of HCoV-OC43 infection after 72 h was measured after dsRNA immunostaining,
using the Celigo Imaging Cytometer. Data was normalised to SCRPSY-EMPTY controls
(A) or the non-hit controls (B). The HCoV-OC43 infection level normalised to SCRPSY-
EMPTY is shown for each ISG hit from the human (C), bovine (D), rhesus macaque (E),
intermediate horseshoe bat (F), mouse (G) and Chinese rufous horseshoe bat (H) libraries.
Dashed bars indicate genes that did not pass the 10% transduction threshold. The mean
and SD for one independent experiment are shown. The dashed line indicates a 50%
infection level.
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Figure 3-13: Identification of non-specific inhibitors of HCoV-OC43. A549-ISRE.GFP
cells were transduced with 50 pL/well of supernatant from the ISG miniscreen library
containing hits from (Fig 3-10). 120 h post-transduction, the supernatant was collected to
measure cytotoxicity using the CytoTox-Glo™ Cytotoxicity assay kit (A). GFP+ cells were
measured as a proxy for ISRE induction by flow cytometry (B). The data from one
independent experiment are shown.
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3.3. Discussion

In conclusion, measuring fluorescently labelled viral dsRNA using an image
cytometer provides a quantifiable method for screening ISGs for antiviral activity,
without the requirement for reporter viruses. HCoV-0OC43 was an ideal model for
optimising this new protocol as it is IFN-sensitive (Fig 3-2 D), can reach optimal
infection levels (via dsRNA+ cells) in cells permissive to lentiviral transduction (Fig
3-2 C) and did not have a reporter virus readily available when these experiments
were taking place. Although not covered in this project, imaging cytometry can
provide visualisation of foci formation and changes in cell morphology, unlike flow
cytometry, adding an extra dimension to ISG screening. This method has the
potential to be adapted for other RNA viruses of clinical importance or at high risk

of emergence in humans, such as flaviviruses.

After optimisation of seeding density, transduction methods and cytometer
settings, a multi-species library screen was performed with three published ISG
lentiviral libraries (human, macaque, cow) and two new ISG lentiviral libraries
(mouse and bat) (Fig 3-10); as part of this project, we generated the mouse library
containing 372 genes by transformation of 372 commercially purchased DNA
preparations followed by transfection of extracted DNA to create the lentiviral
library (Fig 3-7, 3-8). This screen revealed ISGs with candidate antiviral activity
that have been hits in previous screens against coronaviruses SARS-CoV-2 and
HCoV-229E (Pfaender et al., 2020; Wickenhagen et al., 2021). To rule out hits that
can be antiviral through activation of the IFN signalling pathway, | transduced a
miniscreen library into A549 cells modified to express GFP under the control of an
ISRE; this identified IFNB1, IRF1, IRF4, IRF7 and DDX58 (RIG-I). ISGs that resulted
in ISG-mediated cytotoxicity due to increased expression (TNFSF10, TNFSF10A,
MAP3K14, Bcl3) were also excluded.

As expected, the coronavirus restriction factor LY6E was a top hit for most
species in the miniscreen. The exception was the mouse library, which did not
contain the Lyée gene, but another member of the Ly6 gene family, Lyéa, was a

hit. Human LY6E and mouse Ly6a are not orthologous but belong to the same gene
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family with a characteristic disulphide bonding pattern; the human ortholog of
Lyéa, LY6S, is an ISG discovered only recently (Shmerling et al., 2022). The human
genes that were the top choices for further characterisation were CTSS, ETV6,
LAMP3, OAS2, PAX5, RORB and ZBTB42; some of these hits showed antiviral
activity in GOF and LOF screens described in the introduction (Table 3-4). Since
these hits were identified by gene overexpression, we can only say they may be
sufficient for reducing HCoV-OC43 infection. Only through LOF screening or
depletion experiments can it be determined whether a gene is a necessary player
in the antiviral defence against this virus - although, like all screens, these results

will always be sensitive to cellular context.

Table 3-4: Presence of hits from the HCoV-OC43 screen in datasets from GOF and LOF
screens discussed in the introduction.

— - -
Cell Screen Hit in other genetic screens?

Study Virus
t AT e -
CTSS | ETV6 | LAMP3 | OAS2 | PAX5 | RORB | ZBTB42
- N N Y - -

(Pfaender et Huh7 HCov-229e | GOF

al., 2020)

(Wickenhagen A549- SARS-CoV-2 | GOF N N N Y N N Y
et al., 2021) Npro-ACE2
(Zang et al., HEK293- VSV-SARS-CoV-1 _ _ - -
2020) ACE2 VSV-SARS-CoV-2 GOF Y Y
(bancigeret  A549-ACE2 ' gpps.cov-2  GOF Y - N N - -
al., 2022) (+/- ASTAT1)
O o AS49-ACE2 | SARSCov:2  LOF N = N = N Y - N
(Xuetal., Huh7.5 " cprs.cov-2  LOF =~ N N N N N N N
2023) A549-ACE2
(LePenetal, | 7.5 SARS-Cov-2 | LOF | N N N ) N

2024)

Hit (Y). Non-hit (N). Not present in library (-).

Cathepsin S (CTSS) is one of the cellular cysteine proteases present in the
lysosome, like Cathepsin L (CTSL) and is involved in antigen processing and
presentation (Yadati et al., 2020). CTSL has been implicated as an entry factor of
SARS-CoV-2 when it enters the cell via the endosomal route (Jackson et al., 2022)
and appears proviral in CRISPR screens discussed previously (Danziger et al., 2022;
Le Pen et al., 2024). In addition to my HCoV-0C43 screen, CTSS showed significant
inhibition of SARS-CoV-2 in the GOF CRISPR activation screen in both A549-ACE2
cells and those deficient in STAT1, suggesting this antiviral activity is independent
of the IFN pathway (Danziger et al., 2022) (Table 3-4). The authors suggested that

99



PhD Thesis Emma L. Davies (2025)

this difference between CTSS and CTSL could be due to different cleavage
specificity so that overexpression of CTSS suboptimally cleaves SARS-CoV-2 spike
and/or interferes with spike cleavage by other cathepsins. However, CTSS was not
a hit in the overexpression screen performed in A549-ACE2 cells deficient in IRF3
(Wickenhagen et al., 2021). It has been reported that cathepsins cleave TLRs into
active forms; TLR3 can be cleaved by cathepsin B and H (Garcia-Cattaneo et al.,
2012). Overexpression of CTSS could increase TLR-signalling during infection,
which may induce antiviral effectors independent of IRF3. This could explain why
CTSS was a hit in the HCoV-0OC43 screen, as it used the same human lentiviral

library except in parental A549 cells with functional immune pathways.

Overexpression of CTSS could also be interfering with coronavirus egress. It
has been shown that betacoronaviruses exit the cell via a lysosomal-dependent
pathway. MHV or SARS-CoV-2 infected cells had a decreased number of acidified
lysosomes, and it was calculated that the mean lysosomal pH in uninfected cells
was 4.7 but rose to pH 5.7 in MHV-infected cells (Ghosh et al., 2020). This can
reduce the enzymatic activity of most cathepsins, which function optimally at
acidic pH, but cathepsin S is enzymatically active at a broader pH range, up to
weakly basic pH (Yadati et al., 2020).

Another hit in this screen was lysosome-associated membrane protein 3
(LAMP3), which has a tissue-restricted expression; LAMP3 is expressed in dendritic
cells and lung type Il pneumocytes and is involved in antigen processing (Akasaki
et al., 2004). Given its lysosomal localisation, it could also interfere with
coronavirus entry or egress. LAMP3 showed modest inhibition of pseudotype
viruses expressing SARS-CoV-1 and SARS-CoV-2 spike proteins in a small GOF screen
(Zang et al., 2020) (Table 3-4). In contrast, it has been reported that LAMP3 can
be a proviral factor for influenza A virus in A549 cells, as its expression is induced
upon infection and cells depleted of LAMP3 show decreased replication (Zhou et
al., 2011).
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ETV6 is a member of the ETS (E26-transforming specific) family of
transcription factors. It commonly acts as a transcriptional repressor and is
involved in blood cell production. In accordance, ETVé translocations and
mutations have been associated with haematological malignancies (Rasighaemi
and Ward, 2017). It has been reported that a closely related gene, ETV7, can
negatively regulate the type I IFN response by targeting the expression of a subset
of ISGs (Froggatt et al., 2021). Cells depleted in ETV7 showed decreased IAV
replication, likely due to enhanced antiviral ISG expression. ETV6 may act as a
transcriptional regulator in this HCoV-0C43 screen, and its downstream effect on
the expression of specific genes may indirectly affect HCoV-0C43 replication. This
screen is performed in A549 cells, and in hindsight, this screen should have been
performed in parallel in A549 cells deficient in IFN signalling, such as via STAT1
knockout; (Fig 3-13 B) only revealed genes that can trigger ISRE in the absence of
infection. If ETV6 appeared as a hit in A549 cells but not in A5494TAT" it would
suggest that ETV6 can act as a regulatory ISG.

Three other transcription factors showed candidate antiviral activity in the
HCoV-0C43 screen. Paired box 5 (PAX5) is essential for the commitment of
lymphoid progenitor cells into B cells, and due to its restricted expression, it is
not likely a natural innate immune defence against a respiratory virus. However,
Pax5 in mice targets many genes that are also transcriptional regulators, such as
Irf4 and Irf8, which can induce the expression of ISGs (Forero et al., 2013;
McManus et al., 2011). A similar process may occur with RORB, a retinoid-related
orphan receptor mainly restricted to the brain and retina, as it can act as a
transcription factor upon ligand binding (Jetten, 2009). ZBTB42 is a member of
the zinc finger and BTB-domain containing transcription factors and is expressed
in skeletal muscles. ZBTB42 was also identified as a hit in the SCRPSY-based ISG
screen against SARS-CoV-2 performed by my colleagues (Wickenhagen et al.,
2021); ZBTB42 was not detected in lung tissues of patients with fatal COVID-19

infection, so its antiviral activity was not further characterised.
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The final candidate antiviral gene is OAS2, which was chosen for further
characterisation and will be discussed in more detail in Chapter 4. Briefly, OAS
proteins polymerise ATP into oligoadenylate chains that activate RNase L. OAS2
also possessed antiviral activity in both GOF and LOF screens performed against
HCoV-229E and SARS-CoV-2, discussed in the introduction (Table 3-4), suggesting
broad anti-coronaviral activity. Another gene family member, OAS1, does not
inhibit HCoV-0C43, and this was hypothesised to be due to HCoV-0C43 encoding
an evasion mechanism against the OAS/RNase L pathway (Wickenhagen et al.,

2021), suggesting OAS2 could be working via an RNase L independent mechanism.

In conclusion, a standard gain-of-function ISG screening workflow was
modified to use antibodies against a broad viral molecule target. This protocol
was optimised to successfully reveal candidate antiviral genes from six diverse
species against a previously unscreened human coronavirus, HCoV-OC43. This
screen supports results from previous studies with other coronaviruses. Although
only OAS2 was characterised in the next chapter, investigating the additional
putative restriction factors, particularly CTSS, could yield novel insight into human

anti-coronavirus biology.
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4. Identification of OAS2 as a restriction
factor against HCoV-0C43

4.1. Introduction

4.1.1. The OAS gene family

The 2’-5’-oligoadenylate synthetase (OAS) family are interferon-stimulated
genes important in the intracellular response to viral infection. These innate
immune sensors are activated by binding to dsRNA, resulting in the polymerisation
of ATP into 2’-5’-linked oligoadenylates (2-5A) (Justesen et al., 2000). These bind
to and trigger the activation of RNase L, the only known 2-5A-dependent effector,
resulting in the degradation of cellular and viral RNA within the cell (Fig 4-1). The
synthesis of 2-5A is unique, as other template-independent RNA polymerases,
including polyadenosine polymerase (PAP) and tRNA class | CCA adding enzymes
(CCA), catalyse 3’-5’ phosphodiester linkages (Torralba et al., 2008).

Active @
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RNase L
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Figure 4-1: Schematic of the OAS/RNase L pathway. Binding dsRNA triggers
conformational changes in OAS proteins, facilitating the production of 2-5A. This secondary
messenger binds RNase L, inducing its dimerisation and activation.

cleaved RNA
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The human OAS family includes four genes - OAST, OAS2, OAS3 and OASL
on chromosome 12 (Fig 4-2). OAS1-3 are catalytically active and named according
to the number of OAS domains they contain, each consisting of five exons
(Justesen et al., 2000). In contrast, OASL has an N-terminal OAS domain and two
C-terminal ubiquitin-like domains. To increase diversity further, multiple isoforms
exist for OAS1 (p42, p44, p46, p48 and p52), OAS2 (p69 and p71) and OASL (p30
and p56-59), while only one splice variant exists for OAS3 (p100) (Fig 4-2) (Koul et
al., 2024). The mouse Oas family on chromosome 5 comprises 12 genes, including
eight Oas1 genes (Oas1a-h), Oas2, Oas3 and two Oasl genes (Oasl1 and Oasl(2)
(Kakuta et al., 2002). Therefore, evolution has resulted in expanded sets of OAS
genes in humans and mice via the mechanism of gene duplication, indicative of a

central importance in antimicrobial defence.
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Figure 4-2: Domain organisation of the human OAS gene family. Rectangles
represent OAS domains, with those indicated in 2-5A synthesis coloured yellow. There
are many possible splice isoforms, generating variability in the C-termini (black box).
Modified from Koul et al., (2024).
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4.1.2. Activation of OAS proteins

OAS1, OAS2 and OAS3 require allosteric activation by dsRNA before they
can catalyse 2-5A chains. Instead of using a dsRNA-binding fold, dsRNA binding
occurs at a positively charged binding groove on the surface of the protein, where
basic amino acids interact with the 2’-hydroxyl group of the dsRNA (Donovan et
al., 2013) (Fig 4-3 A). The structure of the OAS proteins influences the minimum
RNA length requirement they preferentially bind. In OAS1, this length requirement
is 17 base pairs (bp) as its two dsRNA binding sites are approximately 30A apart,
enabling it to bind two neighbouring minor grooves in the dsRNA (Donovan et al.,
2013). OAS2 can be activated by an intermediate length of 35bp, while a longer
length of > 50bp can activate OAS3 (Donovan et al., 2015; Koul et al., 2020a).

Oligomerisation may be necessary for the enzymatic activity of OAS
proteins, with reports that OAS1 can form monomers, dimers and tetramers, while
OAS2 and OAS3 exist as dimers and a monomer, respectively (Ghosh et al., 1997;
Ibsen et al., 2014; Koul et al., 2020a). Three residues in domain Il (DIl) of OAS2
(C668, F669 and K670 (CFK)) have been suggested to be an oligomerisation motif
(Fig 4-3 B). Mutational studies of the CAFAKA mutant show conflicting evidence
for the role of this CFK motif in the enzymatic activity of OAS2. OAS2CAFAKA pyrified
from insect cells can no longer produce 2-5A, but OAS2¢AFAKA from human cells was
still catalytically active, although 2-5A levels did not reach that produced by
OAS2WT (Koul et al., 2020b; Sarkar et al., 1999). The weak binding of domain | (DI)
of OAS2 to the dsRNA mimetic poly(l:C), bound to sepharose beads, has led to
suggestions that DI has lost the ability to bind dsRNA (Marié et al., 1999). Thus,
the ~35bp binding preference for OAS2 makes sense given its existence as a dimer;
it has been hypothesised that the four dsRNA-binding sites can be provided by the
two DIl domains of each OAS2 protomer (Koul et al., 2024). This could explain why
the minimum dsRNA length requirement for OAS2 is double that of an OAST1
monomer (Fig 4-3 D).

Binding of dsRNA results in conformational changes that correctly position

the catalytic triad residues for binding Mg2* and the ATP substrates. The catalytic
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triad consists of three conserved aspartic acid residues that are crucial for the
synthesis of 2-5A chains (Koul et al., 2024). In OAS2, these residues are at positions
D408, D410 and D481 (Fig 4-3 C), and OAS2P“®'A mutants are incapable of producing
2-5A in vitro (Koul et al., 2020b; Sarkar et al., 1999). The OAS enzymes produce
2-5A of differing lengths, but only 2-5A trimers or longer oligomers can activate
RNase L, which exists in its inactive monomeric form in the cytoplasm (Marié et
al., 1997). OAS3 mainly produces 2-5A dimers, but recent studies show that it can
produce longer oligomers of 2-5A (Dong et al., 1994; Donovan et al., 2015). OAS3
is also activated by a much lower concentration of dsRNA than OAS1 and OAS2 and
is antiviral against a more diverse range of viruses; this has led some to
hypothesise that OAS3 is necessary and sufficient for the activation of RNase L and
the subsequent antiviral effect on virus replication (Donovan et al., 2015; Yize Li
et al., 2016).

2-5A binding to RNase L results in dimerisation into its catalytically active
conformation (Dong and Silverman, 1995). This results in the preferential cleavage
of RNA at single-stranded UU and UA sequences (Dong et al., 1994). This has an
antiviral effect by degrading viral genomic ssRNA and/or halting protein synthesis
of viral mRNA or host mRNA encoding viral cofactors (Silverman, 2007). This
cleavage also produces small self-RNAs that act as PAMPs for other PRRs, such as
RIG-1 and MDA5, which upregulate IFNB expression (Malathi et al., 2007).
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Figure 4-3: Key motifs of the OAS2 protein. AlphaFold structural predictions of OAS2
(p69 isoform) in complex with dsRNA described in (Koul et al., 2020). (A) Electrostatic
surface representation of an OAS2 dimer in complex with dsRNA shown from different
orientations. Blue represents basic residues, while red represents acidic residues. (B)
OAS2-dsRNA structure with proposed dimerisation motif (C668-F669-K670) highlighted.
(C) OAS2-dsRNA structure with catalytic triad (D408-D410-D481) highlighted. (D)
Superposition of the OAS1:18mer structure (Donovan et al., 2013) (PDB: 41G8) with the
AlphaFold OAS2-dsRNA structure.
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4.1.3. Virus restriction by the OAS family

The importance of the OAS/RNase L pathway is highlighted by the various
families of viruses inhibited in vitro by overexpression or depletion of OAS and
RNase L proteins, or through in vivo experiments using RNase L/~ mice (Kristiansen
et al., 2011; Silverman, 2007). Most viruses shown to be inhibited by OAS proteins
are RNA viruses, especially those with (+)ssRNA genomes, which is likely because

their genomes are prime targets for RNase L (Table 4-1).

Table 4-1: Example viruses inhibited by the catalytically active OAS proteins.

Family Virus OAS1 OAS2 OAs3 | /7 Vvitroevidence | o ¢ ence
Overexpression

al., 2021)
DENV Y Y Y (Lin et al., 2009)
Flaviviridae HCV Y Y Y Y (Kwon et al.,
2013)
JEV Y* Y* Y Y (Zheng et al.,
2016)
2002)
(Marié et al.,
Picornaviridae EMCV Y Y Y Y Y 1
Wickenhagen et
al., 2021)
CHIKV Y Y (Bréhin et al.,
fosavincae —
SINV Y Y o

Restriction (Y). OAS protein of porcine origin (*).

4.1.4. Localisation of human OAS proteins

Many viruses, especially (+)ssRNA viruses, generate membranous replication
organelles, which can shield the dsRNA replicative intermediates from cytosolic
viral RNA sensors (Romero-Brey and Bartenschlager, 2014). Therefore, localisation
of OAS enzymes to membranes expands the range of pathogens that can be
targeted. The OAS family utilises co- or post-translational modifications, such as

lipidation, for this localisation. The two main isoforms of OAS1, p42 and p46, have
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distinct C-termini, with p46 containing a CAAX-box motif that signals this protein
to be prenylated (Soveg et al., 2021); such prenylation localises proteins to the
cytosolic face of membranes within the endomembrane system (Wang and Casey,
2016). OAS1 p46 localises to the Golgi apparatus, and mutation of the CAAX-box
revealed that this localisation is essential for its antiviral activity against SARS-
CoV-2. In contrast, OAS1 p42 mainly localises to the cytosol and is unable to
restrict this virus (Soveg et al., 2021; Wickenhagen et al., 2021). Some studies

have suggested that p42 can also localise to the nucleus (Kondratova et al., 2020).

Both OAS2 isoforms contain an N-terminal myristoylation site, and previous
studies, when OAS2 was referred to as the p69 form of OAS, show that OAS2 is
indeed myristoylated (Marié et al., 1990). It has been hypothesised that this
enables OAS2 to localise to the endoplasmic reticulum (Ghosh et al., 2000).
Meanwhile, immunostaining of tagged OAS3 shows diffuse intracellular staining,
consistent with being a cytosolic sensor (Cusic and Burke, 2024), although there
have been suggestions that OAS3 contains a nuclear localisation signal

(Malaguarnera et al., 2016).

4.1.5. Non-canonical mechanisms of action of OAS proteins

There is increasing evidence that OAS proteins can act independently of
RNase L. Many lab mouse strains are highly susceptible to flaviviruses, such as
West Nile Virus (WNV), compared to wild mice that are relatively resistant.
Differing susceptibility was mapped to a single gene, later identified as Oas1b
(Perelygin et al., 2002). Oas1b is one of the eight mouse Oas1 paralogs but is not
catalytically active; only Oas1a and Oas1g have functional synthetase activity
(Elkhateeb et al., 2016). Susceptible mice encode a truncated version of Oas1b,
which lacks the C-terminal transmembrane domain that facilitates its localisation
to the endoplasmic reticulum (Courtney et al., 2012; Perelygin et al., 2002). A
yeast two-hybrid scheme identified ATP binding cassette protein 3, subfamily F
(ABCF3), and oxysterol binding protein-related protein 1L (ORP1L) as binding
partners of Oas1b, although the exact mechanism of how these protein

interactions inhibit flaviviruses is yet to be determined (Courtney et al., 2012).
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Another example of a catalytically inactive OAS protein with antiviral
activity is OASL. It has been shown that OASL binds RIG-1 and mimics polyubiquitin,
enhancing RIG-I signalling and inducing the IFN response (Zhu et al., 2014).
Maintaining the IFN response during viral infection appears to be an additional
function of OAS proteins. A recent study showed that the human OAS1 p46 isoform
inhibits WNV in an RNase L-independent manner (Harioudh et al., 2024). Using
RNA immunoprecipitation sequencing (RIP-seq), the authors found OAS1 can bind
cellular mRNAs, such as IFNB, through AU-rich elements and localises these mRNA
to an endomembrane region. This prolongs the half-life of the mRNA and sustains
IFN signalling. Mutations in the catalytic triad and RNase L depletion did not affect
OAS1 p46 antiviral activity, whereas RNA-binding residues and the CAAX-box motif
were required. Given that OAS1 p46 inhibits SARS-CoV-2 in an RNase L-dependent
manner, this suggests the mechanism of antiviral activity of a given OAS protein
is virus-specific and that one OAS enzyme can exert multiple antiviral effector
functions via distinct mechanisms. Interestingly, this model of binding cellular
mRNAs may explain data suggesting that OAS2 inhibits ZIKV through increased
expression of IFNB (Liao et al., 2020).

4.1.6. Evasion of the OAS-RNase L pathway

The potent antiviral action of the OAS/RNase L pathway is highlighted by
the diverse evasion mechanisms that viruses have evolved against it (Drappier and
Michiels, 2015). Viral proteins can sequester dsRNA, so it cannot bind OAS
proteins. TAR, a dsRNA structure in the HIV-1 genome, can bind and activate OAS,
but the Tat protein binds to TAR, preventing such activation (Schroder et al.,
1990).

Most evasion mechanisms act downstream of OAS binding to RNA. RNase L
activity is regulated in the cell by an inhibitor (RLI), also known as ABCE1; this
regulation process can be hijacked by viruses as RLI/ABCE1 expression is enhanced
during EMCV infection (Martinand et al., 1998). Thelier’s virus directly targets

RNase L through direct interaction via its L* accessory protein (Sorgeloos et al.,
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2013). Poliovirus (PV) is highly resistant to the RNase L restriction because of a
highly structured region in the ORF of its proteinase 3CP™; this cleavage-resistant
region acts as a competitive inhibitor of RNase L (Han et al., 2007). Interestingly,
IFN-resistant genotypes of Hepatitis C virus (HCV) have fewer UU and UA
dinucleotides than predicted compared to genotypes more sensitive to IFN therapy
(Han and Barton, 2002). This suggests that the particular sensitivity of an
individual HCV genotype to IFN therapy is in part mediated by the susceptibility
of HCV mRNA to RNase L cleavage.

Notably for this chapter, some coronaviruses express a 2’-5’-
phosphodiesterase (PDE), which can degrade 2-5A, thus preventing RNase L
activation. In MHV, this evasion mechanism was mapped to the NS2 protein, and
catalytic mutations in NS2 (NS2H'26R) impair MHV replication and pathogenesis in
vivo (Zhao et al., 2012). Expression of NS2 from HCoV-OC43 restores replication
of MHV-NS2M126R jn vivo (Goldstein et al., 2017); a similar rescue of replication was
observed by expression of the MERS-CoV NS4b protein, which does not exhibit
sequence homology to MHV or HCoV-0C43 NS2 (Thornbrough et al., 2016). The
fact that multiple lineages of betacoronaviruses have retained a protein with PDE
activity despite infecting diverse hosts underlies the importance of evading the

OAS/RNase L pathway for successful infection.

4.1.7. OAS mutations and disease susceptibility

There has been increasing evidence of genetic mutations in the OAS gene
family that affect susceptibility to viral infection (Gokul et al., 2023). This section
will provide some examples of susceptibility to coronavirus infection and/or
mutations in OAS2. Perhaps the most notable example showing how isoform
variability affects the control of viral infection is the association between the
single nucleotide polymorphism (SNP) rs10774671 (G>A) and severe COVID-19.
rs10774671 acts as a splice-acceptor site for exon 7 of OAST7; individuals with a G
allele express the p46 and p42 isoforms, whereas individuals with the A allele
express only p42 (Wickenhagen et al., 2021). As mentioned in section 4.1.4, the

p46 form is prenylated, enabling it to localise to the site of viral replication and
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exert its antiviral activity. The A allele has also been linked to susceptibility to
other viruses, including WNV infection (Lim et al., 2009), and this SNP is thought
to be inherited from Neanderthals (Zeberg and Paabo, 2021).

In some studies, OAS2 has also been linked to severe COVID-19 infection.
An autosomal recessive deficiency in OAS2 was associated with a case of SARS-
CoV-2-related multisystem inflammatory syndrome in children (MIS-C) (Lee et al.,
2023). In a Mexican cohort, individuals with the C allele of the OASZ2 intronic SNP
rs1293767 were less likely to develop COVID-19 symptoms (Perez-Favila et al.,
2024). Another intronic SNP associating OAS2 with infectious disease is rs1293762,
present in intron 2 and associated with tick-borne encephalitis virus (TBEV), DENV
and HCV infection (Gokul et al., 2023). These intronic SNPs may be involved in
alternative splicing, although this requires testing. Unlike OAS1 p42/p46, it is not
yet clear what determines alternative splicing of OAS2 into the p71 and p69

isoforms.

Another SNP previously associated with severe TBEV and DENV infection is
rs15895, located in exon 9 of OAS2 (Barkhash et al., 2010b). The A allele changes
the tryptophan residue at position 720 to a stop codon, resulting in an eight amino
acid truncation. There is variation in this SNP across ethnicities, with North
Eurasian populations historically exposed to TBEV (Shorians, Tuvinians and
Khakass) having lower frequencies of the A allele compared to lesser exposed
populations (Russians and Germans); this led the authors to suggest that TBEV may
act as a selection pressure on exposed populations to inherit the protective G
allele (Barkhash et al., 2010a).
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4.2. Results

4.2.1. Recognition of Contribution

Table 4-2: List of people and their contributions to experimental work.

Contribution

Adam Fletcher AlphaFold modelling of OAS2-RNA interactions and primer design
Arda Balci Immunostaining, confocal microscopy and image analysis

Arthur Wickenhagen  Generation of OAS2 WT and G2A plasmids (previous lab project)
Innes Jarmson Generation of RNase L CRISPR plasmids (previous lab project)

Matthew Turnbull Generation of OAS2 CRISPR plasmids (previous lab project)

4.2.2. The p69 isoform of OAS2 restricts HCoV-OC43 at the protein

and replication level

As described in Chapter 3, OAS2 was a hit in the human, macaque and
bovine ISG library screens against HCoV-OC43 and did not substantially induce an
IFN response or cause cytotoxicity. Given that HCoV-OC43 encodes a 2’-5’-PDE
that antagonises the canonical OAS-RNase L pathway, | decided to investigate
OAS2 further, as | hypothesised that restriction of HCoV-0C43 could be occurring
via an RNase L-independent mechanism. The literature generally describes two
transcripts of OAS2, giving rise to isoforms p71 and p69, which are identical for
the first 683 amino acids with alternative splicing generating unique C-termini
(Koul et al., 2024); p69 has a distinct 4-residue C-terminus, compared to the 36-
residue C-terminus of p71 (Fig 4-4 B).

However, the Ensembl project describes 15 OAS2 transcripts, 7 of which
are likely protein-coding (Dyer et al., 2025). Analysis of OAS2 transcript
distribution across tissues, using the publicly available Genotype-Tissue Expression
project (GTEx) dataset (GTEx Consortium, 2015), indicates only three of these
transcripts show significant expression (Fig 4-4 A), which correspond to the OAS2
transcripts available on NCBI: p71 (ENST00000342315.8, NM_016817.3), p69
(ENST00000392583.7, NM_002535.3) and ‘isoform 3’ (ENST00000449768.2,
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NM_001032731.2). Isoform 3 is identical to p71 and p69 for the first 150 amino
acids but has a distinct 22-residue tail (Fig 4-4 A).

The human OAS2 “hit” in the ISG screen discussed in Chapter 3 was the p69
isoform. To determine whether OAS2 was inhibitory in non-screening experimental
systems, stable cell lines were generated that ectopically express the canonical
NCBI sequences of p71, p69 and isoform 3 in A549 cells - i.e. the same genetic
background as used in the screens (Fig 4-4 C). As a control, A549 cells stably
expressing RFP were also generated. Fortunately, the p71 and p69 isoforms
exhibited marginally different electrophoretic mobility and could be distinguished
by Western blot (Fig 4-4 C). OAS2 is not expressed at detectable levels by Western
blot without IFN stimulation. Since it is unclear what determines OAS2 isoform
expression in cells, parental A549 cells were stimulated with IFNB to examine
endogenous OAS2 expression. By comparing the migration of the induced OAS2
band with the ectopic constructs, it appears that A549 cells naturally express the
p69 isoform (Fig 4-4 C). Although | attempted to test its antiviral activity, protein
expression of isoform 3 was not confirmed in the modified cells (Fig 4-4 C), as
most commercially available anti-OAS2 antibodies would not be able to bind this
isoform. Additionally, isoform 3 does not contain the key residues for catalytic
activity and RNA binding, so it was decided to exclude this isoform from

subsequent experiments.

| next titrated HCoV-0C43 on my transgenic A549 cells and determined viral
titres by plaque assay. Compared to the RFP-expressing control line, the titre of
HCoV-0C43 was 524-fold lower in the presence of p69, whereas p71 had minimal
effect on viral replication (Fig 4-4 D). In addition to the significantly lower titre,
there was a change in plaque morphology in p69-expressing cells. The plaque area
was smaller, and the plaque shape was more heterogeneous, making plaques
difficult to count (Fig 4-4 E).

Because of this, RFP-, p71- and p69-expressing cells were then infected

with different doses of HCoV-OC43 and levels of nucleocapsid protein were
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determined by Western blot. Nucleocapsid levels were substantially reduced in
p69-expressing cells compared to the control (Fig 4-4 F). The magnitude of this
inhibition was surprising given that OAS2, compared to OAS3, is not commonly
discussed as a viral restriction factor. | assembled the data from >20 arrayed ISG
expression screens performed at the Centre for Virus Research and analysed the
effect of ectopic OAS2 p69 expression on a diverse range of viruses. OAS2 rarely
appears as a hit; where it does, my screens above revealed the most potent
antiviral activity (HCoV-0C43). Interestingly, SARS-CoV-2 came in second (Fig 4-4
G).
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Figure 4-4: The p69 isoform of OAS2 restricts HCoV-OC43. (A) Diagrammatic
representation of the exon structure of multiple OAS2 transcripts and their corresponding
expression levels across tissues, examined using the GTEx database. Grey shading
represents non-coding regions. (B) Schematic of OAS2 p71 (NM_016817.3), p69
(NM_002535.5) and isoform 3 (NM_001032731.2) protein sequences. The length and
distinct C-termini are shown. (C) Immunoblot of A549 cells modified to express RFP, OAS2-
p71 or OAS2-p69. A549 cells treated with 1000 U/mL IFNB are shown. (D) The infectious
titre of HCoV-OC43 on the modified cells in (C) was determined by plaque assay. Each data
point represents one independent experiment. Data were analysed using one-way ANOVA
with Dunnett’s multiple comparison test (vs. RFP), where *p<0.05, **p<0.01, ***p<0.001,
and ****p<0.0001. (E) Representative images of HCoV-OC43 plaques formed in (D). (F)
Modified cells from (C) were infected with HCoV-OC43 at an MOI of 0.005, 0.01 and 0.05
and blotted for HCoV-OC43 Nucleocapsid (N) after 72 h (n=1). (G) Normalised infection
levels in cells expressing the p69 isoform for diverse viruses, from arrayed ISG expression
screening datasets performed at early and late timepoints of infection.
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4.2.3. The p69 isoform of OAS2 restricts HCoV-OC43 at the

transcript level

HCoV-0C43 does not cause substantial cytopathic effect in A549 cells, so |
wanted to develop a more sensitive qPCR assay to quantify HCoV-0C43 replication
and its inhibition by OAS2. Dual-labelled probes were designed to target the 5’
end of the viral genome (within ORF1a) or the 3’ subgenomic region (within the N
ORF). Specifically, the ORF1a target quantifies the number of viral genomes,
whereas the N target quantifies the number of genomes + the number of
subgenomic RNAs. Levels of these transcripts were examined at multiple
timepoints in A549 cells to determine optimal incubation times. ORF1a signal
peaked at 48 hpi at all MOlIs tested (Fig 4-5 A), whereas nucleocapsid signal was
still increasing at 72 hpi for MOIs lower than 0.01 (Fig 4-5 B); this difference
between the two targets indicates specific transcription of subgenomic RNA at
later time points. For subsequent experiments, cells were infected at an MOI of
0.01 unless otherwise stated and harvested 48-72 hpi; the longer incubation takes

into account that viral replication tends to be lower in transduced cells.

Supporting data from (Fig 4-4), ORF1a and nucleocapsid transcripts were
significantly reduced in p69-expressing cells compared to controls (Fig 4-5 C-F).
RT-gPCR data was analysed using the 2-22¢tmethod to calculate the relative fold
gene expression change during the experiment. Actin beta (ACTB) was used as the
housekeeping gene, but there were two choices for the control sample. Data can
be normalised using a 2 h timepoint of the same cell line, which can be considered
the amount of “input” genome or the RFP cell line at the same timepoint. Using
the 2 h approach, ORF1a (Fig 4-5 C) and nucleocapsid (Fig 4-5 D) transcripts were
61- and 51-fold lower in p69-expressing cells compared to RFP. Using the RFP
approach, ORF1a (Fig 4-5 E) and nucleocapsid (Fig 4-5 F) transcripts were 27- and

37-fold lower in p69-expressing cells.

It should be noted that viral transcripts are 1.5 to 3-fold higher in p71-
expressing cells than the RFP control (Fig 4-5 C-F); this increase is statistically

significant when normalised to the RFP cell line at the same timepoint. This
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suggests that the p71 isoform may enhance HCoV-OC43 infection. However, it
cannot be ruled out that RFP is a suboptimal control. As a much smaller gene,
lentiviral vectors expressing RFP tend to “over-transduce” due to the high titres
generated in the transfection protocol. This can cause a slight inhibition of viral

replication in cells.
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Figure 4-5: Reduction of HCoV-OC43 RNA in p69-expressing cells. A549 cells were
infected with HCoV-OC43 at the MOls indicated and transcript copies of ORF1a (A) and
nucleocapsid (B) were quantified at multiple timepoints by RT-gPCR (n=1). (C-D)
Quantification of HCoV-OC43 ORF1a (C) or nucleocapsid (D) of cells expressing RFP, p71
or p69 infected for 72 h (MOI 0.01) by RT-gPCR. Data was analysed using 2"24¢tmethod
with viral gene copies at 2 h, in the respective cell line, as the control sample. (E-F)
Quantification of HCoV-OC43 ORF1a (E) or Nucleocapsid (F) of cells expressing RFP, p71
or p69 infected for 72 h (MOI 0.01) by RT-gPCR. Data was analysed using 2"24¢tmethod
with viral gene copies in RFP-expressing cells at 72 h as the control sample. (C-F) Each
data point represents one independent experiment. Data were analysed using one-way
ANOVA with Dunnett's multiple comparison test (vs. RFP), where *p<0.05, **p<0.01,
***pn<0.001, and ****p<0.0001.
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4.2.4. Myristoylation is required for the localisation and antiviral
activity of OAS2 p69

In the subsequent section, Dr Arda Balci performed the immunostaining,

microscopy and data analysis for (Figure 4-7).

Given that prenylation is required for the anti-SARS-CoV-2 activity of OAS1
(Wickenhagen et al., 2021), | hypothesised that N-terminal myristoylation has a
similar role in the antiviral activity of OAS2. Myristoylation involves the addition
of myristic acid to the N-terminal glycine residue after removal of the initiator
methionine (Fig 4-6 A); in addition to the N-terminal glycine, the myristoylation
consensus includes a serine or threonine residue at position 5 (G-X-X-X-S/T-X-X-
X). The N-myristoylation site was mutated in both OAS2 isoforms (G2A) and stable

cell lines were generated (Fig 4-6 B).

To test if OAS2 p69 is indeed myristoylated, these stable cell lines were
incubated with a myristic acid azide substrate, which is incorporated into cellular
myristoylated proteins. After cellular lysis, a click-chemistry reaction was
performed upon the addition of a biotin alkyne. The newly biotinylated proteins
were subjected to a streptavidin pulldown followed by immunoblotting for OAS2.
There is a reduction in OAS2 protein pulled down in cells expressing the G2A
mutants but not a complete loss as expected (Fig 4-6 D). Other groups have shown
that p69 is myristoylated using radioactive isotopes (Marié et al., 1990), so this
protocol requires optimisation. Previous work showing OAS1 p46 is
geranylgeranylated used a similar approach (Soveg et al., 2021), but in those
experiments, 293T OAS1 KO cells were transfected with FLAG-tagged OAST1
proteins 3 h after adding the azide substrate. This FLAG-tagged OAS1 was
immunoprecipitated and the click-chemistry reaction was performed on-bead;
their samples were enriched for the protein of interest, whereas my samples
contained all proteins from a stable cell line. Despite this assay requiring
optimisation, the data suggest that myristoylation is necessary for its antiviral
activity against HCoV-OC43 because the infectious titre of the p69°2* mutant was

equivalent to p71 (Fig 4-6 C).
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Given the mislocalisation of OAS1 p46 upon mutation of its C-terminal
prenylation site, | hypothesised that myristoylation of OAS2 resulted in its
localisation to specific subcellular compartments. We stained the cell lines
ectopically expressing p71, p69 and their respective G2A mutants for OAS2 and
examined their localisation by confocal laser scanning microscopy (cLSM). p71 and
p69 appeared to localise to perinuclear compartments. Co-staining with the Golgi
marker 58K confirmed localisation of both isoforms to the Golgi apparatus (Fig 4-
7 A-B) but not to the endoplasmic reticulum, as co-staining did not occur with the
ER marker calnexin (Fig 4-7 D). Additionally, IFN-stimulated A549 cells were
examined, confirming endogenous OAS2 localises in a similar fashion to ectopically
expressed OAS2 (Fig 4-7 C).

Coronavirus replication organelles are formed by the modification of
endomembrane compartments (Romero-Brey and Bartenschlager, 2014), and so |
suspected that OAS2, as a viral dsRNA sensor, may localise to such sites of
replication. Co-staining of OAS2 and dsRNA in HCoV-0C43 infected cells revealed
that more co-localisation was observed with the p71 isoform than the p69 isoform
(Fig 4-7 E-F). Even though cells were infected at a high MOI, it is unsurprising that
p69 did not show convincing co-localisation given its antiviral activity; dsRNA is
more noticeable in cells in which the ectopic expression of p69 is lower. Given
both isoforms localise to the Golgi apparatus, p71 acts as a better control to
determine co-localisation, but optimisation of this experiment is required to

convincingly confirm OAS2 localises with dsRNA.
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Figure 4-6: Myristoylation is required for the antiviral activity of p69. (A) Schematic
representation of OAS2 myristoylation. Methionine aminopeptidase 2 (MetAP2) removes
the initiator methionine before the addition of the myristoyl group by N-myristoyltransferase
(NMT) to the subsequent glycine residue. Key residues of the myristoylation consensus
sequences are underlined. (B) Immunoblot of cells expressing the OAS2 isoforms and their
respective myristoylation site mutants. (C) Infectious titre of HCoV-OC43 in the modified
cells in (B) was determined by plaque assay. Each data point represents one independent
experiment. Data were analysed using one-way ANOVA with Dunnett’s multiple comparison
test (vs. RFP), where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.(D) Immunoblot of
whole cell lysate (left) and streptavidin pulldown (right) of cells in (A) subjected to click-
chemistry using a myristic acid azide and alkyne biotin (n=1).
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Figure 4-7: Myristoylated OAS2 localises to the Golgi apparatus. (A) Confocal
micrographs of A549 cells expressing p71, p69 or their respective myristoylation site
mutants stained with anti-58K (green), anti-OAS2 (red) and Hoechst (blue) (n=1). (B)
Quantification of colocalisation of 58K with OAS2 in cells represented in (A). (C) A549 cells
were treated with 1000 U/mL IFNB for 24 h and stained as in (A) (n=1). (D) Confocal
micrographs of A549 cells expressing p71 or p69 stained with anti-OAS2 (green), anti-
Calnexin (red) and Hoechst (blue). (E) Confocal micrographs of parental, p71- or p69-
expressing A549 cells infected with HCoV-OC43 for 24 h (MOI = 10). Cells were stained for
anti-dsRNA (green), anti-OAS2 (red) and Hoechst (blue) (n=1). (F) Quantification of
colocalisation of dsRNA with OAS2 in cells represented in (E). (B, F) Each data point
represents an individual cell in one independent experiment.
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4.2.5. The antiviral activity of p69 is not dependent on catalytic

activity or RNase L

As described above, the antiviral activity of OAS proteins canonically occurs
via synthesis of 2-5A, which activates RNase L. To determine whether the catalytic
triad is required for the antiviral activity of p69 toward HCoV-OC43, a D481A
substitution was introduced into the p69 isoform and stably expressed in A549
cells. As oligomerisation has been hypothesised to be involved in enzymatic
activity, a CAFAKA substitution was also generated (Fig 4-8 A); p69CAFAKA expression
was 2.4-fold lower than p69"T whereas p69°48'A was equivalent to WT. At 72 hpi,
HCoV-0OC43 ORF1a transcripts were 89-, 137- and 74-fold lower in the p69"T,
p69P*1A and p69CAFAKA cells, respectively, compared to the RFP control (Fig 4-8 B).
Similarly, HCoV-0C43 nucleocapsid transcripts were 156-, 190- and 140-fold lower
in the p69WT, p69P481A and p69CAFAKA cells, respectively, compared to the RFP
control (Fig 4-8 C). The higher fold change with p69P4'A  and vice versa with

p69CAFAKA “may reflect the difference in protein expression (Fig 4-8 A).

Recent in vitro studies have suggested that the CAFAKA mutation is not
sufficient to disrupt OAS2 oligomerisation and is still catalytically active, so it
could be that the mutation has not disrupted oligomerisation in my system; if so,
it is perhaps unsurprising that antiviral activity has been maintained by the
CAFAKA variant (Koul et al., 2020b). However, the same authors showed that
D481A mutants cannot produce 2-5A, so we can be confident that this mutation
ablates 2-5A synthesis. Therefore, these data support my hypothesis that the
antiviral activity of p69 might not involve the classic pathway involving 2-5A and
RNase L.

To confirm that p69 may act via an RNase L-independent mechanism, |
sought to deplete RNase L and determine whether HCoV-OC43 replication was
rescued in cells expressing p69. Firstly, lentiviral vectors expressing seven unique
RNase L-specific CRISPR guides were transduced into RFP-expressing A549 cells,
and their relative efficacy in RNase L depletion was assessed by Western blot (Fig

4-9 A). The most effective CRISPR guides were then used to deplete RNase L in
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RFP- and p69-expressing A549 cells (Fig 4-9 B). These modified cell lines were
infected with HCoV-OC43. Remarkably, potent RNase L depletion did not affect
the ability of p6é9 to inhibit viral nucleocapsid protein expression (Fig 4-9 C).

To confirm this finding, | used RT-qPCR to measure viral RNA transcripts at
48 hpi. Viral RNA was normalised to the RFP empty vector control. Robust
restriction of ORF1a and nucleocapsid transcription was maintained in p69-
expressing cells depleted of RNase L, suggesting an RNase-L independent
mechanism (Fig 4-9 D-E). It should be highlighted that HCoV-OC43 replication is 2-
to 3-fold lower in the RFP-expressing cells depleted of RNase L, which could result
from expressing this CRISPR guide in the cell. This might explain why replication
of HCoV-0C43 in p69 cells depleted of RNase L is 2 to 7-fold lower than the p69
empty vector control. Nevertheless, RNase L depletion does not rescue HCoV-0C43
replication in the presence of p69, suggesting the OAS-RNase L pathway cannot,

by itself, explain the antiviral activity of p69.
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Figure 4-8: Catalytic mutants of p69 retain antiviral activity. (A) Immunoblot of A549
cells modified to express RFP, p69, p69P4'A or p69CAFAKA (B-C) Quantification of HCoV-
0OC43 ORF1a (B) and nucleocapsid (C) in modified cells from (A) infected for 72 h (MOI
0.01) by RT-qPCR. Data was analysed using the 2-°“°t method with viral gene copies at 2
h in the respective cell line as the control sample. (B-C) Each data point represents one
independent experiment. Data were analysed using one-way ANOVA with Dunnett’'s
multiple comparison test (vs. RFP), where *p<0.05, **p<0.01, ***p<0.001, and
****p<0.0001.
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Figure 4-9: Loss of RNase L does not rescue HCoV-0OC43 replication. (A) Immunoblot
of RFP-expressing A549 cells with reduced RNase L expression using seven different
lentiviral vector-derived CRISPR guides. (B) Immunoblot of A549 cells expressing RFP or
p69 whose RNase L expression was reduced using the three most effective CRISPR guides
from (A). (C) Modified cells from (B) were infected with HCoV-OC43 for 72 h and stained
for HCoV-OC43 nucleocapsid; representative immunoblot of two independent experiments
is shown. (D-E) Quantification of HCoV-OC43 ORF1a (D) and nucleocapsid (E) in RNase
L knockdown cells from (B) infected for 48 h (MOI = 0.01) by RT-gPCR. Data was analysed
using the 2-2~C method, with the RFP empty vector cell line used as the control sample.
Each data point represents one independent experiment. EV: Empty Vector.
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4.2.6. Predicted RNA-binding mutations abolish the antiviral
activity of p69

In the following section, Dr Adam Fletcher performed the AlphaFold
modelling of OAS2 in complex with dsRNA.

To examine whether p69 binds viral dsRNA, mutations that should impair
RNA binding were introduced. As an experimental OAS2-RNA model was
unavailable, the interaction between an OAS2 dimer and RNA was modelled using
a double-stranded 43mer that has been previously shown to activate OAS2 in vitro
(Koul et al., 2020a), using the AlphaFold Server (Fig 4-10 A) (Abramson et al.,
2024). Confidence intervals of the individual OAS2 protomers were relatively high,
with the RNA molecule sandwiched between the protomers (Fig 4-10 A). At the
OAS2-RNA interface, there are numerous lysine and arginine residues, forming a
basic channel that interacts with RNA (Fig 4-10 B).

Binding of dsRNA enables OAS2 residues R529 and R533 to form hydrogen
bonds with the phosphate backbone. A dual R194E/R198E mutant of porcine OAS1
displayed >10000-fold reduction in catalytic activity and was less able to bind a
radioactive RNA ligand (Hartmann et al., 2003). As shown in the study, these
residues align to R529 and R533 in human OAS2. R529 is also conserved in bovine
and rodent species, although glutamine (Q) is present at position 533 in rodents
(Fig 4-10 C). Similarly, OAS2 residues R374 and K378 are in close proximity to the
RNA ligand; mutation of the equivalent latter residue in porcine OAS1 (K41E)
resulted in a 63-fold reduction in catalytic activity. Together, this gives us
confidence that mutating these residues will impair RNA binding. Non-
conservative substitutions, aimed to ablate electrostatic interactions between
protein and nucleic acid, were introduced into p69, and p69R374E/K378E and
p69RSZE/RIIBE mutants were ectopically expressed in A549 cells (Fig 4-10 D); note

that the expression of the p69R>2%E/R533E mytant was 2.7-fold lower than p69"YT.

Next, | infected these cells and used RT-qPCR to monitor viral replication.

As before, | observed a strong inhibition (141x) of ORF1a signal in the p69"T-
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expressing cells relative to the RFP control, compared to a 59-fold inhibition in
ORF1a signal in p69R374E/K378E expressing cells. In contrast, a 3.3-fold increase in
ORF1a transcripts was observed in p69R>2%t/R333E cells, compared to the RFP control
(Fig 4-10 E), suggesting a total loss of viral restriction. Similarly, with nucleocapsid
signal, | observed a strong inhibition (205x) in p69%T compared to the RFP control
and this inhibition was lessened to a 61-fold reduction in p69R374E/K378E cells. In
contrast, a 3.5-fold increase was observed in nucleocapsid transcripts in
p69R>ZIE/RSIZE cells (Fig 4-10 F). Therefore, both RNA-binding mutants appear to
reduce HCoV-0C43 restriction, with the antiviral activity completely lost in the
presence of p69R>2%E/RSI3E |t is unlikely that the modestly lower protein expression
of the p69RPE/RIIE mutant explains this result. Moreover, the p69“AFAKA mutant
had a similar reduction in expression level compared to WT, while retaining its
antiviral activity (Fig 4-8 B). Thus, the positively charged RNA-binding residues
R529 and R533 are necessary for the observed restriction of HCoV-0C43.
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Figure 4-10: RNA-binding mutations abrogate the antiviral activity of p69. (A) Top-
ranking AlphaFold3 model of OAS2 p69 in complex with 43mer dsRNA, described in Koul
et al., (2020). The model is coloured according to pLDDT scores. (B) Position of OAS2
residues R374, K378, R529 and R533 in proximity to dsRNA in the model from (A). (C)
Multiple sequence alignment of OAS1 and OAS2 proteins from several species, focusing
on residues R529 and R533, which correspond to porcine OAS1 residues R194 and R198
tested in Hartmann et al., (2003). (D) Immunoblot of A549 cells modified to express RFP,
P69, pBIRSTAEKITEE o HEQRSIERS2E (E-F) Quantification of HCoV-OC43 ORF1a (E) and
nucleocapsid (F) in modified cells from (D) infected for 72 h (MOl 0.01) by RT-gPCR. Data
was analysed using the 2-22ttmethod with viral gene copies at 2 h in the respective cell
line as the control sample. (E-F) Each data point represents one independent experiment.
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4.2.7. The p71 isoform of OAS2 restricts EMCV in an RNase L-

dependent manner

The data so far suggest that OAS2 p69 restricts viral infection in an RNase
L-independent manner. | wanted to explore whether this was true for other viral
targets of OAS2. | decided to use Cardiovirus A (EMCV); EMCV has previously been
shown to be sensitive to the OAS-RNase L pathway and can be inhibited by OAS2
(Marié et al., 1999). Because EMCV, a picornavirus, also replicates in membranous
organelles (Romero-Brey and Bartenschlager, 2014), it seemed plausible that OAS2

myristoylation enables antiviral activity against EMCV.

| infected cells expressing RFP, p69 or p71 with EMCV. Surprisingly, viral
infectious titre was ~70-fold lower in p71 expressing cells than in the RFP control,
whereas the p69 isoform did not show a statistically significant reduction (Fig 4-
11 A). In addition to the lower titre, the difference in plaque phenotype between
the OAS2 isoforms was substantial, with p71 causing a considerably smaller plaque
area (Fig 4-11 C). As expected, myristoylation is important for this antiviral
activity, with the p716%* mutant having an infectious titre 15-fold higher than the
wild-type p71 (Fig 4-11 B); this increase in replication was also reflected by the
larger plaque area in cells expressing p716%* (Fig 4-11 C). Despite not showing
significant inhibition of EMCV in the experiment performed in (Fig 4-11 A), the
p71%2A mutant has a 2.8-fold higher infectious titre and larger plaque area than
p69. With this and the fact that the p69¢2A mutant has a 1.4-fold higher titre than
p69, it cannot be ruled out that p69 possesses some antiviral activity against
EMCV.

The role of RNase L in this p71-mediated restriction of EMCV was
determined by ablating RNase L from RFP- and p71-expressing A549 cells (Fig 4-12
A), using the most effective CRISPR guide from (Fig 4-9 B). Depletion of RNase L
significantly increased the infectious titre in cells ectopically expressing p71, with
a corresponding enlargement of plaque area (Fig 4-12 B-C); this increase was only
4-fold with the RFP control. The increase in titre in the RFP control is likely due
to the restriction of EMCV by other OAS proteins. It has been shown that the OAS1
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p46 isoform, but not the p42 isoform, inhibits EMCV in A549-derived cells
(Wickenhagen et al., 2021). A549 cells possess the A allele at the SNP rs10774671
and can only express the OAS1 p42 isoform (Soveg et al., 2021). Therefore, it is
likely that this enhancement of infection in RFP RNase L-depleted cells is due to
the release of inhibition by OAS3. To confirm this, OAS3 should be depleted in the
cells generated in (Fig 4-12 A). Because the fold increase upon RNase L depletion
was larger in cells expressing p71 than in cells expressing RFP, and the RNase L-
depleted cells all had a similar infectious titre, it is likely that this assay does

indeed reflect RNase L-dependent restriction of EMCV by p71.
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Figure 4-11: The p71 isoform of OAS2 restricts EMCV. (A) The infectious titre of EMCV
in A549 cells expressing RFP, p71 or p69 was determined by plaque assay. (B) Infectious
titre of EMCV in A549 cells expressing p71, p69 or their respective myristoylation site
mutants was determined by plaque assay. (C) Representative images of EMCV plaques
formed in (B). (A-B) Each data point represents one independent experiment. Data were
analysed using one-way ANOVA with Dunnett’s multiple comparison test (vs. RFP), where
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 4-12: The antiviral activity of p71 against EMCV is RNase L-dependent. (A)
Immunoblot of A549 cells expressing RFP or p71 whose RNase L expression was reduced
using a lentiviral vector-encoded CRISPR guides. (B) The infectious titre of EMCV in RFP-
or p71-expressing A549 cells depleted of RNase L was determined by plaque assay. Each
data point represents one independent experiment. Data were analysed using one-way
ANOVA with Dunnett's multiple comparison test (vs. RFP), where *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001.(C) Representative images of EMCV plaques formed in (B).
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4.2.8. The JAK inhibitor Ruxolitinib inhibits HCoV-OC43 replication

It has been reported that OAS2 restricts Zika Virus (ZIKV) via activation of
Type | IFN signalling (Liao et al., 2020). To investigate the role of IFN signalling in
the p69-mediated restriction of HCoV-0C43, the JAK inhibitor Ruxolitinib (RUX)
was used, which inhibits IFN signalling downstream of the IFN alpha/beta receptor
(Quintas-Cardama et al., 2010). To determine optimal RUX concentrations, A549
cells were incubated with differing doses of IFNB and RUX and stained for
phosphorylated STAT1 protein levels after 24 h (Fig 4-13 A). Although 0.5 upM RUX
greatly reduced phosphorylated STAT1, concentrations >2 yM were optimal for

inhibiting IFN signalling.

RFP- and p69-expressing A549 cells were pre-treated with RUX prior to
HCoV-0C43 infection. For both RFP and p69, HCoV-0C43 nucleocapsid protein was
reduced with the addition of RUX (Fig 4-13 B). Infectious titre of RUX-treated cells
was reduced 1.7- and 3.5-fold in cells expressing p71 and p69, respectively,
compared to the DMSO control (Fig 4-13 C). This was opposite to what is expected,
given IFN stimulation restricts HCoV-OC43 (Fig 3-3 D). However, some proposed
entry factors for HCoV-0C43, like IFITM3, are IFN-stimulated, which could explain
the reduced infection (Zhao et al., 2014). Alternatively, RUX may have off-target
or cytotoxic effects, resulting in decreased HCoV-OC43 replication. A genetic
rather than pharmacological approach to tackle this would be to additionally
express the OAS2 isoforms in A549 cells deficient in STAT1 or IFNAR and compare
HCoV-0C43 replication. This would confirm whether p69 is acting via upregulation
of IFN signalling. However, the persistent restriction in cells treated with RUX

suggests that OAS2 does not inhibit viral infection by inducing IFN secretion.
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Figure 4-13: Ruxolitinib has an inhibitory effect on HCoV-OC43 infection. (A)
Immunoblot showing expression levels of phosphorylated STAT1 induced by treatment of
IFNR for 24 h and the effect of simultaneous addition of the JAK inhibitor Ruxolitinib (RUX).
(B) Cells expressing RFP or p69 were treated with 2 uM RUX for 2 h before 72 h HCoV-
OC43 infection (MOI 0.01) and stained for HCoV-OC43 nucleocapsid; representative
immunoblot of two independent experiments. (C) A549 expressing RFP, p71 or p69 were
treated with 0.5 yM RUX for 1 h prior to infection with HCoV-OC43. The infectious titre was
determined by plaque assay. Each data point represents one independent experiment.
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4.2.9. p69 does not substantially change ISG upregulation during
HCoV-0C43 infection

An alternative hypothesis is that OAS2 induces ISG expression independently
of IFN - as reported for some pattern recognition receptors. To test this, |
measured the expression levels of certain ISGs in A549-0AS2 infected cells by RT-
gPCR. The data were analysed by the 2-““Ct method using either transcript copies
at 2 h in the respective cell line or transcript copies in the RFP control at 72 h as
the reference, as a check to determine whether the timepoint at which the control

samples were taken vastly affected the results.

Using the 2 h approach, ISG15 transcripts were 3.9-fold higher or 3.5-fold
lower in the presence of p71 or p69, respectively, compared to RFP (Fig 4-14 A).
This was similar to the RFP approach; ISG15 transcripts were 5-fold higher or 3.5-
fold lower in the presence of p71 or p69, respectively (Fig 4-14 B). The same
direction and magnitude of transcript copies were observed with IFIT1, another
ISG tested (Fig 4-14 C-D). CXCL10, IFNB1 and Mx1 were not consistently detectable

at the timepoints tested.

It appears p71 has higher levels of ISG expression than the control.
However, this may reflect that HCoV-0OC43 replication is 1.5 to 3-fold higher in
the presence of p71 at the same timepoint (discussed in 4.2.3). Given that p69
has lower ISG expression than the RFP control, this data does not suggest that an
enhanced ISG response is causing the p69-mediated restriction of HCoV-OC43.
However, these changes were only observed with two ISGs tested, and only the 72
h timepoint was examined, so more experiments should be performed to confirm
this conclusion. For example, expressing the OAS2 isoforms in A549 cells modified
with an ISRE-GFP/Luciferase reporter construct. This would allow ISRE activity to
be measured in real-time during HCoV-0C43 infection in the presence of the OAS2

isoforms, using fluorescent plate readers like the CLARIOstar.
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Figure 4-14: ISG induction in OAS2-expressing cells. (A-D) Quantification of ISG15 and
IFIT1 copies in cells expressing RFP, p71 or p69 infected with HCoV-OC43 for 72 h (MOI
0.01) by RT-gPCR. For ISG15, data was analysed using the 2-*“Ct method with ISG15 gene
copies at 2 h in the respective cell line (A) or in RFP-expressing cells at 72 h (B) used as
the control samples. For IFIT1, data was analysed using the 2-““C method with IFIT1 gene
copies at 2 h in the respective cell line (C) or in RFP-expressing cells at 72 h (D) used as
the control samples. Each data point represents one independent experiment.
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4.2.10. The effect of endogenous OAS2 on HCoV-0C43 replication

Ectopic expression of p69 has shown that this isoform can restrict HCoV-
0C43 replication. However, examining the role of endogenous OAS2 during an IFN
response can tell us whether this ISG is part of the cell’s antiviral arsenal against
HCoV-0C43. The cell model for the experiments so far has been A549 cells, which
express the p69 isoform upon IFN stimulation (Fig 4-4 A), so CRISPR-mediated
targeting of the OAS2 locus should specifically deplete this isoform from the cell.
Three different lentiviral vector-derived CRISPR guides were used to ablate OAS2
expression in A549 cells, and no OAS2 protein expression was detected by Western
blot with any of the guides after IFN stimulation (Fig 4-15 A).

After pre-treatment with IFNB, these CRISPR-targeted cells were infected
with HCoV-0C43. Viral nucleocapsid transcripts were measured by RT-qPCR at
multiple timepoints. At 24 hpi, there was a negligible difference between cells
depleted of OAS2 compared to the control (Fig 4-15 B). At 48 hpi, nucleocapsid
levels were 1.4 to 2.4-fold higher in OAS2-depleted cells compared to the control
(Fig 4-15 C). At 72 hpi, OAS2-depleted cells exhibited 1.4-fold higher nucleocapsid
levels than the control (Fig 4-15 D). These changes were not statistically
significant, but given the large standard deviation between experiments repeating
these experiments may change this. There is a trend of increased HCoV-0C43
replication at later timepoints under these experimental conditions, so it cannot
be ruled out that endogenous expression of the p69 isoform may contribute to

IFN-mediated restriction of this coronavirus.
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Figure 4-15: Endogenous OAS2 depletion may enhance HCoV-OC43 infection. (A)
Immunoblot of A549 cells whose OAS2 expression has been reduced by three different
lentiviral-vector derived CRISPR guides, with or without 100 U/mL IFNB addition. (B-D)
Quantification of HCoV-OC43 nucleocapsid levels in cells from (A), mock-treated or pre-
treated with 100 U/mL IFN prior to infection with HCoV-OC43 for 24 h (MOI 0.1) (B), 48 h
(C), or 72 h (MOI 0.01) (D) by RT-gPCR. Data was analysed using the 2-°“°t method with
nucleocapsid copies at 2 h in the respective cell line as the control sample. Each data point
represents one independent experiment. Data were analysed using one-way ANOVA with
Tukey’s multiple comparison test, where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
EV: Empty Vector.
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4.2.11. Restriction of coronaviruses by murine Oas proteins

Since HCoV-0C43 is thought to have a rodent origin, the question of
whether mouse Oas2 can restrict HCoV-0OC43 was investigated next. There are two
isoforms of mouse Oas2 annotated in UniProt; these will be named Oas2’>' and
Oas2’# based on the number of amino acids in the protein. Analogous to the
situation in humans, these isoforms are identical for the first 722 residues but
have distinct C-termini (Fig 4-16 A). Mouse Oas2 proteins have an extension to the
N-termini that is not present in human OAS2 (Fig 4-16 B).

A549 cells stably expressing RFP, Oas2’>' or Oas2’4> were generated, but
protein expression could not be detected by Western blot at the expected
molecular weight ~85 kDa. A polyclonal anti-OAS2 antibody (19279-1-AP) raised
against human OAS2 fusion protein Ag6170, which has been used for all other
experiments, only detected non-specific bands (Fig 4-16 C). Another immunoblot
was performed with a different monoclonal anti-OAS2 antibody (G-9), raised
against an epitope mapping near the C-terminus of mouse Oas2, but no bands were
detected (Fig 4-16 D). RNA was extracted from these modified cells, and PCR was
performed using primers designed to amplify an 800-base pair region of mouse
Oas2, which is present in both isoforms. DNA of expected length was detected in
the cells generated to express Oas2’>' or Oas2’# cells but not RFP, confirming
these constructs were being transcribed (Fig 4-16 E). Validation of the ability of
the anti-OAS2 (G-9) antibody to detect endogenous Oas2 in mouse cells has not
been performed, so it is unclear whether this antibody will be useful for Western

blot analyses.

Assuming the Oas2 isoforms are being expressed, the shorter Oas2742
isoform restricted HCoV-OC43 by 1.5-fold compared to RFP, whereas the
infectious titre was 1.3-fold higher with Oas2’>! (Fig 4-16 F). There were also no
apparent changes in plaque phenotype between the Oas2 isoforms and RFP (data
not shown). This fold reduction is negligible compared to the >500-fold decrease
in HCoV-0C43 infectious titre observed with human p69 (Fig 4-4 D).
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Figure 4-16: Mouse Oas2 isoforms do not appear to restrict HCoV-OC43. (A)
Schematic of Oas2’®' (NM_001347448.1) and Oas2’#' (NM_145227.3) protein sequences.
The length and distinct C-termini are shown. (B) N-terminal 65 residues of the mouse Oas2
isoforms aligned with the N-terminal 16 residues of human OAS2. (C-D) Immunoblot of
A549 modified to express RFP or two mouse Oas2 isoforms (Oas2’®! and Oas274?). Cells
were stained with two different commercial OAS2 antibodies: 19279-1-AP (C) or G-9 (D).
(E) RT-PCR amplification of an 800 bp fragment of mouse Oas2 in cells from (C). (F)
Infectious titre of HCoV-OC43 in cells from (C) was determined by plaque assay. Each data
point represents one independent experiment.
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Throughout this PhD, many stable cell lines have been generated using
lentiviral modification, and the protein of interest has been consistently detected
by Western blot after the cells had undergone antibiotic selection. It is possible
that the murine Oas2 proteins were not detected because the coding sequence |
used was not codon-optimised for human cells. However, previous experiments
have examined the antiviral activity of the eight mouse Oas1 paralogs against
coronaviruses. These Oas1 paralogs were successfully expressed in the human cell
line A549-ACE2-TMPRSS2 (AAT) and the mouse 17cl1 cell line (Fig 4-17 A-B). Oas1b
does not appear to be expressed in AAT cells, but the loading control is
considerably lower than other paralogs; Oas1b was detected faintly in 17cl1, so

binding of the anti-OAS1 antibody to this protein may be suboptimal.

Using these stable cell lines, it was discovered that only the Oas1a protein
could restrict SARS-CoV-2 (Fig 4-17 C), but no paralogs showed antiviral activity
against HCoV-0C43 (Fig 4-17 D) or MHV (Fig 4-17 E). Oas1a shares similarities with
human OAS1 p46 in that it is catalytically active, has a CAAX-box motif and is
highly induced by IFN; its restriction of SARS-CoV-2 is therefore predictable
(Elkhateeb et al., 2016). It is likely that Oas1a does not show antiviral activity
against HCoV-0C43 and MHV because they encode the 2’-5’-phosphodiesterases
mentioned previously that allow evasion of the OAS-RNase L pathway (Goldstein
et al., 2017).

This data suggests that mouse Oas proteins do not require codon
optimisation to be successfully expressed in A549 cells. The expression of the
murine Oas2 protein needs to be confirmed by alternative methods, such as mass
spectrometry. Until then, it cannot be confirmed whether murine Oas2 proteins
do or do not restrict HCoV-OC43 replication. It also remains possible that a murine
cofactor for Oas2 is missing in the human cell system - although this was not the

case for murine Oas1.
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Figure 4-17: Mouse Oas1a restricts SARS-CoV-2. (A) Immunoblot of A549-ACE2-
TMPRSS2 (AAT) cells modified to express RFP or the eight mouse Oas1 paralogs. (B)
Immunoblot of 17cl1 cells modified to express RFP or the eight mouse Oas1 paralogs. (C-
D) Infectious titre of SARS-CoV-2 (C) or HCoV-OC43 (D) in cells described in (A) was
determined by plaque assay. (E) Infectious titre of MHV in cells described in (B) was
determined by plaque assay. (C-E) Each data point represents one independent
experiment.
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4.3. Discussion

From these results, | can report that the shorter p69 isoform of human OAS2
significantly inhibits HCoV-0C43 at the level of viral RNA, protein and replication
(Fig 4-4,4-5). This antiviral activity requires p69 localisation to the endomembrane
system (Fig 4-6,4-7) and intact RNA-binding (Fig 4-10). Importantly, enzymatic
activity and RNase L are unnecessary for HCoV-0C43 inhibition by p69 (Fig 4-8,4-
9).

These experiments were performed in a cell line, A549, that induces the
p69 isoform upon IFN treatment; CRISPR-Cas9-mediated depletion of OAS2 in this
cell line results in a slight enhancement of HCoV-OC43 replication (Fig 4-15). Given
that IFN stimulation was required for p69 expression, different doses of IFN or
varying HCoV-0C43 MOI/incubation times may influence these results. It would be
interesting to find a cell line that naturally expresses OAS2 without requiring IFN
stimulation and determine the role of endogenous OAS2 in these cells. Given that
HCoV-0C43 exhibits neurotropism (Desforges et al., 2020), the replication of
HCoV-0C43 and the corresponding importance of OAS2 in neuronal cells should

also be examined.

A new model being proposed in the ISG field suggests that the restriction
of a particular virus is not mediated by an individual ISG but instead by numerous
ISGs acting in unison. Using a combination of CRISPR screening and RNA
sequencing, a study identified three genes (ZAP, IFIT1 and IFIT3) primarily
mediate the restriction of Venezuelan equine encephalitis virus (VEEV) in response
to IFN (McDougal et al., 2023). Indeed, VEEV replication was only modestly lower
in cells depleted of ZAP, IFIT1 and IFIT3 compared to cells depleted of key proteins
of the IFN pathway (IRF9, STAT1 and STAT2), suggesting that these three ISGs
dominated the antiviral response. In contrast, this combination of ISGs had little
antiviral effect on another alphavirus O’nyong’nyong virus (ONNV). Therefore, it
can be argued that OAS2 is perhaps only one of a subset of ISGs required to restrict
HCoV-0C43, which is reflected in the incomplete rescue to HCoV-0C43 replication

following OAS2 depletion and IFN treatment. Given its potent anti-coronaviral
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activity (Fig 3-11), LY6E is likely another member of this subset (Pfaender et al.,
2020). Dually depleting LY6E and OAS2 to test whether these two act in synergy

would be an interesting experiment here.

To my knowledge, the regulation of alternative splicing for OAS2 has not
been elucidated. It would be interesting if OAS2 followed a similar pattern to
OAS1, with a SNP determining isoform expression (Soveg et al., 2021). As discussed
in section 4.1.7, intronic OAS2 SNPs, such as rs1293762, have been associated with
increased susceptibility to viral infections, and it has been hypothesised that these
SNPs may influence splicing. Given the difference in protein migration between
p71 and p69, | plan to stimulate various cell lines with IFN and examine OAS2
isoform expression. In the meantime, we searched the Human Peptide Atlas, a
repository for proteomics datasets, for peptides from the unique C-terminus of
p71 that would be generated by trypsin cleavage (Table 4-3). These peptides have

been regularly detected in various cell lines, including HeLa and Jurkat cells.

Table 4-3: Predicted p71 C-terminal peptides generated by trypsin cleavage.

Peptide accession Peptide sequence Times observed

PAp05476049 VPTMQTPGSCGAR 125
PAp01650513 IHPIVNEMFSSR 93
PAp11767730 ILNNNSKR 12

Data from htips://peptideatlas.org/builds/human/ (accessed on 6 November 2024)

Since performing these experiments, | have re-analysed OAS2 SNPs and
found that the canonical 719 amino acid p71 sequence, on NCBI, UniProt and
Ensembl databases, is in fact the eight amino acid truncated protein caused by
the A allele of the SNP rs15895 (Fig 4-18 A). The p71 construct analysed in this
project, derived from these reference sequences, expresses this 719 amino acid
protein (p717'%). However, the original paper identifying the p71 isoform isolated
cDNA from Daudi cells, encoding a 727 amino acid protein, which will be referred
to as p717?” (Marié and Hovanessian, 1992). Interestingly, Daudi cells originate

from a Burkitt’s lymphoma patient of African descent, and the A allele occurs at
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a lower frequency in African populations than in European populations (Gokul,
Arumugam and Ramsuran, 2023). Examining the NCBI reference SNP report, the
presence of the A allele appears considerably higher in European populations (Fig
4-18 B). Thus, owing to considerable sampling bias towards European populations,
the truncated A-allele encoding p717'° has become the canonical p71 sequence in

these databases.

This rs15895 SNP has been associated with increased susceptibility to severe
DENV infection (in association with other OAS2 SNPs) and severe TBEV infection.
This has created a disconnect between Genome-Wide Association Studies (GWAS)
and in vitro research (which I am complicit in). For example, a study that
ectopically expressed OAS proteins in A549 cells concluded that OAS1 p46 and
OAS3 showed antiviral activity against DENV infection, but the OAS2 p71 and p69
isoforms did not (Lin et al., 2009). Another study examined HCV using a similar
approach and made the same findings (Kwon et al., 2013). However, they also
used the canonical GenBank sequence of p717'%; given the association of the
truncated protein with disease severity, this shorter C-terminus likely influences

antiviral activity.

Examining the sequence of the p71 C-terminus reveals 9 or 7 basic residues
spaced throughout p717% or p717"%, respectively (Fig 4-18 C); it is possible that
these residues can interact with viral dsRNA and facilitate its binding into the
positively charged groove of OAS2. AlphaFold cannot determine the structure of
the C-terminus of p71 with high confidence, suggesting it is conformationally
dynamic. However, the C-terminus does appear in close proximity to the dsRNA
ligand (Fig 4-18 D), which could potentially facilitate its interaction with dsRNA
and influence sequence/structure specificity. Given the difference in C-terminus
must be responsible for the potent antiviral activity of p69 against HCoV-0C43,
this suggests that changes in the C-terminal tail affect virus susceptibility both in

vitro and in vivo.
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Figure 4-18: OAS2 C-terminal tail influences antiviral activity. (A) Schematic
representation of the rs15895 SNP resulting in a truncated p71 protein. Pink squares
represent the exons of the OAS2 p71 isoform. (B) The “A” allele frequencies recorded for
different populations were obtained from NCBI dbSNP (accessed 22 January 2025). (C) C-
terminal tail of p717'® and p717?” are shown with basic amino acid residues highlighted in
pink. (D) Superposition of 5 AlphaFold structure predictions generated for OAS2 p717"°,
with the C-terminus from residue T684 highlighted.
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| wanted to determine whether the differential antiviral activity of the p71
and p69 isoforms existed with other coronaviruses, but few studies that have
investigated OAS2 have explicitly noted what isoform was used. Two previous ISG
screens on coronaviruses showed OAS2 as a potential hit. In the screen performed
by my lab, the OAS2 p69 expression inhibited SARS-CoV-2 replication by 1.7- and
2.1-fold at timepoints of 14 h and 40 h, respectively (Wickenhagen et al., 2021).
However, OAS2 did not reduce SARS-CoV-2 replication in a separate study that
examined the antiviral activity of human OAS proteins (Danziger et al., 2022). |
aligned the published primer sequences used to design the OAS2 expression
constructs in this study with the OAS2 p71/p69 sequences. The reverse primer
ended at residue 683 for both sequences, which is the last identical residue for
the p71/p69 isoforms. This suggests the OAS2 protein expressed in this study

lacked any unique C-terminus, explaining why no antiviral activity was observed.

0AS2 also inhibited HCoV-229E replication by 1.5- and 2.6-fold at 24 h and
48 hpi, respectively (Pfaender et al., 2020), but it is unclear which OAS2 isoform
is being expressed in the cDNA library used for this screen. This restriction is
modest compared to the 55-fold reduction observed in the ISG screen discussed in
Chapter 3. Testing the differential antiviral activity of the OAS2 isoforms against
pandemic and seasonal coronaviruses might tell us whether any genetic lineage or
initial non-human host may predispose a coronavirus to OAS2 inhibition. Given that
HCoV-0C43 is the most potently inhibited virus of 20+ viruses screened at the
Centre for Virus Research (Fig 4-4 G), HCoV-OC43 seems to be particularly

susceptible to p69-mediated restriction.

Several groups have reported OAS2-mediated restriction of other families
of viruses (Table 3-1). It has been recently reported that ZIKV replication is
inhibited by ectopic expression of OAS2 via upregulation of type | IFN signalling,
so | checked what isoform was implicated in this. The reverse primer sequence
used to amplify the OAS2 ORF from A549 did not align with either the p71 or p69
isoform. Further investigation revealed the reverse primer aligned to isoform 3,

encoding the 172 amino acid protein (Fig 4-4 B). It does not contain the catalytic
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triad, so it makes sense its antiviral response is not via the OAS/RNase L pathway.
This short OAS2 isoform is not well studied and is not regularly described as an
isoform of OAS2. The inconsistency in testing the antiviral activity of OAS2 means
there is not a good understanding of what, and therefore how, viruses are

inhibited by this protein.

| chose EMCV as a control to look at the antiviral activity of the OAS2
isoforms. It has been reported that murine NIH3T3 cells expressing p71 or p69
inhibit EMCV, with the p69-mediated restriction being more substantial (Marié et
al., 1999). An examination of the methods of this paper suggests that the author
used the p717% protein. My data confirms that p717'"°, despite the C-termini
truncation, still possesses modest antiviral activity against EMCV; this is likely via
activation of RNase L given the higher fold-change in infection in p71-expressing
RNase L depleted cells compared to control cells (Fig 4-11, 4-12). These findings
do not replicate the antiviral activity of p69 against EMCV, which could be due to
several reasons, such as a different cell type or EMCV strain. This confirms that
OAS2 can work via the canonical OAS/RNase L pathway and an RNase L-
independent mechanism. By screening a panel of diverse viruses with cells
depleted of RNase L in future, it can be determined whether the mechanism of
action is specific to the OAS2 isoform or if both isoforms can perform both antiviral
mechanisms under the correct activating conditions, i.e. p69-mediated inhibition
via 2-5A synthesis and p71-mediated inhibition via RNase L independent

mechanisms.

The hypothesis that OAS3 is the dominant member of the OAS family that
activates RNase L (Yize Li et al., 2016), with OAS1 and OAS2 performing alternative
functions, supports and opposes this data. Given that HCoV-0C43 encodes a 2’-5’-
PDE and p69-mediated inhibition does not require RNase L, this supports the idea
that OAS2 can inhibit viruses by RNase L-independent mechanisms. However, this
does not explain the p71-mediated inhibition of EMCV observed. In this paper, the
authors used CRISPR-Cas9 to knockout OAS1, OAS2 or OAS3 in A549 cells,

stimulated them with poly(l:C) and measured RNase L activation by monitoring
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rRNA degradation. 18S and 28S rRNAs were intact in OAS3-KO cells but not in OAS1-
KO or OAS2-KO cells. However, this result may be biased against OAS2 in two ways.
Firstly, A549 cells appear to express only the p69 isoform (Fig 4-4 C). Therefore,
the ability of the OAS2 p71 isoform to activate RNase L is not examined here.
Secondly, the authors used poly(l:C), which may not be an optimal surrogate for
dsRNA for OAS2. OAS proteins have different dsRNA length requirements, different
binding affinities for dsRNA and are differentially sensitive to structure such as 3’-
single stranded overhangs (Koul et al., 2024, 2020a); given OAS1 and OAS2 are
compartmentalised, the accessibility of transfected poly(l:C) to the different
proteins may differ. Therefore, a set concentration of a perfect dsRNA may give
the appearance that OAS1 and OAS2 have minimal effect on RNase L activation in

response to poly(l:C).

The authors also examined the replication of four diverse viruses in these
OAS KO cells (SINV, CHIKV, IAVANS1, VACVAE3L) and showed that OAS3 was the
major factor dictating RNase L activation. As shown in (Table 3-1), most viruses
reported to be susceptible to inhibition by OAS1 and OAS2 have ssRNA genomes.
SINV and CHIKV are alphaviruses that utilise endosomes and lysosomes for
replication, whereas influenza virus A (IAV) replicates in the nucleus (Dou et al.,
2018; Romero-Brey and Bartenschlager, 2014). Given that OAS1 p46 and OAS2
isoforms localise to the endomembrane system, viral dsRNA derived from these
viruses may not come into proximity to OAS1 and OAS2. Thus, it is likely that OAS1
and OAS2, with their subcellular localisation, do contribute to RNase L activation
in viral infection, as exemplified here by EMCV restriction by OAS2 p71 and
elsewhere by SARS-CoV-2 restriction by OAS1 p46 (Wickenhagen et al., 2021).

The data presented here have not yet untangled the RNase L-independent
mechanism by which p69 restricts HCoV-OC43. Previous studies on OAS proteins
provide some suggestions. Most promising is the recent study showing OAS1 p46
binds and stabilises cellular IFNB mRNA, enhancing IFN signalling and inhibiting
WNYV replication (Harioudh et al., 2024). This mechanism mirrors many of the

details we see with OAS2 p69, as the OAS protein required RNA-binding capabilities
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and endomembrane localisation, but not catalytic activity, to inhibit a (+)ssRNA
virus. | examined the role of the IFN response by using the JAK inhibitor Ruxolitinib
and found decreased replication in both p69-expressing and control cells (Fig 4-
13). This suggests that either the activation of IFN response enhances HCoV-0C43
replication or the drug may have off-target effects on the cells, indirectly
restricting viral replication. Nonetheless, RUX did not rescue from the pé69
restriction, arguing against a requirement for IFN in the RNase L independent
block. | also measured ISG expression in infected cells in the presence of ectopic
expression of the OAS isoforms (Fig 4-14). Expression of two ISGs, I1SG15 and IFIT1,
was modestly lower at 72 hpi, when p69 was expressed; this timepoint is
potentially too late during infection to reliably examine the IFN response. This
data suggests that p69 is not restricting via the IFN response. Without further
experiments, | do not think we can rule out that OAS2 p69 is inhibiting HCoV-0C43
via this IFN-dependent mechanism. This can be confronted through many different
experiments, many of which were performed in the aforementioned study. For
example, by incubating the cell lines that express p69 with poly(l:C) or HCoV-0C43
and measuring IFNB levels by RT-qPCR at early time points. Additionally, if the
observed inhibition by p69 is lost in IFNAR KO cells or by incubating with an IFNAR-
neutralising antibody, this would confirm that this mechanism requires a

functioning IFN response.

Given the known protein-protein interaction of mouse Oas1b with ABCF3 in
its antiviral mechanism against flaviviruses (Courtney et al., 2012), an avenue to
pursue would be to search for binding partners of OAS2. OAS2 was identified as a
binding partner of Nucleotide-binding and oligomerisation domain 2 (NOD2), using
a proteomics approach and overexpression of NOD2 in THP-1 upregulated RNase L
activation upon stimulation with poly(l:C) (Dugan et al., 2009). Investigating the
role of NOD2 in OAS2 antiviral action through depletion in the cell lines generated
during this project and identifying other possible binding factors by OAS2 pull-
down experiments, followed by mass spectrometry, may also provide insights into
the anti-HCoV-0C43 mechanism of p69.
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Expression of ISGs, such as OAS2, can form a barrier to spillover of viruses
from other animals into humans. As discussed (Wickenhagen et al., 2021), HCoV-
0C43 encodes a 2’-5’-PDE that antagonises the OAS/RNase L pathway, and this
suggests that reservoir species of such virus lineages encode OAS proteins that
could inhibit these viruses; SARS-CoV-2 was sensitive to this pathway, suggesting
it had not evolved an evasion mechanism. As shown in (Fig 4-17), SARS-CoV-2 was
inhibited by expression of Oas1a, but rodent-originating coronaviruses, HCoV-
0C43 and MHV were not. Examination of the OAS1 sequences in horseshoe bats, a
proposed source of SARS-CoV-2, showed a retrotransposition event disrupted the
CAAX motif in these species, so they cannot produce prenylated OAS1. SARS-CoV-
2 thus lacked a selective pressure to evolve an OAS/RNase L evasion mechanism,
which explains the increased susceptibility of COVID-19 in individuals that do not

express the prenylated OAS1 p46 isoform.

| wanted to examine whether a similar effect was observed with OAS2, so
| expressed two isoforms of mouse Oas2 in A549 cells; neither isoform appeared
to restrict HCoV-OC43 (Fig 4-16). Despite showing the presence of mouse Oas2
transcripts in the cells, protein expression of Oas2 was not confirmed. It would be
interesting if mouse Oas2 does not restrict HCoV-0C43 as this implies HCoV-0C43
did not need to evolve a mechanism to evade this RNase L-independent
mechanism. A lack of restriction could also suggest that potential cofactors
required for this undetermined mechanism cannot interact with mouse Oas2. This
is plausible considering the extended N-terminus of mouse Oas2 that is not present
in human OAS2 (Fig 4-16 B).

Towards the end of writing this thesis, a preprint was released examining
the structure and antiviral activity of OAS2 (Merold et al., 2025). Interestingly,
the authors suggested a new model for OAS2 activation based on cryo-electron
microscopy and AlphaFold predictions, whereby OAS2 exists in an autoinhibited
state as a dimer, mediated via a zinc-coordination site (C652 and H654). The
binding of dsSRNA monomerises OAS2 into its active form, with domain | (DI) being

important for distinguishing the appropriate dsRNA length for activation. In
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support of the data presented here, the authors show myristoylation localises
OAS2 to the Golgi apparatus, and the RNA binding residues R529 and R533 are
necessary for its 2-5A synthesis activity. Additionally, the antiviral activity of p71
was tested against an assortment of viruses, including flaviviruses, bunyaviruses,
orthomyxoviruses and the dsDNA viruses herpes simplex virus 1 (HSV-1) and
vaccinia virus (VACV). Only EMCV exhibited significant inhibition by p71 in an
RNase L-dependent manner. Realising, like us, that OAS2 might specifically target
viruses that replicate in double-membrane vesicles, HCoV-0OC43 and HCoV-NL63
were shown to be substantially inhibited by OAS2 p69, whereas SARS-CoV-2 was
only slightly inhibited; no data was provided for restriction of these viruses by p71
or the role of RNase L. Nevertheless, this increases the validity of my data as many
of my conclusions on the characteristics of OAS2 have been independently
confirmed by another group using different experimental systems. Although our
investigations into OAS2 are similar, my thesis provides evidence of alternative
splicing as a mechanism of diversifying the antiviral activity of OAS2, whilst Merold

et al. have expanded our understanding of OAS2 regulation.

Taken together, | propose a model in which alternative splicing generates
two isoforms of OAS2, p71 and p69, which can inhibit unrelated viruses by
different mechanisms (Fig 4-19). p69 inhibits the seasonal coronavirus HCoV-0C43
independently of RNase L in a yet undetermined mechanism. p71 inhibits the
picornavirus EMCV via canonical activation of RNase L. By alternative splicing of
OAS2, the diversity of viruses the cell can inhibit is increased, providing a

multifaceted immune response when a pathogen invades.
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Figure 4-19: Overview of the distinct antiviral mechanisms of OAS2. OAS2 exists as 2
main isoforms, p69 and p71, with the canonical sequences encoding a distinct 4-residue or
36-residue C-terminus, respectively. N-terminal myristoylation localises the p71 and p69
isoforms to the site of virus replication, such as double-membrane vesicles. Both isoforms
are activated upon binding dsRNA, triggering conformational changes that positions the
catalytic triad to produce 2-5A. p71 inhibits EMCYV via the canonical OAS/RNase L pathway,
whereas p69 inhibits HCoV-OC43 independently of RNase L. These contrasting antiviral
mechanisms is dependent on the unique C-terminus, which likely influences the
discrimination of dsRNA length and/or structure between these two viruses.
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5. Quantifying fluorescent tag retention in

reporter viruses

5.1. Introduction

5.1.1. Design of reporter viruses

Methods to investigate replication of wild-type viruses, such as through
immunostaining or indirectly through measurement of viral protein or RNA levels,
can be time-consuming, costly and/or labour-intensive. Therefore, the generation
of replication-competent reporter viruses has been instrumental in understanding
virus infection dynamics and virus-host interactions. Such reporter viruses can
encode a range of fluorescent proteins, most commonly green fluorescent proteins
(e.g. eGFP, ZsGreen) or red fluorescent proteins (e.g. RFP, mCherry, dTomato).
Alternatively, other reporter genes, such as bioluminescent Renilla luciferase, are

also available (Yongfeng Li et al., 2016).

The increasing availability of reverse genetics (RG) systems for a diversity
of viruses has facilitated the development of reporter viruses. For example, in-
vitro ligation, bacterial artificial chromosome (BAC) and yeast artificial
chromosome (YAC) systems were rapidly established for SARS-CoV-2 after its
outbreak, which all increase the ease by which a reporter gene can be introduced
into the viral genome (Kurhade et al., 2023). The reporter gene can be inserted
into the viral genome in different ways. Firstly, the fluorescence gene can be
fused to a viral protein, allowing direct monitoring of viral protein localisation
within the cell; however, this approach can affect the normal functionality of the
conjugate protein. So-called accessory genes, often essential in vivo but
dispensable in tissue culture, can sometimes be replaced by a reporter gene
(Zhang et al., 2002). Selection of the gene within the viral genome implies this
protein likely plays a role in vivo, so this expression strategy may not be optimal
if infecting animal models. Perhaps the optimal strategy is for the reporter gene
to be expressed separately. This can occur through the introduction of an internal

ribosomal entry site (IRES) or a self-cleaving peptide (2A); 2A peptides are 18-22
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amino acid peptides, naturally occurring in the genomes of some viruses, that are
inserted between proteins in a polypeptide that mediate co-translational

cleavage, via a ribosomal skipping mechanism (Liu et al., 2017).

In response to the COVID-19 pandemic, a SARS-CoV-2 toolkit was developed,
which included a single plasmid-based RG system where the reporter genes
mCherry, ZsGreen or Nanoluciferase were cloned in-frame at the C-terminus of
the ORF7a protein (Rihn et al., 2021); these proteins were separated by the 2A
linker, mediating cleavage of the reporter protein from the viral protein. Another
YAC-based system was used to develop a SARS-CoV-2 reporter virus where ORF7a
was replaced by eGFP. Although this virus can replicate to high levels, it was
attenuated compared to a clinical isolate, suggesting ORF7a is important for
replication in vitro, highlighting caution must be taken when replacing viral genes
(Thi Nhu Thao et al., 2020). Viruses with large genomes, such as herpesviruses,
can encode multiple reporter genes; the Merlin reporter virus is based on the
human cytomegalovirus (HCMV) strain Merlin cloned into a BAC. The immediate
early gene UL36 and mCherry are separated by a 2A linker, while the UL32 gene,
expressed late in infection, is fused to GFP by a six amino-acid linker (Houldcroft
et al., 2020). This dual-reporter virus allows the quantification of infected cells

at different stages of infection.

5.1.2. Applications of reporter viruses

Fluorescent reporter viruses are especially valuable for viruses that show
minimal cytopathic effect as they allow infection to be quantified via
fluorescence, using flow cytometry, image cytometry and microscopy. As
discussed in Chapter 3, fluorescent reporter viruses are readily used for screening
approaches and have helped identify potential antiviral drugs, host dependency
factors, and restriction factors. SARS-CoV-2 reporter viruses expressing eGFP and
mNeonGreen were used in screens to identify the antiviral activity of OAS1 and
PLSCR1, respectively (Wickenhagen et al., 2021; Xu et al., 2023). Unlike

pseudovirus systems that mainly limit studies to virus entry, the replication
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competency of many reporter viruses means that factors that target post-entry

stages of virus replication can also be studied.

Reporter viruses are valuable tools for tracking viral infection in vitro or in
vivo, as exemplified by studies on influenza viruses. One study developed a set of
IAVs, nicknamed ‘Color-flu,’ in which the NS1 ORF was fused to mCherry, eGFP,
eCFP, or Venus reporters. This allowed virus replication in the lungs of infected
mice to be investigated (Fukuyama et al., 2015). IAV replication has also been
tracked in real time in mice using an IAV reporter virus expressing nanoluciferase
(Kim et al., 2022).

The diverse applications of reporter viruses are only valid if reporter gene
expression is maintained. As a reporter gene does not benefit virus replication,
selection pressures can result in its loss from the virus genome, e.g. via deletion
of its coding region or mutations affecting its transcription. Therefore, it is
important to check the ‘stability’ of the reporter gene to ensure that virus
replication levels align with fluorescent/bioluminescent signals. GFP reporter

gene retention in two coronaviruses is examined in this chapter.

5.1.3. Split-GFP system

An alternative method of monitoring virus-host interactions is to use a
bimolecular fluorescence complementation approach, such as the split-GFP
system. In this system, GFP is split into fragments: an N-terminal fragment
containing 10 B-strands (GFP1-10) and a C-terminal fragment containing a single
B-strand (GFP11). These fragments are fused to two different proteins (protein A
and protein B) and are non-fluorescent when expressed independently (Kodaka et
al., 2017) (Fig 5-1). When protein A and protein B interact, enabling the fragments
to come into close proximity, the fragments spontaneously assemble with high

affinity into a functioning fluorescent protein, and fluorescence can be measured.

Since some viruses have limited coding capacity, this split-GFP system can

circumvent this as the GFP11 fragment is 16 amino acids, considerably smaller
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than the full-length protein of 238 amino acids. This has been used to follow IAV
infection; the GFP11 fragment was fused to the PB2 protein, while the GFP1-10
fragment was expressed via transfection (Avilov et al., 2012). A split-GFP system
designed by my colleagues to study interactions between the IAV polymerase and

a host protein is described in section 5.2.4.

GFP1 -10 EAu7 GFP11
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Figure 5-1: Schematic of the split-GFP system. The GFP1-10 and GFP11 fragments are
separately fused to different proteins. Upon protein interaction, GFP reassembles to form
the fluorescent protein.

5.1.4. Influenza A virus

Influenza A virus (IAV) is the primary causative agent of influenza, which
causes substantial morbidity and mortality every year. 1AV, of the
Orthomyxoviridae family, has a (-)ssSRNA genome comprised of eight segments (Fig
5-2 A). Within the IAV virion, the genome exists as viral ribonucleoproteins
(VRNPs), where viral RNA is wrapped around oligomerised nucleoprotein capped
on one end by the viral polymerase; the viral polymerase consists of the proteins
PB1, PB2 and PA (Fig 5-2 B-C). On the virion surface are three transmembrane
proteins called haemagglutinin (HA), neuraminidase (NA), and matrix protein 2
(M2) (Carter and Igbal, 2024) (Fig 5-2 C).

HA interacts with sialylated cell surface receptors to mediate entry via
endocytosis. Following membrane fusion, VRNPs are released into the cytoplasm
before being imported into the nucleus. Viral mRNA transcription is required to
synthesise viral polymerase proteins, which are also imported into the nucleus
(Carter and Igbal, 2024). Replication involves the synthesis of a (+)ssRNA
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template, which requires an interaction between the viral polymerase and host
ANP32 proteins to allow it to form the replication conformation (Carrique et al.,
2020). Interaction with ANP32 proteins is species-specific, with avian IAVs needing

to acquire the E627K mutation in PB2 to replicate in mammals (Zhu et al., 2023).
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Figure 5-2: Influenza A virion and genome organisation. (A) Schematic of the eight
segments of the negative-sense single-stranded IAV genome, which are wrapped in
nucleoprotein and packaged into the IAV virion. (B) Schematic of the spherical form of the
pleomorphic IAV virion. The IAV virion consists of a viral envelope including the
glycoproteins HA, NA and M2, shielding an internal matrix layer. (C) Schematic of the IAV
viral ribonucleoprotein. These helical structures are capped with the heterotrimeric viral
polymerase.
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5.2. Results

5.2.1. Recognition of Contribution

Table 5-1: List of people and their contributions to experimental work.

Contribution

Douglas Stewart Generation of pCCl-4K-alpha plasmid
Generation of IAV/ANP32A split GFP system
Matthew Turnbull Generation of pCCl-4K-alpha plasmid

Generation of IAV/ANP32A split GFP system

5.2.2. Generation of a mouse hepatitis virus stock with a higher

GFP+ plaque percentage

At the start of my PhD, we planned to perform ISG screening against a
rodent or rodent-originating coronavirus. This was because hits characterised
through ISG screens against bat-originating HCoV-229E and SARS-CoV-2 had
recently been published, and we were interested in whether coronaviruses from
a different ancestral host would have different restriction factors (Pfaender et
al., 2020; Wickenhagen et al., 2021). It was proposed that mouse hepatitis virus
(MHV) be screened, as we had just received a fluorescently tagged MHV from a
collaborator. Therefore, we could perform the standard ISG screening protocol by

measuring virus infection by flow cytometry.

The MHV-GFP virus described in this section is the A59 strain, with the
accessory protein ORF4 completely replaced by GFP (Fig 5-3 A)(Zust et al., 2007);
ORF4 appears to be dispensable for MHV replication in vitro (de Haan et al., 2002).
| initially performed an MHV-GFP infection in murine 17cl1 cells, and examination
under a fluorescence microscope showed substantial cytopathic effect with many
cells not exhibiting a GFP signal. Plaque assays were performed to determine
whether this MHV stock contained virus particles that had lost their GFP tag. Post-
fixation, plate wells were scanned in the green channel using the Celigo Imaging
Cytometer, then scanned again in the brightfield channel after staining with

Coomassie to visualise all plaques. Comparison of these scans revealed that only
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~38% of plaques were GFP-positive (Fig 5-3 B-C), suggesting this infection system
was suboptimal for quantifying infection via fluorescence, as infection levels

would be significantly underestimated.

To create a stock with an increased percentage of virus particles expressing
the GFP protein, the MHV-GFP stock was serially diluted across 96-well plates, as
in a limiting dilution assay. Over 72 h, each well was monitored for CPE +/- GFP
signal using a fluorescent microscope. At a dilution of 1/59049, only 1/8 wells
exhibited CPE and had a GFP signal, so this supernatant was harvested and used
to inoculate a flask of 17cl1 cells. As before, plaque assays were performed to
quantify the percentage of MHV stock with the fluorescent tag. Approximately
~91% of plaques were GFP+, so this stock was a more suitable reporter virus (Fig
5-3 D). The plaques had a smaller phenotype than the previous stock, possibly due
to MHV-GFP virus particles having a growth disadvantage or the virus particles in
the harvested supernatant having other genetic differences which affect
replication kinetics (Fig 5-3 E). Perhaps a superior method to increase the GFP+
percentage would be to perform plaque purification. This would involve
performing plaque assays with a solid agarose overlay instead of a liquid overlay,
then, after discrete plaques have formed, “picking” a plaque and using this to

inoculate a flask.

Although planned, ISG screens with MHV were not performed. The main
reason was that MHV caused significant syncytia in cells early after infection,
making quantification of individual infected cells difficult. This inspired the idea
to generate a screening protocol that did not require reporter viruses or specific
antibodies (Chapter 3).
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Figure 5-3: Generation of high percentage GFP+ MHV stock. (A) Schematic of the wild-
type and GFP-containing genomes of the MHV strain A59. (B) Retention of the GFP tag in
an MHV-GFP stock from a collaborator was measured by plaque assay. The number of
GFP+ plaques was counted. (C) Example brightfield and green channel images of plaques
formed from (B). (D) Retention of the GFP tag in a new MHV-GFP stock was measured by
plague assay. The number of GFP+ plaques was counted. (E) Example brightfield and
green channel images of plaques formed in (D). (B, D) Mean and SD from one independent
assay, performed in technical triplicate, are shown. Bars are labelled with the number of
plaques counted.
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5.2.3. Rescue of an infectious cDNA clone of the SARS-CoV-2 alpha

variant

During the COVID-19 pandemic, there was a need to analyse the difference
in emerging SARS-CoV-2 variants, which required molecular tools for such
research. My colleagues developed a SARS-CoV-2 RG system, where transient
transfection of a single plasmid facilitates rescue of infectious virus; such a system
encoding the Wuhan-Hu-1 strain has been published (Rihn et al., 2021). It was
planned to modify this RG system to generate B.1.1.7/alpha variant of SARS-CoV-
2; the alpha variant was the first designated SARS-CoV-2 variant of concern and
was discovered after a significant increase in new COVID-19 cases in England in
late 2020 (Hill et al., 2022). To generate this RG system, my colleagues infected
VeroE6-ACE2-TMPRSS2 cells with clinical samples, performed RNA extractions, and
then synthesised cDNA fragments. The infectious cDNA (icDNA) of SARS-CoV-2-
alpha was cloned into the pCC1-4K plasmid - both wild-type and a ZsGreen
derivative were generated, with ZsGreen inserted at the C-terminus of ORF7a

protein, after a 2A ribosomal skipping linker (Fig 5-4 A).

To rescue infectious virus, | transfected BHK-21 cells with the icDNA clones
of WT and ZsGreen derivatives. 48 h later, culture supernatant was harvested to
inoculate VeroE6 cells. The virus was harvested 48 h (WT) or 72 h (ZsGreen) post-
infection. Plaque assays were performed to determine the titre and fluorescent
tag retention of the virus stock. The titre of the WT stock was ~35-fold lower than
the ZsGreen stock (Fig 5-4 B), likely owing to the earlier harvest time. Further
optimisation of propagation conditions, such as longer incubations and using a
VeroE6-ACE2 cell line, may facilitate the rescue of a higher titre stock. Using the
Celigo Imaging Cytometer, the stability of the ZsGreen tag post-rescue was
assessed by scanning plate wells in the green channel and then in the brightfield
channel post-Coomassie staining. 96% of plaques were GFP-positive (Fig 5-4 C-D),
similar to that observed with the Wuhan-Hu-1 RG system. To assess long-term
stability, the virus should be passaged >5 times and ZsGreen+ plaques quantified.
Nevertheless, infectious virus of the alpha variant was successfully rescued and

used in subsequent experiments by colleagues.
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Figure 5-4: Rescue of icDNA-derived SARS-CoV-2 alpha variant. (A) Schematic of
pCCI-4K-SARS-CoV-2-alpha-ZsGreen icDNA clone. (B) Infectious titre of WT and ZsGreen
rescued alpha variant, measured by plaque assay on VeroEG6 cells. (C) Retention of the
ZsGreen tag in SARS-CoV-2 alpha passage 1 stock post-rescue, measured by plaque
assay. The number of ZsGreen+ plaques was quantified. The number of plaques is
indicated above the bar. (D) Example brightfield and green channel images of plaques
formed by WT and ZsGreen rescued alpha viruses from (B). (B-C) Mean and SD from one
independent assay, performed in technical duplicate, are shown.
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5.2.4. Retention of a GFP11 tag in wild-type and mutant influenza

A viruses

Dr Matthew Turnbull, my colleague at the Centre for Virus Research,
implemented a split-GFP system for influenza A virus to generate a more stable
reporter virus, with higher titres than the ‘Color-Flu’ described above. The split-
GFP system was designed so that most of GFP (GFP1-10) was attached to ANP32A
expressed in cells under the control of a doxycycline-inducible promoter. The last
16 residues of GFP were attached to the C-terminus of PB1 in a PR8 reporter virus,
similar to that described in (Mistry et al., 2020). Therefore, when GFP1-10-ANP32A

and PB1-GFP11 interact, green fluorescence can be measured (Fig 5-5 A).

As part of this project, | was recruited to assess the stability of the GFP11
tag in the wild-type PR8 reporter virus (PR8-PB1YT-GFP11), as well as in a PR8-
GFP11 that has two synonymous mutations in PB1 (PR8-PB1™utant-GF11). Plaque
assays were performed in doxycycline-treated MDCK-GFP1-10-ANP32A cells by
infection with serially diluted PR8-GFP11. Post fixation, cells were scanned in the
green channel, followed by the brightfield channel post-staining on the Celigo
Imaging Cytometer, and then GFP+ plaques were quantified. Both the PB1"T and
PB1mutant viruses had similar titres (Fig 5-5 B). This split-GFP system appears very
stable; of 600+ plaques examined for both the PR8-PB1WT-GFP11 and PR8-PB1mutant.
GFP11 viruses, the latter virus only exhibited 4 GFP- plaques (Fig 5-5 C-D). This is
likely owing to how small the GFP11 fragment is compared to expressing a full-

length fluorescent protein.

Thus, with >99% of plaques GFP-positive, this split-GFP system is a reliable
way to investigate interactions between PB1 and ANP32A or for other screening

applications.
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Figure 5-5: Assessing retention of a GFP11 tag encoded in PR8 viruses. (A) Schematic
of the split-GFP system used to investigate interactions between host ANP32A and the IAV
polymerase. (B) Infectious titre of the two PR8-GFP11 viruses, measured by plaque assay
on MDCK-HsANP32A cells. (C) Retention of the GFP11 tag was measured by plaque
assay. GFP+ plaques were counted and the total number of plaques are indicated above
the bar. (D) Example brightfield and green fluorescence image of plaques from (C). A GFP-
negative plaque is indicated by yellow box (top panel) or white arrow (bottom panel). (B-C)
Mean and SD from two independent assays performed in at least technical triplicate are
shown.
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5.3. Discussion

Fluorescent reporter viruses have enhanced our understanding of viral
infections, from small-scale in vitro experiments to high-throughput screening and
animal models. However, their usefulness is dependent on the fluorescent tag
being retained. This is exemplified by a stock of MHV-GFP; a direct comparison of
plaques by fluorescence and Coomassie staining showed <40% of plaques expressed
GFP. This percentage was raised to >90% after propagating a stock following a
limiting dilution approach (Fig 5-3). This highlights the importance of checking the
stability of fluorescent tags in reporter virus systems. This chapter shows that this
can be done efficiently with plaque assays if the virus is permissive to such
experiments. If not, another approach would be to infect cells with the reporter
virus and stain the fixed cells with virus-specific antibodies, using secondary
labelling with a different fluorophore and comparing the cells for dual

fluorescence.

Considering the selective pressure to expel a reporter gene, the dsRNA-
based imaging cytometry approach to screening discussed in Chapter 3 is of
particular use, as it circumvents the need of such a reporter virus. In such
screening experiments, cells overexpressing potential antiviral genes are
challenged with a virus at low MOI to examine their effect on multi-cycle
infection. Since encoding a reporter gene may be a hindrance to virus replication,
this innate immune pressure may favour virions that have shed their reporter

gene, potentially skewing experimental outcomes.

The reporter virus for the SARS-CoV-2 alpha variant had high ZsGreen
retention post-rescue (Fig 5-4). Here, the stability of this ORF7a-2A-reporter
cassette was not assessed after multiple propagations but has been done
previously for the Wuhan-Hu-1 strain (Rihn et al., 2021). For 2 of 3 replicates,
>95% of plaques were still positive for the reporter gene after five passages, but
a reporter-negative population appeared and outnumbered the reporter-positive

population in the final replicate. This might be what occurred with the MHV-GFP
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stock and indicates the presence of the reporter gene should ideally be quantified

after every virus propagation.

An alternative approach is the split-GFP system because the GFP11 tag is
considerably smaller than a reporter gene. This system worked well in studying
the association between host ANP32A and PB1 of IAV, with very high retention (Fig
5-5). Since HCoV-0C43 reporter systems have become available since the start of
this project, adding the GFP11 tag to this virus is doable, so it would be an
interesting approach to examining the localisation of viral proteins within the cell

or potential binding partners with OAS2.
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6. Discussion

If appropriate viral dependency factors, such as entry receptors, are
available, the ultimate permissiveness of a cell to viral infection depends on the
presence or absence of genome-encoded blocks to viral replication. Many of these
virus restriction factors are interferon-stimulated genes. This PhD project aimed
to identify ISGs that can act as these innate immune barriers, restricting the
transmission of coronaviruses in humans. To do this, | optimised an ISG screening
platform using dsRNA immunostaining to score infection with quantification by
plate-based image cytometry (Chapter 3); previous approaches for cDNA screening
involved the use of fluorescent reporter viruses, cytopathic effect or
immunostaining of viral proteins. Using dsRNA staining is an effective
quantification method for both genetic and drug screening, as it offers a readily
adaptable and low-cost approach for rapid screening during novel virus
emergence, compared to generating fluorescent clones. However, reporter
viruses are incredibly valuable tools to study viral infection and can be utilised
when available. This requires an assessment of the stability of the encoded
reporter gene to ensure the data gathered is accurate. Such experiments were

described for three reporter viruses used by my collaborators (Chapter 5).

By performing a multi-species ISG screen against the endemic coronavirus
HCoV-0C43, followed by secondary screens and examining cytotoxicity and the
ability to induce the IFN response, | obtained a shortlist of candidate ISGs with
direct antiviral activity against HCoV-OC43. This included genes with
independently characterised anti-coronaviral activity, such as LY6E and CTSS. The
gene | was most intrigued by was OASZ2; this member of the OAS gene family was
discovered >30 years ago and is considered a broadly acting antiviral that exerts
its inhibitory effects through activation of RNase L. Given the OAS/RNase L evasion
mechanism encoded by certain coronaviruses, such as HCoV-0C43, it was not
expected to be a hit in the screen. Therefore, | decided to further investigate the
anti-HCoV-0C43 activity exhibited by OAS2.
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In Chapter 4, | uncovered that the shorter p69 isoform of OAS2 shows potent
restriction of HCoV-0OC43 in an RNase L-independent mechanism. This restriction
appears to be highly specific, with OAS2 p69 being only modestly antiviral against
related SARS-CoV-2 but having no effect in 30+ other ISG screens targeting diverse
viruses, including retroviruses, orthomyxoviruses, herpesviruses and bunyaviruses.
Despite only differing in the C-terminus, the longer p71 isoform of OAS2 had no
effect on HCoV-0C43 but was able to modestly inhibit the picornavirus EMCV via
the canonical OAS/RNase L pathway.

The OAS gene family is a spectacular example of how antiviral breadth has
become encoded into the host genome. OAS proteins are ancient and exist across
Metazoa, from sponges to mammals (Chu et al., 2023). Perhaps to cope with
increasing pathogen burden, gene duplication and gene fusion events have
diversified the OAS repertoire in higher metazoan species, with four members in
humans and twelve in mice. This has likely resulted in OAS proteins gaining novel
functions, in addition to fine-tuning the structure and sequence specificity for the
dsRNA substrate. Accordingly, lower metazoan species do not encode genes
related to OAS induction and activity, such as IFN and RNase L (Hu et al., 2018).
This suggests ancient OAS proteins had alternative cellular roles and gained basic
residues at the protein/dsRNA-binding interface later in evolution to become the
innate immune dsRNA sensors existing in higher metazoan species today. For that
reason, increasing evidence of OAS proteins working in an RNase L-independent
fashion is not surprising, as | describe here for OAS2 p69-mediated inhibition of
HCoV-0C43.

In addition to gene duplication, the OAS gene family exhibits antiviral
breadth through alternative splicing to expand the number of proteins expressed.
Alternative splicing of OAS1 and OAS2 results in isoforms with distinct C-termini,
resulting in additional antiviral effects (Soveg et al., 2021; Wickenhagen et al.,
2021). For OAS1, inclusion of the CAAX motif in p46 facilitates the localisation of
the protein to membranous sites of viral replication, compared to the p42 isoform.

In contrast, all three isoforms of human OAS2 included on NCBI have a
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myristoylation site, suggesting that no matter the function of the OAS2 isoform,
localisation to intracellular membranes is essential. Compared to the C-terminus
in OAS1, modification of the N-terminus might be required instead as, based on
AlphaFold models of the OAS2 isoforms, the C-terminus may be involved in RNA-
binding. Considering mouse Oas1b as well (Courtney et al., 2012), OAS proteins
have harnessed the mechanisms of prenylation, myristoylation and
transmembrane domains to associate with membranes, highlighting the
importance of proximity to virus replication in antiviral activity. Therefore, the
OAS gene family has harnessed both gene duplication and alternative splicing to
influence the localisation of the antiviral proteins to different sites within the

cell, from intracellular membranes to the cytoplasm and nucleus.

The role of alternative splicing in refining the antiviral response is not a
novel concept. Splice variants of TLR3, RIG-I and MAVS lacking key domains have
been documented and are thought to function by regulating IFN induction in a
dominant-negative fashion (Liao and Garcia-Blanco, 2021). There are four
isoforms of ZAP (ZAP-S, ZAP-M, ZAP-L and ZAP-XL), with ZAP-S and ZAP-L being
the most abundant and studied (Li et al., 2019). Compared to ZAP-S, ZAP-L has an
inactive poly (ADP ribose) polymerase (PARP) domain and a CAAX box in its C-
terminus and has higher baseline expression levels. In contrast, ZAP-S is more
readily induced by IFN. Differential antiviral activity has been observed with these
isoforms, with ZAP-L and ZAP-XL being more potent against alphaviruses, whereas
all isoforms showed similar restriction against EBOV. There is conflicting evidence
on whether ZAP-S or ZAP-L is more potent against SARS-CoV-2. One study found
ZAP-S inhibits SARS-CoV-2 by interfering with ribosomal frameshifting, whereas
another found ZAP-L was more potent, and this required an intact CAAX motif,
similar to OAS1 p46 (Kmiec et al., 2021; Zimmer et al., 2021). Similarly, the
related protein PARP12 has two isoforms, with the longer isoform containing a C-
terminal PARP domain; PARP12L exhibits antiviral activity against the alphavirus
VEEV, whereas PARP12S does not (Atasheva et al., 2012).
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Interestingly, IFN stimulation can also influence alternative splicing. The
p110 isoform of adenosine deaminase acting on RNA 1 (ADAR1) is constitutively
expressed and is mainly localised to the nucleus (Patterson and Samuel, 1995). An
alternative IFN-stimulated transcriptional start site can be used, resulting in the
inclusion of an exon containing an earlier AUG codon to produce the p150 isoform,
that is predominantly localised to the cytoplasm. It is possible that IFN stimulation
may alter isoform abundance instead of overall mRNA abundance, so there are
likely more examples of such alternative splicing regulation. Therefore, the
contrasting antiviral activities of OAS2 p71 and p69 described here further support
isoform-specific antiviral behaviour as a method of enhancing antiviral breadth

within the innate immune system.

Taking this into account, screening for antiviral ISGs comes with the caveat
that the antiviral potential of a gene may not be identified if only one isoform is
expressed in the gene library. This is especially important for cDNA screens but
can also be an issue with CRISPR screens; the expression of some isoforms can be
influenced by genetics, be cell-type specific or require certain stimuli, and so the
cell background or experimental conditions may prevent this isoform-specific
restriction being revealed. Indeed, if p71 was the only OAS2 isoform expressed in
the human ISG library used here, the potent antiviral activity of p69 against HCoV-
0C43 would not have been discovered. When subsequently characterising the
chosen “hit” of a genetic screen, it is extremely valuable to examine the effect
of the different isoforms in parallel, as this can help narrow down the essential
domains or motifs required for the observed restriction; this was the case here,
as it enabled the p69 C-terminus to be identified as the determinant of antiviral
activity against HCoV-0C43 vs EMCV.

The mechanism by which OAS2 pé9 inhibits HCoV-OC43 is yet to be
elucidated. Some RNase L independent mechanisms have been described in
Chapter 4, such as stabilisation of host mRNA and enhancing innate immune
signalling proteins. A wealth of evidence suggests that OAS proteins likely had

cellular roles, such as RNA metabolism, earlier in evolution. For example, OAS
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proteins show structural similarity to CCA-adding enzymes found in Archaea
(Torralba et al., 2008). Additionally, loss-of-function mutations in OAS1 genes are
present in a variety of primates and as mentioned above, RNase L is not present
in lower metazoans (Carey et al., 2019; Hu et al., 2018). These functions could
still apply in mammalian OAS proteins and contribute to or be exploited to restrict
HCoV-0C43. The involvement of OAS proteins in cellular processes is beginning to
be untangled. It has been demonstrated that OAS1 p42 can add 2-5A to
poly(ADP)ribose (PAR) (Kondratova et al., 2020). High levels of PAR in the
cytoplasm initiate cell death; OAS1 p42 suppresses this PAR build-up to promote
cell survival. Although interesting, it is unlikely that the addition of 2-5A to other
molecules mediates the inhibition of HCoV-0OC43, as catalytic activity was not
required. OAS2 has also been associated with the regulation of lactation, and high
MRNA expression has been associated with better prognosis in breast cancer
patients (Oakes et al., 2017; Zhang and Yu, 2020). Further work is needed to
determine whether p69-mediated restriction of HCoV-OC43 is direct or is a

consequence of indirect signalling or regulation of other pathways.

The OAS proteins have been described as redundant, with OAS2 mainly
considered to have a minor role in viral infection. However, certain characteristics
of OAS2 suggest it has critical functions linked to the immune response. Firstly,
evidence suggests OAS2 can be induced directly by IRF3 and thus could be
produced independently of IFN (Grandvaux et al., 2002). Secondly, analysis of
control and RNase L-depleted cells suggests that OAS2 mRNAs are resistant to
RNase L-mediated mRNA turnover (Burke et al., 2019); other RNase L-resistant
mRNAs identified include IFNB1, IFIT2, CH25H and DDX58 (RIG-I), but not OAS1 or
OAS3. Additionally, OAS2 has been shown to co-localise with stress granules
(Reineke and Lloyd, 2015), which could indicate its involvement in innate immune
signalling integrated by stress granules. Given this and the data displayed here,
this suggests we have yet to discover the full importance of OAS2 as part of the

innate immune response.
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Overall, | hope the work | have presented here has provided insight into
restriction factors affecting the transmission of coronaviruses and contributed to
the increasing volume of work re-examining the role of OAS proteins in immunity,
including the mechanisms by which OAS proteins function outside of the long-
standing ‘OAS/RNase L’ dogma. This work has opened a new area of investigation
that will expand our understanding of the co-evolution of host and virus and,
perhaps, one day, inform novel approaches for therapeutics to ameliorate the

worst pathologies associated with human coronavirus infections.
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Appendix

Appendix 1 - R script for ISG screen analysis
##Analysis pipeline for ISG screens using a species library dependent mean##

#Libraries
library(dplyr)
library(ggplot2)
library(tidyr)
library(stringr)
library(ggrepel)
library(devEMF)

#enter details

user_name<-paste("ELD")
experiment_folder<-("EXP1-41_ANALYSIS_Zscore")
Experiment<-paste("EXP1-41")

virus<-paste("HCoV-OC43")

virus_strain<-paste("unknown")

virus_type<-paste("live")

Cell_line<-paste("A549")

Quantification1<-paste("AlexaFluor488")
Quantification2<-paste("NA")

#min growth represents a threshold cutoff for what classes as an antiviral gene.
#It automatically generates a table with genes under this threshold.
threshold_growth_to_be_antiviral<- -2

#set file path for general analysis folder

#switch to path for CSV file directory

setwd("/Users/emmadavies/OneDrive - University of Glasgow/PhD/Projects/Project 1_Rodent Originating CoVs/EXP1-
41/CSV Files")

getwd()

#load all files with the extension .csv in that CSV files directory
temp = list.files(pattern="*.csv")

# get the data as a list of data frames
myfiles = lapply(temp, read.csv)

#change back to the general analysis folder

setwd("/Users/emmadavies/OneDrive - University of Glasgow/PhD/Projects/Project 1_Rodent Originating CoVs/EXP1-
41/CSV Files")

getwd()

# collate the data frames
output = do.call(rbind,myfiles)

#Remove mean and SD rows from Table
colnames(output)[colnames(output)=="X"] <- "File_name"
output <- output[!(output$File_name=="Mean"|output$File_name =="SD"),]

#read in library summary
lib<-read.csv("/Users/emmadavies/OneDrive - University of Glasgow/PhD/ISG Library
Documentation/ISG_Lib_For_R_v4_20230918.csv",

sep=",", na.strings = ¢("","NA"), header=T)
#change sample ID header to match library "UniqueNo.GeneName.Gene.Number.Species" or whatever is needed for
database input
colnames(output)[colnames(output)=="SamplelD"] <- "Well_Ildentifier"

#change column names of the four quadrants out of FlowJo
#This will work as long as the appropriate columns have capital UL, LL, UR, UL

cnames<-colnames(output)
for(i in 1:length(cnames)) {
if(grepl("UL",cnames]i],fixed=TRUE) X

cnamesJi]="UL"

}
else if(grepl("UR",cnames]i],fixed=TRUE)
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cnamesl[i]="UR"

else if(grepl("LL",cnames]i],fixed=TRUE)){
cnamesl[i]="LL"

}
else if(grepl("LR",cnames]i],fixed=TRUE)){
cnamesl[i]="LR"

}

colnames(output)<-cnames

#change to numeric

output$UL <- as.numeric(gsub("%", "",output$UL))
output$UR <- as.numeric(gsub("%", ",outputSUR))
output$LL <- as.numeric(gsub("%", "",output$LL))
output$LR <- as.numeric(gsub("%", "",output$LR))

#add experiment columns
OUtpUt["EXperiment_lD"]<-paste(Experiment‘sep:"n)
output["Virus"]<-paste(virus,sep="")
output["Virus_strain"]<-paste(virus,sep="")
output["Virus_type"]<-paste(virus_type,sep="")
output["Cell_line"]<-paste(Cell_line,sep="")
output["Quantification1"]<-paste(Quantification1,sep="")
output["Quantification2"]<-paste(Quantification2,sep="")
output["Reason_for_Exclusion"]<-paste("NA")

BB R R R
#removes space that is present at end of some rows

output$Well_ldentifier <- trimws(output$Well_Identifier, which = c("right"))

lib$Species <- trimws(lib$Species, which = ¢("right"))

#merge files by row
output_merged<-dplyr::inner_join(lib,output,by="Well_ldentifier")

#calculate total red (=percent transduction)
output_merged$Percent_transduction <- with(output_merged, UL + UR)

#calculate ratio
output_merged$ratio<-(output_merged$UR/(output_merged$UL+output_merged$UR)*100)

HEHHHHRH

#remove rows containing specificed strings

#remove water controls (=B1)
output_nowater<-output_merged[!grepl("_Cells_",output_merged$Well_ldentifier),]

#remove virus-only
output_nowater_novirus<-output_nowater[!grepl("_Virus_only_",output_nowater$Well_ldentifier),]

#remove SCRPSY (but not SCRPSY infected)
output_nowater_novirus_noSCRPSY <- output_nowater_novirus[!grepl("_Empty-
SCRPSY_",output_nowater_novirus$Well_ldentifier),]

#HHtexplore looking for various NA values##
sum(is.na(output$Percent_inhibition))

write.csv(output_nowater_novirus_noSCRPSY file=paste(experiment_folder,"_output_nowater_novirus_noSCRPSY.csv"))
HHHHHHAHEHAH# Subset the different librariestHEHHHHHHEHHHHHHRHEHHHHHHEHEHHHHEE

#subset Cow Library
cow_lib <- output_merged[grepl("Cow", output_merged$Species),]

write.csv(cow_lib,file=paste(experiment_folder,"_cow_lib.csv"))

#subset Human Library
human_lib <- output_merged[grepl("Human", output_merged$Species),]

write.csv(human_lib,file=paste(experiment_folder,"_human_lib.csv"))

#subset Macaque Library
mac_lib <- output_merged[grepl("Macaque", output_merged$Species),]

write.csv(mac_lib,file=paste(experiment_folder,"_mac_lib.csv"))
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#subset Mouse Library
mouse_lib <- output_merged[grepl("Mouse", output_merged$Species),]

write.csv(mac_lib,file=paste(experiment_folder,"_mouse_lib.csv"))

#subset R.affinis Library
Raffinis_lib <- output_merged[grepl("Rhinolophus affinis", output_merged$Species),]

write.csv(mac_lib,file=paste(experiment_folder,"_Raffinis_lib.csv"))

#subset R.sinicus Library
Rsinicus_lib <- output_merged[grepl("Rhinolophus sinicus", output_merged$Species),]

write.csv(mac_lib,file=paste(experiment_folder,"_Rsinicus_lib.csv"))

#Calculate Virus Growth and z-scores of Cow Library
cow_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY[grepl(
"Cow", output_nowater_novirus_noSCRPSY$Species),]
cow_lib["mean_value"] <- mean(cow_nowater_novirus_noSCRPSY$ratio,na.rm=T)
cow_lib["standard_deviation"] <- sd(cow_nowater_novirus_noSCRPSY$ratio,na.rm=T)
cow_lib["zscore"] <- ((cow_lib$ratio - cow_lib$mean_value)/cow_lib$standard_deviation)
cow_lib$Percent_VirusGrowth<-((cow_lib$ratio/cow_lib$mean_value)*100)
write.csv(cow_lib,file=paste(experiment_folder,"_cow_lib.csv"))

#Calculate Virus Growth and z-scores of Human Library
human_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY/[grepl(

"Human", output_nowater_novirus_noSCRPSY$Species),]
human_lib["mean_value"] <- mean(human_nowater_novirus_noSCRPSY $ratio,na.rm=T)
human_lib["standard_deviation"] <- sd(human_nowater_novirus_noSCRPSY$ratio,na.rm=T)
human_lib["zscore"] <- ((human_lib$ratio - human_lib$mean_value)/human_lib$standard_deviation)
human_lib$Percent_VirusGrowth<-((human_lib$ratio/human_lib$mean_value)*100)
write.csv(human_lib,file=paste(experiment_folder,"_human_lib.csv"))

#Calculate Virus Growth and z-scores of Macaque Library
mac_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY/[grepl(
"Macaque", output_nowater_novirus_noSCRPSY$Species),]
mac_lib["mean_value"] <- mean(mac_nowater_novirus_noSCRPSY$ratio,na.rm=T)
mac_lib["standard_deviation"] <- sd(mac_nowater_novirus_noSCRPSY$ratio,na.rm=T)
mac_lib["zscore"] <- ((mac_lib$ratio - mac_lib$mean_value)/mac_lib$standard_deviation)
mac_lib$Percent_VirusGrowth<-((mac_lib$ratio/mac_lib$mean_value)*100)
write.csv(mac_lib,file=paste(experiment_folder,"_mac_lib.csv"))

#Calculate Virus Growth and z-scores of Mouse Library
mouse_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY|[grepl(

"Mouse", output_nowater_novirus_noSCRPSY$Species),]
mouse_lib["mean_value"] <- mean(mouse_nowater_novirus_noSCRPSY$ratio,na.rm=T)
mouse_lib["standard_deviation"] <- sd(mouse_nowater_novirus_noSCRPSY $ratio,na.rm=T)
mouse_lib["zscore"] <- ((mouse_lib$ratio - mouse_lib$mean_value)/mouse_lib$standard_deviation)
mouse_lib$Percent_VirusGrowth<-((mouse_lib$ratio/mouse_lib$mean_value)*100)
write.csv(mouse_lib,file=paste(experiment_folder,"_mouse_lib.csv"))

#Calculate Virus Growth and z-scores of R. affinis Library
Raffinis_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY[grepl(

"Rhinolophus affinis", output_nowater_novirus_noSCRPSY$Species),]
Raffinis_lib["mean_value"] <- mean(Raffinis_nowater_novirus_noSCRPSY $ratio,na.rm=T)
Raffinis_lib["standard_deviation"] <- sd(Raffinis_nowater_novirus_noSCRPSY$ratio,na.rm=T)
Raffinis_lib["zscore"] <- ((Raffinis_lib$ratio - Raffinis_lib$mean_value)/Raffinis_lib$standard_deviation)
Raffinis_lib$Percent_VirusGrowth<-((Raffinis_lib$ratio/Raffinis_lib$mean_value)*100)
write.csv(Raffinis_lib,file=paste(experiment_folder,"_Raffinis_lib.csv"))

#Calculate Virus Growth and z-scores of R. sinicus Library
Rsinicus_nowater_novirus_noSCRPSY <- output_nowater_novirus_noSCRPSY[grepl(

"Rhinolophus sinicus", output_nowater_novirus_noSCRPSY$Species),]
Rsinicus_lib["mean_value"] <- mean(Rsinicus_nowater_novirus_noSCRPSY$ratio,na.rm=T)
Rsinicus_lib["standard_deviation"] <- sd(Rsinicus_nowater_novirus_noSCRPSY$ratio,na.rm=T)
Rsinicus_lib["zscore"] <- ((Rsinicus_lib$ratio - Rsinicus_lib$mean_value)/Rsinicus_lib$standard_deviation)
Rsinicus_lib$Percent_VirusGrowth<-((Rsinicus_lib$ratio/Rsinicus_lib$mean_value)*100)
write.csv(Rsinicus_lib,file=paste(experiment_folder,"_Rsinicus_lib.csv"))

HHHHHHAHAHAH Merge different species libraries togetheHHHHHHEHHHHHHEHEHHHHAHBHEHHPHRHEHE

#merge mac_lib, human_lib, mouse_lib and cow_lib to one data.frame
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complete_lib<-dplyr::bind_rows(cow_lib, human_lib, mac_lib, mouse_lib, Raffinis_lib, Rsinicus_lib)

#write csv of complete library to check
write.csv(complete_lib, file = paste(experiment_folder,"_complete_lib.csv"))

#Final Table using Library specific Medians

Final_table<-dplyr::select(complete_lib,Experiment_ID,Species,Well_ldentifier, UniqueNo,
Gene,PROVISIONAL.ENSEMBL.ID,Plate,Row,Column,GeneName,zscore,
Percent_VirusGrowth,Count,LL,LR,UL,UR,Percent_transduction,
mean_value,standard_deviation,Reason_for_Exclusion,Log2FC,
Top300,mammCore,Antiviral,Virus,Virus_strain,Virus_type,
Cell_line,Quantification1,Quantification2)

Final_table<-dplyr::arrange(Final_table,by=zscore)

write.csv(Final_table,file=paste(experiment_folder, "_Final_List.csv"))
HHHHHHRHAHEHARHFING table - subset controlstHHHHHHHIHEHHHHRHHHHHHRHEHHRA

#water controls
water_controls<-Final_table[grepl("Cells",Final_table$GeneName),]
water_controls<-dplyr::arrange(water_controls,by=Species)
write.csv(water_controls,file=paste(experiment_folder,"_water_controls.csv"))

#virus controls
virus_controls<-Final_table[grepl("Virus_only",Final_table$GeneName),]
virus_controls<-dplyr::arrange(virus_controls,by=Species)
write.csv(virus_controls,file=paste(experiment_folder,"_virus_controls.csv"))

#SCRPSY controls
SCRPSY_controls<-Final_table[grepl("SCRPSY",Final_table$GeneName),]
SCRPSY_controls<-dplyr::arrange(SCRPSY_controls,by=Species)
write.csv(SCRPSY_controls,file=paste(experiment_folder," SCRPSY_controls.csv"))

#iHHHE subset high inhibitors #HHHHHHRHHHHHHRHHHHHHHHRHHHPRHERH

antivirals<-dplyr::filter(Final_table,zscore<threshold_growth_to_be antiviral)
antivirals<-antivirals[!grepl("SCRPSY",antivirals§GeneName),]
antivirals<-antivirals[!grepl("Virus",antivirals$GeneName),]
antivirals<-antivirals[!grepl("Cells",antivirals$GeneName),]

write.csv(antivirals,file=paste(experiment_folder,"Genes_inhibiting_under_",threshold_growth_to_be_antiviral,"_-2_z-
score.csv"))

antivirals_transduction10 <-subset(antivirals, Percent_transduction > 10)
write.csv(antivirals_transduction10,file=paste(experiment_folder,"Genes_inhibiting_under_",threshold_growth_to_be_antivir
al,"_-2_zscore_higherthan10transduction.csv"))

FHHHEE DIOtS HHHHHHHHHHHH R

#remove cells-only
genes_toplot<-complete_lib[!grepl("Cells",complete_lib$Well_ldentifier),]

#remove virus-only
genes_toplot<-genes_toplot[!grepl("Virus",genes_toplot$Well_Identifier),]

#remove Empty_ SCRPSY
genes_toplot<-genes_toplot[!grepl("SCRPSY",genes_toplot$Well_Identifier),]

#create plot
dotplot = ggplot(genes_toplot, aes(x=Species,y=Percent_VirusGrowth, fill=Species))+
geom_dotplot(binaxis = "y",binwidth = 0.027,stackdir = "center",dotsize = 0.75, stroke = 0.5) +

geom_text_repel(aes(label=ifelse(zscore<threshold_growth_to_be_antiviral,as.character(GeneName),")),size=2.5,color="bl
ack", max.overlaps = 20)+
scale_y_continuous(trans = "log10", breaks = c(1, 10, 100, 1000))+
labs(title=paste("OC43 Screen"), x = "Species", y = "Normalised Infection (%)") +
scale_x_discrete(limits=c("Human", "Macaque", "Cow", "Mouse", "Rhinolophus affinis", "Rhinolophus sinicus")) +
theme_classic() +
theme(panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
# panel.background = element_rect(fill = "white", color = "black"),
legend.position = "none")+
scale_fill_manual(name = "Species",
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values = c("blue", "skyblue", "deepskyblue”, "purple”, "yellow", "springgreen"))

#save dotplot as pdf
ggsave(paste(experiment_folder,"_scatterplot.pdf"),
width = 20, height = 20, units = "cm")

#show dotplot
dotplot

#Transduction Plot
dotplot_transduction = ggplot(genes_toplot, aes(x=Species,y=Percent_transduction, fill=Species))+
geom_dotplot(binaxis = "y",binwidth = 0.027,stackdir = "center",dotsize = 0.75, stroke = 0.5) +
#geom_text_repel(aes(label=ifelse(Percent_transduction<10,as.character(GeneName),")), size=1, color="black",
max.overlaps = 30) +
scale_y_continuous(trans = "log10", breaks = c(0.01, 0.1 ,1, 10, 100))+
labs(title=paste("OC43 Screen"), x = "Species", y = "Transduction (%)") +
scale_x_discrete(limits=c("Human", "Macaque", "Cow", "Mouse", "Rhinolophus affinis", "Rhinolophus sinicus")) +
theme_classic() +
theme(panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
legend.position = "none")+
scale_fill_manual(name = "Species",
values = c("red", "sienna1", "orangered", "tomato", "yellow", "orange"))

#save dotplot as pdf
ggsave(paste(experiment_folder,"_scatterplot_transduction.pdf"),
width = 20, height = 20, units = "cm")

#show dotplot
dotplot_transduction

#low % transduction genes

low_transduction <- subset(Final_table, Percent_transduction < 10)
low_transduction <- low_transduction[!grepl("Virus",low_transduction$GeneName),]
low_transduction<-low_transduction[!grepl("Cells ",low_transduction$GeneName),]

##### Plot Genes with > 10% Transduction Efficiency
genes_toplot_10 <- subset(genes_toplot, Percent_transduction > 10)

#create plot
dotplot_10t <- ggplot(genes_toplot_10, aes(x=Species,y=Percent_VirusGrowth, fill=Species))+
geom_dotplot(binaxis = "y",binwidth = 0.030,stackdir = "center",dotsize = 0.75, stroke = 0.5) +

geom_text_repel(aes(label=ifelse(zscore<threshold_growth_to_be_antiviral,as.character(GeneName),")),size=3,color="blac
k", max.overlaps = 20)+
scale_y_continuous(trans = "log10", breaks = c(1, 10, 100, 1000))+
labs(title=paste("OC43 Screen"), x = "Species", y = "Normalised Infection (%)") +
scale_x_discrete(limits=c("Human", "Macaque", "Cow", "Mouse", "Rhinolophus affinis", "Rhinolophus sinicus")) +
theme_classic() +
theme(panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
# panel.background = element_rect(fill = "white", color = "black"),
legend.position = "none", axis.title = element_text(size = 16),
axis.text = element_text(size = 12))+
scale_fill_manual(name = "Species",

values = c("blue", "skyblue", "deepskyblue", "purple"”, "yellow", "springgreen1"))

#save dotplot as pdf
ggsave(paste(experiment_folder,"_scatterplot_transduction10.pdf"),
width = 20, height = 20, units = "cm")

emf("_dotplot_transduction10.emf",
height=10, width=15)

print(dotplot_10t)

dev.off()

#show dotplot
dotplot_10t
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