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Abstract

Influenza A (IAV) and SARs-CoV-2 are important respiratory viruses causing widespread
infections and mortality. The severity of both viruses is dependent on the host immune
response. Recent work has implicated specific single nucleotide polymorphisms (SNPs) in
the interferon induced transmembrane protein 3 (IFITM3) gene with increased severity of
IAV and SARs-CoV-2 in humans and mice. IFITM3 has been shown to restrict Influenza
infection through modulation of endosomal membrane cholesterol concentration, inhibiting
key viral fusion processes. Recently, our laboratory has shown that ATG16L1, a protein
normally associated with autophagy, is protective against Influenza infection in mice.
Transgenic mice expressing a truncated ATG16L1 protein lacking the WD domain (AWD)

show increased Influenza pathology and virus fusion efficiency.

Non-canonical roles of the ATG16L1 WD domain may include damaged plasma membrane
repair through lysosomal exocytosis of cholesterol. I hypothesise that changes in membrane
cholesterol composition may increase virus fusion. ATG16L1 WD truncation is thought to
occur in the human SNP rs2241880 (T300A), which creates a caspase 3 cleavage site

upstream of the WD domain.

To examine if SNPs in [IFITM3 and ATG16L1 modulate respiratory virus infection, I
investigated if nasopharyngeal swabs from patients could be used to isolate DNA for host
SNP analysis at point of care. This would provide clinicians with rapid predictive insight into
patient prognosis following viral diagnosis. Nucleic acids from a Norfolk cohort of
volunteers previously diagnosed with Covid-19 were extracted using both NHS diagnostic

platforms and lab methods for SNP analysis.

The Norfolk cohort had SNP allelic frequencies of IFITM3 rs12252, rs34481144 and
ATGI16L1 T300A consistent with European populations. DNA isolated from clinical swabs

can be used for SNP genotyping during the diagnostic process.
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Through in vitro experimentation, I have shown that deletion of the ATG16L.1 WD domain
modulates intracellular cholesterol transport to the plasma membrane. The intracellular
distribution of cholesterol, phosphatidylserine (PS), and IFITM3 was characterised using
immunostaining with fluorescent probes and subcellular fractionation, followed by
biochemical analysis of cholesterol and protein distribution. In AWD MEFs there was
enhanced intracellular accumulation of cholesterol, together with PS and IFITM3, in Rab7
positive late endosomes. There was lower cholesterol in the plasma membranes of AWD
brains and AWD MEFs, which also displayed reduced PS in the plasma membrane.
Treatment with T0901317 drug, which induces efflux of cholesterol from endosomes,
reversed cholesterol and PS accumulation in late endosomes of AWD MEFs. However, there
was no effect on IFITM3 localisation. T0901317 treatment normalised plasma membrane
cholesterol concentrations of AWD MEFs and brains, and restored PS in the plasma
membrane of AWD MEFs. This research shows a novel role for ATG16L1 in lipid transport
and may explain increased susceptibility to viral infection observed in mice lacking the

ATG16L1 WD domain.
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Chapter 1: Introduction

In this thesis, I will characterise the effect of single nucleotide polymorphisms (SNPs) in two
innate immunity genes, [IFTM3 and ATG16L1, during both influenza and coronavirus
infection. Here, I will discuss the replication cycles of Influenza A (IAV) and SARs-CoV-2,
the innate immune responses against these pathogens, and how dysregulation of immune
processes contributes to virus induced mortality. Following this, I will describe the functions
of innate immunity genes IFITM3 and ATG16L1 in anti-viral defence. Finally, I will explore
the role of both IFITM3 and ATG16L1 in cholesterol homeostasis, which, when perturbed,

may contribute to enhanced viral infection severity.

1.1. The influenza virus: Introduction

Influenza is a common viral infection characterised by coughing, fatigue, and, in more
serious cases, a cytokine storm, unrestrained systemic inflammation leading to organ failure
and potential mortality (1). Individual outcomes depend on patient genetic makeup, with
recent discoveries determining that variants of specific human genes contribute to overall
enhancements in influenza severity. There are evolutionary pressures on the adaption of the
human genome to protect against viruses, with many examples of heritable factors playing a

role in viral infection severity (2).

Influenza infections are caused by influenza viruses, single stranded negative sense RNA
viruses comprising one of the five genera of Orthomyxoviruses (1). Currently, four subtypes
of influenza viruses have been characterised in humans, denoted as influenza A (IAV), B, C,
and D (3). Of these subtypes, IAV and influenza B circulate year-round, contributing to
seasonal epidemics during winter months across the globe. Of these circulating influenzas,
TAV accounts for 75% of all influenza infections globally (4). Data compiled by the world
health organisation (WHO) highlights influenzas global impact, with infection rates of one

billion individuals, 3-5 million severe cases, and approximately 300,000-500,000 infections

12



Chapter 1: Introduction

resulting in mortality per annum globally (3).

1.2. Viral proteins HA and NA regulate IAV strain tropisms

The IAV RNA genome is approximately 13.5kilobases (KB), divided into 8 segments which

account for 10 total viral proteins (5). The structure of a mature IAV virion is seen in figure 1.

PEI, PB2, PA
(RNA polymerase)

o il HA (hemagglutinin)

M2 (ion channel)

i
= Lipid bilayer

MNP (nucleocapsid protein)

Figure 1: Structure of mature Influenza A virus (IAV) virion, with key proteins and structures annotated. NEP=Nuclear
Export Protein. Figure adapted from Mtambo, et al (2021, MDPI) (6).

Of these 10 viral proteins, the critical regulators of IAV infectivity are the surface
glycoproteins haemagglutinin (HA) and neuraminidase (NA) (5). During IAV infection, HA
binds to sialic acid receptors on lung epithelial cell surfaces, prompting virus internalisation
and entry into the host cell (5). In contrast, NA cleaves sialic acid residues at the end of the
viral life cycle, allowing for newly formed virions to bud from the cell (5). Currently, there
are eighteen known HA protein (1-18) and eleven known NA protein (1-11) variants (5). [AV
strains are further sub-classified into serotypes based on their expressed variants of these

glycoproteins.

Influenza viruses are zoonotic pathogens, capable of infecting numerous species including

avian organisms, swine, and humans (5). AV strain host tropism is determined by the binding
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Chapter 1: Introduction

specificity of HA and NA proteins expressed by influenza strains (5). Avian influenzas are
characterised by preferential binding to a 2-3 sialic acid, which is expressed by most ciliated
epithelial cells within avian lungs (7). In contrast, all human influenza strains target o 2-6
sialic acid, expressed by non-alveolar cells in the upper respiratory tract (7). Despite humans
expressing 02-3 sialic acid in lower respiratory tract alveolar cells, the differing tropisms of
avian and human influenza viruses typically prevent human infection with avian influenza
and vice versa (7). Importantly, rare, and notable exceptions do occur, with incidents of
zoonotic avian influenza infection observed in humans (5, 8). However, in general, influenzas
must acquire mutations to gain capacity for infection of a new host species, with resulting

viral strains often pandemic risks (5,8).

1.3. Influenza A Virus: How pandemic strains emerge

The genetic alterations leading to changes in influenza host tropisms are induced through two
distinct mechanisms. First, tropism altering mutations can be acquired due to selective
pressure by host immune responses (5). As population antibody immunity builds against
specific Influenza strains, circulating strains undergo natural selective mutagenesis (8). This
process, known as antigenic drift, produces new virus variants capable of subverting antibody
detection through the introduction of antibody target modifying mutations (5) (Figure 2A).
The mutation rate for the Influenza virus RNA dependent RNA polymerase (RdRp) is
between 2.0x107 to 2.0x10™ mutations for each single nucleotide site during one round of
replication (9). This translates to a 2.0x10 probability of generating a single nucleotide
mutation that can increase a strains fitness (9). This individual probability is very low, but
with Influenza infections rates averaging 5-15% globally per annum, new Influenza variants
arise roughly every 3-5 years (9). If mutations occur in tropism regulatory structures, such as
HA, they can cause alterations in host tropism and infectivity, allowing for new targets for
which the virus will be completely novel (5). Typically, antigenic drift does not result in the
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generation of pandemic AV strains (5). Instead, antigenic drift is predominately responsible

for seasonal variation within circulating IAV (5).

ANTIGENIC DRIFT

Selective pressures leads to
emergence of new viral

mutants which can subvert ’\ \
immune responses .:\\\;
B Cotransfection with
Different IAV
Strains in Swine
Novel hybrid
’ - pandemic human
1AV with avian

characteristics

ANTIGENIC SHIFT

>

Genetic Recombination between
different |AV strains transfers viral
glycoproteins from one strain to
another, generating pandemic
viruses

Figure 2: Summary of mechanisms behind A) Antigenic Drift and B) Antigenic Shift. A) Immune system responses can induce
point mutations in Influenza regulatory proteins, altering viral infectivity. B) Wholesale transfer of genes between differing
strains of influenza during co-infection produces novel pandemic influenza strains. Figure produced using Biorender
premium.

Most pandemic strains of Influenza are caused by genetic reassortment between different
strains through antigenic shift (Figure 2B) (5). IAV antigenic shift is characterised by the
wholesale transfer of tropism regulatory proteins, such as HA and NA, from one AV strain to
another (5). This is possible due to IAVs segmented genome (5). For antigenic shift to occur,

a host organism must be infected with two differing strains of AV simultaneously (10). Co-
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infection with species specific IAV strains is generally not possible in humans and avian
organisms, due to their sole expression of 0.2-6 and 02-3 sialic acids on upper respiratory lung
epithelia respectively (10). However, other organisms, such as swine, can serve as mixing
vessels for IAV strains as they express both 02-3 and 02-6 sialic acid residues within their
upper respiratory tract (11). Upon co-infection in swine, differing IAV strains can recombine
entire genetic segments, generating novel viruses capable of infecting new target hosts (12).
In contrast to antigenic drift, antigenic shift has resulted in the generation of notorious
pandemic strains, including the 1918 Spanish HIN1 influenza, 1957 Asian H2N2 influenza,

and 2009 HIN1 swine influenza (5).

1.4. Influenza A Virus: Mechanisms of human infection

Human TAV infection begins with binding of glycoprotein HA to a2-6 sialic acid residues on
lung epithelial cell surfaces (13). Conjugation of viral HA to cell surface sialic acid induces
receptor mediated endocytosis of the virus (13). In principle, containment within endosomes
should restrict the virus by transfer to intracellular lysosomes for degradation (13). However,
like many viruses, IAV has developed mechanisms for endosomal escape, allowing the virus
to enter the cytoplasm and begin replication (13). In normal conditions, IAV HA exists as the
HAQO precursor glycoprotein comprised of the HAT1 sialic acid receptor binding domain and
the HA2 fusion peptide (13). During endocytosis, Vacuolar-ATPase (V-ATPase) is recruited
to the emerging endosome (13). V-ATPase serves as a membrane proton pump, acidifying the
endosome interior through the import of protons (13). In acidic conditions, the AV ion
channel protein M2 is activated, causing a conformational change in HAO which exposes the
HAZ2 fusion peptide (14). The acidification of the endosome promotes the viral core to an
uncoating competent state (15). A characteristic of uncoating is that the membrane envelope
of the virion undergoes structural change, becoming more pliable and predisposed for fusion
through impaired interactions between the M1 protein layer and membrane (15). When
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endosomal pH drops to approximately 5.5, the virus protein core is irreversibly softened (15).

Uncoating promotes dissociation of viral ribonucleoproteins (VRNPs) from their tethers,

compromising the integrity of the M1 coat (15). Once the protein core is softened, the

liberated HA2 fusion peptide inserts directly into the endosomal membrane (14). Upon

insertion, HA2 trimers fold back on themselves, bringing both viral and endosomal

membranes in proximity and allowing for both membranes to fuse together (Figure 3) (14).
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confirmational change induced via influenza brane fusion, allowing for the escape of
M2 ion channel exposes fusion peptide Influenza genetic material into the host cytoplasm
- L 5 »/"'] s *
Q Influenza Virus § ¢ Vacuolar ATPase Endosome T a2-6 Sialic Acid

’ Fusion Peptide @ Proton NN\ Influenza ARNA

Figure 3: Summary of molecular mechanisms behind Influenza A virus host cell internalisation and virus endosomal escape.
Figure produced using Biorender premium.

Through this fusion, [AV releases vVRNPs, comprised of IAV genomes bound to viral

nucleoproteins and a single viral polymerase complex, directly into the cell cytoplasm to

avoid lysosomal degradation (16).

17



Chapter 1: Introduction

From the cytoplasm, vRNPs are trafficked to the host nucleoplasm, the site of viral genome
replication, via the importin-a-importin-f3 nuclear import pathway (14). As the IAV genome is
negative sense, replication is a two-step process. First, viral RNA-dependent RNA
polymerase (RdRp) mediates transcription of positive sense complimentary RNA (cRNA),
which associates with newly synthesised nucleoproteins and viral polymerases to form
complimentary ribonucleoproteins (CRNPs) (14). cRNPs serve as replication intermediates,
producing further vRNPs through RdRp using complimentary positive strands as a template
(17). While replication is occurring, viral mRNA transcripts and subsequent viral proteins are

also produced (14).

IAV enters the final stages of its infectious life cycle after progeny production. IAV uses host
membranes to form novel infectious viral particles containing newly translated viral proteins
that bud from the cell (14). During the budding process, human IAV NA cleaves a 2-6 sialic
acid on the host cell plasma membrane, ensuring the progeny virus HA does not re-bind the
initial host cell (14). With this cleavage, IAV progeny virions freely detach from the cell,

infecting novel epithelial cells in which the viral replicative cycle can repeat (14).

1.5. SARS-CoV-2: Introduction

In December 2019, patients located in Wuhan, China began to present with a novel
coronavirus infection. This infection was characterised by pneumonia-like symptoms, as well
as further complications including severe acute respiratory failure and intense acute
respiratory distress syndrome (ARDS) (18). Through further analysis, this emergent
coronavirus was sequenced and identified as SARS-CoV-2, with its subsequent infectious
disease denoted as Covid-19. A mere month from its first observed infections, SARs-CoV-2
had spread to ten countries and the World Health Organisation (WHO) declared it a public

health emergency (18). Global cases soared from 200,000 in March 2020 to 21,294,845 in
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August of the same year (18). This sudden marked rise, combined with a global death toll of
761,799 in the same period, cemented SARs-CoV-2 as a preeminent modern global pandemic

virus (18).

SARs-CoV-2 is a 30kb single stranded positive sense RNA virus in the betacoronavirus
family, the same subgenus as severe acute respiratory syndrome coronavirus (SARs-CoV)
and middle east respiratory syndrome coronavirus (MERS-CoV) (19). The SARs-CoV-2
genome is subdivided into two major open readings frame (ORF1A and ORF1B), encoding
16 non-structural proteins (NSPs), and an additional four structural proteins, denoted spike,
envelope, membrane, and nucleocapsid proteins (20). The SARs-CoV-2 genome also includes
10 accessory proteins (orf3a, orf3b, orf3c, orf3d, orf6, orf7a, orf7b, orf8, orf9b, orfc, orf10),
which are embedded between structural proteins (Figure 4A) (20). The structure of a mature

SARs-CoV-2 viral particle, with key proteins annotated, is observed in figure 4B.
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Figure 44: Annotated diagram of the full SARs-CoV-2 genome, including all non-structural proteins (NSPs), structural
proteins, and accessory proteins. Adapted from Redondo et al (2021, Frontiers In Immunology) (21). 4B) Mature SARs-CoV-
2 virion with location of key proteins annotated. Figure adapted from Lo ai et al (2020, Pathogens) (22).
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Detrimental health effects of Covid-19 vary tremendously on an individual basis. In the most
extreme cases, Covid-19 leads to ARDS, characterised by systemic multi-organ inflammation
which damages patient lungs, heart, and gastrointestinal tract (23). The summation of these
effects can lead to patient mortality, with Covid-19 demonstrating a peak lethality rate of
14.5% in Italy during the pandemic, and a global average fatality rate of 0.7% as of June
2023 (24,25). Contrasting frequent aggressive lethal infections, SARs-CoV-2 is also uniquely
characterised by high rates of asymptomatic infections, with approximately 17% or greater of

patients expressing no discernible symptoms upon infection (26).

1.6. SARS-CoV-2: Infection and replication pathway

To begin infection, the SARs-CoV-2 surface spike glycoprotein bind angiotensin-converting
enzyme 2 (ACE2) on upper respiratory lung epithelial cells (27). The SARs-CoV-2 spike
protein is comprised of two functionally distinct subunits, S1 and S2 (27). During virion
maturation, the S1-S2 boundary is cleaved by cellular protease Furin, an essential prerequisite
(27). Post cleavage, the spike S1 subunit is extracellularly exposed, allowing for attachment
of the virus to ACE2 via an intrinsic receptor binding domain (27). In contrast, the
transmembrane S2 subunit serves to facilitate viral fusion with host membranes, mediating

transfer of viral nucleic acid into the cytoplasm (27).

Upon spike S1 subunit binding to ACE2, a conformational change exposes the spike S2
subunit (28). It is important to note that exposure of the S2 domain is dependent on previous
furin cleavage of the S1-S2 boundary, with non-cleaved spike proteins fusion incompetent

(28).

SARs-CoV-2 undergoes viral fusion both directly at the plasma membrane and within
endosomes. The entry route SARs-CoV-2 utilises to gain cell entry is dependent on the

presence of type Il transmembrane protein transmembrane protease, serine 2 (TMPRSSS2) in
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proximity to the ACE2 binding site. If TMPRSS2 is absent, SARs-CoV-2 is internalised
within endosomal structures (27). Acidification of the endosomal compartment activates
Cathepsin L (28). Cathepsin L is a host cysteine lysosomal protease which typically degrades
endocytosed pathogens (28). However, cathepsin L also cleaves the S2 subunit of spike
protein, exposing the fusion peptide, and inducing SARs-CoV-2/endosome membrane fusion
(28). This fusion allows for SARs-CoV-2 viral RNA to be released into the cytoplasm,

avoiding degradation in lysosomes (Figure 5A) (28).

(A) Endocytosis (B) Membrane fusion

Cell membrane ’/— % /-‘ ge

I I
@ Host cell
Cytoplasm

r T 1

SARS-CoV-2 Viral RNA Vesicle Spike protein ACE2 TMPRSS2 CathepsinL

Figure 5: A) Endocytic pathway of SARs-CoV-2 entry. SARs-CoV-2 binds cell membrane ACE2 and is internalised in the
absence of TMPRSS?2. Cathepsin L within endosomes cleaves the Spike S2 subunit, allowing for the release of viral RNA into
the cell cytoplasm. B) Direct plasma membrane fusion entry pathway of SARs-CoV-2. When TMPRSS? is in proximity to
SARs-CoV-2 bound ACE 2 receptors, TMPRSS?2 cleaves the S2 subunit, allowing for direct fusion of the SARs-CoV-2
membrane with the host plasma membrane, transporting viral RNA into the host cytoplasm. Figure adapted from Pislar et al
(2020, PLoS Pathogens) (29).

If TMPRSS?2 is in proximity to the ACE2 bound SARs-CoV-2 particle, SARs-CoV-2 can

instead fuse directly at the cell surface plasma membrane (27). TMPRSS2 cleaves the S2
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subunit and exposes the fusion peptide, allowing for direct fusion between SARs-CoV-2 viral
membranes and host plasma membranes (27). SARs-CoV-2 nucleic acids are then released

directly into the cytoplasm, where viral protein synthesis and replication occurs (Figure 5B).

The SARs-CoV-2 genome is characterised by the presence of a 5’ cap and 3’ poly A tail, a
characteristic shared by host mRNA (30). Through this, single stranded positive SARs-CoV-2
genomic RNA is translated directly by host ribosomes, producing two distinct polyproteins
(pp), ppla and pplb, derived from ORF1a and ORF1b respectively (27). From ppla and
pplb,16 total NSPs (1-16) are produced through cleavage activity of NSP3 and NSP5 (27).
Liberated NSP1 blocks host translation machinery, preventing production of immune-
modulatory proteins (27). The remaining NSPs (2-16) serve to form the SARs-CoV-2
replication transcription complex (RTC), where viral RNA replicates through activity of NSP
derived RdRp (27). For replication, RARp generates a complimentary negative sense RNA,

which is used as a template to produce genomic SARs-CoV-2 RNA (27).

Newly generated SARs-CoV-2 genomic RNA interacts with cytoplasmic N-protein,
condensing the SARs-CoV-2 genome (31). Condensed genomic viral RNA and newly
synthesised viral proteins are translocated to the endoplasmic reticulum, converging together
in the endoplasmic reticulum-golgi intermediate compartment (ERGIC) (32). In the ERGIC,
viral nucleic acid in the nucleocapsid configuration is combined with SARs-CoV-2 structural
proteins, producing infective virions (32). Newly generated virions are exported from the cell
via exocytosis (32). During this trafficking process, it is thought the SARs-CoV-2 surface
spike glycoprotein is cleaved by Furin, allowing for progeny to reinitiate virus cell entry and
subsequent replication in uninfected host cells (33). A full summary of the SARs-CoV-2

replicative cycle is seen in figure 6.
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Figure 6: Full summary of the SARs-CoV-2 cell entry using TMPRSS?2, replication, and budding process. Figure adapted

from V’kovski et al. (2021, Nature Reviews Microbiology)(27).

1.7. Human innate immune responses against RNA viruses

Influenza and Covid-19 infection and replication cycles lead to host cell damage and

immunogenic death. To defend against viral infections, hosts rely on antiviral molecules

produced by the immune system. The goal of the immune system is the efficient containment

and clearance of viral particles. Human immune responses are both innate and adaptive. Here,

I will only discuss innate immune responses against viruses. Host innate immune responses

begin with the recognition of pathogen associated molecular patterns (PAMPs) by pattern

recognition receptors (PRRs) within the host cell (34). There are multiple PRRs with unique
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specificity for various PAMPs produced during viral infection. Both IAV and SARs-CoV-2
are recognised by toll-like receptor 3 (TLR3), which detects double-stranded RNA (dsRNA)
in the endosome, and retinoic acid inducible gene I (RIG-I), which detects phosphorylated

single stranded RNA (ssRNA) duplexes in the cytoplasm (34).

In uninfected cells, TLR3s exist as monomers studding predominately endosomal membranes
(35). TLR3 on endosomes binds dsRNA via its extracellular domain, inducing dimerization
with other activated TLR3 receptors (35). Dimerised TLR3 recruits signalling transduction
molecule TIR-domain-containing adapter-inducing interferon-p (TRIF) to the endosomal
membrane, initiating a downstream inflammatory cascade (34). This cascade not only
promotes nuclear factor kappa-B (NF-kB) signalling, but also phosphorylation of interferon
regulatory factor 3 (IRF3) by tank binding kinase 1 (TBK1) (34) (Figure 7). Phosphorylation
of IRF3 induces self-dimerization, with resulting homodimers translocated to the cell nucleus
to induce expression of Type I interferon (IFN), inflammatory cytokines, and immune cell

recruiting chemokines (36).
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Figure 7: Summary of Toll like receptor 3 Signalling upon double stranded RNA detection in cells. TRIF= TIR-domain-
containing adapter-inducing interferon-fi, TBK1= Tank Binding Kinase 1, IRF3= Interferon Response Factor 3. Figure
produced using Biorender Premium.

RIG-I pathogen receptors are located within the cytosol (37). In its inactive state, RIG-I is in
a signalling repressed, closed confirmation (35). Upon interaction with cytoplasmic
phosphorylated viral ssRNA duplexes, the RIG-I helicase domain strongly binds RNA,
exposing RIG-I caspase activation and recruitment domains (CARD) (37). RIG-I1 CARD
domains promote downstream signalling, recruiting RIG-I to mitochondrial protein
membrane associated mitochondrial antiviral signalling protein (MAVS) through homotypic
CARD domain interactions (38). Post RIG-I binding, MAVs recruits and activates TNF
receptor-associated factor 3 (TRAF3) via an intrinsic TRAF interacting motif (38). In turn,
active TRAF3 activates TBK 1, which phosphorylates IRF3 (38). As described previously,

phosphorylated IRF3 self-dimerises and is translocated to the nucleus, promoting production

of IFN signalling molecules, cytokines, and chemokines (38) (figure 8).
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Figure 8: Summary of innate immunity /RIG-I signalling and its associated downstream processes. Figure produced using
Biorender premium.

Newly transcribed IFN signalling molecules are secreted from the cell, mediating auto and
paracrine activation of IFN signalling pathways within tissue (36). Extracellular IFN
molecules recognise cell surface heterodimeric receptor IFN o receptor (IFNaR) (39). Active
[FNoar mediates activation of the receptor bound intracellular proteins Janus kinase 1 (JAK1)
and tyrosine kinase 2 (TYK?2) (39). JAK1 and TYK2 phosphorylate intracellular signalling
factors signal transducer and activator of transcription (STAT) 1 and 2 (39). Phosphorylated
STAT1 forms dimers with phosphorylated STAT2, where it binds IRF9 to form IFN-
stimulated gene factor 3 (ISGF3) (39). ISGF3 is trafficked to the nucleus where it binds target
DNA sequences, termed interferon stimulated response elements (ISREs) (39). ISREs contain
multiple immune proteins denoted as IFN stimulated genes (ISGs) (39) (Figure 9). ISGs have

numerous immunomodulatory functions, ultimately serving to restrict viral infection (39).
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Therefore, IFN signalling mediates not only immune cell recruitment to sites of infection, but
also transcription of ISGs, proteins which confer protection against viral pathogens and

enhance their degradation (39).

IFNaR ™ o

ISG Transcription

Figure 9: Summary of IFN Receptor (IFNoR) signalling, which induces production of Interferon stimulated genes (ISGs).
JAKI= Janus Kinase 1, TYK2= Tyrosine Kinase 2, STAT1/2= Signal Transducer and Activator of Transcription 1/2, IRF9=
Interferon response factor 9, ISGF3= interferon Stimulated Gene Factor 3, ISRE= Interferon stimulated response element.
Figure produced using Biorender premium.

1.8. Modulation of the cytokine Storm by SNPs in innate immunity proteins

The immune response against viruses must be tightly regulated to avoid significant pathology
during viral infection. If viruses overcome innate anti-viral restriction processes, they will
become systemic, with newly produced viral particles transferred to new sites within the host
(40). Systemic viral infection leads to a host burden which promotes inflammatory signalling
at multiple sites (40). Although designed to restrict the pathogens, inflammation is also
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naturally destructive to host tissue (40). Therefore, prolonged elevated systemic inflammation
induced by viral infection, commonly referred to as a cytokine storm, can lead to widespread

multi organ damage which, if untreated, can be lethal (40).

Single nucleotide polymorphisms (SNP) are defined as single point mutations within genes
that are represented within specific populations at frequencies above 1% (41). Although often
functionally silent, SNPs can result in significant alterations in protein functionality or
expression. As the immune system is tightly regulated, slight variations induced by SNPs in
ISGs, or other immune-modulatory proteins, can lead to significant modulation of viral

infection severity.

To date, protein altering SNPs in TLR-3, RIG-I, IRF-7, IRF-9, IFITM3, IL-1B, IL-1A, TNF-
a, CCRS5, CD55, C1QBP, SFTPA2, Galectin 1, and TMPRSS2 have all been implicated in
enhanced severity of Influenza (42). A broad range of SNPs have also been correlated to
enhanced severity of Covid-19, with genome wide association studies implicating SNPs in
FOXP4, HLA-DPA2, PTPRS, TCF19, TYK2, OASI1, IFNAR2, IL10RB, ILI0ORB-AS1, and
IFITM3 as being overrepresented in severe Covid-19 cohorts (43,44). The capacity for SNPs
to modulate infection severity is not limited to respiratory viruses. SNPs in IL1B and TNF
have been shown to alter infection severity of Mycobacterium Tuberculosis in Chinese Han
and Tibetan populations (45). SNPs in TLRs are overrepresented in both chronic Hepatitis B
and C infections (46). Human immunodeficiency virus (HIV), which leads to acquired
immunodeficiency syndrome (AIDs), demonstrates altered infection severity in patients with
SNPs in ILI5SRA, TLR7, TRIMS, KIR2DL1, OAS1, and OAS2 (47). Finally, SNPs in OAS3,
Sulfatase 1, and IL-10 have been implicated in enhanced severity of human papilloma virus
(HPV) infection (48,49). The relationship between viral severity and SNP induced alterations
in protein function/expression is a well-studied field, with numerous examples of this

relationship available outside those listed.
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As part of my project, I characterised the effect of known and novel SNPs in IFITM3 and
ATGI16L1 in Influenza and Covid-19 infection susceptibility and severity. In the following
section, I will describe these proteins, their immunological role in viral restriction, and how

SNPs could perturb their functions and enhance infection severity.

1.9. IFITM3: Role in viral restriction

An essential ISG for the control of influenza and Covid-19 infection is interferon induced
transmembrane 3 (IFITM3) protein. IFITM3 is a transmembrane protein, encoding an N-
terminal domain, intermembrane domain, a conserved intracellular loop, a transmembrane
domain, and a C-terminal domain (50). The protein structure of IFITM3 within membranes
has remained elusive despite research within the field. Ling et al (2016, Nature) utilised
electron paramagnetic resonance in conjunction with nuclear magnetic resonance to
determine the structure of membrane bound IFITM3 (51). Ling et al proposed that IFITM3
was a type II transmembrane protein, with the conserved intracellular loop and N-terminal
domain localised in the interior, the intermembrane and transmembrane domain in the

membrane itself, and the C-terminal domain exposed to the exterior (figure 10).
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Figure 10: Predicted domain configuration of IFITM3 within cell membrane structures, as determined in Ling et al (2016,
Nature) (51). Figure produced using Biorender premium.

IFITM3 is localised to the plasma membrane and retained there through phosphorylation of a
regulatory N-terminal tyrosine (Y) 20 residue by Fyn kinase (52). Upon virus binding to
target cell surface receptors, the IFITM3 Y20 residue is dephosphorylated by a yet to be
characterised phosphatase (53). Liberation of the IFITM3 Y20 phosphorous exposes an
endocytic YEML domain, which is recognised by the p2 subunit of the endocytic AP-2
complex (54). IFITM3 also recruits V-ATPase, which is responsible for acidification of the
emerging endosomal structure (55). With both key complexes recruited to the site of infection
by IFITM3, the AP-2 complex mediates clathrin dependent endocytosis of the virus bound
receptor, V-ATPase, and IFITM3 into a distinct endosome (54). In endosomes lacking
IFITM3, acidification of the endosome by V-ATPase facilitates IAV M2 protein activation,
ultimately leading to fusion and release of viral nucleic acid into the host cytoplasm. IFITM3
serves to block the fusion of viral and host endosomal membranes, ensuring viral nucleic acid

is degraded within lysosomes (Figure 11) (54).
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Figure 11: IFITM3 expression retains viruses within endosomes, ensuring they are degraded by intracellular lysosomes.
Figure adapted from Chesarino et al (2014, Future Microbiology) (56).

IFITM3 directly binds endoplasmic reticulum (ER) protein VAMP-associated protein A
(VAPA) (57). In normal conditions, VAPAs FFAT domain is associated with the major sperm
protein domain of oxysterol binding protein (OSBP) (57). VAPA mediates transfer of
endoplasmic reticulum cholesterol to OSBP, which transfers cholesterol from the ER to
numerous subcellular sites (58). IFITM3 serves as a competitive agonist for VAPA, blocking
its interactions with OSBP (57). IFITM3 binding to VAPA promotes transfer of ER
cholesterol to endosomal membranes, enriching the endosomal membrane with cholesterol
(57). Cholesterol is a key regulator of membrane fluidity, with overaccumulation in
membranes enhancing overall membrane rigidity (59). The enhanced endosomal membrane
rigidity conferred by IFITM3 mediated cholesterol accumulation directly limits

virus/endosome fusion, ensuring endocytosed viral particles are retained and destroyed in the
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endolysosomal pathway (Figure 12) (57).
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Figure 12: Summary of mechanisms behind IFITM3 plasma membrane localisation, endocytosis, and endosomal cholesterol enrichment
utilised to restrict viral pathogen escape. Figure produced using Biorender premium.

The importance of IFITM3 in restriction of both AV and SARs-CoV-2 has been
demonstrated in mouse models. In Everitt et al (2012, Nature), IFITM3 KO mice were
infected with IAV. IFITM3 KO mice showed enhanced susceptibility to Influenza infection,
demonstrating increased weight loss, mortality, and viral titre as determined by mouse
embryonic fibroblast (MEF) plaque assays (60). Similarly, in Kenney et al (2023, EMBO
Journal), IFITM3 KO Mice were infected with SARs-CoV-2 (61). IFITM3 KO models
demonstrated enhanced weight loss, inflammatory cytokine expression, and viral lung
infiltration post SARs-CoV-2 infection (61). Therefore, IFITM3 serves as a critical viral

restriction factor for IAV and SARs-CoV-2.
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1.10. ATG16L1: Non-canonical functions

This project also analysed autophagy related sixteen like 1 (ATG16L1). ATG16L1 is an
essential protein in the autophagy pathway, comprised of a N-terminal ATGS5 binding domain,
coiled coil domain, linker region, and a C-terminal WD domain with seven WD40 repeats

(62) (Figure 13).

ATG16L1
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Figure 13: Schematic representation of ATG16L1 domain structure. Figure produced using Biorender Premium.

ATGI16L1 is denoted for its role in canonical autophagy, a mechanism for the targeted
degradation and recycling of cell components during periods of starvation or general cellular
homeostasis (63). All canonical autophagy processes are dependent on the ATGS5 binding
domain and coiled coil domain in conjunction (63). To date, no role for the WD domain has
been found in canonical autophagic processes (63). However, recent work has implicated the

WD domain in other essential cellular processes known as non-canonical autophagy (64).
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Non-canonical autophagy processes are diverse, ranging from anti-microbial peptide

exocytosis, membrane repair, intracellular trafficking of Rab6 and hormone secretion (Figure

14) (65).
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Figure 14: Non canonical autophagic functions include A) exocytosis of lysosomes containing anti-microbial peptides B) trafficking
cholesterol enriched lysosomes to damaged plasma membranes C) Facilitating Rab6 trafficking to TMEMS59 positive intracellular
compartments D) exocytosis and secretion of hormones. Figure adapted from Hamaoui et al (2022, The FEBS Journal) (65).

In this project, I will highlight two distinct non-canonical autophagy pathways that can

modulate viral infection and severity. The first of these processes is referred to as conjugation

of ATG/LC3 to endolysosomal single membranes (CASM) (66). In canonical autophagy,

ATG16L1 functions to recruit microtubule-associated protein 1A/1B-light chain 3 (LC3) to

emerging double membrane autophagosomes and lipidate it with phosphatidylethanolamine

(PE) (66). LC3 recruitment and lipidation with PE is essential for normal canonical

autophagy, recruiting proteins which leads to autophagosome fusion with lysosomes and

subsequent degradation of the engulfed substrate (66). Through direct interactions between

the ATG16L1 WD domain and V-ATPase, CASM allows for the recruitment and lipidation of

LC3 onto single membrane structures such as pathogen containing endosomes (67). This

process allows for enhanced trafficking of target single membrane structures to lysosomes,

enhancing degradation of incoming pathogens or other endocytosed molecules (67).
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Another non-canonical autophagy pathway that can modulate viral severity is lysosomal
exocytosis. In work by Tan et al (2018, Nature Microbiology) (68), a role for the ATG16L1
WD domain in membrane repair was elucidated. A common component of bacterial infection
within human cells is the utilisation of pore forming toxins (PFTs), small proteins that insert
into host plasma membranes and puncture them to promote ion imbalance and cell to cell
bacterial spread (68). Cells utilise rapid plasma membrane repair pathways to limit the
efficacy of PFT attack by incoming pathogens (68). Tan et al examined these rapid plasma
membrane repair pathways in the context of ATG16L1. Tan et al treated MEFs with PFT
Pneumolysin (Ply), derived from Streptococcus pneumoniae, and measured membrane
damage using a cell damage dependent nucleus stain, propidium iodide. ATG16L1 KO MEFs
demonstrated enhanced uptake of propidium iodide when treated with Ply. However, in
MEFs expressing an ATG16L1 variant lacking only the coiled coil domain, no significant
uptake of propidium iodide was observed. Therefore, ATG16L1 plasma membrane repair is
dependent on the WD domain. Tan et al identified the mechanism of ATG16L1 WD domain
dependent plasma membrane repair as lysosomal exocytosis. Lysosomal exocytosis is a
common plasma membrane repair pathway which replenishes surface lipids through
translocation and fusion of cholesterol enriched endolysosomal membranes to damaged
plasma membrane sites (68). Tan et al observed significant reductions in lysosome marker
LAMP1 localisation to Ply membrane damage sites in ATG16L1 KO MEFs relative to WT
controls. Therefore, knockout of ATG16L1 impaired translocation and fusion of

endolysosomal structures with damaged plasma membrane.
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As lysosomal exocytosis’s primary goal is to restore lipid balance at damaged membrane

sites, Tan et al characterised intracellular distribution of cholesterol within ATG16L1 mutant

MEFs. ATG16L1 KO MEFs displayed high intracellular concentrations of cholesterol,

indicating retention within subcellular compartments. This phenotype could be rescued

through transfection with full length ATG16L1 (Figure 15A), but not mutant variants lacking

the WD domain (Figure 15B). Therefore, aberration of the ATG16L.1 WD domain contributes

to impaired intracellular cholesterol trafficking and plasma membrane repair.
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Cholesterol laden late endosome fuses with lysosome,
destroying internalised virus. ATG16L1 recycles cholesterol
rich lysosome back to plasma membrane.
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Cholesterol laden late endosome fuses with lysosome, destroying
internalised virus. Truncated ATG16L1 cannot recycle cholesterol rich
lysosomes back to plasma membrane, resulting in accumulation of
intracellular cholesterol.

Figure 15: A) Full length ATG16L1 transfers cholesterol in enriched endolysosomes back to the plasma membrane, restoring
surface membrane lipid concentrations. B) Truncated ATG16L1 lacking the WD domain cannot translocate cholesterol
enriched endolysosomes to the surface membrane, resulting in reduced plasma membrane cholesterol concentrations and the
retention of cell lipids within subcellular structures. Figure produced using Biorender premium.

Aberrations in cholesterol and plasma membrane repair pathways can contribute to increased
viral susceptibility and severity through several mechanisms. The cholesterol composition of
plasma membranes is an essential regulator of the overall membrane’s integrity. Reductions
in cholesterol within the plasma membrane can compromise barrier integrity (69). Low
plasma membrane cholesterol could contribute to increased cell permeability, potentially

enhancing uptake of viral pathogens, and increasing cell viral loads (Figure 16A).

In addition to plasma membrane aberration, perturbed cholesterol homeostasis could also
inhibit endosomal viral restriction processes by IFITM3. IFITM3 utilises cholesterol to
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enhance rigidity of endosomal membranes, restricting viruses through blockade of
endosomal/viral membrane fusion (57). If intracellular cholesterol is not recycled, IFITM3
may not mediate recruitment of lipids to virus containing endosomes. Thus, dysregulation of
cholesterol homeostasis may inhibit the activity of ISGs which utilise cholesterol, enhancing

viral severity (Figure 16B).

Disruption in cholesterol trafficking exacerbates plasma B)
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Endosomes derived from d d plasma will have less
cholesterol and be leakier than their normal counterparts. Non-recycled
cholesterol in Lysosomes cannot be recruited to new endosomes, allowing
for increased fusions events and attenuation of IFITM3 antiviral properties.

Figure 16: A) Depleted plasma membrane cholesterol disrupts membrane integrity, enhancing overall permeability to
viruses. B) Endosomes derived from depleted cholesterol plasma membranes have reduced structural integrity, losing
capacity to prevent virus endosome escape through proteins such as IFITM3. Figure produced using Biorender premium.

1.11. ATG16L1 and IFITM3 SNPs can Modulate Viral Severity

ATGI16L1 and IFITM3 serve essential roles in restricting viruses within host organisms.
SNPs within these proteins have been implicated in enhanced severity of both Influenza and

Covid-19 disease. First, [ will summarise key virus modulating SNPs within IFITM3.

Two major SNPs located in IFITM3 and the IFITM3 promotor have been implicated in
enhanced severity of Influenza and Covid-19 infection. The first SNP is rs12252, a dominant
variant in Asian populations with an allelic frequency of 61.9% (70). The rs12252 IFITM3
variant is characterised by a silent thymidine to cysteine mutation at the 21%" N-terminal
serine residue. Although functionally silent, this mutation has been theorised to encode a
splice acceptor site, resulting in the production of an IFITM3 variant lacking the first N-
terminal 21 amino acids (71). rs12252 IFITM3 splice variants lack the essential regulatory

Y20 residue as well as a portion of its associated YEML endocytic motif, impairing IFITM3’s
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subcellular localisation (71). However, the true impact of the rs12252 SNP remains unknown,
with researchers yet to identify a truncated rs12252 IFITM3 variant in rs12252 homozygous

cell lines (72).

Despite the functional impact of rs12252 being controversial, it’s association with both severe
Influenza and Covid-19 disease is evident. Everitt et al (2012, Nature) (71) quantified
frequency of rs12252 in a population of 53 European individuals who required hospitalisation
during the 2009 HIN1 swine Influenza pandemic. Within a severe Influenza cohort, rs12252
homozygotes were significantly overrepresented, with an overall prevalence of 5.7%
contrasting the expected 0.3% frequency as determined by the European 1000 genomes
project (71) (Figure 17).

European 1000 Genomes Hospitalised patients

TC CC o C(g
6.7% [0.3% L 5.7%
TT TT
93% 86.8%
Allele T=0.966 Allele T =0.906

Frequency C =0.034 Frequency C =0.094

Figure 17: Frequency of rs12252 allele (C) genotypes compared to WT (T) in a representative European 1000 Genome
group and a patient cohort that were hospitalised due to Influenza infection. Figure adapted from Everritt et al (2012,
Nature) (71).

IFITM3 rs12252 has also been implicated in severe Covid-19. In Xu et al (2022, Viruses)
(73), the frequency of IFITM3 rs12252 was quantified in a cohort of 203 Covid-19 Chinese
patients. This cohort was subdivided based on infection severity, with 133 mild patients, 43

severe patients, and 27 patients in which Covid-19 was lethal. Although non-significant,
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rs12252 IFITM3 was overrepresented in both severe and fatal Covid-19, with allelic
frequencies of 58.1% and 59.3% compared to 41.9% and 40.7% respectively for the WT SNP
(73). Therefore, rs12252 IFITM3 is associated with enhanced severity of both Influenza and

Covid-19.

The next SNP I will examine is IFITM3 rs34481144. rs34481144 is characterised by a
guanine to adenine mutation within the promotor region of IFITM3. This SNP is most
prevalent within European populations, with an allelic frequency of 47.6% (74). The
mutation lies directly within the binding site of CCCTC-binding factor (CTCF), a
transcriptional repressor. Rs34481144 enhances CTCF binding to the IFITM3 promotor
region, reducing overall transcription of IFITM3 upon ISG induction (75). The impact of
rs34481144 on Influenza severity was analysed by Allen et al (2017, Nature Medicine) (75).
The frequency of rs34481144 in 3 distinct severe Influenza patient cohorts was quantified and
compared to equivalent mild Influenza infection cohorts. In all examined cohorts, rs34481144
was overrepresented in severe infections relative to mild (Figure 18) (75). Additionally,
rs34481144 IFITM3 has also been implicated in enhanced severity of Covid-19. Cuesta-
Llanova et al (2021, Current research in Virology) (76) quantified the frequency of
rs34481144 in both a hospitalised Covid-19 cohort (482 patients) and healthy age matched
controls (182 volunteers). Patients homozygous for rs34481144 IFITM3 were significantly

overrepresented in hospitalised Covid-19 patients (76).
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naturally
acquired

influenza infection
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Genentech
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n =265

Figure 18: Frequency of IFITM3 rs34481144 Homozygotes (AA), heterozygotes (AG), and WT homozygotes (GG) in severe
and mild cohorts of Influenza patients. 3 distinct patient cohorts are graphed: FLU09 (N=86), Genetech Challenge study
(N=42), Multicenter PICFlu critically ill children (N=265). Figure adapted from Allen et al (2017, Nature Medicine) (75).

Finally, I also examined rs2241880 ATG16L1 (T300A). The T300A SNP is characterised by
an adenine to guanine point mutation at the 300" amino acid of ATG16L1, converting a
threonine amino acid residue to alanine (77). The T300A mutation is most prevalent in
European populations, with an allelic frequency of 52.6% (77). This mutation, located
directly within the ATG16L1 linker region, is thought to generate a caspase 3 cleavage site
(78). Caspase 3 cleavage at T300A is thought to result in ATG16L1 proteins that lack the C-
terminal WD domain (78). T300A is a well-established risk factor for inflammatory bowel

disorders such as Crohn’s disease (78). In Tsianos et al (2020, Annals of Gastroenterology)
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the frequency of T300A was quantified in Greek cohorts of 108 Crohn’s disease patients and
223 healthy blood donors (79). T300A was significantly overrepresented in Crohn’s disease
cohorts (64.4%) relative to healthy donor controls (55.4%) (Figure 19) (79). Additionally,
T300A homozygotes were significantly more prevalent in the Crohn’s disease cohort (39%)
than healthy controls (30%) (79). T300A has been implicated in enhanced intestinal
expression of inflammatory markers such as IL-18, as well as decreased clearance of
pathosymbionts in the ileal mucosa (80,81,82). Although contributing to increased risk of
Crohn’s disease, T300A can also be protective, with correlations to enhanced survival rates in

colorectal cancer patients (83).
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Figure 19: A) Allelic frequency of rs2241880 (T3004) ATG16L1 in control (N=223) and Crohn s disease (N=108) cohorts.
B) Genotype frequency of T3004 ATG16L1 in control and Crohn's disease cohorts. Figure produced with data derived from
Tsianos et al (2020, Annals of Gastroenterology) (79).

41



Chapter 1: Introduction

In novel research, our laboratory has implicated T300A ATG16L1 in enhanced severity of
Influenza infection. Our laboratory has worked to assess the impact of non-canonical
autophagy, dependent on the ATG16L.1 WD domain, in the context of Influenza infection. As
T300A is thought to result in truncation of the ATG16L1 WD domain, our laboratory
generated a T300A mimic mouse model expressing an ATG16L1 protein lacking the WD
domain (AWD) and infected them with IAV (84). Pre-infection, the AWD mutation conferred
no deleterious health effects on mice, with no detectable alterations in autophagic processes
or general tissue homeostasis (84). Following Influenza infection, AWD mice had
significantly enhanced weight loss (Figure 20A), lung viral titre (Figure 20C), and lung viral
infiltration as determined by histological staining (Figure 20D) (84). In addition, AWD mice
showed elevated expression of inflammatory markers ISG15, IFIT1, IL-1B, TNF-a, CXCLI,
and CCL2 relative to WT controls (Figure 20E) (84). The summation of these disparities
meant AWD mouse had significant decreases in overall survival post Influenza infection
(Figure 20B), demonstrating a role for the ATG16L1 WD domain in protection against [AV

(84).

The impact of T300A has yet to be characterised in human populations infected with either
Influenza or Covid-19. As T300A has been previously associated with inflammatory
disorders in humans, I theorise that T300A could also enhance inflammatory processes during

Influenza and Covid-19 infections.
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Figure 20: AWD Mice infected with influenza A demonstrate A) enhanced weight loss, B) decreased percentage survival, C)
enhanced Influenza virus titres in lungs compared to WT controls. D) Histological staining of AWD mice lungs post influenzas A
infection show enhanced viral infiltration relative to WT controls. E) AWD mice demonstrate a prolonged elevation in
inflammatory marker (ISG15, IFITI, IL-1B, TNF-0, CXCLI, and CCL2/MCP-1) when compared to WT controls following
influenza A infection. Figure adapted from Wang et al (2021, EMBO Journal) (84).
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1.12. Membrane cholesterol regulates IAV and SARs-CoV-2 infectivity

Cholesterol is an essential lipid, characterised by a hydrocarbon tail, a central sterol nucleus

comprised of four hydrophobic carbon rings, and a hydroxyl group (Figure 21).

Figure 21: Chemical composition and structure of cholesterol. Figure adapted from PubChem (2021) (85).

Cholesterol is a multifunctional lipid, involved in numerous essential processes including
hormone production and embryonic development (86). However, cholesterol’s major function
is the regulation of cellular membranes, with most cellular active cholesterol (90%) located in
the plasma membrane (87,88). Cellular plasma membranes are defined by their dynamism,
forming a semi-permeable liquid barrier which also maintains an overall rigidity that clearly

separates intracellular content from extracellular conditions (86).

Cell cholesterol can be derived through two distinct processes. The first, de novo cholesterol
biosynthesis, allows cells to self-generate cholesterol through anabolic activity during
cholesterol depleted states (88). This process occurs almost exclusively within the liver,
where cholesterol is esterified and exported as low-density lipoproteins (LDL) to new tissue

via the bloodstream (88). Most tissue derives cholesterol through the second process: direct
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uptake, internalisation, and processing of circulating LDL in the bloodstream (88).

In cholesterol depleted states, cells express cholesterol regulatory transcription factor sterol
regulatory element-binding protein 2 (SREBP2) (88). SREBP2 expression promotes
production and translocation of LDL receptor (LDLR) to the cell surface plasma membrane,
where it binds circulating LDL in the bloodstream (88). Following LDL/LDLR binding,
endocytic adaptors are recruited to LDLR via a cytoplasmic NPxY motif, promoting receptor
endocytosis (88). During internalisation, acidification of the endosomal interior dissociates
LDLR from bound LDL, with LDLR subsequently recycled back to the plasma membrane or
retained and destroyed through lysosomal activity (88). Unbound LDL progresses through the
endolysosomal pathway, where it is eventually degraded into constitutive cholesterol by
lysosomal acid lipases (88). Derived cholesterol is exported from lysosomes through activity
of proteins Neumann pick C1 (NPC1) and NPC2 (89). Cholesterol is first bound by NPC2,
which traffics cholesterol to the N-terminus of lysosomal membrane bound NPC1 (89,90).
NPCI1 serves as a cholesterol translocator, shuttling cholesterol from the lysosome interior to
cytoplasmic OSBP, which subsequently transfers cholesterol to further intracellular sites (90)

(Figure 22).
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Figure 22: A) In low cholesterol states, cells upregulate SREBP?2 signalling, facilitating trafficking of the low-density
lipoprotein receptor (LDLR) to the cell surface. B) Surface LDLR binds circulating low density lipoprotein (LDL), which is
subsequently endocytosed. C) Endosome acidification facilitates dissociation of LDL from LDLR, which can be recycled or
degraded. D) dissociated LDL is trafficked to a lysosome, where acid lipases facilitate degradation of LDL into constitutive
cholesterol. E) Dissociated cholesterol is bound by Neumann pick C-2 (NPC2), which transfer cholesterol to lysosomal
membrane protein NPCI1. F) NPCI exports cholesterol from the lysosome, where it is bound by cytoplasmic oxysterol
binding protein (OSBP), which transfers cholesterol to further cellular sites. Figure produced using Biorender premium.
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The dynamic structure of cellular membranes is due to their enriched cholesterol
concentrations, which regulate the structures overall fluidity. Within the plasma membrane,
hydrophobic cholesterol is nonrandomly co-packaged with sphingolipids and
glycosylphosphatidylinositol anchored proteins, forming distinct, dynamic microdomains
known as lipid rafts within the membrane (86,91). Lipid rafts, characterised as liquid ordered
phases of the membrane, are involved in multiple processes, including intramembrane protein

function, signal transduction, and host/virus interactions (86).

The role lipid rafts play during viral infection is complex. To date, multiple studies have
implicated lipid rafts in both IAV internalisation and subsequent progeny assembly and
budding post replication (92,93,94,95). The importance of plasma membrane cholesterol
during Influenza infection was examined by Barman et al (2007, Journal of Virology) (96).
Barman et al treated Madine-Darby Canine Kidney cells (MDCKs) with methyl-$-
cyclodextrin (MBCD) and infected them with IAV. MBCD is a well-established cyclic
oligosaccharide heptamer which can bind and sequester cholesterol within the plasma
membrane, serving a depletory function which is well characterised within literature
(97,98,99). Plasma membrane cholesterol depletion in MDCKs significantly increased IAV
viral titre and enhanced virus budding during early infection (96). However, further analysis
determined that virions derived from cholesterol depleted models had overall reduced
infectivity compared to controls (97). These results support a role for reduced plasma
membrane cholesterol in enhanced IAV titre, although the infectivity of progeny may be
reduced (97). In addition to TAV, lipid rafts have also been implicated in SARs-CoV-2 cell

entry (100,101,102).

47



Chapter 1: Introduction

1.13. Loss of the ATG16L.1 WD domain enhances IAV infiltration at both plasma
and endosomal membrane sites

As it’s depletion enhanced TAV titre, plasma membrane cholesterol could serve a protective
role against incoming pathogens. Tan et al (Nature Microbiology, 2018) implicated loss of the
ATGI16L1 WD domain in defective plasma membrane repair and increased spread of Listeria
monocytogenes (68). As the lysosomal exocytosis pathway transits intracellular cholesterol to
the surface membrane, these results demonstrate an important role for plasma membrane

cholesterol in attenuation of infection.

In yet to be published research, Griffith & Bone et al have demonstrated that AWD mouse
models have significantly higher rates of [AV fusion at both plasma and endosomal
membranes. Additionally, the AWD mutation significantly increases intracellular viral

nucleoprotein in mice following [AV infection.

1.14. The ATG16L1 WD domain may alter membrane cholesterol to enhance
viral infectivity

In this thesis, I propose that loss of the ATG16L1 WD domain enhances viral severity through
inhibition of intracellular cholesterol trafficking to the plasma membrane. I hypothesise that
loss of the ATG16L1 WD domain disrupts lysosomal exocytosis, depleting plasma membrane
cholesterol, increasing virus internalisation and endosome escape, and inhibiting IFITM3
virus restriction. Given T300A is thought to induce WD domain cleavage, T300A may impact

human viral infection severity.

48



Chapter 1: Introduction

1.15. Current diagnostics for IAV and SARs-CoV-2 do not analyse patient SNPs

The capacity for SNPs to modulate viral infectivity and severity is well defined for multiple
differing viruses and bacterium. Despite this, genetic testing for SNPs during infection

diagnostic processes is uncommon.

Current diagnostic methodology for both SARs-CoV-2 and IAV relies on whole nucleic acid
extraction, enrichment for viral proteins (PCR etc.), and assays for quantitation of viral
targets. During nucleic acid extraction, both host and viral genetic material is isolated from

samples. Human genetic material is often used exclusively as a positive control.

We suggest that direct sequencing of hosts SNPs during the diagnostic process can provide
predictive insights into patient prognosis, improving overall healthcare. A major challenge in
predicting host prognosis post viral infection is the multi-variable outcomes seen across the
population. This issue is particularly evident following Covid-19 diagnosis, with outcomes
ranging from mortality to asymptomatic infection. By screening for SNPs that can
significantly impact viral severity, clinicians could identify high risk patients at the point of
diagnosis, allowing for anti-viral treatments to be initiated earlier. As anti-viral drugs, such as
neuraminidase inhibitors, show maximal efficiency early in infections, this information
would improve patient outcomes, mitigating risk of serious pathology developing. As a result,
patients would be retained within hospital care for significantly shorter periods, enhancing

patient turnover and reducing public health spending.

1.16. Conclusions

In this thesis, I will examine prevalence of known disease modulating IFITM3 SNPs and the
novel ATG16L1 T300A SNP in a Norfolk cohort of Influenza and Covid-19 patients. Patients
will be grouped into two distinct categories based on the severity of their infection: severe

and mild, with frequency of each SNP recorded within the cohort. Through this comparative
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analysis, we will be able to determine if T300A, like rs12252 and rs34481144, contributes to
significant enhancements in viral severity. Additionally, I will determine the molecular
mechanism of enhanced Influenza severity observed in mouse models lacking the ATG16L1

WD domain, with an emphasis on cholesterol.

Through these investigations, I hope to not only identify distinct biological mechanisms
behind WD domain protection against viruses, but also establish SNP testing during the
diagnostic process as a viable method of predicting patient prognosis post diagnosis. By
demonstrating the viability of SNP diagnostic testing, I hope to lay fundamental groundwork
for the incorporation of simultaneous host SNP screening alongside viral diagnostics, an
evolution on current processes which would improve viral health care, increase patient

turnover, and save the health services significant capital.
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Specific Aims
1. To explore current diagnostic platforms in NNUH Clinical Microbiology used to

isolate patient DNA from nasopharyngeal swabs during respiratory virus diagnostics.

o To describe innovations and adaptions in diagnostic technology/methodology
during the Covid-19 pandemic.

2. To analyse DNA from clinical swabs for human innate immunity genes that increase
viral severity.

o To Characterise specific human SNP in two important innate genes, IFITM3
and ATG16L1, that have been linked to enhanced Influenza and Covid-19 in
humans and mice.

3. To investigate mechanisms for increased Influenza susceptibility and severity
observed in transgenic mice expressing an ATG16L1 variant lacking the WD domain.

o To investigate the non-canonical role of the ATG16L1 WD domain in
regulating cholesterol transport.

o Perform biochemical investigations to elucidate the effect of the ATG16L1
WD domain on localisation of cholesterol, phosphatidylserine, and IFITM3

distribution.
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2.1. Introduction

The initial aim of this project was to evaluate capacity in Norfolk and Norwich University
Hospital (NNUH) for rapid genotyping of patient SNP regions that can modulate severity to
Influenza. The goal of this investigation was to assess the feasibility of incorporating rapid
genetic testing into viral diagnostic platforms to provide predictive insight into patient

prognosis at point of care.

The emergence of the Covid-19 pandemic in 2020 provided an opportunity to gain insights
into the platforms used for respiratory virus diagnosis within NHS clinical microbiology
departments. During the pandemic, I worked as a temporary biomedical scientist in NNUH
clinical microbiology under the supervision of virology consultants Emma Meader and Samir
Dervisevic. Additionally, I was also involved in the Covid-19 Genomics UK Consortium
(COG-UK) with Justin O’Grady at the Quadram Institute of Biosciences (QIB). COG-UK
was a collaborative effort initiated and funded by the UK government, with the goal of
sequencing full SARs-CoV-2 viral genomes derived from patient clinical samples across the

country to investigate and track viral mutations and emerging variants.

From 2020 until mid-2021, all NHS patients, regardless of reason for admittance, were
required to undergo Covid-19 testing on hospital admission, every 3 subsequent days of their
hospital stay, and at discharge. Although essential for controlling the spread of SARS-CoV-2
within the hospital, this policy, combined with outside testing including NHS drive through
stations and care-home swabbing, resulted in a very high volume of patient samples for
processing. This increase was particularly steep within NNUH clinical microbiology, which
not only serves as the diagnostic base of the NNUH itself, but also processes all
microbiological samples from local care homes, Queen Elizabeth UH (Kings Lynn), and

James Paget UH (Great Yarmouth). This resulted in thousands of samples being processed by
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NNUH clinical microbiology daily. Additionally, the sheer volume of diagnostic tests
required represented a significant financial burden. In this chapter, I will describe steps taken
by the NNUH microbiology department to increase capacity throughout the pandemic and

mitigate associated diagnostic costs.

SARs-CoV-2 has a transmission rate of 1:2, with an infected individual predicted to transmit
the infection to an average of two people (103). Despite causing serious, persistent, and even
mortal illness in many individuals, SARS-CoV-2 can also result in asymptomatic infection
(26). Currently, it is predicted 17%, or greater, of Covid-19 infections are asymptomatic (26).
Asymptomatic cases in conjunction with mortal cases means it is difficult to predict patient
prognosis once a diagnosis is achieved. This lack of uniform infection progression across
differing cases, combined with the novel nature of SARS-CoV-2, presents multiple
challenges. The ability to identify patients who may be more susceptible to severe infection

due to their genetics would provide significant benefit to Covid-19 patient care.

This chapter describes my insight into the organisation of an NNUH diagnostic laboratory,
the platforms that are used, and how clinical samples are processed to detect respiratory
viruses. [ will focus on summarising and evaluating diagnostic technology that was used by
the NNUH clinical microbiology department throughout the Covid-19 pandemic and consider
how human genetic testing could be incorporated into this diagnostic workflow. Additionally,
I will also discuss how clinical sample nucleic acid derived from NNUH diagnostic platforms

was used to sequence full length SARs-CoV-2 genomes.
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2.2. COG-UK: The importance of SARS-CoV-2 sequencing

As viruses establish themselves and spread within populations, they naturally acquire
mutations which can modulate viral infectivity and severity. Most RNA viruses are
characterised by a high spontaneous mutation rate during their replicative processes (104).
Typically, coronaviruses show reduced mutation frequency relative to other prominent RNA
viruses due to an intrinsic RNA proofreading mechanism in their RdRp (104). Although
possessing proofreading tools, SARs-CoV-2 demonstrates capacity to escape host responses
by genome altering mutations (104). In Kim et al (Scientific Reports, 2022) (104) the
immuno-modulatory cytidine deaminase apolipoprotein b mRNA-editing enzyme, catalytic
polypeptide (APOBEC) was shown to induce mutations within the SARs-CoV-2 genome.
APOBEC converts nucleic acid cytosine to uracil within viral RNA or DNA to generate virus
supressing mutations (105). For SARs-CoV-2, APOBEC induced mutations are often
sublethal, instead inducing modifications within the viral genome that can enhance fitness
(104). SARs-CoV-2 demonstrated a mutation rate of roughly two mutations per month in the
global population from December 2019-October 2020 (106). Although this frequency is
similar or even reduced relative to other notable coronaviruses such as SARs-CoV, mutations
within circulating pandemic viruses presents tremendous risk, with capacity to induce

phenotypic changes in key proteins that affect viral tropism and infectivity (107).

Full SARs-CoV-2 genome sequencing by COG-UK was important during the early stages of
the pandemic. As COG-UK data was collected and analysed on a regional basis, the data
allowed local epidemiologists to understand frequency of local strain transmission, providing
data essential for assessments on how effective current policies were in preventing local viral
transmission (108). Additionally, this work characterised the impact new mutations have on
viral severity and transmission, with the frequency and severity of new strains analysed

against previous iterations (108). This analysis identified viral strains that became more
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transmissible or lethal, bringing them to global attention before they gained significant
prominence (108). COG-UK also held long term benefits for the generation of vaccine targets
and anti-viral drugs (108). Through continuous SARs-CoV-2 genome sequencing, mutations
that modulate infection severity and transmission were used to determine essential sites in
overall viral fitness (108). This information assisted in the design of vaccines and drugs

which target key infection regulatory proteins, inhibiting viral severity (108).

This chapter describes the diagnostic procedures in NNUH clinical microbiology department
from March 2020 to May 2021. As a part of the public healthcare system during the
pandemic, I observed the evolution of processes and platforms used in response to the
diagnostic burden of pandemic SARS-CoV-2. While working for NNUH, I was involved with
the team at QIB tracking genetic changes within SARs-CoV-2 to identify emerging variants
of concern (VoC) on behalf of COG-UK. My reflection on this experience has allowed me to
understand novel diagnostic development, how diagnostic laboratories work, and the
challenges they face. This chapter is a detailed summary of the mechanisms behind
diagnostic platforms used throughout the Covid-19 pandemic by NNUH Microbiology. I will
discuss how well these platforms fulfil the criteria of “efficient diagnostics” and introduce
innovations that may improve viral diagnostic efficiency in the future. Finally, I will also

summarise work I conducted as a member of COG-UK.

56



Chapter 2: Diagnostics and whole genome sequencing of SARs-CoV-2 variants during the Covid-19 pandemic

2.3. Methods for detection of the coronavirus SARS-CoV-2 in NNUH clinical

microbiology

The Wuhan strain of SARs-Cov-2 was fully sequenced by January of 2020 (109). The WHO

developed, validated, and disseminated clinical primer sequences for the detection of Wuhan

SARs-CoV-2 by qPCR to public health laboratories within the same month (Table 1) (110).

WHO Target sites within the SARs-CoV-2 genome are seen in figure 1. For much of the early

stages of the pandemic, NNUH microbiology relied on qPCR-based diagnostics utilising

WHO primers in the following platforms:

Table 1: Real Time PCR Primers for SARs-CoV-2 RNA dependent RNA polymerase (RdRp) genes NSP-8 and NSP-12, as
well as structural protein E gene, provided by the World Health Organisation in January 2020 (108).

Primer Name

| Sequence 5-3'

| Primer Length | PCR Product Size

RNA Dependent RNA Polymerase (RdRp) Gene/ nCoV_IP2 (NSP-8)

nCoV IP2-12669Fw ATGAGCTTAGTCCTGTTG 17
nCoV IP2-12759Rv CTCCCTTTGTTGTGTTGT 18 108 Base Pairs
nCoV_IP2-12696bProbe(+) AGATGTCTTGTGCTGCCGGTA [5']Hex [3']BHQ-1 21
RdRp Gene/ nCoV_IP4 (NSP-12)
nCoV IP4-14059Fw GGTAACTGGTATGATTTCG 19
nCoV IP4-14146Rv CTGGTCAAGGTTAATATAGG 20 107 Base Pairs
nCoV_IP4-14084Probe(+) TCATACAAACCACGCCAGG [5°]Fam [3']BHO-1 19
E Gene/E_Sarbeco
E_Sarbeco_F1 ACAGGTACGTTAATAGTTAATAGCGT 18
E_Sarbeco_R2 ATATTGCAGCAGTACGCACACA 20 125 Base Pairs
E_Sarbeco_P1 ACACTAGCCATCCTTACTGCGCTTCG [5']Fam [3']BHQ-1 20
5 SARS-CoV-2 Genome (29903bp) 3
| |
5000 10000 15000 20000 25000
ORFla ORF1b
I I I S E N
i | ( ) (I O
I I I "4 —
1 1 1 argsr"cﬁ rf7bc>r1‘9b
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Figure 1: Primer targets of preliminary World Health Organisation (WHO) in the SARs-CoV-2 Genome. Figure adapted
from Redondo et al (2021, Frontiers in Immunology) (21).
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2.3.1 The QiaSymphony SP nucleic acid extraction platform
For accurate infection diagnostics, viral nucleic acid must be extracted from patient samples.
Samples for SARs-CoV-2 diagnostics during early pandemic testing were primarily
nasopharyngeal swabs. All nasopharyngeal samples processed by NNUH microbiology were
stored in viral transport media (VITM), comprised of a buffered salt solution, a complex
source of protein and/or amino acids, i.e., serum albumin, and antimicrobial agents (111).
VTM is designed to preserve nucleic acids as they are released from clinical swabs into
solution (111). For nucleic acid extraction, 250ul of VIM from patient nasopharyngeal
samples was mixed with 250ul of a carrier RNA solution. Carrier RNA is comprised of
synthetic RNA oligomers which enhance nucleic acid aggregation during extraction processes
(112). Enhanced nucleic acid aggregation increases nucleic acid extraction yield, improving

the processes overall efficiency (112).

The QiaSymphony SP was used as the NNUHs primary platform for extraction of nucleic
acids from patient nasopharyngeal swabs. The QiaSymphony SP platform processes 23
patient samples, as well as a negative and internal assay control, per 90-minute run. Sample
nucleic acid was extracted with a Qiagen DSP virus/pathogen mini kit ®, which extracts
nucleic acid from both the host and pathogen. Samples were loaded into sample preparation

cartridges and lysed with proteinase K solution ® to release nucleic acid.

Binding buffer® and magnetic beads were then added, with negatively charged nucleic acids
binding the positively charged magnetic beads. After nucleic acid binding, the magnetic
beads were removed from the solution with a magnetic rod. Beads were then transferred to a
new sample preparation cartridge containing secondary wash solution ®. In this step, beads
and bound nucleic acids were released into the wash solution through vigorous vertical
movement of the rod. Both the extraction and wash steps were repeated several times for each

sample to ensure maximal nucleic acid extraction and purity. Beads and nucleic acids were
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then transferred to an elution buffer ® to release nucleic acids, leaving a pure nucleic acid
eluate (Figure 2). Nucleic acids eluates were transferred to removable containers for

subsequent analysis using the Aus Diagnostic (Aus DX) multiplex tandem PCR (MT-PCR)

amplification system.
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After washing, magnetic beads are transferred by the metal rod to elution buffer, which mediates release of nucleic acid
into the solution. Unbound beads are removed from the solution, leaving pure nucleic acid extract which can be
aliquoted for further processing.
‘ Magnetic Bead ~~@3® Contaminant Sample/Control Nucleic Acids

Figure 2: Summary of nucleic acid extraction mechanism utilised by Qiasymphony SP. 1) Patient samples combined with beads and
essential extraction reagents 2) Negatively charged nucleic acid is bound by positively charged magnetic bead and transferred to wash
solution. Process repeated several times for maximal efficiency. 3) After washes, beads and attached nucleic acids are transferred to
elution buffer, where nucleic acids detach from the bead and are released into the solution. Beads can then be removed by the magnetic

rod and pure nucleic acid eluates can be aliquoted for further use. Figure made in Biorender Premium.
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2.3.2. Aus Diagnostic Multiplex Tandem PCR
Nucleic acids derived from the Qiasymphony SP were processed using the Aus DX system,
which amplifies nucleic acid from 22 patient eluates alongside positive and negative controls
through 2-step nested MT-PCR over 3 hours and 10 minutes. Nucleic acid extracts were
loaded into tubes coated in multiple primers based on the specific viral diagnostic panel. The
Aus Diagnostics panel for SARs-CoV-2 diagnostics identified three distinct respiratory
viruses and subvariants: SARS-CoV-2, 1AV, Influenza B, and respiratory syncytial virus
(RSV) A and B. As such, this panel was multi-viral, containing DNA primers for primary
amplification for each target in every well. The full testing and control primer compliments of

this panel is summarised in table 2.

Table 2: List of diagnostic tests and their associated primer targets within the Aus Diagnostics SARs-CoV-2,
Influenza and RSV 8-well assay and their targets, adapted from Phan et al (2022, Pathology) (113).

Diagnostic Test DNA Primer Targets
SARs-CoV-2 orfla, orf8
Influenza A Typing Haemagglutinin (HA) 1, HA3, HAS, HA7
Influenza B Target Not Published, Detects Victoria and

Yamagata Strains

RSV A Target Not Published
RSV B Target Not Published
Human Origin Control NONO Nuclear Protein mRNA
Internal Assay Control Synthetic Spike Protein, Added During
Processing

To begin, master mix containing DNA polymerase, reverse transcriptase, oil and water was

added to extracted nucleic acid eluates. A 15-cycle multiplex reverse transcriptase PCR
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reaction was then carried out, producing template complimentary DNA (cDNA) copies of

viral and control targets present within the clinical sample.

Resulting cDNA was transferred to a 384 well dilution plate and mixed with DNA
intercalating dyes and nested primers for step 2 nested PCR. This nested 2-fold amplification
protocol enhances the assay sensitivity, ensuring only samples that contain both primer
targets are amplified (Figure 3). Each of the 16 rows within the dilution plate possess primers
for a single test (i.e., only SARs-CoV-2 cDNA), ensuring samples undergoes each diagnostic

test separately.

First Primers Bind outside target

/ - ™ site, short cycle number produces
' . small copy number of cDNA from
|.n:| I i H'l | I I step 1 primers x15 cycles
Step 1 /
|
—-— , _
Target Site

Nested primers located closer to
the target site bind newly
generated templates and amplify
~ over 25 cycles, producing high
| quality PER products

Step 2 [RRRRRRANANN LLLLLLLLL) x25 cycles

N _'_ ___/"

v

Target Site

TTTTT PrimaryPrimer  TTTTT11] Secondary template PCR product T[T Secondary Nested Primer

Patient DNA DNA Polymerase

Figure 3: Summary of nested PCR. In Step 1, first primers bind downstream region of target-site, and a short 15 cycle
amplification produces secondary template PCR products. In step 2, nested primers located closer to the target site than step
1 primers bind, with 25 cycles of amplification producing numerous PCR copies of target regions. Figure produced in
Biorender Premium.
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The dilution plate was transferred to a 384-well qPCR machine where the final component of
the diagnostic cycle was completed through a secondary 25x cycle nested qPCR. The gPCR
platform records fluorescence intensity for each well per cycle. If the fluorescence signal
surpasses a predefined threshold, the cycle number at which this occurs is recorded, denoted
as the cycle threshold (CT). For the Aus Diagnostic platform, the CT value for each target
must fall between 10-20 PCR cycles for the result to be flagged as positive. A representative

diagnostic qPCR graph can be seen in figure 4.
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1,50=

1,25—
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Figure 4: Representative diagnostic output from Aus Diagnostics final step gPCR. Fluorescence plotted against
cycle number, producing a sigmoidal curve. For positive diagnosis, sample must reach cycle threshold (CT) value,
surpassing the predefined threshold value, within 10-20 PCR cycles. All results that do not fulfil these parameters
are considered negative or invalid. Figure adapted from Goll et al (2006, BMC Bioinformatics) and edited in
Biorender premium (114).
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Controls for this reaction are synthetic positive and negative water controls. In addition, two
validation tests are included in this panel. NONO mRNA, a ubiquitously expressed human
nuclear protein, is used as a validation test, ensuring human nucleic acid has been
successfully extracted. The second validation test, SPIKE, is added with the step 1 master
mix and serves as an internal control. For a result to be valid, all samples must have SPIKE
surpassing threshold between cycles 10-20. In addition, all samples derived from patients
must have NONO amplification. Absence of SPIKE or NONO in patient samples invalidated
the result. The diagnostic process of the Aus DX platform can be seen summarised in figure

5.
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Figure 5: Summarisation of Diagnostic Processing by the Aus Dx Platform: Step 1) Sample is added to wells coated in multiple
differing target primers. If present, sample target nucleotides bind target primers. A short 15x RT-PCR transcribes cDNA copies
of targets. cDNA products are transferred to dilution plate, where they are mixed with DNA polymerase, DNA intercalating dyes,
and other key reagents before transfer to the Step 2) 384 well plate. Step 2 plate are coated in only one step 2 primer. Samples in
each well undergo Real-time PCR for a specific diagnostic target in each well. As DNA copies are produced, intercalating
fluorescent dyes are incorporated into new strands, producing a fluorescent signal. Fluorescence is measured across each cycle
and used for diagnostic decisions. Figure made using Biorender premium.
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At the start of the pandemic, NNUH microbiology had two QiaSymphony SP and 3 Aus DX
platforms, giving the department a maximal diagnostic output of 44 patient samples every 90
minutes. This diagnostic workflow struggled in a pandemic setting, with slow processing
times and high operating costs using expensive high utility reagents. To address these issues,
new technology was adapted and incorporated into NNUH microbiology’s Covid-19

workflow to enhance diagnostic throughput and reduce overhead spending.

2.3.3. The Hologic Panther
The Hologic Panther became the primary SARs-CoV-2 screening platform in NNUH
microbiology due to its rapid output and lower operating costs. Pre-pandemic, the Hologic
Panther was used for diagnostics of sexually transmitted infections. Several months into the
pandemic, a new kit for the platform was released to test for SARs-CoV-2. The Hologic
Panther kit combines target capture, transcription mediated amplification (TMA), and a dual
kinetic assay (DKA) to detect the presence of two specific targets located in SARs-CoV-2’s
conserved ORF1ab region in clinical samples. The entire diagnostic process of the Hologic
panther is audited by an internal control (IC), which is added to the target capture solution
prior to sample processing. The IC is a synthetic oligomer and is processed in an identical
manner to the kit’s target viral RNA. IC serves to monitor the efficiency of each individual
process during testing, with its absence in the final stages, the DKA, denoting a failure in one
of the tests key steps. Additionally, both positive and negative controls were also used for

each individual kit.

Viral RNA target strands were isolated from the specimen using target capture via magnetic
microparticles, which were coated in both capture and poly-deoxythymidine oligomers.
Capture oligomers consisted of sequences complimentary to specific regions of the target
RNA sequence, as well as a string of deoxyadenosine residues. The presence of

deoxythymidine oligomers allowed for binding of deoxyadenosine capture oligomer to beads
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in a heat dependent manner. Thus, alterations in temperature could be used to induce

adherence or detachment of capture oligomers to poly-deoxythymidine coated beads.

Target capture magnetic beads with bound oligomers were added to the patient samples and
heated, facilitating the release of capture oligomers from magnetic beads into the solution.
Released capture oligomers hybridised with their viral RNA targets and IC controls. After
target hybridization, the temperature of the solution was reduced to re-couple the capture
deoxyadenosine and bead poly-deoxythymidine residues. As the bond between the target and
it’s capture oligomer is not affected by temperature alterations, this step conjugated the target
viral RNA or IC to the magnetic beads. Beads and their bound nucleic acids were pulled to
the side of the reaction vessel by magnets, allowing for aspiration of the sample well and
several wash steps. These washes removed residual specimen matrix or other potential

inhibitors of amplification from the beads (figure 6).
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Figure 6: Process of target capture in the Hologic Panther. 1) IC targets are added to Target Capture Reagent (TCR).
2,3) TCR is mixed with lysed patient samples and other key reagents for target capture. 4) Solution heated to mediate
detachment of probes from bead, causing hybridisation with targets in solution. 5) Solution cooled to allow for probes
and their attached hybridised targets to re-bind magnetic beads. 6) Magnets used to secure beads for aspiration and
washes. Figure generated using Biorender premium.
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TMA is an amplification protocol using RNA polymerase, reverse transcriptase, and custom
primers to produce RNA amplicons from captured viral RNA or IC targets. TMA began with
the binding of a promotor-primer, a primer with an embedded 5 RNA polymerase promotor,

at the 3’ region of the viral target or IC (115).

After binding of the promotor-primer, reverse transcriptase produced a cDNA strand of the
viral RNA/IC template with the promotor-primer now embedded (115). Post cDNA synthesis,
the original RNA template was destroyed by reverse transcriptase’s intrinsic RNAse H
activity (115). After this, secondary primers specific for the 3’ region of cDNA bound the
newly generated strand, with reverse transcriptase producing a complimentary double
stranded (ds) DNA (115). With the RNA polymerase promotor embedded into the newly
generated dsDNA, autocatalysis through TMA was commenced. RNA polymerase bound the
embedded promotor region, forming a transcription complex (115). Through this, the RNA
polymerase transcribed cDNA into multiple RNA amplicons (115). After production, RNA
amplicons were bound by complimentary reverse primers, allowing reverse transcriptase to
produce cDNA strands and degrade the original RNA templates (115). Newly produced
cDNA sequences were then bound by promotor-primer oligomers, prompting synthesis of
secondary dsDNA strands by reverse transcriptase (115). At this point, autocatalysis is cycled
indefinitely, producing exponential numbers of RNA amplicons for both target sequences as

well as IC (115). The molecular processes behind TMA can be seen summarised in figure 7.

TMA has several benefits when compared to other conventional nucleic acid amplification
protocols such as reverse transcriptase-PCR. As TMA is isothermal, it is not dependent on

thermal cycling, making it significantly quicker than other comparable techniques (116). In
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addition, literature has shown that TMA may also has a higher overall sensitivity than reverse

transcriptase-PCR (116).
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Figure 7: Summary of principles behind transcription mediated amplification (TMA) 1) Promotor-Primer binds RNA
target 2,3) Reverse transcriptase (RT) mediates generation of complimentary DNA (¢cDNA) from target RNA 4) Intrinsic
RNAse H activity degrades the original RNA target template 5) RT transcribes compliment of previously produced cDNA,
leaving 6) double stranded DNA, where autocatalysis can start. 7) RNA polymerase binds to the promotor region of
CDNA, producing 8) RNA amplicon copies. 9) RNA amplicons are transcribed by RT, producing cDNA. 10,11) Intrinsic
RNAse H degrades the original RNA amplicon, allowing for 12) binding of a promotor-primer followed by cDNA synthesis
by RT, where the cycle can continue indefinitely. Figure Adapted from Giachetti et al, 2002 (115).

1

The final component of the Panther diagnostic pathway is the DKA. The DKA serves as the
diagnostic output step of the Panther and identifies the tested sample as positive or negative

through a nucleic acid hybridization-based method.
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RNA amplicons produced by TMA were mixed with single-stranded chemiluminescent DNA
probes, which are unique and complementary to either the target RNA or IC amplicons and
labelled with an acridinium ester (AE) molecules. If present within the sample, amplicons

derived from viral targets, or the IC, hybridised to these probes.

After hybridization, a selection reagent ® differentiated between hybridized and non-
hybridized probes, eliminating non-hybridized probes from the solution. Light emitted from
the labelled hybrids was measured as a photon signal using a luminometer, which reports the
signal in relative light units (RLU). In the DKA, differences in the kinetic profiles of the
labelled probes allow for differentiation of multiple diagnostic tests. The chemiluminescent
detection reaction for the IC probe has very rapid kinetics, known as a “flasher” kinetic type.
In contrast, the chemiluminescent detection probe for the SARS-CoV-2 signal is relatively
slow, the “glower” kinetic type. This difference is essential, with frequency of
chemiluminescent signals used to differentiate between IC and target RNA. Assay results are
determined by a cut-off based on the total RLU and the kinetic curve type, with all positive

samples flagged on the user display.

At optimal loading, the Panther had a diagnostic output of 1 patient sample per minute, with
the diagnostic process taking 4 hours and 30 minutes. The Panther’s high output made it an
incredibly useful tool throughout the pandemic, and the majority of Covid-19 screening work
was transferred away from the QiaSymphony SP/Aus Dx pathway to reflect this enhanced
processing power. However, flaws within the Panther prevented its consistent use across all
patient samples. To begin, although having a high output/minute, the four and a half hour
processing time of the panther rendered it insufficient for specific cases where diagnostic
turnover had to be incredibly short. Furthermore, reagent design meant that the SARs-CoV-2
diagnostic kit used for the Panther was only capable of detecting SARs-Cov-2 RNA. Because

of this, complicated respiratory infections still required use of the QiaSymphony SP/Aus DX
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pathway due to its multi-viral diagnostic range. Finally, the Panther was also hindered by its
reliability, both diagnostically and mechanically. As previously stated, the Panthers diagnostic
process is audited using IC as well as positive and negative controls. As all results generated
by the Panther are dependent on these results, all samples that began processing during that
period will also be rendered invalid should a control fail. Control failures occurred somewhat
frequently on the Panther throughout my time in Microbiology, causing significant backlogs
in sample processing and wasted reagents. Further to this, as primarily a low use STI
diagnostic platform prior, the Panther struggled with its increased workload mechanically
throughout the pandemic, with multiple components becoming damaged. As the primary
screening platform for Covid-19, mechanical issues with the Panther had a significant effect
on Microbiology’s output. To combat these issues, further diagnostic technology was

introduced to the department.

2.3.4. AltoStar Automation Nucleic Acid Extraction (Altona)
The AltoStar Automation System (Altona) served as a secondary extraction platform which
also prepared samples for qPCR diagnostics. To begin, lysis buffer ®, magnetic beads coated
in silica, an IC nucleic acid, and an enhancer ® were added to a processing plate and heated
before the addition of sample VTM. Lysis buffer within the initial mixture served to release
nucleic acids from the sample, allowing for hybridization between sample nucleic acids/IC
and magnetic beads. After binding, a magnet located at the bottom of the processing plate
pulls down all magnetic beads and their bound material. This allowed for the removal of the
original solution, a mechanism utilised repeatedly during 3 subsequent washes to remove

contaminants.
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In the final stage of the extraction, an elution buffer ® was added. The elution buffer removed
nucleic acid from the magnetic beads, suspending them in solution. After releasing their
attached nucleic acids, magnetic beads were pulled down by magnets, allowing for transfer of
nucleic acids from the processing plate to an eluate plate containing reagents used for gPCR
analysis. With the Altona, microbiology was able to extract nucleic acid from 47 patient

samples, as well as a positive control, over a 2-hour period (figure 8).
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Figure 8: Summary of mechanisms for nucleic acid extraction using the Altona. 1) Lysis Buffer, Magnetic Beads, Internal
Control, and Enhancer are mixed with patient samples and heated, allowing for sample nucleic acid to bind beads. 2) Beads
are washed 3 times, with magnets used to allow for aspiration. 3) Elution buffer is added while the sample is heated,
mediating detachment of nucleic acids from beads. Beads are removed from eluate solution by magnetic beads, allowing for

transfer of eluate to the eluate plate, where it can undergo further processing. Figure adapted from Altona Diagnostics
(117).
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2.3.5. Rapid PCR Diagnostics: Roche Cobas Liat
The final platform I will cover in this chapter is the Roche Cobas Liat, produced by this
project’s industrial partners Roche Diagnostics. The Roche Cobas Liat is a rapid point of care
(POC) reverse transcriptase qPCR test, which was initially designed to screen for [AV,
Influenza B, and RSV. During the pandemic, the Liat’s diagnostic spectrum was expanded to

also include SARS-CoV-2.

The Cobas Liat cartridge contains all reagents necessary for extraction and reverse-
transcriptase qPCR. Reagents are separated by heat sensitive seals, which the platform breaks
with both physical force and temperature changes. The Cobas Liat controls the mixing of
these reagents in a process dependent manner, ensuring sample nucleic acid is not mixed with

reagents prematurely.

Inside the Cobas Liat, the sample was first mixed with internal control before total-nucleic
acid extraction using silica coated magnetic glass beads. Nucleic acid was then eluted from
the beads before reverse transcriptase qPCR utilising flow cycling technology. Unlike
traditional PCR, which relies on the heating and cooling of a stationary microplate, flow
cycle PCR moves the sample between heated segments, reducing processing time

significantly.

The Cobas Liat is a small tabletop platform (Figure 9) that does not require extensive
training to operate unlike other diagnostic tools within Microbiology. The small size and easy
operation of the Cobas Liat meant it could be located directly within keys areas of the
hospital, such as accident and emergency (A&E), and children’s departments. For processing,
a nasopharyngeal swab was taken from the patient and stored in VIM. A 250ul aliquot of the
VTM was added directly into a Cobas Liat cartridge and loaded into the platform, with a

diagnostic output available within 20 minutes from initiation. The rapid processing time of
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the Cobas Liat proved essential when testing samples that required urgent diagnostic insights

in NNUH.

I -. =

TP T
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17cm

1.5cm

Figure 9: Dimensions of Roche Cobas Liat Point of Care Diagnostic Platform. Dimensions provided
by Distributor Thermo-Fisher Scientific (118).

However, the Cobas Liat has a limited capacity within the context of screening diagnostics.
First, the Cobas Liat can only process a single sample at once, so output is insufficient for
Microbiology. In addition, the Cobas Liat is also characterised by a relatively high false
positive rate of roughly 9.6% when testing for SARs-CoV-2 (119). Due to this high rate, all
positive results generated by the Roche Cobas Liat were confirmed through the Qiasymphony

SP/Aus DX qRT-PCR pathway.
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2.3.6. COG-UK: Whole genome sequencing of SARS CoV2 at the
Quadram Institute Biosciences

Throughout the pandemic I was involved in COG-UK. As part of this project, I transferred
SARs-CoV-2 positive clinical samples from diagnostic platforms to The Quadram Institute

Biosciences (QIB) for viral genome sequencing.

Nucleic acid was collected from the Qiasymphony SP. The Qiasymphony SP extracts total
nucleic acid as described above. Excess nucleic acid eluates from clinical samples were
transferred to QIB for full sequencing of SARs-CoV-2 genomes. Eligible positive samples
were flagged by researchers and clinicians, with corresponding sample identification codes
compiled into lists. Positive sample code lists were disseminated on a weekly basis. Flagged
patient eluates were transported to QIB by myself upon reception of lists. Additionally,
clinical sample VTM for swabs processed in NNUH cytology were used. Whole patient VTM
was aliquoted into separate containers before transfer to QIB, where nucleic acid extraction

was conducted in house prior to sequencing.

2.3.7. CoronaHiT Sequencing
QIB developed a unique total sequencing protocol for SARs-CoV-2 known as CoronaHiT,
published February 2021 in Genome Medicine (120). Volunteer RNA samples were amplified
through multiplex reverse transcriptase PCR. Primers for CoronaHiT were derived from
ARTIC, a network of researchers that sequence emerging pandemic viruses. All volunteer
samples were amplified using ARTIC primers Cov2-V3 (121). After this initial amplification,
which produces short 400 base pair replicative copies of the SARS-CoV-2 genome, derived
sequences were barcoded for library preparation. CoronaHiT barcoding used PCR with
unique primers containing a 3” NextEra insert transposon, a 5’ symmetrical 24 base pair

barcode, and a 7 base pair spacer. A library was then prepared using the SQK-LSK109
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protocol ® (Oxford Nanopore), with sequencing performed on a MinlON (Oxford

Nanopore).

2.4. Results

2.4.1. NNUH diagnostic platforms with capacity to provide genomic DNA
for human SNP analysis

A major benefit to my project was that work in NNUH clinical microbiology also allowed for

assessments on the feasibility of incorporating SNP testing into current NHS diagnostic

workflows.

For human SNP analysis, obtaining a distinct, transferable pure nucleic acid eluate containing

patient DNA and viral RNA was essential to evaluate host SNP testing during viral diagnostic

procedures. As such, I evaluated all available diagnostic platforms within the hospital in this

context (Table 3).

Table 3: Summary of diagnostic platforms in NNUH, their diagnostic role, and if they produce a distinct nucleic

acid eluate which can be sequenced.

Platform Diagnostic Role Transferable Nucleic Acid Eluate
AltoStar Automation System Nucleic Acid Extraction No
Aus Diagnostic MT-PCR Quantitative Real Time Nested PCR No
Hologic Panther Full Sample Diagnostics No
QiaSymphony SP Nucleic Acid Extraction Yes
Roche Cobas Liat Full Sample Diagnostics No

For all platforms in NNUH microbiology, only the Qiasymphony SP produced a collectable

eluate suitable for downstream SNP genotyping of patient DNA. Therefore, I prepared a

workflow for target SNP sequencing of samples processed on the Qiasymphony SP, which

will be further discussed in chapter 3.
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2.4.2. CoronaHiT variant sequencing protocol is more efficient than other
next generation library protocols

CoronaHiT demonstrated improvements compared to other library preparation techniques,
such as ARTIC LoCost, in several ways. First, the CoronaHiT library preparation model was
significantly quicker than ARTIC LoCost, with CoronaHiT eliminating individual sample
washes and avoiding individual sample quantification and normalisation. This enhanced
processing speed meant CoronaHiT had improved sequencing yields, producing 9.6GBases
of sequence reads in a 30-hour period compared to 8.0GBases produced by ARTIC LoCost
(120). CoronaHiT also produced higher quality sequencing data than its counterpart. For
samples to be determined successfully sequenced, QIB instituted quality control protocols,
with more than 50% of the genome requiring confident reads. The CoronaHiT methodology
produced sequencing data that passed quality control protocols at a rate of 71.4%, which was
higher than ARTIC LoCost (64.3%) (120). Finally, CoronaHiT was more cost effective, with

a single run costing £8.46 per sample, cheaper than ARTIC LoCost (£9.75) (120).

By using CoronaHiT methodology, QIB rapidly sequenced viral genomes derived from
patient samples across the Norfolk region to acquire data on behalf of COG-UK. The
collaborative efforts of COG-UK members across the country and Norwich research park
provided data for broad research analysing SARs-CoV-2 epidemiology around Europe (see

COG-UK website (122,123)).

2.4.3. SARs-CoV-2 variant detection by COG-UK
Newly emerging mutant strains of SARS-CoV-2 were identified at NNUH/QIB throughout
the early pandemic. The collaborative efforts of COG-UK across the country led to the early
identification of significant SARS-CoV-2 strains. One such strain was classified as Kent-
SARs-CoV-2, later renamed by WHO to the SARs-CoV-2 a variant. a-SARs-CoV-2 was first

identified by COG-UK in September 2020 (124). Compared to previously collected reference
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SARs-CoV-2 genomes, the o variant contained 21 genomic mutations, with 8 of them

contributing to significant alteration in the SARS-CoV-2 spike protein (124). By sequencing

the frequency and transmission of a-SARs-CoV-2, COG-UK determined the unique spike

mutations conferred a 50-100% increase in transmissibility (124).

Work conducted by COG-UK also contributed to the COG-UK Mutation Explorer (COG-

UK-ME) (125). The COG-UK-ME combines full SARs-CoV-2 genome sequencing data from

patients across the UK, and tracks strain prevalence within the UK over time (125) (Figure

10). Additionally, the COG-UK-ME lists all observed amino acid substitutions within specific

SARs-CoV-2 strains, allowing researchers to easily distinguish coding differences between

strains (125).

Jan20 Mar20 May20 Jul20 Sep20 Nov20 Jan21 Mar2l May2l Jul2l Sep2l Nov2i Jan22 Mar22 May22 Jul22 Sep22 Nov22 Jan23 Mar23 May23 Qul23
Sample date

Variant

BA.1 (Omicron)
BA.2 (Omicron)
BA.4 (Omicron)
BA.5 minus BQ.1 (Omicron)
B.1.1.7 (Alpha)
Other Delta

A¥4.2 (Delta)

BQ.1

XBB.1.5 (Omicron)
CH.1.1 (Omicron)
XBB.1.16 (Omicron)
Other

XBB.1.9.1

XBB.1.9.2

Figure 10: Frequency of SARs-CoV-2 variants in clinical samples processed by Covid UK Genomics Consortium (COG-UK) from January
2020-July 2023. Figure available on COG-UK Mutation Explorer (COG-UK ME) (125).
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2.5. Discussion

2.5.1. What makes diagnostics efficient?
Diagnostics are a critical component of all pandemic responses and healthcare in general,
playing a key role in roughly 70% of clinical decisions (126). Given this, it is important to
develop an understanding of what key criteria diagnostic platforms must fulfil to be effective
and efficient. Throughout my time working at NNUH microbiology, I was able to speak with
clinicians and biomedical scientists to develop an understanding of essential factors for
efficient diagnostic tools. Through this experience, we can highlight key criteria diagnostic
technology must fulfil, and analyse how well NNUH’s array of diagnostic platforms perform
based on this context. With this insight, I discuss here the gaps current technology possesses

in fulfilling these key criteria.

The single most important factor when discussing diagnostic efficiency is accuracy. False
positives during diagnostic processes are the inaccurate detection of a pathogen in a patient
sample where it is absent. In contrast, false negatives are the failure of diagnostic tests to
accurately detect its target in a positive patient sample. False positives can lead to
inappropriate treatment regiments for misdiagnosed individuals, and also distracts clinicians
from further investigation into additional disease-causing agents. False negatives prevent
patients from receiving their disease’s appropriate treatment protocol and can also prevent
quarantine of infectious patients within hospital care. The capacity to reliably detect
pathogens with minimal false positives or false negatives across a broad spectrum of patient
samples is the major defining characteristic of a diagnostic platform’s success. If this criterion
is not met, patients can be misdiagnosed, dramatically altering patient care and, in severe
cases, patient survival. The NNUH’s array of diagnostic platforms were designed to mitigate
the potential of incorrect results. Use of internal and positive/negative controls within each

assay serves to bolster diagnostic accuracy, providing fail-safes should a sample undergo a
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processing error. Furthermore, all samples with positive diagnosis through the Hologic
Panther were ran secondarily in the Qiasymphony SP/AusDx pathway. This operating
procedure was adopted as preliminary testing of the Hologic’s Panther indicated a false
positive rate of 30% in first time SARs-CoV-2 positive samples (127). Secondary
confirmatory testing on the AusDx, which possesses a predicted false positive rate 0.026%,
ensured any positive results generated by the Hologic Panther were accurate, ensuring

patients did not undergo inappropriate treatments or unnecessary quarantine (128).

The next prominent feature diagnostics must possess is a short overall turnover time. One of
the biggest issues within the NHS is bed-blocking while waiting for diagnostics. Bed-
blocking is the retention of individuals within hospital care due to a slow overall treatment to
discharge window. Prolonged patient stays reduce capacity to intake new patients who require
care. Furthermore, it also harms the patient as their hospital stay is unnecessarily prolonged.
Finally, bed blocking also represents a huge fiscal cost, with a 2016 independent government
review attributing bed blocking to a £900,000,000 per annum loss for the NHS (129). Covid-
19 exacerbated the bed-blocking crisis within the NHS. Not only did Covid-19 increase the
number of admissions to hospitals, but patients were also required to possess a negative
diagnostic result prior to discharge. Thankfully, the high diagnostic output of the Panther
meant turnover time within Microbiology remained relatively short. However, if the Panther
was rendered inoperable or experienced assay failures, the departments turnover time was

increased dramatically due to the lack of a secondary high output diagnostic platform.

Another essential component when discussing a hospitals array of platforms is the ability to
carry out broad spectrum diagnostics. For screening purposes, the panther’s capacity for

conducting diagnostic assays for a single target at rapid speeds is a strength. However, when
dealing with more complicated diagnostic cases where multiple viruses could be at play, the

panthers narrow diagnostic spectrum is a hinderance. Because of this, differing pathways
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based on the patient’s situation were used throughout the pandemic. Non-complicated Covid-
19 screening, defined as a category 1 test by NNUH, was conducted entirely through the
Panther when possible as these patients did not require a full respiratory virus diagnostic
panel. In contrast, complicated respiratory infections, classified as category 2 tests, were all
conducted via the QiaSymphony SP/Aus DX pathway, which gives a deeper diagnostic
breadth. As diagnostic demands vary patient to patient, a wide array of diagnostic technology
with differing costs, depth of diagnostics, and speeds allows for a more efficient coverage of

clinician demands on a case-by-case basis (Table 4).

Table 4: Summary of respiratory virus diagnostic platforms available to Norfolk and Norwich University Hospital (NNUH)
during the SARs-CoV-2 Pandemic (March 2020-May 2021) in the context of their diagnostic process, range, optimal samples
processed per hour, and by-products which can be used for downstream processes.

Optimal Patient
Samples,/Hour
Process

Diagnostic Platform

(Single Platform)

By-product(s)

Diagnostic Range

QiaSymphony SP Nucleic Acid Extraction 15.33 Nucleic Acid Eluate
Aus Diagnostic real time (RT) PCR
amplification system Nested Real-Time PCR IAV, IBV, SARs-CoV-2, RSVA, RSVB 6.95 Diagnostic Output
Hologic Panther Full Diagnostics SARs-CoV-2 60 Diagnostic Qutput
AltoStar Automation Nucleic Acid Real Time PCR
Extraction Nucleic Acid Extraction 23.5 Diagnostic Plate

Roche Cobas Liat

Full Diagnostics

(SARS-CoV-2/1AV/IBV), (IAV/IBV,RSV)

Diagnostic Qutput

Alongside speed, accuracy, and wide range, an ideal diagnostic platform is also cost effective.

In recent history, but particularly during and post the Covid-19 pandemic, the NHS has

struggled financially. Through track and trace programs, personal protective equipment

purchasing, additional labour/treatment costs, and, in later stages, vaccines/Covid-19 drug

treatments, it is predicted the NHS spent £41,300,000,000 on Covid-19 related causes by

September 2021 alone (130).

The fiscal struggles of the NHS are highlighted further when examining its overall diagnostic

spending. The NHS relies on diagnostics in roughly 70% of all its clinical decisions (126).

However, total NHS spending on diagnostics accounts for only 6% of the budget (131).

Despite involvement in a significant majority of patient treatments, the NHS does not set

aside a high proportion of its total spend toward diagnostics. Therefore, for diagnostic
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technology to find utility within the NHS, it must be cost effective. The relative value for
money of differing diagnostic platforms varies dramatically on a case-by-case basis. For
instance, in complicated respiratory infections, the Panther platform, despite its low operating
costs, still represents a low overall value due to its small diagnostic range. In contrast, the
Panther possesses an extremely high value when processing generalised screening samples
where presence of SARS-CoV-2 RNA is the only concern. However, in general terms,
effective diagnostics finely balance their diagnostic output with operating costs, ensuring all

results represent good value for money.

Finally, diagnostic platforms should also be mechanically and chemically reliable. The
Panther and Altona were plagued throughout the pandemic with damaged components
limiting their use. Because of their unreliability, the NNUH found itself without key
screening platforms for several periods, requiring alternative, slower pathways to be used.
Furthermore, even if mechanically functional, the Panther was also predisposed to diagnostic
failures due to internal or general control reading issues, invalidating tests initiated during
their processing. These chemical failures meant that samples would have to be re-run,
delaying primary results and causing a knock-on effect where downstream sample turnover

time was also increased.

Considering all the above factors, the NNUH was well equipped to deal with mass
uncomplicated Covid-19 testing, it’s primary workload throughout the pandemic, due to the
Panther. As previously stated, the panther’s optimal diagnostic output of 1 patient sample per
minute is an extremely high output, its use of IC renders it very accurate, and its reagents are
relatively cheap, making it an incredibly useful screening tool to reduce bed-blocking.
Furthermore, any complicated cases where the Panther lacked utility could be covered
through the broader spectrum QiaSymphony SP/Aus DX pathway, while an array of other

platforms could be used to fulfil rarer patient needs or fill in for the screening platforms

82



Chapter 2: Diagnostics and whole genome sequencing of SARs-CoV-2 variants during the Covid-19 pandemic

should they encounter mechanical or processing issues. However, throughout my time within
Microbiology the capacity to improve this technology was still evident. As previously stated,
the variable nature of Covid-19 severity, ranging from asymptomatic to mortal, meant that
even with diagnostics that fulfil all stated criteria so far, clinicians were still unable to
determine likely patient prognosis despite a successful diagnostic result. I theorise that the
incorporation of SNP testing into diagnostic processes would provide predictive insight into a
patient’s disease progression, allowing clinicians to alter treatment protocols to fit differing

patient needs.

2.5.2. Conclusions
To summarise, diagnostics represent a key cornerstone of modern healthcare, facilitating
clinician decisions in most cases, particularly within the field of virology. During the
pandemic, an array of platforms within both NNUH Microbiology and the NNUH itself
ensured that key criteria regarding accuracy, turnover time, diagnostic breadth, and cost
effectiveness were all met. However, a lack of predictive insight from diagnostics rendered
clinical care of Covid-19 challenging. By incorporating genetic screening into viral
diagnostics, the presence of factors which modulate infection severity within individual
patients could be determined at the point of diagnosis. By providing clinicians with this
information, diagnostics would identify high risk patients immediately, allowing for earlier,
more effective treatment, increased patient turnover, improved patient prognosis, and a net

reduction in NHS spending.
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3.1. Introduction

This Chapter will focus on methods to detect SNPs during diagnostic processes, as well as

summarising the ethical application and approvals required for this project.

3.2. Targets SNPs for analysis on impact in viral infection severity

This project sought to determine whether three key SNPs in immuno-modulatory proteins
IFITM3 and ATG16L1 contributed to enhanced severity of Influenza and Covid-19 infection
in a Norfolk cohort. The first of these SNPs is IFITM3 rs12252, which is characterised by a
silent thymidine to cysteine substitution in the serine residue located at the N-terminal 21
IFITM3 amino acid. The IFITM3 rs12252 SNP is theorised to promote truncation of
IFITM3’s first N-terminal 21 amino acids by creating a splice acceptor site (132). This
modification would result in the production of a truncated IFITM3 which lacks the essential
position 20 tyrosine residue, a critical regulator of IFITM3 subcellular distribution (132). As
such, IFITM3 rs12252 is thought to impair normal cell localisation of IFITM3, inhibiting its

function (132).

In contrast, [IFITM3 rs34481144 is characterised by a guanine to adenine substitution in the
promotor region of IFITM3. This leads to the modification of a promotor methylation site,
enhancing binding of transcriptional repressor CTCF (133). Presence of the rs34481144 SNP
results in reduced transcription of the IFITM3, lowering IFITM3 protein production during

infection (133).

Finally, this study will also investigate ATG16L1 rs2241880, commonly referred to as
T300A. T300A is characterised by an adenine to guanine point mutation changing the
ATG16L1 300™ amino acid from threonine to alanine (134). This conversion generates a
caspase 3 cleavage site within the ATG16L1 linker region, resulting in a theorised truncation

of the complete C-terminal WD domain (135). However, recent research is yet to observe this
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truncation in non-apoptotic T300A models (78). The WD domain is involved in non-
canonical autophagy, with involvement in restriction of incoming virus particles. Defects in
this pathway are thought to lead to enhanced risk of inflammatory bowel disorders, such as
Crohn’s disease, with T300A homozygous mutants significantly predisposed to the disorder
(135). Locations of rs12252, rs3448144, and rs2241880 within IFITM3 and ATG16L1 are

seen in figure 1.

IFITM3

rs34481144 rs12252

{
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Promotor Region

ATG16L1
rs2241880
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Figure 1: Schematic representation of A) IFITM3 rs34481144 and rs12252 and B) ATG16L1 rs2241880 SNP locations. Key:
NTD: N-Terminal Domain, IM: Intermembrane Domain, CIL: Conserved Intracellular Loop, TM: Transmembrane Domain,
CTD: C-Terminal Domain. Figure produced using Biorender Premium.

3.3. Methods

3.3.1. Host genomic DNA isolation from clinical samples
Nucleic acids isolated from clinical samples by the Qiasymphony SP were used for SNP
characterisation of patient samples. Volunteer nasopharyngeal samples were processed by
NNUH Microbiology. Eluates derived from the Qiasymphony SP were collected directly

from NNUH by researchers for host genomic analysis at UEA.

For other samples, nucleic acid was isolated directly from nasopharyngeal swab VTM by

extraction and precipitation of nucleic acid. 400ul of sample VIM was combined with 1ml
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100% Ethanol (Fisher Scientific) and 40ul 3M sodium acetate buffer solution (Sigma-
Aldrich), vigorously mixed by vortex, and incubated for 1 hour at 4°C. Post incubation,
nucleic acid was pelleted by a 15-minute centrifugation at 15,000g in 4°C. Supernatant was
removed and the pellet was re-suspended in 70% ethanol to remove salt. Nucleic acid was
pelleted and air dried for 10-minutes. Air dried pellets were re-suspended in 20ul nuclease
free water (NFW) (Fisher Scientific). DNA concentration and purity was determined using a

Nanodrop ND-1000 spectrophotometer (table 1).

Table 1: Representative DNA concentrations and purity of nucleic acid derived from clinical swabs by ethanol
precipitation and the Qiasymphony SP quantified by Nanodrop analysis.

Sample (Pre-PCR) DNA ng/pl Average 260/280 Average
Ethanol Precipitation 33.1 1.66
Qiasymphony SP 36.7 1.80

3.3.2. Nested PCR amplification of human IFITM3 gene
DNA from both Qiasymphony SP and ethanol precipitation samples were analysed by nested
PCR amplification of the full length 1.8kb IFITM3 gene DNA region, including the internal
intron and promotor region, which contained two of the target SNP primers. Nested IFITM3
PCR primers were custom designed and purchased from Sigma-Aldrich, with full sequences

in Table 2.
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Table 2: Primers Utilised for Nested PCR amplification of the full human IFITM3 gene.

Primer Sequence (5'-3")

Primary Forward TGAGGGTTATGGGAGACGGGGT
Primary Reverse TGCTCACGGCAGGAGGCC
Nested Forward GCTTTGGGGGAACGGTTGTG

Nested Reverse TGCTCACGGCAGGAGGCCCGA

PCR investigation used high-fidelity platinum super fi II® PCR reagents from Thermofisher
in both stages of the PCR to ensure efficient and accurate amplification of target sequences.
25ng nucleic acid was combined with 0.25ul Platinum Super Fi II ® Taq Polymerase
(Thermofisher), Sul 5x Platinum Super Fi II Buffer (Thermofisher), 0.5ul 10mM dNTP mix
(Thermofisher), 1.25ul 10uM forward and reverse first step primers, and NFW (Fisher-
Scientific) to a volume of 25ul. PCR amplification was carried out in an Applied Biosystems
Veriti Thermal-cycler for 35x cycles. Initial products were quantified via spectrophotometry
before a secondary PCR of first step products using secondary nested primers under the same

conditions.

Products were separated by gel electrophoresis, with DNA visualised using ethidium bromide

and a UV Chemidoc 810 Imager (UVP).
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3.3.3. SNP analysis
SNPs were detected by Tagman analysis. TagMan probes consist of target primers with an
additional 5’ fluorescent molecule and 3’ quencher. In its unaltered state, the 3” quencher is in
proximity to the 5° fluorescent molecule, blocking the fluorophore so that no detectable signal
is produced. When amplification occurs, endogenous 3’ exonuclease activity of Taq
polymerase removes the quencher from the probe. Dissociation of the quencher allows the 5’

fluorescent molecule to output a signal.

SNP genotyping uses two distinct probes. The first probe is specific for the WT variant of the
SNP, with a conjugated VIC fluorophore. The second probe is specific for the mutant SNP
and possesses a FAM fluorophore. As amplification occurs, relative ratios of these differing
fluorophore signals accurately identify the SNP genotype. When FAM reaches exponential
phase with minimal VIC signal production, the sample is a homozygous mutant, whereas it is
homozygous WT if VIC is dominant. In contrast, heterozygotes will show simultaneous
increases in both fluorophores as WT and mutant variants of the SNP are present. Ratios of
each allele’s fluorescence signal were calculated automatically through Tagman SNP

genotyping software (Thermofisher) (Figure 2).
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Figure 2: Summary of principles of Tagman SNP Genotyping. Two probes are utilised with differing fluorophores. The VIC
probe is specific for the WT variant of the SNP, while the FAM probe is specific for the mutant variant. Resulting
fluorescence patterns can be used to determine sample SNP genotype, with FAM dominant graphs characterising
homozygous mutants, VIC denoting homozygous WT genotypes, and equal fluorescence from both indicating heterozygosity.
Figure created in Biorender premium.
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Pre-validated DNA from the Corriel institute (USA) containing wildtype, heterozygous, and
mutant SNP variants was purchased and used as controls for Tagman SNP genotyping.
Control DNA samples were sequenced by the 1000 genomes project, with the SNP genotypes

of each control seen in Table 3.

Table 3: Sample IDs and SNP genetics of DNA derived from 1000 genome project donors purchased from The
Corriel Institute Biobank (USA).

Sample ID (Corriel Institute) rs12252 rs34481144 rs2241880
HG00120 (F) AlA c|c AlA
HG00173 (F)

HG00409 (M) G|G c|c G|G
HG00138 (M) AlA T[T AlA
Key: WT Homozygous, , Homozygous Mutant

Tagman SNP genotyping probes for rs12252, rs34481144, and rs2241880 were purchased
from Thermofisher. 1.25ul of a single probe was combined with 12.5ul 2x Lo-Rox Probe Mix
(PCR Biosystems), 25ng sample DNA, and NFW (Sigma) up to a final volume of 25ul. Post
reagent combination, Tagman thermal cycling was conducted in an Applied biosystems
QuantStudio 3 Real-time PCR system. Cycle and experimental design were programmed in
the QuantStudio design and analysis tool, with manufacturer recommended settings used for
each Tagman experiment. Tagman Genotyper software was used to analyse the results. In
addition to experimental samples and controls, no-template control (NTC) samples, with
NFW (Sigma) replacing sample DNA, were included for each probe in all experiments,

serving as a negative control.

3.3.4. DNA sequencing of IFITM3 gene from human samples
Human genomic IFITM3 sequences derived from nested PCR were Sanger sequenced
(Eurofins) to validate the accuracy of the Tagman SNP genotyping results. Sequencing
primers for IFITM3 SNPs were custom designed (Forward 5°-

GCCAGGAAAAGGAAACTGTTG -3’, Reverse 5’-CACCCTCTTCATGAACCCCT-3’) and
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purchased from Sigma. For each sequencing run, 2ul of 10uM primer was individually
combined with 150ng of nested PCR amplified sample DNA diluted in 15ul NFW. Samples
were transferred to Mix2Seq tubes and sent to Eurofins Genomics. Forward and reverse
sequence products were aligned for analysis using Bioedit software and compared against a

reference human IFITM3 genomic sequence (NG 032755.1) publicly available on NCBI.

3.3.5. Ethical approval for human SNP genetic sequencing
The examination and characterisation of patient genomes and their SNPs required ethical

approval, a long and extensive process.

To generate an ethics application, I first met with a patient and public involvement in research
(PPIRes) group, which is a requirement before any study involving human participants can
proceed. PPIRes groups are composed of public volunteers who provide criticism and insight
for patient-based research studies. This feedback highlights flaws within study
design/documents from the patient perspective. This ensures participants concerns are not
overlooked by the researchers and can be mitigated or alleviated. PPIRes documents are

included in the supplementary information (S1).

Following PPIRes, the studies design was finalised and ethical approval for the study was
sought by the NHS integrated research application system (IRAS) platform. In principle, the
study began with the arrival of a patient presenting with respiratory infection symptoms to a
study hospital site, which included NNUH, QEH, and JPUH. Upon patient reception,
research nurses would collect a clinical diagnostic sample and inform the patient about the
study, providing a patient information sheet (PIS) and consent form. Patients would then be
consented for analysis of specific SNP regions (rs12252, rs34481144, and rs2241880) and

nurses would collect a secondary cheek swab backup sample should analysis of the primary
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clinical sample fail. Individuals under the age of 16 were ineligible as I could not guarantee

the validity of their consent.

Clinicians based in NNUH microbiology would flag positive results from study participants,
providing an anonymised list containing only NHS sample IDs to researchers. Using similar
methodology to the COG-UK study, researchers would then collect corresponding samples
from NNUH microbiology, either Qiasymphony SP eluates or unprocessed sample VIM for
ethanol precipitation, weekly for SNP analysis at UEA. Judgement on overall virus severity
would be made by NNUH clinicians using patient medical records, allowing for classification
of participants into mild and severe infection groups. Frequency of SNPs within each group
would be recorded to elucidate correlations between SNP presence and increased viral

severity.

In addition to genetic material, the study also aimed to collect and culture patient peripheral
blood mononuclear cells for in vitro investigations into SNP-induced alterations in viral
severity. This goal required further approval to collect blood from participants. However,
given the overall cost and invasiveness of blood donation, it was determined that a blood
sample from every study participant was unnecessary. Instead, the project aimed to collect
blood from individual patients who could serve as representatives for each SNP. With this
workflow, previously collected samples would undergo SNP genotyping in UEA. Upon
identification of a homozygous mutant or heterozygous SNP samples, the anonymised ID
would be recorded and sent back to NNUH clinicians, who could identify the patient. If the
patient was still within hospital care, clinicians would arrange for secondary approach of the
patient by research nurses, with a separate consent form and PIS exclusively covering blood
donation only. If the patient consented, a small blood sample would be taken by the research
nurse, transported to microbiology, and then collected for further research at UEA. This

approach ensured only blood samples of scientific interest were collected, minimising overall

93



Chapter 3: Host DNA can be isolated from clinical samples and analysed for virus modulating SNPs

involvement of participants across the study, and reducing the projects burden on NHS
research staff. Use of research nurses was supported via the studies adoption into the national
institute of health research (NIHR) clinical research network (CRN) portfolio, which
allocates NHS research nurse time and resources to publicly funded studies. Once CRN
involvement was confirmed, an IRAS form was written, amended in conjunction with both
UEA research offices and research ethics committee (REC), and approved by the Surrey
Borders REC in June 2021. The Full IRAS Application (IRAS ID: 297785) can be seen in the
supplementary information (S2) as well as associated approvals, patient information sheets,

and consent forms (S3-6).

3.4. Results

3.4.1. Human IFITM3 can be isolated from clinical swabs
Nucleic acid derived from volunteer samples, extracted by the Qiasymphony SP or the lab
through ethanol precipitation of VIM, was used to isolate the IFITM3 gene by nested PCR.
Secondary primers were designed to produce a 1.8kb IFITM3 PCR product. IFITM3 DNA
from both volunteer Qiasymphony SP eluates and ethanol precipitated VTM was identified
by PCR products at 1.8kb, the predicted size of the target IFITM3 gene (Figure 3). Sanger
sequencing of the excised PCR product confirmed it was the IFITM3 gene. The gel also
showed lower molecular weight bands, which are primer dimer interactions. These results
demonstrate successful isolation of host DNA with both extraction methods, as well as
confirming capacity for the secondary amplification of clinical sample derived nucleic acids

necessary for SNP characterisation.
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| 1] >

Figure 3: PCR and gel electrophoresis of DNA extracted from Nasopharyngeal swab viral transport media shows
amplification of 1.8kb target sequence in human IFITM3. Lane 1) ethanol precipitation, Lane 2) the Qiasymphony SP
nucleic acid extraction methodology, ran on separate gels and combined.

3.4.2. Human SNPs in ATG16L1 and IFITM3 can be identified by
Tagqman SNP genotyping

Host SNPs were identified using Tagman SNP genotyping protocols. Control DNA with
known SNP genotypes (Corriel institute) were included with volunteer samples processed

through both the Qiasymphony SP and ethanol precipitation (Figure 4).
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Figure 4. Control (o) and Volunteer (o) samples processed via Tagman SNP Genotyping assays for A) IFITM3 rs12252, B)
IFITM3 rs34481144, C) ATG16L1 rs2241880. WT homozygotes red, heterozygotes green, and mutant SNP homozygotes in
blue, determined automatically based on ratios of WT and Mutant (VIC and FAM) fluorophore signals and reference
controls.

Genomic DNA from volunteer swabs (©) using both extraction protocols produced
fluorescence signals for each target SNP that correlated with fluorescence observed in control
DNA samples from Corriel (0). This analysis demonstrates efficient detection, amplification,
and fluorescence signalling in Tagman SNP genotyping using nucleic acid extracted from
clinical swabs. Direct sanger sequencing of target SNP regions was conducted to ensure the
validity and accuracy of TagMan analysis. Two volunteer samples (1x Qiasymphony SP, 1x
ethanol precipitation nucleic acid extraction) were tested by nested PCR amplification of the
IFITM3 region and then with Sanger sequencing at the IFITM3 rs34481144 and rs12252 SNP

sites.
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3.4.3. Sanger sequencing of IFITM3 region validates Tagman SNP
genotyping

IFITM3 DNA derived from nested PCR amplified volunteer Qiasymphony SP and ethanol
precipitated eluates was sequenced and aligned against a reference human IFITM3 genomic
sequence. Sequences from both extraction protocols demonstrated close alignment to the
reference genome, with scores of 2100 and 2291 observed in Qiasymphony SP and ethanol
precipitated samples respectively. These high alignment scores show significant sequence
similarity between experimental products and the reference IFITM3 gene, with identities (%
of nucleotides identical to the reference) at 85% for the Qiasymphony SP and 97.7% for

ethanol precipitation.

Genetic sequencing of experimental samples validated the overall efficacy of both extraction
approaches for the acquisition of intact host genomic DNA from clinical samples. The project
isolated consensus rs12252 and rs34481144 IFITM3 SNP regions from both volunteers
sequencing data (figure 5) and compared them to results generated through Tagman SNP

genotyping of the same samples.
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Figure 5: Sanger Sequencing of volunteer nested PCR amplified IFITM3 rs12252 and rs34481144 SNP sites, derived from
clinical samples that underwent Qiasymphony SP or Ethanol precipitation based nucleic acid extraction.

From consensus strand analysis, sequenced SNP regions indicated both volunteers were
homozygous negative for rs12252 and heterozygous for rs3481144 SNPs. These volunteer
samples were isolated from preliminary Tagman SNP genotyping experiments (figure 6).
Tagman SNP genotyping corresponded to the derived sequence data for both SNP sites. These
results confirm that host genomic DNA was extracted from clinical swabs and TagMan SNP

genotyping assays accurately identified patient SNP profiles.
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Figure 6: Tagman SNP genotyping of IFITM3 rs34481144 and rs12252 in volunteer nucleic acids extracted via
the Qiasymphony SP or ethanol precipitation display genotype calls correspond to Sanger sequencing results.
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3.4.4. Challenges in Influenza project
The project’s ethics application granted approval for the collection of IAV positive patient
diagnostic samples in Norfolk hospitals for analysis of host SNPs. However, sample
collection was hindered due to a global reduction in Influenza during lockdown to control the
Covid-19 Pandemic. The centre for disease control and prevention (CDC) showed US
pandemic (May 17-August 8,2020) Influenza positive diagnosis rates of less than 1% for all
samples tested, a marked reduction compared to previous years (figure 7) (136). The
observed decreases in American Influenza were also seen globally, with data collated from
southern hemisphere countries Australia, Chile, and South Africa showing a 0.06%
percentage positive rate for influenza during April-July 2020 compared to the historic 13.7%

average rate observed during the same period through 2017-2019 (136).
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Figure 7: Historic percentage positive (PP) Influenza tests in the United States between 2016-2020, plotted against number
of tests performed 2019-2020. Results collated and graphed by the CDC (136).
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Pandemic induced global reductions in rates of Influenza infection completely stopped study

recruitment as influenza cases were exceedingly rare at NNUH during this period.

Simultaneously, the study encountered a further recruitment obstacle. Early study design
relied on research nurse involvement for the initial approach, consenting of patients, and the
collection of cheek swabs. Unfortunately, early into the study research nurse availability
across the NNUH was diverted to already established Covid-19 based studies. The loss of
research nurse resources, combined with a lack of available influenza samples, meant the

study required redesigning.

To accommodate the lack of circulating Influenza, the project shifted focus from Human
Influenza infection to Covid-19. In the new methodology, lists of weekly Covid-19 positive
patients, including ward location and full name, were sent to myself by NNUH clinicians.
Upon receipt, I approached patients and consented them, collecting a cheek swab. I also
collected additional primary clinical samples from NNUH Microbiology, returning both to
UEA for processing by Charlotte Dixon to maintain blinding. As this new approach required
direct interaction with patients, an application for an NNUH research passport was essential,

requiring background checks, full vaccination records, and online training completion.

However, most individuals would often be discharged by the receipt of weekly Covid-19
infection data, preventing the consent process, and rendering their samples invalid for the
study. For admitted patients, almost all were not in a condition where consent could be given,
with multiple co-morbidities, general confusion, and overall deleterious health restricting
their capacity to understand the study and what their involvement would be should they

choose to participate.
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3.4.5. Volunteer SNPs show strong similarities to reference SNP
frequencies

Flaws in the previous iterations meant further adaption was required. In this new approach, I
collected samples from volunteers who had a previously diagnosed Covid-19 infection. If a
volunteer was willing to participate, they were given an online questionnaire, which not only
covers consent, but also details the volunteers’ experience with Covid-19. Upon completion
of the questionnaire, of which a full copy can be seen in the supplementary information (S9),
the volunteer then provided a self-collected cheek swab, stored in 400ul NFW, for subsequent
genome extraction by ethanol precipitation after incubation at 4°C overnight. Post incubation,
Charlotte Dixon conducted ethanol precipitation and performed Tagman SNP genotyping
assays for key targets to maintain blinding. Questionnaire answers were used to group
volunteers into severe and mild infection cohorts, with SNP prevalence in each cohort
recorded for future analysis. The target goal for this project was 200 volunteer samples, with
100 volunteers in each respective cohort. At the time of writing, this data set has not been
achieved, meaning analysis of infection severity versus SNP frequency is still untenable.
However, analysis of volunteer SNP distribution to this point (figure 8), still elucidates salient

points about the overall reliability and accuracy of this methodology.
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ATG16L1 rs2241880 (T300A)
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Figure 8: Frequency and distribution of A) IFITM3 rs12252, B) IFITM3 rs34481144, and C) ATG16L1 rs2241880
(T3004) SNP distribution in a UEA historically infected SARs-CoV-2 volunteer cohort determined through Tagman
SNP genotyping assays.

Tagman SNP genotyping was used to characterise human SNPs derived from self-performed
cheek swabs. For all samples tested call rates were high, with volunteer genotypes identified
in 100%, 97.6%, and 94.5% of T300A, rs34481144, and rs12252 tests respectively. The
accuracy of these calls is bolstered through comparative analysis of volunteer SNP allele
dynamics against reference populations. As volunteers were generally of European descent,
allele frequency of each SNP was compared to a representative European data set produced
by the Sanger Institute as part of the 1000 Genomes Project (Phase 3) in 2015 (137). Despite
slight variations due to the diverse ethnic origins of UEA’s student body, the volunteer
population display allelic frequency (Figure 9A) and genotype ratios (Figure 9B) for each
SNP that closely resemble those observed in the representative European dataset. These

results demonstrate my methodology can accurately characterise host SNPs.
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Figure 9: A) Allele Frequency of IFITM3 rs12252, IFITM3 rs34481144, and ATG16L1 rs2241880 (T3004) in volunteer
populations and the 1000 genomes European cohort. B) Genotype frequency of the same SNPs in volunteer and 1000
genomes European cohorts.
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3.5. Discussion

In this chapter, I have demonstrated capacity to isolate and sequence SNPs in ATG16L1 and
IFITM3 from samples provided by a diverse set of human volunteers. Although no
correlations can yet be made between frequency of these SNPs and severe Covid-19, these
results demonstrate viability of this protocol for mass-screening of SNPs for use by public
healthcare in the future. Cheek swabs are cheap, non-invasive, produce high call rate results,
and can be performed by the patient themselves. Therefore, this approach could easily scale
up to the population level, with public drive through testing, home testing kits, or other
patient-based approaches where swabs are taken by the patient and sent directly to NHS

laboratories for sequencing.

With further innovations, mass SNP screening at the population level can be used to identify
high risk individuals before infection even occurs. With incorporation of SNP testing into
diagnostic platforms, patient SNP profiles can be recorded and analysed against infection
severity on a case-by-case basis. As this data set grows over time, Artificial intelligence (Al)
could analyse frequency and significance of key virus-regulating SNPs, producing a checklist

of mutations that, when present, can alter infection progression and severity.

This checklist would provide predictive measures of patient outcome for clinicians, which
would allow for optimisation of treatments on an individual basis. In addition, the
cataloguing of genetic risk factors in conjunction with mass, non-infected SNP screening
means patients at high risk for any virus could be identified before an infection can occur.
Through this personalised medical approach, high risk individuals would be vaccinated
against specific viruses based on their genetic predispositions, reducing potential severity
should an infection occur and mitigating risk of further complications/hospitalisation. This

would contribute to an improved patient experience and net reduction in NHS spending.
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In conclusion, this projects methodology for host SNP detection from cheek and
nasopharyngeal swabs is accurate and efficient, returning results which correlate well with
reference allele frequency datasets. Although no conclusions can be made regarding SNP
involvement in disease severity at the time of writing, results collected so far validate the
methodology for public health screening initiatives which will benefit both patients and the

NHS should relationships be evident once the dataset is complete.
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4. Chapter 4: ATG16L1
promotes cholesterol and
phosphatidylserine localisation
to the plasma membrane
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4.1. Introduction

To study non-canonical autophagic processes, our laboratory generated a mouse model
expressing a perpetually truncated ATG16L1 protein lacking the C-terminal WD domain
(AWD) (138). I have demonstrated that AWD mice are more susceptible to Influenza
infection, with overall enhancements in virus and plasma/endosomal membrane fusion

observed (84).

Work by Tan et al (2018, Nature Microbiology) (68) demonstrated a non-canonical role for
ATGI16L1 in cholesterol transport to repair damaged plasma membrane. In this project, I
hypothesise that the AWD mutation enhances viral severity through perturbed cholesterol

trafficking due to impaired lysosomal exocytosis.

IFITM3 localises to endosomal membranes and blocks virus escape, with efficacy against
multiple viruses including [AV (139). IFITM3 enriches endosomal membranes with
cholesterol, increasing endosome membrane rigidity (140). As TAV relies on direct fusion
with endosomal membranes for escape, its efficiency is dependent on host membrane
structure (138). Enhanced rigidity of endosomal membranes inhibits IAV fusion, preventing

endosomal escape and ensuring VRNPs are degraded in lysosomes (140).

A key cholesterol regulating phospholipid is PS (141). In Maekawa et al (2015, Journal of
Cell Science) (141), PS was shown to modulate localisation of cellular cholesterol. This work
utilised two distinct plasmid biosensors: D4H mCherry, for the detection of cholesterol, and
Lact-C2-GFP, for the detection of PS. D4H is designed to mimic the fourth domain of the
Clostridium perfringens theta-toxin, which binds cholesterol (141). Lact-C2 is a domain of
Lactadherin, a PS binding protein (142). Co-transfection with both probes in Chinese hamster
ovary (CHO) cells showed distinct co-localisation between cholesterol and PS in cellular

plasma membranes.
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One of the functions of ATG16L1 is to conjugate phospholipids to LC3. LC3 serves as a
binding platform for emerging autophagic structures, recruiting key proteins expressing LC3
recognition sequences (LRS) (143). In canonical autophagy, ATG16L1 primarily facilitates
lipidation of LC3 with PE, promoting LC3 to its active state LC3B (143). However, recent
work by Durgan et al (2021, Molecular Cell) (144) has implicated the ATG16L1 WD domain
in lipidation of LC3 with PS during non-canonical autophagy. Therefore, I will also assess
capacity of AWD MEFs to lipidate LC3 with PS, with aberrations indicating defects in non-

canonical autophagic pathways such as lysosomal exocytosis.

I hypothesise that AWD models are defective in lysosomal exocytosis membrane repair
pathways, leading to an accumulation of intracellular cholesterol and subsequent depletion in
the plasma membrane. To assess this hypothesis, I investigated subcellular localisation of

cholesterol, PS, and IFITM3 in AWD and WT MEFs.

4.2. Methods

4.2.1. Cell Lines and Reagents
AWD mice were produced by our laboratory through the direct insertion of 2 concurrent stop
codons immediately following the position 230-glutamate residue in the ATG16L1 coiled coil
domain (138). The insertion of these stop codons prematurely ends ATG16L1 translation,
producing a truncated ATG16L1 protein lacking a portion of the linker region and C-terminal
WD domain. Successful truncation of ATG16L1 in AWD mice was confirmed through tissue
western blot using a monoclonal ATG16L1 antibody (MBL, M150-3). AWD mice express a
lower molecular weight ATG16L1 protein in liver, muscle, and brain tissue (figure 1).
Observed reduction in ATG16L1 molecular weight across multiple tissues validated the

model’s truncation efficiency, allowing AWD cell lines to be produced. Further information
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on the production, generation, and validation of AWD mice by our laboratory can be found in

Rai et al. (2019, Autophagy) (138).
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Figure 1: Western blot analysis for ATG16L1 in WT and AWD models shows truncation of the ATG16L1 WD domain in
AWD mutant mice. Figure adapted from Rai et al (2019, Autophagy) (136).

MEFs were cultured at 37°C 5% CO> in complete media comprised of Dulbecco's Modified
Eagle Medium with Glutamax (DMEM) (Gibco), 10% foetal bovine serum (FBS) (Gibco),

and 1% pen-strep (Gibco).

Mouse IFN-B (PBL science) was used at a 10U/ml concentration for all MEF cell lines. For
human cells, recombinant human IFN-3 (Peprotech) was used at a working concentration of
Ing/ml. All IFN treatments were conducted 24 hours prior to processing. To induce non-

canonical lipidation of LC3 with PS, MEFs were treated with 50pg/ml Chloroquine (Sigma-

Aldrich) for 2 hours prior to fixation.

T0901317, a cholesterol efflux drug targeting endosomes, was purchased from Sigma-
Aldrich, and diluted to a stock concentration of 10mM/ml in DMSO (Fisher). Cells were

treated with 10uM/ml T0901317 diluted in complete media for 24 hours prior to fixation.
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T0901317 induces cholesterol efflux from endosomes as an agonist for liver X receptor
(LXR). When bound to T0901317, LXR dimerises with retinoid X receptor (RXR) (145).
Dimerised LXR/RXR acts as reverse cholesterol transport transcription factor, serving to
upregulate the expression of ATP binding cassette subfamily A member 1 (ABCAT) on
intracellular and extracellular membranes, including endosomes (145). Upregulation of
ABCA1 on endosomal membranes actively transports cholesterol from endosomes into the
cytoplasm, where cholesterol can be utilised by the cell or exported into the bloodstream as

esterified cholesterol (figure 2).
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Figure 2: Schematic representation of mechanisms for endosomal cholesterol efflux through T0901317 (T) drug treatment.
When present, T binds liver X receptor (LXR), which mediates dimerization of LXR with retinoid X receptor (RXR). LXR/RXR
dimers serve as transcription factors, upregulating expression of ABCAI proteins, which then export cholesterol from
endosomal membranes. Figure generated using BioRender premium.

4.2.2. Protein analysis by Western Blot
6 Well plates (Greiner) of respective MEFs were cultured until fully confluent and washed

twice with Phosphate buffered saline (PBS). 10ml of M-Per solution (Thermofisher) was
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combined with 1x cOmplete ULTRA, Mini Easypack protease inhibitor cocktail tablet
(Roche), with 60ul added to each well. Cells were scraped and lysates collected for
incubation on ice for 30 minutes. Sample nuclei was then pelleted through a 10 minute

16400g centrifugation in 4°C condition. Supernatant was collected and stored at -20°C.

Lysate protein concentration was determined through a bicinchoninic acid (BCA) assay

(Pierce) used per manufacturer recommendations.

For western blot of protein lysates, 20ug of sample protein was combined with Lamelli
sample preparation buffer (8 ml 1.5M tris, 0.4% SDS, 6 ml glycerol, 2 g SDS, 1.2 mg
bromophenol blue and 60ml 2-mercaptoethanol; made up to 100 mL with dH20). Samples
were boiled for 5 mins at 95°C to denature proteins before loading onto a 4-12% Bis-Tris plus
gradient gel (Thermofisher) with a protein standard ladder (Bio Rad). Samples were run in 1x
Nu-Page buffer (Thermofisher) at 150V for 1 hour. Protein was transferred to Immobilon ®
PVDF membranes (Millipore) in transfer buffer (200ml 100% Ethanol, 100ml 10x Transfer
Buffer ([2.9g Glycine, 5.8g Tris, and 0.37g SDS in 100ml dH20] and 700ml dH20) at
200mAMPs for 1 hour in 4°C conditions. PVDF membranes were blocked in a 5% milk tris-
buffered saline (TBS) solution for 30 minutes at room temperature with shaking. Primary
antibodies were diluted 1:1000 in 5% milk 0.5% Tween TBS (TBST). PVDF membranes

were stained with primary antibodies overnight with rocking at 4°C.

After primary incubation, PVDF membranes were washed 4x in TBST for 15 minutes before
secondary staining at room temperature in 5% milk TBST with goat anti-mouse 680nm and
goat anti-rabbit 800nm secondary antibodies (Li-COR biosciences). Membranes were washed

4x in TBST before imaging using a Li-COR Odyssey CLx.

Full lists of primary and secondary antibodies for western blots in this chapter can be

observed further in Table 1.
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4.2.3. Plasmid preparation and purification
D4H mCherry, Lact-C2-GFP, and IFITM3-Myc plasmids were transformed into competent
Escherichia Coli (DH5a) cell lines (Thermofisher) through heat shock. 50ul DH5a cells were
gently mixed with 5ul of 10ng/ul plasmid before a 30-minute incubation on ice. Cells were
then heat shocked at 42°C for 20 seconds, followed by a secondary 2-minute incubation on
ice to allow for plasmid uptake into competent cells. Transformed DHS5a cells were combined
with 950ul pre-warmed super optimal broth with catabolite repression (SOC) and incubated
at 37°C for 1 hour with shaking. DH5a cells were then plated on Luria-Bertani (LB) agar
plates with either Ampicillin or Kanamycin antibiotics at 100pug/ml and incubated overnight

at 37°C.

Post overnight incubation, a single colony was selected and grown in 200ml LB Broth
containing selection antibiotic at 100pg/ml and left overnight at 37°C with shaking to allow

for bacterial replication.

Plasmid DNA was extracted with a Nucleobond Xtra Midi Kit (Machery-Nagel) used per
supplier recommendations. Purified plasmid DNA was diluted in 50ul NFW and stored at -
20°C. Plasmid DNA concentration and quality was quantified using a Nanodrop ND-1000

spectrophotometer.

4.2.4. Transfection of cells with DNA plasmids
For transfections, either Lipofectamine LTX (Thermofisher) or jetPRIME (Polyplus) was
used. For lipofectamine LTX transfection of an individual well in a 24 well plate (Greiner),
0.5pg plasmid was combined with 25ul reduced serum media (OptiMEM) (Gibco) and 1pl
PLUS reagent ® (Thermofisher). Separately, 1ul Lipofectamine LTX ® was combined with
an additional 25l of OptiMEM. Following a separate 5-minute incubation at room

temperature, reagents were combined for a further 20-minute room temperature incubation.

115



Chapter 4: ATG16L1 promotes cholesterol and phosphatidylserine localisation to the plasma membrane
50ul of combined transfection reagent was added to individual wells and left overnight prior

to fixation.

In 6 well plates (Greiner), a modified version of the lipofectamine LTX protocol was used
due to the larger surface area. Transfection reagent comprised 2.5ug plasmid DNA, 5ul
PLUS ® reagent, Sul Lipofectamine LTX ®, and 250ul OptiMEM, with a total volume of

250ul loaded per well. All other components of the protocol remained identical.

For individual well transfections using jetPRIME, 50ul Jet prime buffer was combined with
0.5pg plasmid and 1pl jetPRIME reagent ® before a short vortex and 10-minute room
temperature incubation. 50ul of transfection reagent was added per well and left overnight

prior to fixation. jetPRIME was not utilised for 6 well plate transfections.

4.2.5. Immunostaining
15,000 cells were counted using a haemocytometer and seeded on coverslips overnight in 24
well plates (Greiner). All transfections and treatments for imaging were applied for 24 hours
prior to fixation. Coverslips were washed three times with PBS before a 10-minute fixation at
room temperature with ice cold 100% methanol (Fisher Scientific) or 4% paraformaldehyde
(PFA), produced by our laboratory. After fixing, coverslips were washed twice with PBS
before permeabilization with PBS containing 0.1% Triton™ X-100 (Sigma-Aldrich) (PBST)
for 10 minutes at room temperature. A secondary permeabilization step was performed with a
further 20-minute room temperature incubation in 0.1M glycine (Fisher Scientific) diluted in
dH»0. Post permeabilization, coverslips were blocked for 30 minutes at room temperature
with 2% Bovine Serum albumin (BSA) (VWR life sciences) in PBST. Primary antibodies
were diluted 1:1000 in BSA PBST for overnight incubation with shaking at 4°C. Following
primary antibody incubation, cells were washed twice with both PBST BSA and PBS

respectively. Secondary antibodies were diluted 1:1000 in PBS. Coverslips were incubated
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with secondary antibodies for 2 hours at room temperature with shaking and washed three
times with PBS. Coverslips were then stained with Diamidino-2-phenylindole (DAPI)
(Thermofisher), diluted 1:5000 in PBS, for 5 minutes at room temperature with shaking. Cells
were washed twice with PBS post DAPI staining before mounting onto slides using
fluoromount-G mounting media (Sigma-Aldrich). Mounted coverslips were left overnight at

4°C before imaging.

Coverslips were imaged using both a Zeiss Axio Imager 2 fluorescent microscope and Zeiss
LSM 980 Airy-scan 2 confocal microscope. All images were taken with 63x (standard

fluorescent microscope) or 100x (confocal) lens objectives with oil.

4.2.6. Plasmids and antibodies for immunostaining and Western Blot
All plasmids and antibodies utilised throughout this chapter, as well as supplier and product

code, can be observed below in table 1.

Table 1: Complete list of Antibodies and Plasmids used throughout Chapter 3, with experimental use, supplier, and product
code listed.

Target Use Supplier Product Code
Rabbit anti Rab7 Primary Antibody (Immunaostaining) Cell Signalling D35F2
Rabbit anti LC3B Primary Antibody (Immunostaining) Cell Signalling D11
Mouse anti Myc Primary Antibody (Immunostaining) | Gift From Perbright Institute N/A
Mouse anti 15SG15 Primary Antibody (Western Blot) Santa Cruz Biotechnology F-9
Mouse anti p-Actin Primary Antibody (Western Blot) Sigma-Aldrich A5316
Rabbit anti IFITM3 Primary Antibody (Western Blot) Abcepta AP1153a
Goat Anti Mouse 488 Secondary Antibody (Immunostaining) Invitrogen A11001
Goat Anti Rabbit 594 Secondary Antibody (Immunostaining) Invitrogen A11012
Goat Anti Rabbit 488 Secondary Antibody (Immunostaining) Invitrogen A11008
Goat Anti Mouse 680 Secondary Antibody (Western Blot) LiCor 926-68020
Goat Anti Rabbit 800 Secondary Antibody (Western Blot) LiCaor 926-32211
IFITM3-MYC Plasmid Transfection {Immunostaining) Addgene 58461
D4H mCherry Plasmid Transfection {Immunostaining) Gift from Gregory D. Fairn N/A
Phosphotidylserine GFP [Lact-C2-GFP) Plasmid Transfection (Immunostaining) Addgene 22852
Polyinosinic:polycytidylic acid (Poly 1:C) Transfection {(Western Blot) Roche 108312001
4.2.7. Image Analysis

Qualitative and quantitative analysis of all immunostaining results utilised Fiji (ImageJ) and

Imaris imaging software.
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4.2.8. Statistical Analysis
All graphing and statistical analysis was performed using Graph Pad. All statistical analysis

within this chapter utilised unpaired student t-tests.

4.3. Results

4.3.1. Intracellular cholesterol is increased in AWD MEFs
We visualised intracellular cholesterol by transfection of WT and AWD MEFs with a plasmid

containing a bacterial cholesterol biosensor, D4H, conjugated to an mCherry fluorophore

(figure 3).
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Figure 3: Representative images of WT and ATG16L1 AWD mouse embryonic fibroblasts transfected with D4H mCherry and
Stained for DAPI. Z-stacks 1,3 and 5 of five total stacks displayed for each representative cell, with a respective Z distance
of 0.5uM between each image shown. All images 63x, processed in Axiovision and ImageJ.

AWD MEFs displayed a qualitative increase in cholesterol enriched subcellular structures

compared to WT controls. D4H mCherry positive puncta in both genotypes were counted by
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hand for quantitative analysis (figure 4). AWD MEFs had significantly higher counts of D4H
mCherry positive puncta (18.4+1.95 puncta/cell) compared to equivalent WT MEFs
(5.55+1.50) across 10 and 11 individual cells respectively. These results demonstrate
enhanced cholesterol retention in subcellular puncta of AWD MEFs compared to WT

controls. This suggests that the ATG16L1 WD domain is essential for the regulation of

intracellular cholesterol distribution.
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Figure 4: Counts of D4H-mCherry (Cholesterol) puncta are significantly elevated in AWD MEFs relative to WT MEFs
(N=11 individual cells) (P<0.0001). Counts performed in 10 AWD cells and 11 WT cells (individual). Graphing and Statistic
analysis performed in GraphPad (unpaired student T-tests).

4.3.2. Increased intracellular cholesterol co-localises to Rab7 positive
Puncta in AWD MEFs

To determine if increased intracellular cholesterol observed in AWD MEFs is localised to late

endosomes, MEFs transfected with D4H mCherry were immunostained for late endosome

marker Rab7 (figure 5).
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WT MEF

AWD MEF

Rab7 D4H mCherry (Cholesterol) Merge

Figure 5: Representative imaging of D4H-mcCherry (Cholesterol biosensor) transfected WT and AWD MEF's co-stained for
late endosome marker Rab7. All images 63x, processed in Axiovision and ImageJ.

WT MEFs displayed few intracellular puncta containing D4H mCherry when compared to
AWD cells, which showed enlarged vesicular puncta predominately in perinuclear regions.
The strength of co-localisation between D4H mCherry and Rab7 was quantified using
Pearsons’s correlation coefficient in Imaris (figure 6). AWD MEFs had significantly
increased D4H mCherry co-localisation to Rab7(0.32+0.02 Pearson correlation coefficient)
compared to WTs (0.08+0.02) in 12 individual cells each. These results demonstrate that an
intracellular cholesterol in AWD MEFs co-localises more frequently to late endosomal

structures.
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D4H/Rab7 Colocalisation
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Figure 6: AWD MEF's transfected with D4H mCherry, a cholesterol biosensor, show a highly significant increase in
Pearson's correlation coefficient value (co-localisation strength) between D4H mCherry and Rab7 compared to WT controls,
(P<0.0001, N=12 individual cells). Pearsons s correlation coefficient calculated using Imaris. Graphing and Statistic
analysis performed in GraphPad (unpaired student T-tests).

4.3.3. IFITM3 is localised to large subcellular puncta in AWD MEFs
IFITM3 activity induces cholesterol accumulation within endosomes. Given the enrichment
of cholesterol in AWD late endosomes, I sought to characterise IFITM3 distribution in
respective MEF cell lines. WT and AWD MEFs were transfected with an IFITM3-Myc

tagged plasmid and stained with an anti-Myc antibody (figure 7).
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WT AWD

IFITM3-Myc

Figure 7: Representative imaging of WT and AWD MEFS transfected with IFITM3-MYC plasmid and stained with a mouse
anti-Myc antibody. All images 63x, processed in Axiovision and ImageJ.

AWD MEFs showed increases in frequency and size of IFITM3-Myc puncta compared to
WT controls. Importantly, AWD IFITM3-Myc was distinctly localised to subcellular
structures in the perinuclear region, contrasting the more nebulous distribution of [FITM3-
Myc observed in WT MEFs. Quantitative analysis of IFITM3+ puncta frequency was
performed for statistical analysis using ImageJ (figure 8). AWD MEFs displayed a significant
increase in intracellular [IFITM3 puncta (9.33+0.88 puncta/cell) compared to WT controls
(2.67x1.77). These results demonstrate the localisation of exogenously expressed IFITM3 to

subcellular structures within AWD models.
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Figure 8: AWD MEFs display significantly higher counts of IFITM3-Myc positive subcellular puncta compared to WT
controls (P=0.0278). Graphing and Statistic analysis performed in GraphPad (unpaired student T-tests).
4.3.4. IFITM3 co-localises to Rab7 positive puncta in AWD MEFs
We next sought to determine if IFITM3 subcellular structures were late endosomes. WT and
AWD MEFs were transfected with IFITM3-Myc, detected by an antibody against Myc tag,

and co-stained with late endosome marker Rab7 (figure 9).
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WT MEF

AWD MEF

IFITM3-Myc Rab7 Merge

Figure 9: Representative image of IFITM3-Myc transfected WT and AWD MEFs co-stained for Rab7 and Myc. All images
are 63x and processed using Axiovision and ImageJ.

AWD MEFs displayed a qualitative enrichment of transiently expressed IFITM3-Myc in
Rab7+ subcellular structures compared to WT control cells. Interestingly, AWD MEFs
showed enhanced localisation of IFITM3-Myc/Rab7+ puncta around the nucleus, where WT
MEFs displayed a more scattered localisation. Quantitative analysis shows a significantly
higher count of IFITM3-Myc/Rab7+ puncta (22.67+2.19 puncta/cell) in AWD MEFs
compared to WT controls (2.33+1.45) (figure 10). As such, AWD MEFs demonstrate higher
levels of IFITM3 in late endosomal structures. These results so far show that IFITM3 is co-

localised to cholesterol rich late endosomes in AWD MEFs.
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Figure 10: AWD MEFs display significantly higher counts of IFITM3-Myc/Rab7 double positive puncta compared to WT
MEFs (P=0.0116, N=3 individual cells). Graphing and Statistic analysis performed in GraphPad (unpaired student T-tests).

4.3.5. Endogenous IFITM3 protein in ATG16L1 T300A, AWD, and KO
MEF cell lines.

In my working hypothesis, I theorise that endosomal cholesterol accumulation was a result of
defective lysosomal exocytosis. In principle, loss of lysosomal exocytosis would also

promote retention of IFITM3 bound to unrecycled late endosomes.

To assess this hypothesis, levels of endogenous [FITM3 protein were determined by western
blot analysis. A selection of MEFs with different genetic backgrounds were analysed,
including WT, AWD, T300A and ATG16L1 KO MEF cell lines. Since endogenous basal
levels of IFITM3 are low, MEF cell lines were stimulated by transfection with poly I:C to
induce IFITM3 mRNA expression. A549 human lung epithelial cells, either untreated or
treated with interferon for 24 hours, were used as negative and positive controls respectively.

IFITM3 protein levels in MEF cell lines are shown by western blot analysis (figure 11A).

As expected, untreated A549 and WT MEF cell lines did not express IFITM3 (Lane 1 and 9).

IFITM3 production in both A549 and WT MEFs was induced by poly I:C treatment (Lane 2
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and 10). AWD, T300A, and ATG16L1 KO MEFs displayed constitutive expression of
IFITM3 in untreated basal conditions (Lanes 3,5,7). Basal levels were increased in T300A
and AWD MEFs by poly I:C treatment for 24 hours (Lanes 4,6). ATG16L1 KO MEFs
showed similar levels of IFITM3 expression +/- Poly I:C (Lane 7,8). To determine if IFITM3
expression within these cell lines was a result of constitutive IFN signalling, western blots
were stained for interferon stimulated gene 15 (ISG15). Importantly, ISG15 is only expressed
in cell lines with active IFN signalling. Western blots for ISG15 expression in WT, T300A,

AWD, ATG16L1 KO MEFs as well as control A549 cell lines can be seen in Figure 11B.
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Figure 11: Western Blot for Detection of A) IFITM3, B) ISG15, and C) p-Actin in untreated MEFs and A549 lung epithelial
cells, 24-hour Poly I:C transfected MEFs, and 24-hour IFN-p treated A549 cells. Lane number denoted below each sample.

A549 lung epithelial cells and WT MEFs only expressed ISG15 in IFN signalling conditions
(Lane 2 and 10). Interestingly, ISG15 was also absent in untreated T300A and AWD MEFs

(Lane 3 and 5). The induction of IFN signalling within both T300A and AWD MEFs resulted
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in the production of ISG15 (Lane 4 and 6). ATG16L1 KO MEF cell lines showed constitutive
expression of ISG15 in both untreated and IFN conditions (Lane 7 and 8). It has been shown
that one function of ATG16L1 is to suppress type I interferon signalling (41). The ATG5-
ATGI12/ATG16L1 complex regulates the RIG-I like receptor (RLR) signalling pathway and
negatively impacts type I IFN activation during viral infection (41). This work shows that
IFITM3 protein is present constitutively in AWD and T300A MEFs despite no active basal
IFN signalling or ISG induction.

4.3.6. Phosphatidylserine co-localises to intracellular cholesterol puncta in
AWD MEFs

It has been shown that PS is required for the proper distribution of cholesterol in the plasma
membrane, facilitating its retention in the cytosolic leaflet. PS distribution was investigated in
control and AWD MEFs. Both WT and AWD MEFs were co-transfected with D4H mCherry

and the PS Biosensor Lact-C2-GFP (figure 12).
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WT MEF

AWD MEF

Lact-C2-GFP D4H mCherry Merge

Figure 12: Representative image of MEFs co-transfected for D4H mCherry (Cholesterol, Red) and Lact-C2-GFP (PS-GFP).
All images 63x, processed using Axiovision and Image..

There was an increase in size and frequency of Lact-C2-GFP/D4H mCherry double positive
puncta in AWD MEFs. The strength of co-localisation between D4H mCherry and Lact-C2-
GFP was quantified using Pearson’s correlation coefficient. AWD MEFs showed a
significantly higher strength of correlation between D4H mCherry and Lact-C2-GFP
(0.18+0.02 Pearsons correlation coefficient) relative to WT controls (0.04+0.02) in 6 and 8
individual cells respectively (figure 13). This shows that PS in AWD mouse models is

preferentially localised to cholesterol enriched subcellular puncta.
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Figure 13: AWD MEFs demonstrate significantly higher colocalisation strength between Lact-C2-GFP (PS) and D4H
mCherry than WTs following double transfection with both plasmids (P=0.0011, AWD N=6, WT N=8). Pearsonss
correlation coefficient calculated using Imaris. Graphing and Statistic analysis performed in GraphPad (unpaired student T-
tests).

4.3.7. Phosphatidylserine localises to plasma membrane in WT MEFs and
to Rab7 positive intracellular puncta in AWD MEFs

We next sought to determine if PS co-localises to late endosomal structures in AWD MEFs.
WT and AWD MEFs were transfected with PS biosensor Lact-C2-GFP and stained for late

endosomal marker Rab7 (figure 14).

129



Chapter 4: ATG16L1 promotes cholesterol and phosphatidylserine localisation to the plasma membrane

WT MEF

AWD MEF

Lact-C2-GFP Rab7 Merge

Figure 14: Representative images of WT and AWD MEFS transfected with Lact-C2-GFP (PS Biosensor) and stained for
Rab7. All images taken using a confocal microscope at 100x, processed in Zen and ImageJ.

AWD MEFs displayed co-localisation of PS to large Rab7 positive subcellular
puncta/vesicles, whereas PS was mainly seen in the plasma membrane of WT controls.
Quantitative analysis of correlation strength using Pearsons’s correlation coefficient (figure
15) shows AWD MEFs display significantly stronger colocalisation between Lact-C2-GFP
and Rab7 (0.49+0.06 Pearsons correlation coefficient) compared to WT equivalents

(0.11£0.06) in 8 and 9 individual cells respectively.
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Figure 15: AWD MEFs display significantly stronger colocalisation between Lact-C2-GFP (PS) and Rab7+ compared to
WT MEFs as determined by Pearson’s correlation coefficient (P<0.0001, WT N=9, AWD N=8). Pearson s correlation
coefficient calculated using Imaris. Graphing and Statistic analysis performed in GraphPad (unpaired student T-tests).

PS has been shown to regulate cholesterol localisation within cells, with expression in
specific regions corresponding to high cholesterol concentration. Elevated late endosomal PS

concentration in AWD MEFs shows that it is retained within late endosomes.

A higher magnification using the confocal microscope improves resolution of Lact-C2-GFP
in WT MEF plasma membrane (figure 16A). PS localisation to the plasma membrane is
required for the retention of cholesterol in the inner cytosolic leaflet. Disparities between WT
and AWD MEF Lact-C2-GFP plasma membrane concentration was quantified using signal
densitometry in ImageJ. WT MEFs showed a highly significant increase in Lact-C2-GFP
signal intensity in plasma membrane regions (1.75+0.08 plasma membrane/cytoplasm Lact-
C2-GFP intensity) relative to AWD MEFs (0.66+0.05) (Figure 16B). This demonstrates that

membrane localisation of cholesterol and PS is regulated by the ATG16L1 WD domain.
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Figure 164: Confocal images of WT MEFs show enhanced localisation of lact-C2-GFP (PS) to cell surface plasma membrane. All
images 100x, processed using Zen and ImageJ. B) Quantitative densitometry of plasma membrane Lact-C2-GFP signal intensity,
normalised against basal cytoplasmic signal intensity, shows WT MEF plasma membranes have a highly significant increased Lact-C2-
GFP signal intensity relative to AWD equivalents (P<0.0001, WT N=14, AWD N=8). Plasma membrane intensity of Lact-C2-GFP
normalised against cytoplasmic signal intensity. Graphing and statistical analysis conducted on Graph Pad (Unpaired Student T-test).
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4.3.8. The AWD mutation inhibits phosphatidylserine co-localisation to
LC3B post chloroquine treatment

It has been shown that during non-canonical autophagy LC3 can be lipidated with PS in a
process dependent on the ATG16L1 WD domain (139). I sought to confirm if there was a
reduction in the lipidation of LC3 with PS when non-canonical autophagy is induced in AWD

MEFs by chloroquine treatment.

Non-canonical autophagy was induced in both WT and AWD MEFs by chloroquine treatment
after transfection with Lact-C2-GFP. 2 hours post chloroquine treatment, MEFs were stained

for LC3B (figure 17).

Lact-C2-GFP LC3B Merge

WT MEF + Chloroquine

AWD MEF + Chloroquine

Figure 17: Representative image of WT and AWD MEFs transfected with Lac-C2-GFP (PS Probe) and stained for LC3B
after 2 hours of chloroquine treatment. All images 63x, processed using Axiovision and ImageJ.
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WT MEFs showed distinct LC3B positive subcellular puncta that co-localised with
intracellular PS. These puncta were absent in AWD MEFs. The frequency of Lact-C2-
GFP/LC3B puncta in each genotype was quantified in ImageJ for statistical analysis (figure
18). WT MEFs demonstrated a significant elevation in Lact-C2-GFP/LC3B double positive
puncta (8.33+0.88 puncta/cell) compared to AWD MEFs (0.33+0.33). These results
demonstrate that conjugation of PS to LC3 does not occur in AWD MEFs following the
induction of non-canonical autophagy. Thus, we can conclude that PS lipidation of LC3,

which is essential for non-canonical autophagy processes such as lysosomal exocytosis, is

defective in ATG16L1 AWD MEFs.
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Figure 18: AWD MEFs demonstrate a significantly reduced capacity to recruit LC3B to Lact-C2-GFP+ puncta following
Chloroquine treatment (P=0.0011, N=3). Graphing and Statistic analysis performed in GraphPad (unpaired student T-tests).
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4.3.9. T0901317 treatment reverses intracellular cholesterol accumulation
in AWD MEFs

T0901317 is a drug that promotes cholesterol efflux from endosomes by upregulating the
ABCALI transporter. To observe if intracellular cholesterol distribution within AWD MEFs
was altered by promoting cholesterol flux, MEFs were treated with T0901317 for 24 hours
prior to fixation. Intracellular cholesterol was visualised by transfection with D4H mCherry,

and late endosomes were detected by staining with anti-Rab7 antibody (figure 19A).

The strength of correlation between D4H mCherry and Rab7 was again quantified using
Pearsons’s correlation coefficient (figure 19B). Following T0901317 drug treatment, the
strength of D4H mCherry and Rab7 colocalisation in AWD MEFs (0.11+0.02 Pearsons

correlation coefficient) was not significantly different to equivalent treated WT controls

(0.13+0.02) across 11 individual cells for both genotypes.
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Figure 19: 4) Representative image of WT and AWD MEFss treated with T0901317 for 24 hours before D4H mCherry
transfection and Rab7 staining. All images 63x, processed using Axiovision and ImageJ. B) There is no significant difference
between colocalisation strength of both WT and AWD MEF D4H mCherry and Rab7 as determined by Pearson’s correlation
coefficient following T0901317 drug treatment (P=0.4761, N=11 individual cells). Pearsons’s correlation coefficient
calculated using Imaris imaging software. Graphing and Statistic analysis performed in GraphPad (unpaired student T-
tests).

Pearson Correlation Coefficient
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To assess the significance of this alteration, T0901317 treated MEFs was analysed against
untreated MEFs of the same genotype (Figure 20A). There was no significant difference in
the colocalisation strength of D4H mCherry and Rab7 in both untreated (0.08+0.02 Pearson’s
correlation coefficient) and T0901317 treated conditions (0.13+0.02) in WT MEFs. However,
overall colocalisation strength of D4H mCherry and Rab7 was significantly reduced in
T0901317 treated AWD MEFs (0.11+£0.02 Pearson correlation coefficient) compared to
untreated AWD controls (0.32+0.02). T0901317 treated AWD MEFs (0.11£0.02) also
displayed no significant difference in D4H mCherry/Rab7+ puncta count compared to
untreated WT controls (0.08+0.02) (Figure 20B). These results demonstrate that increased
localisation of cholesterol to late endosomes in AWD MEFs can be reversed to untreated WT

levels by T0901317 drug treatment.
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Figure 20: A) Comparative images of WT and AWD MEFs transfected with D4H mCherry and stained for Rab7 +/- 24-hour
T0901317 treatment. All images 63x, processed using Axiovision and ImageJ. B) D4H mCherry and Rab7 colocalisation
strength is not significantly altered by T0901317 drug treatment in WT MEFs (P=0.1087, WT N=12, WT+T0901317 n=11),
but is significantly reduced in AWD MEFs (P<0.0001, AWD N=12, AWD+T0901317 N=11). T0901317 is sufficient to
restore D4H mCherry and Rab7 colocalisation strength in AWD MEF's to untreated WT levels (P=0.292). Pearsons
corelation coefficient calculated using Imaris imaging software. Graphing and statistical analysis conducted using
GraphPad.
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4.3.10. T0901317 treatment localises phosphatidylserine to the plasma
membrane in AWD MEFs

Following the reversal of the AWD cholesterol phenotype through treatment with T0901317,
I next sought to characterise alterations in PS distribution post T0901317 treatment. WT and
AWD MEFs were treated with T0901317 before Lact-C2-GFP transfection and Rab7 primary

antibody staining (figure 21A).

The strength of colocation between Lact-C2-GFP and Rab7 post T0901317 drug treatment
was quantified through Pearson’s correlation coefficient (figure 21B). There was no
significant difference in overall correlation strength between Lact-C2-GFP and Rab7 between
WT (0.07+0.03 Pearson correlation coefficient) and AWD MEFs (0.14+0.04) following

T0901317 drug treatment in 8 and 10 individual cells respectively.
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Figure 21: A) Representative image of WT and AWD MEFs treated with T0901317 for 24 hours before Lact-C2-GFP
transfection and Rab7 staining. All images 63x, processed using Axiovision and ImageJ. B) There is no significant difference
in strength of correlation, as determined by Pearson's correlation coefficient, between Lact-C2-GFP and Rab7 in WT and
AWD MEFs following T0901317 drug treatment (P=0.2156, WT N=8, AWD N=10). Pearsons s correlation coefficient
calculated using Imaris software. Graphing and statistical analysis conducted using GraphPad.
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Lact-C2-GFP/Rab7+ subcellular puncta in T0901317 treated MEFs were compared to
untreated MEFs (Figure 22A). WT MEFs displayed no significant difference in Lact-C2-GFP
and Rab7 colocalisation strength in both untreated (0.11+£0.03 Pearson correlation coefficient)
and T0901317 treated (0.07+0.03) conditions. In contrast, T0901317 treatment of AWD
MEFs resulted in a highly significant reduction in Lact-C2-GFP and Rab7 colocalisation
strength (0.14+0.04 Pearson correlation coefficient) compared to untreated AWD samples
(0.49+0.0.06) (Figure 22B). T0901317 treatment is also sufficient to reduce elevated Lact-
C2-GFP and Rab7 colocalisation in AWD MEFs (0.14+0.04 Pearson correlation coefficient)
to untreated WT (0.11£0.03) levels. These results indicate T0901317 reduces late endosomal
PS concentrations in AWD MEFs. I next sought to investigate if T0901317 promoted

accumulation of PS in AWD MEF plasma membranes.
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Figure 22: A) WT and AWD MEFss transfected with Lact-C2-GFP and stained for Rab7 +/- 24-hour T0901317 treatment.
Images 63x (WIT/AWD + T0901317) and 100x (WT/AWD untreated). 63x images processed using Axiovision and ImageJ,
with 100x images using Zen and ImageJ. B) T090137 drug treatment did not significantly alter Lact-C2-GFP and Rab7
colocalisation in WT MEFs (P=0.3698, WT N=9, WT+T0901317 N=8), but caused a significant decrease in AWD MEFs
(P<0.0001, AWD N=8, AWD +T0901317 N=10). T0901317 treatment reduces Lact-C2-GFP and Rab7 correlation in AWD
MEFs to untreated WT levels (P=0.5683, WT N=9, AWD +T0901317 N=10). Pearson s correlation coefficient calculated
using Imaris software. Graphs and statistical analysis generated using GraphPad (Unpaired Students T-test).
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The impact of T0901317 on PS plasma membrane distribution in AWD MEFs was
characterised with high resolution microscopy using a Zeiss LSM 980 Airy scan 2 confocal
microscope at 100x (Figure 23A). To quantify potential T0901317 mediated alterations in
Lact-C2-GFP plasma membrane concentrations, signal intensity within the region was again
quantified using signal densitometry in ImageJ and compared to untreated results (Figure
23B). WT MEFs showed no significant difference in cytoplasm normalised plasma
membrane signal intensity in untreated (1.71+0.08 plasma membrane/cytoplasm Lact-C2-
GFP intensity) and T0901317 treated (1.93+0.12) conditions. However, T0901317 treatment
significantly increased plasma membrane intensity of Lact-C2-GFP in AWD MEFs
(1.53+0.08 plasma membrane/cytoplasm Lact-C2-GFP intensity) relative to untreated AWD
equivalents (0.64+0.05). The effects of T0901317 were sufficient to restore AWD Lact-C2-
GFP membrane intensity to untreated WT levels (Figure 23B). Based on these results, I
conclude that T0901317 treatment is sufficient to restore PS localisation to the plasma
membrane in AWD MEFs and reverse cholesterol distribution from late endosomes to the

plasma membrane.
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Figure 234 T0901317 drug treatment induces a qualitative elevation in Lact-C2-GFP concentration in AWD MEF plasma membranes. All
images 63x, processed using Axiovision and ImageJ. 23B) T0901317 does not significantly alter Lact-C2-GFP cytoplasm normalised signal
intensity in WT MEF plasma membranes (P=0.1186, WT N=14, WT + T0901317 N=8), but significantly increased normalised plasma
membrane intensity in AWD MEFs (P<0.0001, AWD N=9, AWD + T0901317 N=12). T0901317 treatment of AWD MEFs is sufficient to
restore Lact-C2-GFP plasma membrane signal intensity to untreated WT levels (P=0.1308, WT N=14, AWD +T0901317 N=12). Plasma
membrane intensity of Lact-C2-GFP normalised against cytoplasmic signal intensity. Graphing and statistical analysis conducted on Graph
Pad (Unbaired Student T-test).
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4.3.11. T0901317 treatment does not affect IFITM3 localisation in WT
and AWD MEFs

Finally, in this chapter I explored if T0901317 mediated alterations of cholesterol distribution
in AWD MEFs was dependent on re-localisation of [IFITM3. WT and AWD MEFs were

transfected with IFITM3-Myc and treated with T0901317 before Rab7 staining (figure 24A).

In contrast to both D4H mCherry and Lact-C2-GFP, T0901317 treatment did not induce
redistribution of exogenously expressed IFITM3-Myc in both WT and AWD MEFs.
Quantitative analysis showed T0901317 drug treatment did not reduce IFITM3-Myc co-
localisation to Rab7 positive subcellular puncta, with overall counts of double positive puncta
significantly elevated in T0901317 treated AWD MEFs (12.7£3.18 puncta/cell) compared to

relative WT controls (0.00+0.00) (Figure 24B).
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Figure 24: A) Representative images of WT and AWD MEF's treated with T0901317 for 24 hours before IFITM3-Myc transfection
and Rab7 staining. All images 63x, processed using Axiovision and ImageJ. B) There is a highly significant increase in AWD MEF
IFITM3-MycGFP/Rab7+ puncta count following T0901317 drug treatment compared to WT equivalents (P=<0.0001, N=3).
Graphing and Statistic analysis performed in GraphPad (unpaired student T-tests).
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The frequency of double positive IFITM3-MYC/Rab7 puncta in T0901317 treated MEFs was

analysed against untreated equivalents (Figure 25A).

T0901317 drug treatment did not reduce the frequency of double positive IFITM3-
Myc/Rab7+ puncta in AWD MEFs (10.33+3.18 puncta/cell) to untreated WT levels
(0.33+£0.33). There was no significant difference in double positive puncta counts between
untreated (10.33£3.18 puncta/cell) and T0901317 treated AWD MEFs (12.7+2.67) (Figure
25B). Despite no alteration in frequency, AWD MEFs did display notable reductions in size
of puncta, indicating cholesterol may be the major contributor to the enlarged puncta
observed in untreated AWD MEFs. From these results, we can conclude that T0901317 drug
treatment has no significant effect on IFITM3 co-localisation to late endosomal puncta in

both WT and AWD MEFs.

147



Chapter 4: ATG16L1 promotes cholesterol and phosphatidylserine localisation to the plasma membrane

A) AWD
Untreated

~

£

(0]

[ =

(&)

S

=

™

>

=

]
+T0901317

B) IFITM3-MYC/Rab7+ Puncta in MEFs

*
20- s
15
-
c
3 10+
0
5_

Figure 25: 4) Comparative images of WT and AWD MEF's transfected with IFITM3-Myc and stained for Rab7 +/- 24-hour
T0901317 treatment. All images 63x, processed using Axiovision and ImageJ. B) T0901317 drug treatment did not induce
alterations in counts of IFITM3-Myc/Rab7+ subcellular puncta (P>0.9999, N=3). T0901317 treated AWD MEF's display
significantly elevated IFITM3-Myc/Rab7+ puncta count relative to untreated WT controls (P=0.0198, N=3). Graphing and
Statistic analysis performed in GraphPad (unpaired student T-tests).
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4.4. Discussion

This chapter investigates if AWD MEFs have impaired cholesterol localisation. The
ATG16L1 WD domain has been shown to be involved in the transport of cholesterol enriched
endolysosomes back to the plasma membrane through lysosomal exocytosis. Retention of
endosomal cholesterol and subsequent plasma membrane depletion may explain the higher
viral permeability observed in AWD models, with depleted cholesterol enhancing virus

fusion efficiency.

Through immunostaining, I observed cholesterol enriched subcellular puncta in AWD MEFs.
I determined that the increased intracellular cholesterol structures in AWD MEFs co-localised
more frequently to Rab7+ late endosomal structures than WT equivalents. Thus, we can
conclude that intracellular cholesterol in AWD models is preferentially retained in late

endosomes.

I asked if loss of the ATG16L1 WD domain impacted the distribution of IFITM3, which
mediates cholesterol accumulation within endosomes as part of its antiviral function. I
transfected MEFs with a Myc-Tagged IFITM3 plasmid and co-stained for Myc. Subcellular
structures expressing IFITM3 were significantly increased in AWD MEFs relative to WT
MEFs. These results indicated that IFITM3 was preferentially localised to subcellular puncta
in cells lacking the ATG16L1 WD domain. When staining for Rab7, there was increased
IFITM3 co-localisation to Rab7+ structures in AWD MEFs compared to WT controls.
Through this analysis, I determined that truncation of the ATG16L1 WD domain increases
IFITM3 localisation to late endosomes. To confirm if endogenous IFITM3 protein was
elevated in AWD MEFs due to defective turnover, IFITM3 protein concentration in MEFs
was measured in IFN signalling stimulated and unstimulated cells. MEFs from both T300A

and AWD models showed elevated basal levels of IFITM3 protein in unstimulated cells.
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As IFITM3 is transcribed after IFN signalling transduction, these results may indicate that
cells lacking the ATG16L1 WD domain do not degrade IFITM3. Instead, IFITM3 may be
retained in AWD late endosomes due to defective lysosomal exocytosis recycling. As |
previously observed strong co-localisation between cholesterol and late endosomes in AWD
MEFs, IFITM3 may serve as a contributing factor to late endosomal cholesterol localisation

and retention within AWD models.

PS regulates cholesterol distribution, with its localisation in membranes strongly correlating
to enhanced cholesterol recruitment and enrichment. In addition, LC3 can be lipidated with
PS through ATG16L.1 WD domain dependent non-canonical autophagy. Thus, I characterised
potential alterations in PS localisation and LC3/PS lipidation in AWD MEFs. In AWD MEFs,
PS was strongly localised to Rab7+ late endosomal structures. Enrichment of PS in late
endosomal membranes implies enhanced cholesterol localisation to these sites. WT MEFs
showed increased staining of PS at the plasma membrane and showed significant
enhancements in LC3/PS co-localisation when non-canonical autophagy was induced in
contrast to AWD MEFs. In conjunction with other data, we can conclude that AWD MEFs

late endosomes are preferentially enriched in PS, IFITM3, and cholesterol.

The drug T0901317 promotes cholesterol efflux from endosomes through upregulation of the
ABCALI transporter. T0901317 treatment depleted concentrations of AWD late endosomal PS
and cholesterol to a level statistically equivalent to WT controls. Simultaneously, T0901317
also restored PS to AWD MEF plasma membranes. In contrast, [IFITM3 localisation to AWD
late endosomal puncta was not impacted by T0901317 drug treatment, with treated AWD
MEFs displaying statistically identical IFITM3/Rab7+ puncta count compared to untreated

genotype controls.
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In summary, this chapter has demonstrated enhanced localisation of both cholesterol and PS
to late endosomal structures when the ATG16L1 WD domain is removed. T0901317 drug
treatment of AWD MEFs normalised cholesterol and PS distribution but did not impact
IFITM3 recruitment to late endosomes. These results demonstrate that T0901317’s capacity
to reverse AWD intracellular cholesterol accumulation may be dependent on re-localisation
of PS from endosomal membranes to the plasma membrane. Additionally, as T0901317
treatment reduced AWD endosomal cholesterol concentrations, but did not impact IFITM3,
we can conclude that enhanced localisation of exogenous IFITM3 to endosomes alone is not

sufficient for intracellular cholesterol retention.
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5.1. Introduction

In chapter 4, I characterised the intracellular distribution of cholesterol and cholesterol
regulatory molecules, including PS and IFITM3, in MEFs. In AWD MEFs, I observed
increased concentrations of intracellular cholesterol relative to WT MEF controls. Through
further analysis, I confirmed that intracellular cholesterol in AWD MEFs co-localises more

frequently to late endosomal structures.

PS is essential for the stabilisation of cholesterol within membranes (141). In contrast,
IFITM3 facilitates endosomal cholesterol accumulation as part of its anti-viral function (57).
I have shown enhanced co-localisation of both transient IFITM3-Myc and PS biosensor Lact-
C2-GFP to late endosomes in AWD MEFs. Confocal microscopy shows reduced
concentrations of PS within AWD MEFs relative to controls, indicating reduced
concentrations of plasma membrane cholesterol in AWD models. Furthermore, I confirmed
that lipidation of LC3 with PS, a component of non-canonical autophagy, is defective in

AWD MEFs.

My major hypothesis is that the AWD mutation enhances viral severity through aberration of
cellular cholesterol homeostasis, promoting retention of cholesterol in endosomal structures
and depleting plasma membrane cholesterol. I theorise this is due to defective lysosomal
exocytosis of cholesterol enriched endosomes, a pathway dependent on the non-canonical
functions of the ATG16L1 WD domain. To explore if cholesterol accumulation within AWD
endosomes could be reversed, I treated MEFS with endosomal cholesterol efflux drug
T0901317. T0901317 reversed previously observed co-localisation of cholesterol and PS to
late endosomal structures in AWD MEFs. Additionally, T0901317 treatment restored
concentrations of PS within AWD MEF plasma membranes but did not reverse AWD MEF

IFITM3-Myc late endosomal localisation.
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With chapter 4 results demonstrating enhanced intracellular cholesterol concentrations in
AWD MEFs, I next sought to confirm reductions in AWD model plasma membrane

cholesterol both in vivo and in vitro.

In this chapter, I isolated plasma membranes from both WT and AWD MEFs and mouse
brains through density ultracentrifugation and quantified their cholesterol concentrations.
Additionally, I also assessed capacity for endosomal cholesterol efflux drug T0901317 to

reverse any reductions in plasma membrane cholesterol facilitated by the AWD mutation.

5.2. Methods

5.2.1. Subcellular fractionation of MEFs
Twenty-four T175 flasks (Greiner) of WT control (12x) and AWD MEFs (12x) were cultured
until confluent and washed three times with PBS to remove residual media. All procedures
were on ice in the presence of protease inhibitors. Cells were scraped into 500ul of ice-cold
buffered sucrose solution [1x cOmplete ULTRA, Mini Easypack protease inhibitor cocktail
tablet (Roche), 10mM tris/HCl, ImM EDTA, 0.25M sucrose, dH>0]. The homogenate was
pelleted at 15,800g for 5 mins at 4°C. Pellets derived from 4 flasks were combined and re-
suspended in 500ul buffered sucrose solution after centrifugation generating three separate
samples. Resulting homogenate was passed through a 23G needle 15 times on ice to lyse
cells. Samples were pelleted at 95g for 10 minutes at 4°C, with supernatant collected. This
was designated the post nuclear supernatant (PNS), stored at -20°C, and assayed for

cholesterol and protein levels.

MEF homogenates were fractionated on a discontinuous step sucrose-Nycodenz (ProGen)
gradient across a total volume of 1.4 ml. Gradient solutions were made from a 50%
Nycodenz stock (50% Nycodenz, 10mM tris/HCl, ImM EDTA, dH20) diluted to 5-50%

Nycodenz with buffered sucrose solution. 200ul of each concentration was loaded by steps
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into a 1.5ml ultracentrifuge tube (Beckman-Coulter Life Sciences) in descending order of
Nycodenz concentration. MEF PNS (320ul) was combined with 80ul 10% Nycodenz
solution, to make a 2% Nycodenz step. The total 400ul sample volume was loaded on top of

the gradient (Figure 1).

Tubes were loaded into a TLS-55 (Beckman-Coulter Life Sciences) ultracentrifugation rotor.
Samples were separated by ultracentrifugation at 61,725G for 3 hours at 4°C. After
centrifugation, 7x 200ul fractions were collected for each sample, stored at -20°C, and

analysed for protein by BCA assay for protein and cholesterol analysis.

- 400ul 2% NZ (320ul
PNS+ 80ul 10% NZ)

200pl 10% NZ

1.4ml Total —<

1
2
3 200pl 5% NZ
4
5 200ul 15% NZ

200l 25 % NZ

200pl 50 % NZ

Figure 1: Nycodenz (NZ) gradient Composition for subcellular fractionation of mouse embryonic fibroblasts by
ultracentrifugation. Fractions were collected in numerical order, with each number denoting a single fraction. Figure was
produced using Biorender Premium.

5.2.2. Subcellular fractionation of mouse brains
WT and AWD mice were sacrificed and brains extracted, weighed, and minced with a razor
blade in a sterile petri dish containing Iml PBS. Tissue was collected into a 1.5ml Eppendorf
and pelleted by centrifugation at 2000g for 5 minutes. The pellet was resuspended in ice cold
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hypotonic buffer (dH20, 10mM Tris-HCI, and ImM EDTA), and incubated on ice for 1
minute. The tissue was pelleted by a short centrifugation to remove hypotonic buffer before
resuspension in 2ml of buffered sucrose solution [1x cOmplete ULTRA, Mini Easypack
protease inhibitor cocktail tablet (Roche), 10mM tris/HCI, 0.5mM EDTA, 0.25M sucrose,

dH.0].

Tissue was homogenised with a Dounce homogeniser using 20x passes with pestle A and B.
Tissue lysates were collected and sonicated on ice for 30 seconds twice before pelleting with
a 95g 10-minute centrifugation at 4°C to remove nuclei, with PNS collected. 200ul of each
brain PNS was stored at -20°C for further cholesterol and protein quantification. Each brain

was processed individually (N=3) for each genotype.

Subcellular fractionation of mouse brains was performed on a 32ml gradient in a Beckman
SW32 Ti ultracentrifuge rotor. A discontinuous step gradient from 0-30% Nycodenz was
made in buffered sucrose solution, with brain PNS placed at the bottom in a S5Sml sample

volume. Gradient composition for brain ultracentrifugation can be seen in figure 2.
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Figure 2: Nycodenz (NZ) gradient composition for subcellular fractionation of mouse brains through ultracentrifugation.
Fractions were collected in numerical order, with each number denoting a single fraction. Figure was produced using
BioRender Premium.

Samples were separated by ultracentrifugation at 59,333g for 3 hours in 4°C conditions. After
ultracentrifugation, 8x 3.5ml fractions were collected, stored at -20°C, and assayed for protein

and cholesterol concentration.

5.2.3. Protein assay
Protein concentration in PNS and subcellular fractions was quantified using a bicinchoninic

acid (BCA) assay (Pierce).

5.2.4. Protein analysis of subcellular fractions
30ul of sample fraction was combined with 6l 6x Lamelli sample preparation buffer,
described previously in chapter 4. Methodology utilised for protein analysis by western blot

remained unchanged from that described in chapter 4.

Brain plasma membrane fractions were detected with plasma membrane protein Na/K
ATPase using a rabbit monoclonal Na/K ATPase B1 antibody (D6USQ, Cell Signalling). MEF
plasma membrane fractions were characterised using a polyclonal rabbit B1-Integrin antibody
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(a gift from Dr Uli Mayer, BIO, University of East Anglia). All membranes were stained with
a mouse B-actin antibody (A5316, Sigma-Aldrich) diluted 1:10,000. All fractions were also
blotted with late endosome rabbit anti-Rab7 antibody (D95F2, Cell signalling) and rabbit
endoplasmic reticulum antibody anti-endoplasmic reticulum resident protein 60 (ERP-60)
produced in house by the Wileman laboratory (data not shown). Primary antibodies were

diluted 1:1000, while secondary antibodies were used at a 1:10,000 concentration.

Protein bands were quantified through automated densitometry performed using Odyssey
CLx software. Densitometry readings were then standardised against fraction protein
concentration, determined through BCA analysis, with fractions containing the highest

concentration of plasma membrane protein denoted as the plasma membrane peak fractions.

5.2.5. Biochemical cholesterol assay
Cholesterol quantification of both PNS and peak plasma membrane fractions was performed
using an Amplex Red cholesterol assay (Thermofisher). The Amplex red cholesterol assay is
a quantitative fluorometric experiment for the characterisation of both unesterified and total

(unesterified + esterified) cholesterol in samples.

Unesterified cholesterol is oxidised by cholesterol oxidase to produce hydrogen peroxide. In
the presence of hydrogen peroxide, horseradish peroxidase converts Amplex Red Reagent ®
to fluorescent resorufin at a 1:1 ratio. Resorufin is detected and quantified at 545-590nm,
with readings directly proportional to unesterified cholesterol. To obtain total cholesterol
levels, esterified cholesterol is first converted to unesterified cholesterol through cholesterol

esterase activity.

For measurements of total cholesterol, samples are combined with a working Amplex Red
Reagent solution (2 U/ml cholesterol oxidase, 2 U/ml horseradish peroxidase, 300uM

Amplex Red Reagent ®, and 0.2 U/ml cholesterol esterase) before incubation at 37°C for 30
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minutes and subsequent measurement of fluorescence at 545-590nm by a molecular devices’
spectra-max M2 plate reader. For measurements of unesterified cholesterol, cholesterol

esterase was excluded from the sample (figure 3).

For standardisation, all experimental samples were run alongside predefined cholesterol and

negative controls to generate a standard curve, through which cholesterol was quantified.

As per literature (146,147), cholesterol readings were normalised against total protein
concentration garnered from BCA analysis, resulting in measurements of ng cholesterol/ug

protein.
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Figure 3: Schematic representation of mechanisms behind both A) total and B) unesterified cholesterol quantification using
the Amplex Red Cholesterol assay. Unesterified cholesterol is oxidised by cholesterol oxidase, mediating conversion of
Amplex Red reagent ® to fluorescent resorufin by Horse-radish peroxidase, producing a quantifiable signal. Cholesterol
esterase, which converts esterified cholesterol to its unesterified form, can be included or excluded from the assay based on
the desired quantification target. Figure produced using BioRender premium.
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5.2.6. T0901317 treatment
Both WT control and AWD MEFs were treated with 10uM/ml T0901317 diluted in complete
media for 48 hours prior to harvesting. For mouse treatment, T0901317 was administered for
3 days prior to sacrifice at concentrations of 25mg/kg body weight. Treatment was performed
by Dr Naiara Beraza (Quadram Institute Biosciences). Ultracentrifugation gradient

composition and protocols remained identical to untreated equivalents.

5.2.7. Statistical analysis
Statistical analysis for comparison of WT control to AWD models through all experiments

used unpaired student T-tests performed in Graph Pad.

5.3. Results

5.3.1. The ATG16L.1 AWD mutation reduces plasma membrane
cholesterol in MEF's

Total and unesterified cholesterol in MEF PNS homogenates was measured (Figure 4). There
was no difference in total cholesterol between WT (21.9+0.51 ng cholesterol/pg protein) and
AWD MEF PNS (21.6%0.78) (Figure 4A). There was also no difference in unesterified
cholesterol between WT (20.0+0.34 ng cholesterol/pg protein) and AWD MEF PNS

(19.6+0.75) (Figure 4B).
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Figure 4: Quantification of A) total and B) unesterified cholesterol in WT and AWD MEF post nucleation supernatants
(N=3) by the Amplex Red cholesterol assay demonstrates no significant difference in cholesterol across whole MEFs.
Graphs were generated using Graph Pad, which was also utilised for statistical analysis (Unpaired T-Tests).

The concentration of unesterified cholesterol, calculated as a percentage of total cholesterol,
also demonstrates no significant difference between genotypes (Figure 5). These results
demonstrate that there is no difference in cholesterol quantity or concentration between whole
WT and AWD MEFs. MEF PNS was fractionated on a Nycodenz gradient for isolation of

plasma membranes.
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Figure 5: Ratio of unesterified to total cholesterol in WT and AWD MEF post nucleation supernatant (N=3) is not
significantly perturbed by the ATG16L1 AWD mutation. Graphing and statistical analysis were performed using GraphPad
(Unpaired T-Tests).

162



Chapter 5: T0901317 reverses decreased plasma membrane cholesterol in ATG16L1 AWD mice

Plasma membrane fractions were identified through western blotting for f1-Integrin, a 130kd
plasma membrane marker (figure 6). Normalised densitometry of protein bands is shown

below each blot, with peak plasma membrane fractions for each sample highlighted in

yellow.
Normalised B1-Integrin Densitometry 180 494 626 198 196 709 525 208 102 Peak Fraction
198 534 606 237 156 O O 158 342 284
0 23.1 497 0 221 404 516 136 143 74
WT AWD

Figure 6. Western Blot analysis for detection of plasma membrane marker p1-Integrin in WT and AWD MEF subcellular fractions
produced through subcellular fractionation. Western blots for 3 separate ultracentrifugation samples per genotype. Peak fractions
were identified through protein concentration normalised densitometry of the [ 1-Integrin signal intensity, with values for each
fraction denoted underneath each band. Fractions with the highest protein normalised concentration of f1-Integrin intensity are
denoted as peak fractions and highlighted in yellow. Densitometry performed using the Odyssey CLx, with protein quantification for
each sample using BCA assay (Pierce).

WT MEFs had peak plasma membrane concentration in fractions 3 and 4, while AWD MEF
peak fractions were localised between fractions 2-3. As gradients are manually loaded, slight
variation in plasma membrane localisation between samples can be expected. Rab7 antibody

stained showed no quantifiable Rab7 protein in any MEF fraction.

Total and unesterified cholesterol in MEF peak plasma membrane fractions was quantified
(Figure 7). WT MEF plasma membranes displayed total cholesterol readings of 28.2+1.58ng
cholesterol/pg protein, a significant increase compared to AWD MEFs (22.2+0.76) (Figure

7A).
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Unesterified cholesterol in WT MEFs plasma membranes (26.3+1.73 ng cholesterol/pg
protein) was also significantly increased compared to AWD MEFs (20.3+0.75) (Figure 7B).
These results demonstrate a significant reduction in plasma membrane cholesterol in AWD

ME-Fs.
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Figure 7: Cholesterol analysis of Peak f1-intregin MEF plasma membrane fractions (N=3) demonstrate a significant reduction in A)
total (P=0.02) and B) unesterified cholesterol (P=0.02) in AWD MEF plasma membranes relative to WT controls. Results visualised
and statistically analysed using GraphPad (Unpaired T-Test).

5.3.2. ATG16L1 AWD Mouse brains have elevated cellular cholesterol
concentrations in PNS, but reduced plasma membrane cholesterol

3x WT and 3x ATG16L1 AWD mice were sacrificed to produce brain homogenates for
ultracentrifuge subcellular fractionation. Total and unesterified cholesterol in mouse brain
PNS was quantified (Figure 8). AWD brain PNS showed significantly increased total
cholesterol (155.9+1.80 ng cholesterol/pg protein) compared to WT controls (111.2+4.47)
(Figure 8A). AWD Brain PNS unesterified cholesterol (118£1.75 ng cholesterol/ug protein)
was also significantly elevated compared to WTs (91.8+5.25) (Figure 8B). Brains of AWD
mice had higher overall concentrations of cholesterol. This supports previous results showing
enhanced concentrations of intracellular cholesterol demonstrated in AWD MEFs through

cholesterol biosensor D4H mCherry transfection.
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Figure 8: Cholesterol quantification in whole mouse brain post nucleation supernatant (N=3) demonstrates a significant
increase in whole AWD brain A) total (P=0.008) and B) unesterified cholesterol (P=0.003) relative to WT controls. Graphs
produced in GraphPad, in which statistical analysis was also performed (Unpaired T-Test).

WT and AWD Brain subcellular fractions were blotted for detection of 50kD Na/K ATPase, a
protein localised to the plasma membrane (figure 9). Normalised densitometry of Na/K
ATPase was performed for each fraction, with fractions expressing the highest relative
quantity denoted in yellow as plasma membrane fractions. Rab7 and ERP-60 staining showed

no detectable protein in all brain fractions (not shown).
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Figure 9: Western blot analysis for detection of plasma membrane protein Na/K ATPase and control f-Actin in 3 individual
WT and AWD brain subcellular fractionations samples produced through ultracentrifugation. Peak fractions were identified
through protein concentration normalised densitometry of the Na/K ATPase signal intensity, with values for each fraction
denoted underneath each band. Fractions with the highest protein normalised concentration Na/K ATPase signal intensity
are denoted as peak fractions and highlighted in yellow. Densitometry performed using the Odyssey CLx, with protein
quantification for each sample using BCA assay (Pierce).
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Localisation of plasma membrane fractions across all brain subcellular fractions was close,
observed between fractions 5-7 for all genotypes. This localisation differs to that observed in
MEF subcellular fractionation, with all peak plasma membrane fractions between 2-4. This is
due to differences in gradient compositions and sample loading protocols. Total and
unesterified cholesterol for each WT and AWD brain peak plasma membrane fraction was

quantified (figure 10).

AWD mouse brain plasma membrane fractions showed significant reduction in total
cholesterol (156+£36.7ng cholesterol/pg protein) compared to WT equivalents (261.3+6.36)
(Figure 10A). Unesterified cholesterol within plasma membrane fractions was also
significantly reduced in AWD brains (80.1+14.6ng cholesterol/pg protein) relative to WT
controls (131.6+15.1) (Figure 10B). These results indicate that plasma membrane cholesterol
is significantly reduced in vivo by ATG16L1 WD domain deletion. When combined with data
derived from MEF subcellular fractionation, we can conclude that the ATG16L1 WD domain

is essential for cholesterol recruitment to the plasma membrane both in vitro and in vivo.
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Figure 10: Cholesterol quantification of Mouse Brain Peak Na/K ATPase subcellular fractions (N=3) demonstrates a significant
reduction in plasma membrane (Unpaired T-test) A) total (P=0.047) and B) unesterified cholesterol (P=0.041) in AWD brains
compared to WT controls. Graphs were generated using Graph Pad, which was also utilised for statistical analysis.
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5.3.3. T0901317 Drug Treatment
T0901317 is a commercially available drug that alters cellular cholesterol distribution,
mediating efflux of cholesterol from endosomes into the cytoplasm. I treated WT and AWD
MEFs and mice with T0901317 and repeated the subcellular fractionation experiments.

5.3.4. T0901317 treatment does not significantly alter cholesterol in MEF
homogenates

WT and AWD MEFs were treated with T0901317 for 48 hours and homogenates were

analysed for total and unesterified cholesterol concentrations (figure 11).

Untreated AWD MEF PNS (21.6+0.78 ng cholesterol/pg protein) showed no significant
difference in total cholesterol concentration compared to both T0901317 treated WT PNS
(21.9£0.51) and untreated WT PNS (Figure 11A). T0901317 treated AWD MEF PNS total
cholesterol (24.4+1.54 ng cholesterol/pug protein) was not significantly different to untreated
AWD MEF PNS (Figure 11A). WT MEFs also showed no significant alteration in total PN'S
cholesterol post T0901317 treatment (21.2+1.20 ng cholesterol/pg protein) compared to
untreated controls (Figure 11A). Finally, there was no difference in total cholesterol between

WT and AWD MEF PNS post T0901317 treatment (Figure 11A)

T0901317 treatment of AWD MEFs did not significantly alter PNS unesterified cholesterol
(21.4+2.54 ng cholesterol/ug protein) compared to both untreated WT and AWD MEF PNS
(Figure 11B). Unesterified cholesterol in T0901317 treated WT MEF PNS (16.9+1.80 ng
cholesterol/pug protein) was not significantly different to untreated WT PNS (Figure 11B).
T0901317 treatment did not significantly alter unesterified cholesterol between genotypes,
with treated AWD MEF PNS showing no significant difference to treated WT PNS (Figure
11B). These results demonstrate that TO901317 drug treatment does not significantly alter

whole MEF cholesterol levels in both genotypes.
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Figure 11: Cholesterol quantification of WT and A WD control and T0901317 treated MEF post nucleation supernatants
(N=3) demonstrates no significant modulation of A) total and B) unesterified cholesterol in whole MEF samples irrespective
of the AWD mutation or T0901317 treatment. Graphs were generated using Graph Pad, which was also utilised for
statistical analysis (Unpaired T-Test)

5.3.5. T0901317 treatment normalises plasma membrane cholesterol to
WT levels in AWD MEFs

Plasma membrane fractions for T0901317 treated MEFs were detected through western blot
for B1-Integrin (figure 12). Peak plasma membrane fractions were localised to fraction 3

across all but one sample, with the remaining outlier in fraction 4.
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Figure 12: Western blot analysis for the detection of plasma membrane p1-Integrin in T0901317 treated WT and AWD MEF
subcellular fractionations. Peak plasma membrane fractions, denoted in yellow, were identified through protein
concentration normalised densitometry of p1-Integrin signals, performed using the Odyssey CLx.
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Total and unesterified cholesterol in T0901317 treated MEF peak plasma membrane fractions
was quantified (figure 13). T0901317 treatment normalised total plasma membrane
cholesterol in AWD MEFs (18.5+2.82 ng cholesterol/ug protein) to equivalent treated WT
levels (11.7+0.64) (Figure 13A). This normalisation was also observed for plasma membrane
unesterified cholesterol, with no significant difference between T0901317 AWD (18.3+2.84
ng cholesterol/pg protein) and WT MEF peak fractions (11.0+0.64) (Figure 13B). These
results demonstrate the capacity for T0901317 to reverse plasma membrane cholesterol
depletion induced by ATG16L1 WD domain deletion. Further to this, these results also
validate previous results showing AWD MEFs retain cholesterol within endosomal

membranes, the target of T0901317.
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Figure 13: Previously observed disparities in AWD MEF A) Total and B) unesterified cholesterol in peak plasma membrane
fractions are normalised through T0901317 drug treatment (P=0.09, P=0.07, N=3). Graphs were generated using Graph
Pad, which was also utilised for statistical analysis (Unpaired T-Tests).
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5.3.6. T0901317 Treatment significantly reduces total and unesterified
cholesterol in both WT and AWD brains

To investigate the impact of T0901317 on mice in vivo, 3x WT and AWD mice were treated
with 25mg T0901317/kg bodyweight for 3 days before sacrifice and processing of brain

homogenate for total and unesterified cholesterol concentrations (Figure 14).

In untreated conditions, total cholesterol in AWD brain PNS (155.9+1.800 ng cholesterol/pg
protein) was significantly increased compared to WT controls (111.2+4.467) (Figure 14A).
T0901317 induced a highly significant reduction in AWD brain total cholesterol (60.0+1.65
ng cholesterol/ug protein) (Figure 14A). This reduction was also observed in WT Brains,
with T0O901317 treatment significantly decreasing PNS total cholesterol concentration
(78.4£3.34 ng cholesterol/pg protein) (Figure 14A). Comparison between genotypes after
T0901317 treatment showed that WT brain PNS possessed significantly higher total
cholesterol concentration than AWD equivalents (Figure 14A). Additionally, T0901317
promoted highly significant reductions in AWD brain total cholesterol compared to untreated

WT brain controls.

Unesterified cholesterol in untreated brains was significantly elevated in AWD brain PNS
(118+1.75 ng cholesterol/pg protein) compared to WT controls (91.8+5.25) (Figure 14B).
T0901317 treated AWD brain PNS unesterified cholesterol (67.6£1.92 ng cholesterol/pg
protein) was reduced at a highly significant rate (Figure 14B). T0901317 treatment did not
significantly alter unesterified cholesterol levels in WT brain PNS (87.3+2.69 ng
cholesterol/pg protein) (Figure 14B). Finally, comparative analysis of unesterified
cholesterol in both genotypes post T0901317 treatment showed significant reductions in

AWD brain PNS unesterified cholesterol compared to both treated and untreated WT brains
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(Figure 14B). These results show a modulation in the cholesterol levels of AWD mice

through T0901317 drug treatment.
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Figure 14: A) Total and B) unesterified cholesterol analysis of control and T0901317 treated WT and AWD brain post
nucleation supernatant (N=3). T0901317 treatment reversed previously observed increases in AWD total and unesterified
brain cholesterol, with WT brains showing significantly increased total (P=0.008) and unesterified (P=0.004) cholesterol.
T0901317 treatment also significantly reduced both total and unesterified cholesterol in both genotypes relative to respective
untreated controls. Graphs were generated using Graph Pad, which was also utilised for statistical analysis (Unpaired T-
test).

5.3.7.T0901317 Treatment reverses depletion of total and unesterified
plasma membrane cholesterol levels in AWD brains

T0901317 treated WT and AWD brain subcellular fractions were western blotted for
detection of plasma membrane marker Na/K ATPase (figure 15), with peak plasma membrane
fractions highlighted in yellow. Peak plasma membrane fractions for T0901317 treated brains

across both genotypes were localised between fractions 4-6.
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Figure 15: Western Blot analysis for detection of plasma membrane Na/K-ATPase in T0901317 WT and AWD brain
subcellular fractions. Fractions with the highest concentration of Na/K ATPase, defined as peak fractions and highlighted in
yellow, were determined through protein normalised densitometry of Na/K-ATPase signals, performed using the odyssey

CLx.

Cholesterol in T0901317 treated peak brain plasma membrane fractions was quantified

(figure 16). T0901317 treatment reversed plasma membrane total cholesterol levels in the

plasma membrane of AWD brains (163.3£14.

83 ng cholesterol/pg protein) to WT levels

(196.6+16.98) (Figure 16A). Unesterified cholesterol was also normalised, with no

significant disparity between T0901317 treated AWD (162.1+17.47 ng cholesterol/pg

protein) and WT brain plasma membrane (195.2+14.79) (Figure 16B). These results

demonstrate that T0901317 restores brain plasma membrane cholesterol in vivo.
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Figure 16: Previously observed modulation of A) total (P= 0.21) and B) unesterified (P=0.22) cholesterol in AWD peak brain plasma
membrane fractions is normalised to WT levels through T0901317 drug treatment (N=3). Graphs were generated using Graph Pad,

which was also utilised for statistical analysis (Unpaired T-Test).
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As T0901317 targets endosomal cholesterol, these results support the hypothesis for retention
of cholesterol in AWD model endosomes, but further experimentation is required to confirm

this hypothesis as Rab7 was not detectable in any fraction.

5.4. Discussion

Based on results presented in literature and generated by our laboratory, I developed a
hypothesis that the ATG16L1 WD domain regulates plasma membrane cholesterol. In short, I
theorised that cholesterol is retained in AWD endosomal membranes due to disruption of a

cholesterol recycling pathway dependent on the ATG16L.1 WD domain.

In chapter 3, I characterised intracellular concentrations of cholesterol in AWD MEFs
through transfection with cholesterol biosensor D4H mCherry. AWD MEFs showed
significantly enhanced intracellular concentrations of cholesterol enriched puncta. These
puncta were characterised as late endosomal structures through staining for anti-Rab7.
Additionally, AWD MEFs showed significant recruitment of PS Lact-C2-GFP biosensor to
late endosomes, with Lact-C2-GFP significantly more prominent in transfected WT MEF
plasma membranes. These results supported my hypothesis that truncation of the ATG16L1
WD domain facilitated increased endosomal concentrations of cholesterol and cholesterol
regulatory proteins. However, these results did not demonstrate definitive reductions in
plasma membrane cholesterol concentrations by the ATG16L1 AWD mutation. Therefore, I
isolated plasma membrane from AWD MEFs and mouse brains via ultracentrifugation for

quantification of plasma membrane cholesterol concentrations.

Results presented in this chapter definitively demonstrate depletion of cholesterol in plasma
membranes of both in vitro and in vivo AWD models. Plasma membrane cholesterol
aberration can enhance infection severity through several mechanisms. First, as cholesterol is

a key regulator of plasma membrane rigidity, it’s depletion in AWD models could contribute
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to an overall unstable plasma membrane composition, with higher fluidity restricting the
protective functions of the membrane barrier (148). In addition, depletion of plasma
membrane cholesterol has also been implicated in increased efficiency of influenza viral
budding at the end of the infection cycle (96). Therefore, these results demonstrate the

potential mechanism behind ATG16L1 AWD enhancements to influenza severity.

Based on my hypothesis that AWD cholesterol is retained in late endosomal structures, I
repeated plasma membrane cholesterol quantification in WT and AWD models treated with
cholesterol efflux drug T0901317. As T0901317 mediates cholesterol transport from
endosomes, disparities in AWD plasma membrane cholesterol would theoretically be
normalised by T0901317 drug treatment. Results collected throughout this chapter
demonstrated normalisation of in vitro and in vivo AWD model plasma membrane
cholesterol to WT levels through T0901317 treatment, supporting my hypothesis and

implicating loss of the ATG16L1 WD domain in depletion of plasma membrane cholesterol.
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6. Chapter 6: Discussion and
Future Work
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6.1. Single nucleotide polymorphism can be analysed during human viral
diagnostics

One aim of this thesis was to explore capacity for SNP testing during viral diagnostics for
Covid-19 and Influenza at the point of care. Although multiple SNPs have been implicated in
modulation of viral severity, [ was interested in the genetic testing of novel SNPs in
ATGI16L1 and known SNPs in IFITM3 that have previously been shown to increase infection

severity in mice.

During this study, I became involved in SARs-CoV-2 diagnostic testing at NNUH during the
Covid-19 pandemic. This experience not only allowed for a beneficial view into the state of
current viral diagnostics, but also provided insight into how current technology could be

adapted for SNP genotyping of patient DNA during diagnostics.

I extracted host nucleic acid from clinical grade samples using both a lab-based ethanol
precipitation technique as well as a nucleic acid extraction platform (Qiasymphony SP)
located in NNUH clinical microbiology. PCR and direct sequencing of the host IFTM3 gene
derived from clinical samples demonstrated capacity to isolate target host genome sites from
clinical swabs. I chose to investigate specifically IFITM3 rs12252, rs34481144, and

ATGI16L1 152241880 (T300A) within human genes.

I sought to collect samples from both mild and severe Influenza cohorts within NHS care.
Unfortunately, restrictions in research nurse capacity and global depletions of circulating IAV
forced the study to abandon correlating these SNPs with severity of Influenza infection.
However, I was able to genotype a cohort of previously Covid-19 positive volunteers at UEA
for these 3 SNPs. Volunteers donated a cheek swab, from which nucleic acid was isolated by
ethanol precipitation for testing by Tagman SNP genotyping. I have demonstrated capacity to

isolate host genomic DNA for SNP genotyping across multiple volunteers. Therefore, this
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research demonstrates viability for the incorporation of SNP genotyping into viral diagnostics

in the future.

In recent years, diagnostic technology has seen huge innovation in a small amount of time.
One of the most prominent advents within the field has been an emphasis on personalised
medicine. Personalised medicine represents the incorporation of patient genetic testing into
medical processes to improve overall patient outcomes (149). In the current healthcare
climate, personalised medicine has gained traction predominately within oncology, but it has

the potential to innovate in virus treatment.

Personalised medicine allows us to understand patient immune systems and the likelihood of
how they will respond to infection. The immune system is multifaceted and complex,
comprising multiple proteins. The complexity of the immune system means even small
mutations in a single immunomodulatory protein could significantly alter how a patient
responds to a specific virus. Many studies have implicated SNPs in key immunomodulatory
genes with enhanced severity of Covid-19 and Influenza infection (42,43,150,151). Virology
has seen little advancement in personalised healthcare within the NHS. In current diagnostics,
most platforms only produce a result which informs clinicians on the presence or absence of

specific pathogen genetic material.

Testing for specific mutations within key genes during diagnostics provides clinicians with
insight into the likely course of disease progression within individual patients. With this
information, clinicians can optimise treatment protocols for specific patients based on their
genetics. For instance, in cases where a patient shows genetic predisposition to severe
infections, drug treatments can be started earlier. Early drug treatment is extremely beneficial
in reducing viral progression, meaning this alteration would not only mitigate the risk of

severe disease developing, but alleviate the patient disease burden and reduce the length of
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their overall hospital stay. Conversely, identification of individuals who are not genetically
predisposed to severe infection would allow for their early discharge, saving money and
freeing up bed spaces to increase patient turnover. In addition to the listed improvements in
short-term patient care and finances, personalised medicine could see yet further utility when

combined with another emerging diagnostic innovation.

In the NHS, all patient data is recorded and stored digitally as part of an individual’s medical
record. Until recently, most of this stored data was only pertinent to those it was previously
collected from, used predominately for clinicians to track past medical history. However, by
using artificial intelligence (Al), patient data may be used to inform and improve clinical
decisions in the future. Al uses computational analysis of large databases to identify variables
within a population that contribute to disease enhancement and progression. This means that
multitudes of data derived from patients with similar medical issues can be analysed through
machine learning to identify recurring genetic commonalities in severe forms of disease.
Identification of trends within this data allows for clinicians to build a profile of how host
variables can impact infection progression, drug efficiency, and overall severity at a
population level. As a result, Al, when combined with personalised medicine, can be used to
not only detect genetically high-risk individuals at the point of diagnosis, but also identify
optimal drug treatments based on both patient genetics and previous patient outcomes.
Further disease only serves to bolster the predictive power of the Al, with expanding datasets

allowing for the observation of more concrete or new emerging trends.

Through generation of severe disease factor “check-lists”, Al and personalised medicine
could also be used to great effect in preventative medicine. Genetic screening during routine
medical care could be used to identify high risk individuals before an infection can occur.
Through this, high risk individuals can undergo pre-emptive vaccination to dramatically

mitigate severity of any potential future infections. By encouraging vaccination for these
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patients, we would not only prevent severe viral infection in previously unknown high-risk
patients, but also reduce rates of hospitalisation and the overall fiscal burden of infectious

diseases within the NHS.

Through my research, I have demonstrated viability of host SNP testing during viral
diagnostic processes. This research represents foundational progress for the incorporation of a
personalised medical approach into viral infection diagnostics. In conjunction with emerging
technology such as Al this approach could be used to generate characteristic SNP profiles for
severe viral infection, allowing for preventative vaccination or early treatment initiation in

the most genetically high-risk individuals immediately post diagnosis.

6.2. Truncation of the ATG6L.1 WD domain enhances Influenza severity in mice

ATGI16L1 has a role in cellular canonical autophagy, the homeostatic degradative recycling
of cellular structures for general maintenance or nutrient generation during starvation (152).
the ATG16L1 WD domain is dispensable for canonical autophagy (63). Interestingly, the
ATGI16L1 WD domain has been implicated in other distinct processes known as non-
canonical autophagy, with involvement in functions ranging from pathogen restriction to
membrane repair (152). A common SNP within human ATG16L1, T300A, is thought to
induce truncation of the ATG16L1 WD domain through generation of a caspase 3 cleavage

site (84).

T300A is associated with enhanced risk of inflammatory bowel disorders such as Crohn’s
disease (78). Our lab has worked to assess the impact of ATG16L1 WD domain truncation on
cellular protection against viral infection, for which inflammation is a major source of
pathology. I generated a mouse model (AWD) that produces a perpetually truncated
ATGI16L1 lacking the C-terminal WD domain (84). Through this mutation, AWD mice are

deficient in non-canonical autophagy only. Upon infection with IAV, AWD mice showed
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enhanced Influenza severity relative to controls, elucidating a protective role for non-
canonical autophagy during Influenza infection (84). I observed enhanced rates of AV fusion
at both endosomal and plasma membranes in AWD models, indicating perturbation of AWD
membrane barrier functions (84). Tan et al (2018, Nature Microbiology) have shown the
ATG16L1 WD domain is required for damaged plasma membrane repair through lysosomal
exocytosis of cholesterol (68). As cholesterol is an essential regulator of membrane barrier
functions, I hypothesised that AWD mice demonstrated enhanced Influenza severity due to

perturbed intracellular cholesterol trafficking and resulting membrane lipid dysregulation.

6.3. Loss of the ATG16L.1 WD domain promotes localisation of cholesterol,
phosphatidylserine, and IFITM3 to late endosomes

To examine intracellular cholesterol in AWD and WT MEFs, I transfected MEFs with a
cholesterol biosensing plasmid, D4H mCherry. AWD MEFs demonstrated significantly
enhanced overall counts of intracellular cholesterol puncta relative to WT controls. To
determine if these cholesterol enriched structures were late endosomes, D4H mCherry
transfected MEFs were immunostained for late endosome marker Rab7. AWD MEFs showed
significantly elevated counts of Rab7/D4H mCherry puncta compared to WT controls. These
results demonstrate that loss of the ATG16L1 WD domain promotes enhanced retention of

cholesterol within late endosomes.

I characterised localisation of key cholesterol modulators PS and IFITM3 through
immunostaining. To visualise PS, I transfected WT and AWD MEFs with a PS biosensing
plasmid Lact-C2-GFP. To characterise IFITM3, I transfected MEFs with an IFITM3-Myc
tagged plasmid, with exogenous IFITM3 detected by anti-Myc antibody staining. PS is a
phospholipid that is required for cholesterol retention in the plasma membrane inner leaflet
(141). PS has been shown to strongly co-localise to cholesterol within membranes, with

depletion of membrane PS reducing membrane cholesterol (141). Additionally, the ATG16L1
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WD domain lipidates LC3 with PS to facilitate non-canonical autophagy processes (152). In
contrast, IFITM3 is a ISG that enriches endosomal membranes with cholesterol to alter
membrane properties, preventing virus escape (57). I observed that AWD MEFs had
constitutive levels of IFITM3 protein in the absence of ISG stimulation. Thus, I theorised that

constitutive IFITM3 could contribute to observed increases in AWD endosomal cholesterol.

PS in AWD MEFs was significantly overrepresented in Rab7 positive late endosomes and
strongly co-localised with D4H mCherry. WT MEFs showed localisation of PS to the plasma
membrane, a characteristic which was markedly reduced in AWD MEFs. Localisation of PS
to the plasma membrane indicates enhanced cholesterol concentrations within WT MEF
plasma membranes, supporting my hypothesis. AWD MEFs demonstrated significant
reductions in co-localisation frequency of PS/LC3 compared to WT controls. Therefore,
AWD mutation induced endosomal cholesterol accumulation may be the result of

dysfunctional PS lipidation of LC3.

AWD MEFs showed significantly enhanced localisation of IFITM3 to Rab7 positive late
endosomal structures. These results demonstrate preferential localisation of exogenous
IFITM3 to AWD endosomal membranes. Given constitutive basal levels of IFITM3 protein
in AWD mouse models, IFITM3 retention may contribute to the AWD cholesterol phenotype.

6.4. T0901317 treatment of AWD MEFs restores cholesterol and
phosphatidylserine localisation to the plasma membrane, but does not impact IFITM3

I sought to characterise the intracellular impact of T0901317 on localisation of cholesterol
and its associated modulators IFITM3 and PS within AWD MEFs. T0901317 is a cholesterol
efflux drug, promoting transfer of cholesterol from endosomes to the cytoplasm where it can
be trafficked intracellularly or exported (145). AWD MEFs treated with T0901317

demonstrated no significant increase in the frequency of D4H mCherry/Rab7+ double
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positive puncta relative to both control and T0901317 treated WT MEFs. These results
demonstrate that endosomal cholesterol accumulation in AWD MEFs can be reversed through

T0901317 drug treatment.

Endosomal concentrations of PS were also perturbed following T0901317 treatment of AWD
ME-Fs, with no significant difference in frequency of PS/Rab7+ double positive puncta count
compared to both basal and T0901317 treated WT MEFs. Additionally, T0901317 treatment

restored PS localisation to the plasma membrane in AWD MEFs.

In contrast to cholesterol and PS, localisation of IFITM3 was not impacted by T0901317 drug
treatment, with no significant difference in IFITM3/Rab7 puncta count compared to untreated
AWD MEFs. In totality, these results demonstrate capacity for T0901317 to reverse the AWD
endosomal cholesterol enriched phenotype and restore plasma membrane cholesterol.
Absence of alterations to IFITM3 localisation demonstrates that AWD endosomal cholesterol
accumulation is not dependent on enhanced IFITM3 endosomal localisation alone. While
IFITM3 is unaftected, T0901317 modulation of PS localisation demonstrates a significant
regulatory role for PS in the distribution of intracellular cholesterol. Given this, manipulation
of PS through drug treatment could be a viable strategy for alleviating dysfunctional
cholesterol transit facilitated by loss of the WD domain.

6.5. Loss of the ATG16L1 WD domain decreases in vivo and in vitro plasma
membrane cholesterol

As intracellular cholesterol trafficking was perturbed in AWD MEFs, I next sought to
determine if loss of the ATG16L1 WD domain reduced plasma membrane cholesterol. |
characterised concentrations of total and unesterified cholesterol in the plasma membrane of
WT and AWD MEFs as well as whole brain samples via density gradient ultracentrifugation.

Both AWD MEFs and brains demonstrated significantly reduced concentrations of total and
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unesterified cholesterol within their plasma membranes relative to WT equivalents. These

results demonstrate cholesterol trafficking to the plasma membrane is dependent on the

ATG16L1 WD domain.

6.6. Reduced plasma membrane cholesterol in AWD models can be reversed
through T0901317 drug treatment

During immunostaining, T0901317 restored localisation of PS to the plasma membrane and
reduced intracellular concentrations of late endosomal cholesterol. I treated AWD mice and
MEFs with T0O901317 prior to ultracentrifugation to determine if T0901317 could also
reverse reduced plasma membrane cholesterol in AWD MEFs and brains. T0301317
treatment of both AWD MEFs and mice prior to brain harvesting demonstrated normalisation
of plasma membrane cholesterol, with no significant difference compared to treated WT
controls. These results demonstrate that loss of the ATG16L1 WD domain significantly
reduces concentration of cholesterol within the plasma membrane but can be reversed by

T0301317 treatment.

6.7. Conclusions

In this thesis, I first sought to characterise frequency of both known viral infection
modulating SNPs in IFITM3 (rs12252 and rs34481144) as well as a novel SNP in ATG16LI1,
T300A, in human respiratory viral infection cohorts. In literature, it is theorised that the
T300A SNP promotes truncation of the ATG16L1 WD domain, leading to inhibition of non-
canonical autophagic processes. Our laboratory has demonstrated significant enhancements in

Influenza severity when infecting AWD mutant mice with [AV.

The primary aim of this research was to assess the capacity for SNP genotyping during the
viral diagnostic process as a viable method of predicting patient prognosis. Concurrently,

based on our previous work with AWD mice, I also sought to evaluate the impact of the
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T300A SNP on human viral infection. Due to restrictions enforced by the Covid-19
pandemic, the study was unable to recruit patients within NNUH, JPUH, and QEH. As such,
the study pivoted from a clinical patient approach to a retroactive reflective volunteer study
comprised of individuals with previous Covid-19 infections. While this study is still ongoing,
I have demonstrated capacity to identify SNP genotypes in a broad range of patients.
Although no associations regarding the impact of ATG16L1 T300A in Covid-19 severity can
currently be made, this research has demonstrated capacity for extraction, isolation, and
sequencing of host genomic DNA for potential virus modulating SNPs during the diagnostic

Process.

Through previous investigation of Influenza infection in AWD models, I have demonstrated
that loss of the ATG16L1 WD domain compromises plasma membrane barrier functions.
Additionally, I have shown that AWD models possess enhanced rates of endosome/virus
membrane fusion events. As cholesterol is a key regulator of membrane fusion efficiency, I
hypothesised that the AWD mutation perturbs cellular cholesterol distribution in a manner

which increases viral fusion and severity.

In this thesis I have demonstrated that the AWD mutation reduces overall concentrations of
plasma membrane cholesterol in both cell and tissue samples. Additionally, I have shown that
the AWD mutation enriches late endosomal membranes with cholesterol, promotes enhanced
endosomal localisation of cholesterol regulatory factors PS and IFITM3, and reduces both
plasma membrane cholesterol and PS. From these results, I hypothesise that the ATG16L1
WD domain is required for lysosomal exocytosis of cholesterol enriched puncta to the plasma
membrane. Truncation of the ATG16L1 WD domain impairs this pathway, resulting in a
phenotype characterised by enhanced late endosomal concentrations of IFITM3, PS, and
cholesterol, with localisation of these molecules to the plasma membrane reduced as a

consequence. Enriched endosomal cholesterol concentrations could enhance susceptibility to
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viral infection through two distinct mechanisms. First, retention of cholesterol within
endosomal structures means less intracellular cholesterol is trafficked to the surface plasma
membrane. As a key regulator of membrane fluidity, reduced plasma membrane cholesterol
can disrupt membrane barrier functions, allowing for enhanced viral entry. Additionally, as
endosomes are derived from the plasma membrane, internalised viruses within these cells
would be contained in cholesterol depleted endosomes. Endosomal cholesterol concentration
is important for restricting viruses, with ISGs such as IFITM3 inducing endosomal
cholesterol accumulation to prevent virus escape. Therefore, endosomes derived from
cholesterol depleted plasma membranes would be more prone to virus fusion, allowing for
enhanced viral escape. Plasma and endosomal membrane cholesterol could be normalised in
models lacking the ATG16L1 WD domain through treatment with cholesterol efflux drug
T0901317. T0901317 also restored AWD model PS back to the plasma membrane. While
T0901317 altered PS and cholesterol localisation, it had no impact on IFITM3, indicating

observed basal levels of IFITM3 protein is dispensable to the AWD cholesterol phenotype.

To summarise, I have identified distinct modulation of both plasma and endosomal
membrane cholesterol through the ATG16L1 WD domain. While the consequence of T300A
is yet to be characterised in human infections, I have highlighted a potential mechanism

behind AWD induced enhancements to Influenza infection observed in mice.

6.8. Future Research: Definitive characterisation of T300A impact on human
Influenza infection severity

I hypothesised that truncation of the ATG16L1 WD domain by the human T300A SNP could
enhance viral severity. Unfortunately, due to the Covid-19 pandemic and its fallout, I was
unable to collect patient samples for characterisation of T300A prevalence in severe and mild

Influenza/Covid-19 patient cohorts. While I pivoted to a volunteer approach for Covid-19, the
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data set could not be completed within my PhDs time frame. Therefore, full characterisation

of the impact of T300A on Influenza and Covid-19 is still necessary.

6.9. Future research: Investigation of T300A model cholesterol and associated
proteins

The T300A SNP is thought to induce loss of the ATG16L1 WD domain through the
introduction of a caspase 3 cleavage site (78). However, in normal conditions T300A shows
no significant modulation in ATG16L1 structure, with most proteins retaining the WD
domain (78). Based on this variance, cholesterol characterisation through ultracentrifugation
and immunostaining investigations must also be repeated in strict T300A mouse models. This
investigation would highlight the overall impact of a frequent SNP in intracellular cholesterol
distribution. If an association is made between severe human viral infection and presence of
the T300A SNP, this research would be fundamental in characterising potential mechanisms
behind T300A mediated virus modulation. Additionally, if cholesterol is perturbed,
subsequent follow up ultracentrifugation using T0901317 would determine if the T300A

cholesterol phenotype can be reversed through drug treatment.

6.10. Future research: Impact of T0901317 on infection severity

With the ability of T0901317 to restore plasma membrane PS and cholesterol in AWD MEFs,
the project has shown that cholesterol modulation could be a viable drug target for the control

of Influenza infection.

As T0901317 is not a clinically approved drug, these assays could also be repeated using
clinically approved cholesterol modulators such as immuno-suppressant drug dexamethasone.
Dexamethasone is a corticosteroid used primarily for treatment of inflammatory disorders
including rheumatoid arthritis, asthma, and, recently, Covid-19 (153). Functionally,

dexamethasone serves as a mimic agonist of anti-inflammatory signalling pathways (153).
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However, dexamethasone has also been shown to induce reverse cholesterol transport
through upregulation of ABCA1, a function also shared by T0901317 (153,152,153).
Through cholesterol characterisation with well-established clinical drugs, such as
dexamethasone, we can assess the viability of common clinical drugs in reversing the AWD
cholesterol phenotype and subsequent enhancements in infection. Thus, if a relationship is
found between T300A and enhanced virus severity, this work will serve to identify

preliminary drug targets for the treatment of T300A carriers post virus diagnosis.

6.11. Future research: ATG16L.1 WD Domain regulation of PS and IFITM3

There was enhanced localisation of PS, IFITM3, and cholesterol to Rab7+ late endosomal
structures. Enhanced endosomal cholesterol accumulation in AWD models may be the result
of inhibited WD domain-dependent lysosomal exocytosis. However, I was unable to
characterise how, and why, AWD models demonstrate enhanced localisation of both PS and
IFITM3 to endosomal structures. Investigations into how the ATG16L1 WD domain regulates
localisation of these proteins would elucidate further mechanisms contributing to the AWD

cholesterol phenotype.

Additionally, the significance of LC3 lipidation with PS in the context of cholesterol
trafficking represents yet another avenue for investigation. While I have observed perturbed
lipidation of LC3 with PS in AWD models, the functional impact of this defect regarding cell

cholesterol is yet to be fully characterised.
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1. Supplementary 1: Study Protocol for PPIRes Approval

Qualitative Protocol Development Tool

The research protocol forms an essential part of a research project. It is a full description of
the research study and will act as a “‘manual’ for members of the research team to ensure
adherence to the methods outlined. As the study gets underway, it can then be used to monitor
the study’s progress and evaluate its outcomes.

The protocol should go into as much detail about the research project as possible, to enable
the review bodies to fully understand your study.

The use of this collated consensus guidance and template is not mandatory. The guidance and
template are published as standards to encourage and enable responsible research.

The document will:

e Support researchers developing protocols where the sponsor does not already use a
template.

e Support sponsors wishing to develop template protocols in line with national
guidance.

e Support sponsors to review their existing protocol template to ensure that it is in line
with national guidance.

A protocol which contains all the elements that review bodies consider is less likely to be
delayed during the review process because there will be less likelihood that the review body
will require clarification from the applicant.

We would appreciate self-declaration of how you’ve used this template, so we are able to
measure its uptake.

Please indicate the compatibility of this template with any existing templates you already use
by stating one of the following on the front of each submitted protocol:

e This protocol has regard for the HRA guidance and order of content, OR
e This protocol has regard for the HRA guidance, OR
e This protocol does not have regard to the HRA guidance and order of content
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FULL/LONG TITLE OF THE STUDY

Rapid detection of SNPs in human innate genes IFITM3 and ATG16L1 to identify individuals
susceptible to severe influenza virus (IAV) infection.

SHORT STUDY TITLE / ACRONYM

Can variation in our genes predispose individuals to serious influenza infection?
PROTOCOL VERSION NUMBER AND DATE

Version 1

RESEARCH REFERENCE NUMBERS

IRAS Number: 290148 (Former)- Later Amended to 297785

SPONSORS Number: Generated by the Sponsor. Enter if applicable

FUNDERS Number: Generated by the funder. Enter if applicable
SIGNATURE PAGE

The undersigned confirm that the following protocol has been agreed and accepted and that
the Chief Investigator agrees to conduct the study in compliance with the approved protocol
and will adhere to the principles outlined in the Declaration of Helsinki, the Sponsor’s SOPs,
and other regulatory requirement.

I agree to ensure that the confidential information contained in this document will not be used
for any other purpose other than the evaluation or conduct of the investigation without the
prior written consent of the Sponsor

I also confirm that I will make the findings of the study publically available through
publication or other dissemination tools without any unnecessary delay and that an honest
accurate and transparent account of the study will be given; and that any discrepancies from
the study as planned in this protocol will be explained.

For and on behalf of the Study Sponsor:

Signature: Penny Powell Date:

Name (please print): Penny Powell
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Chief Investigator:
Signature: Luke Griffith

Name: (please print): Luke Griffith
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KEY STUDY CONTACTS
Insert full details of the key study contacts including the following:

Chief Investigator Luke Griffith (REDACTED)

Study Co-ordinator Penny Powell (REDACTED)

UEA (Penny Powell, REDACTED)

Sponsor

Joint-sponsor(s)/co-sponsor(s) NNUH (Emma Meader REDACTED)

Medical Research Council
Roche Diagnostics (Gerard Harkin REDACTED)
Luke Griffith

Funder(s)

Key Protocol Contributors
Emma Meader

Penny Powell

Committees PPIRes (Jacqueline Romero, REDACTED)
STUDY SUMMARY
Study Title Rapid detection of SNPs in human innate genes IFITM3 and

ATG16L1 to identify individuals susceptible to severe
influenza virus (IAV) infection

Internal ref. no. (or short title)

Can variation in our genes predispose individuals to serious
influenza infection?

Study Design

Matched case control study

Study Participants

Patients over the age of 16 with a confirmed influenza
infection.

Planned Size of Sample (if
applicable)

200 patients

Follow up duration (if applicable)

No total participant follow up.

Planned Study Period

February 2021 to October 2023

Research Question/Aim(s)

Are certain single nucleotide polymorphisms overrepresented
in individuals who have a severe influenza response?

What are the cellular mechanisms behind single nucleotide
polymorphism induced increases to influenza severity?
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FUNDING AND SUPPORT IN KIND

FUNDER(S) FINANCIAL AND NON

(Names and contact details of ALL FINANCIALSUPPORT GIVEN

organisations providing funding and/or
support in kind for this study)

MRC REDACTED
Roche REDACTED
UEA Research Site
NNUH Research Site

ROLE OF STUDY SPONSOR AND FUNDER

The MRC has provided funding for this investigation into factors that may predispose
patients to severe influenza so that a valuable contribution to the knowledge around this virus
can be made, backed up with scientifically sound evidence. It also serves a purpose to
provide a high-quality research education in the form of a PhD for the principle investigator.
The expertise of the supervisory team at UEA ensures a framework of scientific excellence.
Roche diagnostics have also provided some financial input to the study, not only to inform
the future directions of their diagnostic pathways, but also as part of their commitment to
scientific innovation and education.

ROLES AND RESPONSIBILITIES OF STUDY MANAGEMENT
COMMITEES/GROUPS & INDIVIDUALS

Ethical application, protocol, and patient information documents were reviewed by a patient
and public information group (PPIRes) prior to submission to research and ethics committee.

PROTOCOL CONTRIBUTORS:

Luke Griffith, Emma Meader, Penny Powell

KEY WORDS:

Severe influenza; RS12252; host polymorphism; T300A, rs34481144, rs2241880, IFITM3,
ATG16L1
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Study Flow Chart

Patients are hospitalised and presenting with respiratory infection which returns a
positive influenza diagnosis.

After anonymised samples have been tested and the data has been collected, all patient material
is destroyed in accordance with the human tissue act.

If the individual is over the age of 16, they will be approached by a research nurse.

The Research nurse will inform patients of the study, give them a patient information sheet and
consent form, allow them to read it over (circa 15 mins) before asking them to sign should they
choose to participate.

For patients that wish to participate:
A signed consent form is obtained.

A list of all individuals who have consented will be given to a NHS clinician, who will review
their patient records to determine the severity of their influenza infection, grouping them into mild
and severe groups and assigning a code to each sample. This process is de-identification of the
samples and will ensure patient privacy is protected.

Researchers will be able to collect and process coded samples and observe their associated
severity grouping s as part of the analysis. Researchers will not be privy to any information
outside of severity grouping and the code assigned to the sample.
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STUDY PROTOCOL

Before the study begins, ethical approval will be sought from a research and ethics
committee. An initial draft of the ethics application and patient information sheets was
submitted to a patient and public involvement group (PPIRes) in order to improve the
application and its associated documents prior to submission.

Patient will present with respiratory illness and be tested for Influenza. Upon Influenza
diagnosis, eligible patients will be approached by a research nurse, informed of the study, and
provided a participant information sheet with a consent form. After sufficient time, patients
can sign a consent form for the study before a cheek swab is taken and the initial influenza
testing swab is retained. Some individuals may be approached again at a later date for a
Blood sample. Blood and cheek swabs are routine samples, meaning they should provide
minimal discomfort to the participant. Research nurses should be competent in these forms of
sample collection, but accidental protocol deviations can occur at any time. As such, all errors
will be documented and reported, and repeated errors will be dealt with swiftly. Post sample
collection, patients will be informed their consent can be withdrawn at any time.

After sample collection, an NHS clinician will review individual records of study
participants. Based on information seen in records and their current response to the virus, the
clinician will group participants into mild and severe infection cohorts before assigning a
code to each sample. The severity grouping associated to the code will be the only
information released to the researchers, protecting patient privacy. In addition, the clinician
will also select representative patients from each group for blood samples. Blood collection
will have its own separate information sheet and consent form but will follow the same basic
protocol as the initial approach.

Patient samples will undergo Tagman analysis to detect any overrepresentations of SNPs in
the patient groups. Patient peripheral blood mononuclear cells from select donors will also be
cultured in lab for in vitro work.

Primary researchers are only privy to information which classifies samples as derived from
people who have had mild or severe infections. As such, research data does not include any
identifiable information. Research nurses are employed by the NHS. As such, they have
undergone mandatory training involved in the reporting of safeguarding concerns.

If we are granted ethical approval, we would then seek the participation of the research nurse
team. We would also need to coordinate with the Microbiology team to ensure the study can
be run within their departments. All amendments to the study will be worked up in
accordance with these interested parties.

Luke Griffith is responsible for deciding upon and making amendments. We acknowledge
that unprecedented events or changes to practice may result in aberration of the study
protocol. Proposals will be presented to relevant groups, and all amendments to the study will
be worked up in accordance with interested parties. Protocols will be given a version number
with a numerical suffix to highlight any amendments.

Regarding peer review, PPIRes serves as a lay member peer review. Andrew Wilson and
colleagues at the NNUH respiratory team have given this project their approval as academic
peer reviewers.
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All individuals involved in sample collection and those processing anonymised samples are
contracted by the NNUH trust and are indemnified by them as such.

All data arising from the study will be owned by UEA. On completion of the study, data will
be analysed and presented in Luke Griffith’s PhD thesis. Data will also be accessible from the
R&D department of the trust. Luke Griffith will also have the rights to publish study data in
peer reviewed journals before completion of the PhD (10/2023). As well as UEA, the study
is funded by Roche and supported by the NNUH trust. Both Roche and the NNUH have no
publication rights to the data arising from the study. There are no plans to notify participants
regarding the study’s results. Participants will not be able to request their results from the
study as it is unethical to present a result to an individual with an unconfirmed context. The
study protocol and full study report will be publicly available, but raw anonymised
participant data will not. The full study report will be made public as part of the PhD thesis
process.

We will use criteria as per international committee of medical journal editors in order to
determine authorship eligibility in the study and any arising publications.

1 BACKGROUND

The influenza virus is a seasonal, potentially serious disease in humans that has been known
to morph into global pandemics. How influenza affects patients depends on a number of
factors, and how well the patients’ immune system is able to fight the disease. For some
individuals, unfortunately, the response may result in an overreaction of the immune system,
known as a ‘cytokine storm’.

Cytokines are one of the weapons the body produces to fight invading infections. However, if
the body releases too many of them at one time, they can get out of control. Because of this,
instead of fighting just the invading disease, they also begin to destroy healthy tissue as well.
When a patient has a cytokine storm the body can attack red cells, white cells, the liver, and
blood vessels, causing leaks which drop blood pressure. This leads to damage all over the
body, in a cascade of events that can lead to death.

This project will investigate whether particular variation in the type of genes a patient has
increases the likelihood that they might experience a cytokine storm as a result of influenza
infection. Once we can establish if genes play a part in producing an over-reaction of the
immune system, we will be able to identify patients who could be at risk. The results of our
study could indicate if additional groups of people would benefit from vaccination and could
also help us understand why otherwise young healthy patients suffer with complicated forms
of influenza.

Susceptibility to complicated influenza runs within families, suggesting that there is a genetic
component to the problem. While we know there is an association with severe influenza in a
particular gene variant (found within a part of the genetic system known as IFITM3), the
work we have done in our laboratory indicates that mutation of another gene, ATG16L1,
usually associated with Crohn’s Disease, could also predisposes individuals to cytokine
storms upon infection.

This project will ask whether patients being tested for influenza have these gene variants in
common. To do this, we will retain influenza testing swabs and take both cheek swabs and
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blood samples from participants. The work we will do with these samples will take place in
UEA and NNUH laboratories.

2 RATIONALE

If a relationship is found between the mutation and increased risk of Influenza, diagnostic
technology could detect this variant in influenza testing. The ability to detect those who are
genetically predisposed to severe influenza infections holds a great benefit for both the
patient and NHS. On the patient side, healthcare professionals can expedite treatment
protocols, minimising potential complications. Simultaneously, early treatment protocols will
reduce overall stays in hospitals due to lessened disease burden, improving bed-flow, and
saving the NHS both time and money.

3 THEORETICAL FRAMEWORK

The mutation we are looking at is in a protein known as ATG16L1. ATG16L1 is essential in a
host immune response against influenza known as L¢3 Associated Phagocytosis (LAP).
ATGI16L1 is composed of 3 distinct regions: a coiled coil domain, a linker region, and a WD-
40 domain (1). The WD-40 domain is essential for LAP (1).

To test the importance of LAP in response to influenza, a mouse model with a deleted
ATGI16L1 WD-40 domain (AWD) was treated with IAV (2). As shown in Fig.1, AWD mice
had dramatic weight loss (A), increased mortality (B), and higher viral load within their lungs
compared to normal mice (C&D) (2). This disparity was the direct result of higher cytokine
loads in the AWD model, indicating impairment of LAP increases severity of IAV infection
by predisposing to cytokine storms.
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Fig.1: A) Percentage decrease in weight post influenza infection in AWD and wild type mice. B) Percentage survival
post influenza infection in AWD and wild type mice. C) Influenza titre (PFU/g) in control and AWD Lung Tissue. D)
Histological stain of control and AWD lung tissue 5 days post infection, with brown denoting influenza (2).
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Given the striking similarity between IFITM3 KO and AWD mice, it is possible that SNPs
within ATG16L1 could also convey risk of increased influenza severity in humans. One of
the prime candidates for this relationship is the abundant ATG16L1 SNP rs2241880, also
known as T300A. T300A is the result of a threonine to alanine substitution at position 300,
and present in circa 55% of Europeans (3). Located within the linker region, the T300A SNP
results in premature truncation of ATG16L1 via the creation of a caspase 3 cleavage site,
producing an ATG16L1 lacking the WD-40 domain (4). As such, there is potential that the
T300A SNP could convey increased risk of severe of IAV infection in humans by inhibiting
LAP. Therefore, this study aims to characterise associations between severely IAV impacted
individuals and ATG16L1 SNPs.

4 RESEARCH QUESTION/AIM(S)

Primary Research Aim: Does the presence of IFITM3 and ATG16L1 SNPs predispose
individuals to severe influenza infections?

4.1 Objectives

- Characterise overrepresented ATG16L1 SNPs within individuals who had severe
Influenza Virus infections compared to mild groups.

- Characterise IFITM3 SNPs (rs12252, rs344811440) within individuals who had
severe influenza infections compared to mild control groups.

- Culture both severe and control patient PBMCs and observe their response to
Influenza infection in vitro.

4.2 Outcome

If a relationship is found, lay foundations for test in collaboration with Roche Diagnostics
which can identify individuals with predisposing SNPs at point of care, highlighting
individuals which would benefit from Influenza vaccination and/or allowing for early anti-
viral treatment should these individuals already be presenting with Influenza Infection.

From in vitro analysis, elucidate potential mechanisms behind SNP induced influenza
severity to better understand pathology and potential to include SNPs as a factor in designing
treatment of Influenza across the NHS.

5 STUDY DESIGN and METHODS of DATA COLLECTION AND DATA ANALYIS
Study Description

Study will utilise cheek and nasopharyngeal from individuals presenting with diagnosed
Influenza. Subject groups will consist of individuals who go on to develop a severe IAV
infection and those who only develop mild infection, defined by their patient records at the
discretion of an NHS clinician. Presence of Influenza within each study participant will be
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confirmed through NNUH microbiology testing utilising the Qiagen QiaSymphony and Aus
Dx MT Processor, which utilises nucleic acid extraction and nested RT-PCR to detect
presence of Influenza amongst other viruses in patient samples (part of routine procedure for
individuals presenting with potential Influenza). 200 samples are the expected study sample
size.

Patient sample SNPs will be detected using Tagman and primers specific for rs12252,
rs2241880 (T300A), and rs34418844. This information will then be used to identify
overrepresentation of these SNPS in the severe population compared to the mild group. This
is the only genetic information that will be gathered from the participants. Cheek swabs will
also be used for SNP genotyping.

Blood mononuclear cells derived from select participants representing each group will be
cultured and used to model influenza infection in vivo.

6 STUDY SETTING
Study Population Description

Population will be a Norfolk cohort presenting in the Norfolk and Norwich University
Hospital with Influenza Infection confirmed by diagnostic testing. 200 Samples is the rough
goal of this project in the initial proof of concept stage. These 200 samples will be grouped
into severe and mild influenza groups through a clinician (who will review patient records
etc.).

7 SAMPLE AND RECRUITMENT
7.1 Eligibility Criteria
7.1.1 Inclusion criteria

e Individuals who present with positive influenza infection at the NNUH A&E
department

7.1.2 Exclusion criteria

e Individuals under the age of 16.

7.2 Sampling

Patients eligible for involvement in the study will have already had a nasopharyngeal
sample taken for point of care influenza screening. After signing ethics documents,
research nurse will then take a cheek swab. The participant may then be
approached at a later date for a blood sample should they choose to consent.

7.2.1 Size of sample

Estimated sample size is 200, with patients grouped into 1 of 2 categories (Mild or
Severe) after analysis of their patient records by a clinician.

7.2.2 Sampling technique

230



Appendix and Supplementary Information

The samples will be collected from individuals who test positive for IAV infection.
Patients who fulfil the inclusion criteria will be invited to participate before sample
collection by a research nurse.

7.3 Recruitment

Eligible patients are those presenting with acute respiratory illness and found to be influenza
positive. Evaluation data from the NNUH virology laboratory indicates that the positivity rate
in January-February can reach approximately 48%. Thus, there is expected to be a large
number of patients suitable for recruitment to this study during the coming winter months.

Upon confirmation of influenza, patients will be informed of the study before being
consented by a research nurse. The consenting process will involve presentation of a patient
information sheet as well as a consent sheet. After time to consider participating, review the
documents, and ask any questions, individuals will be able to sign the documents if they wish
to be involved in the study. Consent can be withdrawn at any time during the study.
Alongside access to the nasopharyngeal/nose and throat swab taken to confirm Influenza
(part of routine protocol), study participants will also be asked to provide cheek swabs. They
may also be approached for a blood sample at a later date, where they will be asked to sign
separate consent forms after reviewing a separate, second information sheet. Patient
recruitment will be conducted exclusively by research nurses, with no publicity or patient
identification centres used.
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11.1

Appendix and Supplementary Information

Appendix 1- Required documentation

11.2  Appendix 2 — Schedule of Procedures (Example)
Procedures Visits (insert visit numbers as appropriate)
Screening Baseline Week 4 Week 8 6 Months
Informed consent X
Demographics X
Medical history X
Observation of treatment X X X X
Focus Group
Interview

13.3 Appendix 3 — Amendment History

Amendment
No.

Protocol
version no.

Date issued

Author(s) of
changes

Details of changes made

List details of all protocol amendments here whenever a new version of the protocol is

produced.

Protocol amendments must be submitted to the Sponsor for approval prior to submission to

the REC.
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2. Supplementary 2: Full influenza study IRAS application (ID: 287785)

IRAS Form Reference: 118-08-20 IRAS Version 520
IRAS Project Filtor

The integrated datasst requred for your project will be created from the answers you give to the bllowing questions. The
system will generale only those questions and sections which (a) apply o your study type and (b) are required by the
bodies reviewing your study. Please ensure you answer all e questions before proceeding with your applications.

Please complete the questions in order. If you change the response (o 8 question, please sslect ‘Save’ and review all the
questions as your change may have affected subsequent questions.

Please enter a short title for this project (maximum 70 characters)
Do innate immune system SNPs contribute to risk of severe Influenza?

1. Is your project research?
@Yes ()No

2. Select one category from the list below:

() Cinical trial of an investigational medicinal product

() Canical investigation or other study of 8 medical device

() Combined triaf of an investigational medicinal product and an investigational medical device

() Other clinical trial to study a novel intervention or randomised clinical trial to compare inferventions in clinicl practice
() Basic science study involving procedures with human partiGpants

() Study administering questionnaires/intérviews for quantitative analysis, o using mixed guantitative/qualitative
methadalogy

() Study invalving qualitative methads only

(@) Study limited to working with human tissue samples (or other human biological samples) and data (specfic project
anly)

() Study imited to working with data (specific project only)

(O Research fissue bank

() Research database

if your work does not fit any of these categories, select the option below:

() Other study

2a. Please answer the following quession(s):

a) Will you be taking new samples primarily for research purposes (i.e. not surplus or existing @Yes (ONo
stored samples), including any remaval of organs or tissue from the deceased?

b) Will you be using surplus tissue or existing stored samples identifiable to the researcher? @Yes (No
<) Will you be using only surplus tissue or existing stored samples not identfiable to the OYes @No
researcher?

d) Will you be processing idensfiable data st any stage of the research (including in the OYes  @No
identification of participants)?

&) Please confirm that you will be processing only anonymised or effecively pseudonymised data:

Date: 18/11/2020 1
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IRAS Fonm Reference: 118-08-20 IRAS Version 5.0

() Yes, only anonymised or pseudonmyised data  (Tible

L In which countries. of the UK will the research sites be located?| Tick & that apply)

A Enggland

[ Scatiand

[ Wiales

[ Maribern lneland

Ja. In which country of the UK will the lead NHS RAD office be located:
(@ England
"y Scotland
(D Wiales
"y Maribern Ireland

(Zi This sbudy does nal involve the NHS

4. Which applications do you require?

o IRAS Form

[ Canfidentiality Advisary Group (CAG)

[ ] Her Majesty's Prison and Prabation Serdce [HMPPS)

Most research projects requine review by a REC within the UK Health Departments’ Research Ethics Service. Is
your study exempt from REC review?

Yes  @ho

B Will any research sites in this study be NMS organisations?

() Yes TiMo

Ba. Are all the resoarch costs and infrastructure costs (funding for the support and facilities needed to carry ouwt the
research e.g. NHS support costs) for this study provided by a NIHR Biomedical Research Contre (BRC), NIHR Applied
Rescarch Collaboration (&RC), NIMR Patient Safety Translational Research Centre (PETRC), or an NIHR Mediech and In
Vitre Diagnostic Co-operative (MIC) in all study sibes?

Please sen information button for further details.

[y Yes () Mo

Piease see information butfon for furifrer details.

Bh. Do you wish to make an application for the study to be considered for NIHR Clinical Research Matwork (CRN)
Support and inclusion in the NIHR Clinical Ressarch Notwork Portfolio?

Please sen information button for further details.

f _i:. esg '-\.-.:' [}

The NiHR Clinical Rieseanch Nedwark (CRN) provides researchers wilf e practical support thay nead fo make cinical

Digte: 18112020 2
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IRAS Form Reference: 118-08-20 IRAS Version 520
sfudies happean in the MRS in England 2.5 by providing access to the people and facilitie s needed fo carmy owl resaarch “an
ffre growmnd”™.

I paw select pas b3 this question, information fram your IRAS submission wil autamatizaly be shared with the MIHR CAN.
Submission of a Portfolio Application Form (PAF) is no longer required,

£. Do you plan to include any participants wha are children?

MiYes  @Mo

7. Do you plan at any stage of the project to undertake intrusive research involving adults lacking capacity to consent
for themselves?

() es () Mo

Answer Yex i you plan to recrut ang particioants aged 16 or owver wha fack capadty, or fo refain fham in the sfudy failowing
lns= of capaciy. indrusive h any h wilfy e [iving requining corsant in law. This includes wse of
identfable tissue samples or personal informabon, exceal where appiicabon i baing made o the Confidentialiy Advisary
Groug to Saf aside Me common faw duty of confidentially in England and Wales. PFlsase consull the guidance noles for
further informalion on the legal framewarks for research imvaiving aduls lacking capacily in fhe L

B. Do you plan to include any participants who are prisoners or young offenders in the custody of HM Prison Service or
‘wha are offenders supervised by the probation service in England or Wales?

MiYes  @Mo

. Is the study or any part of it being undertaken as an educational project?

mYes (DiMNo

Please descrbe briefly the invalvement of the sbudent|s):
Student is Serving as Chief Irmvestigator

Ba. Is the project being undertaken in part fulfilment of a PhD or other doctorate?

() es L

10. Will this research be financially supported by the United States Departmant of Health and Human Services or any of
its divisions, sgencies or programs?

() es () Mo

11. Will identifiable patient data be accessed outside the care team without prior consent at any stage of the project
(including identification of potential participants)?

MiYes  @Mo

Date: 18/11/2020 3
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IRAS Form Feference: 118-08-20 IRAS Version 5.20

Integrated Ressarch Application System
Application Form for Ressarch limited to working with human tissues samples andior data

IRAS Form (project information)

Pizaze rafer o ifve E-Submission and Chackiisf lbs for insfructions on submitfing fhis sppiication

The Chief Investigator should complete this form. Guidance on the questions is available wherever you see this
syrmbol displayed. We recommend reading the guidance firsi. The complete guidance and a glossary are available by
salecting Help.

Please define any lerms or acrenyms that might not be familar {o lay reviewers of the application.

Bhort title and wersion number: (maximuwn 70 characiers - this will be insefed as header on all forms)
Do innate immune system SMNPs contribute bo risk of severe |Influenza’?

Piease complale ihese detai's after yoo have booked ife REC application far review.

REC Mame:

WHUH

REC Reference Mumber: Submission date:
118-08-20 181 12020

AL Full tile of the reseanch:

Rapid detection af SMPs in human innale genes IFITMS and ATG16L1 o identfy individuals susceplible o Devers
irfuerea virus (W) infection.

A2A. Educational projects

Name and contact details of studeniis):

Student 1
Title Forenamedinidials Sumame
Address
Redacted

Post Cade

E-mail

Teleghone

Fax

Give details of the educational cowse or degree far which this research is being underiaken:
Name and level of coursel degres:

Date: 1801172020 L
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IRAS Form Feference; 118-08-20

PhiD

Mame of educational establishmeant:
University of East Anglia

IRAS Version 520

Mame and contact delails of academic supervisar(s):

Academic supervisor 1

Title Farenamainitials Surname

Mrs. Perny Powel
Addrass
Past Code Redacted
E-mail
Telephane
Fax

Please siate which academic supervisoris) has respansbility for which Sludenb{s

details are shown comectly.

Plzage ciick "Save now” before complefing this fabie. This will ansure thad &l of the shadenf and academic Supersor

Student|s) Academic supervisons)

Student 1 M. Luke Griffith [Mrs. Pery Pawel

A copy af 8 currand O far the student and the scadamic suparvisar (maximum 2 pages of Ad) must be submilfed with the

AZ-Z. Who will act as Chief Investigator for this study?

() Student
{1 Academis supervisor

(T Orther

A3 Chief Investigator:

Tile Forenamainitials Surname
k¥ Luke Griffith

Past
Qualificatons
ORCID IO
Emplayer
Wark Addrass Redacted

Past Code
Wark E-mal
* Pemsanal E-mail

Data: 18711/2020 3
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IRAS Form

Fax

Work Telephone 07704621284
* Personal Telephone/Mobile 07704621294

Reference: 118-08-20 IRAS Version 520

consent.

* This infarmation is optional. i wil not be placed in the pubic doman or disciosed 1o any other third party without prior
A copy of a guirent CV (maximum 2 pages of Ad) for the Chief Investigator must be submilted with the application.

Address

Post Code
E-mail
Telephone

Fax

A4.Who is the contact on behalf of the sponsor for all correspondence relating to applications for this project?
This contact will receive copies of all correspondence from REC and HRA/RAD reviewers that is sent to the Cl.

Titke Forename/intials Surmname

Redacted

AS1. Research reference numbers. Please give any ralevant references for your sfudy.

Applicant’s/organisation's own reference number, e.g. R & D (f 118-08-20
avaiable)

Sponsar's/profocol number: 2

Profocol Version: 2

Protocal Date: 04/02/2021
Fun@er‘s reference number (enfer the reference number or state not not applicable
applicable)

website: i
Additional reference number(s):

Ref Number Description Reference Number

Registration of résearch studies is encouraged wherever possible. You may be abie fo register your study through
your NHS organisation or a register run by a medical resaarch charily, or publish your profocal through an cpen
access publisher. if you have registered your study please give datails in the "Additional reference number(s)”

saction
AS-2. Is this application linked to a previous study or another current application?
OYes @No

Pisase give brief detais and reference numbers.
This study is not linked 1o any previous or current applcations.
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members of the public. Please read the guidance notes for advice on this section.

A1, Summary of the study. Please provide a brief ¥ of the ch (macimum 200 wards) using language

easily wndersisod by lay reviewers and membars of the public. Wiane the ressarch is reviewad by a REC wilfsin the LK
Heakh Depadments’ Research Efics Senvce, this summary wil be purblished on the Health Research Authority (HRA)
wabsite fallawing e ethical review. Please refer do the question speaific guidance for iins guestion.

The influenza virus s a seasonal, polentially serious diseass in humans that can also lead 1o global pandemics. How
influsnza affects patients depends on a number of factars, including their immune system. For some individuals,
unfartunately, influenza may result in an overreaction af the immune Sysiem, bnoan &% a ‘cylokine starm'

Cytokines are ane of the ways the body fight vinuses. However, if the body releases (oo many of them at one ime, they
can get out of contral. As Swdh, instead of fighting just the invading dissase, they also begin io destray healhy issue
as well, leading in some cases o death.

This project will investigate whether particular variaSian in the lype of genes a patient has increases the Belhood that
Fhey might experience a cyloking sorm due ko influenza infecion, Once we can estabish i genes play a part in over.
reactive immune systems, we will be able io identify patients wha are ai risk. A sush, our study could indicate if
addilional groups of pesale would berefit frem vacciration and could alea help us uderstand why ctherwise healthy
pasients suffer with comgplicabed, fife ihreatering influsnza infections.

Susceptibility ba influsnza runs within families, suggesting thal there is a genetic companent ta this prablem. While we
know there is an association betwesn s2vere influenza and a mulation found in part of the genebic sysiem kbnown as

IFITHAS, the wark done in our |aborstory indicabes that ihe mutation of ancther gene, ATG1BL1, could alen predispase
individuals to cylokine siorms upan mnfection.

This project will ask whether patienls being tested for influerza have gene variants in comenan. Te do this we will need
i fakie Swabs from the rase, the cheek, and alse Hood samgples from selest individusls.

AB-2, Summary of main isswes. Please summanse e main athical, lagal, o managemant issues arsng fram your study
and say how you have addressed fthem.

Maf all sfudies raise sirificant issues Same studies may have straighiforward athical ar other issuss ifal can be idenfiffed
and managed roufinaly. Oifers may present significanf issues requining further consiceration by @ REC, HRA, or olfrer
review body (35 appropriate fo the issue). Studies that presant a minimal rish fo paricipants may rafse comples
ovpanisational or lagal issues. You should fry to consider all the fypes of issues ifhaf the differant reviewers may nead fo
conSider.

Our study ie dependent an the charselerdsation of varialions wilkin individuaks genomes that may indicale 3 higher
sugeealibility o a severs infectan. Ae such, e rasuls of Bhis study could lead b emolisnal discembart, emaleyment
diserimination, ar cther negative impacts for it's paricipants should they be identifisble To probect agains) this, sl
samgles will be de-identified and grouped ints cabegaries of dissage severity by & trusted MHS dinican. At such, the
anly infermatian which will be released t e sludy will be level of infection severily (a5 delermined by the chnician)

and an associaed code for identificaion of the sample. This way, no idenifiable patient data will be part of the proect,
ensuring patient privacy.

Al addibional sample callection (Blood) will be mediated by the MMUH clinician, who will S2lect a representative

patierd. Murses will then appraach the individual for sscondary consent, followed by sample colieclion f consent is
given.

L PURFOSE AND DESIGN OF THE RESEARCH

AT. Belect the appropriste methodalogy description for this research. Pisase fick sl thaf appiy:

| |I:HE SEfEs) cass nobs rEview
MI:HE eontral
[ Cabart obserdabon
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|| Contredled irial without randomisation

[ Crass-sectional shudy

[ Dafabase analyses

[wA Epideminlogy

[ Peasibiity! pilod shady

[ Laoratary shudy

[ ] Meianaiysis

[ Cusalitaative research

[ |I:Iu=5Ii|:l1nain:, imlervisa ar obsenation sludy

[ Randamised contralled trial
[ Othier (please Spacify)

A0, What is the principal research questioniobjective? Plzace put thiz in anguege compraheansible b a lay parson.

This shudy wants to understand if the presance of spedific mutations within cerlain genes can lead 1o an increassed
risk of severe influenza infection.

Al1. What are the secondary research questionsiobjectives if applicable? Pleass put this in [snguage comprafansibie fo
& lay parson.

Understand how this mutation increases an individuals risk of savers influenza al a celular level if a relationship is
found. This will help us develop potential drugs which can be oplimized for people with this mutation.

This study also hopes (o incomporaie testing for these ganetic variations within curment diagnastic sechnology,
identifying indrviduals &t higher sk in the dinic, ensuring they can be hospitalised and freated earky.

ALZ What is the scientific justification for the research? Plzage pwl thiz in [anguage comprahansible o 8 fay parson.

The mutation we ane loaking & is in a probein bnown s ATG1BL1. ATG18L1 s essantial in 2 antiviral response
against influenza nown as Led Azzociated Phagocytasis (LAP). ATG1EL1 is compoesad of 3 distinet parts; a coiled coil
domain, & linker region, and a WD-40 domain. The WD-£0 domain is essential for LAP'S process.

To test the imporance of LAP in response 1o influenza, our |ab designed a mouse model which s missing the
ATGEIELT WD -40 domain, knoan as AWD. Upon infection wilh influsnza, AWD mice, which cannot use LAP 1o eliminate
wirumas, last mare weight, had higher presence of virus in their lungs, and died much mare frequently than mics
without this mutation. Furtbar analysis showed this difference was due to slevaled vz of immune signals knawn as
cylokines, which are responsible far mast of ihe damage caused by mfluenza in humans as well. As such, this
demonsirated that mpairment of LAP by mulation 1o ATG16L1 leads 1o a higher likelibood of severe influenza in mice.

Given these observations, its passible thal mutations in humans which impair LAP could al=a lead b increased risk of
severe influenza. A comman mulation seen in human ATG16L1, known as TA00A, has been linked with disorders
such as Crohn's dissase. Recent experiments have shawed that the TI00A mutation elmirabes e Wil-40 doman of
ATGIEL1. Therefore, TI00A could also comiribube ba &1 increased nsk of severs influenza.

A1), Ploase summarise your design and methodology. IF should be chear arachly whal will happen b the reseanch
participand, how many Bmas and in wiral adar. Plaass compiede iz seclion in languags compretiensitde fo the lay persan.
D nat simply reproduce o refey io the profocol. Furifer guidancs i5 avadable in e guidancs nodes.

Pabients are hospitalised with an unknown respiratary disease, and have a Nasophargngeal swab taken far viral pane
festing. If #i2 swab lests pasitive for Influenza, patients willl be approached by & reseanch nurse, informed of the study,
and provided a participant infarmation sheet. Afber 10-15 minules to read over patient information shests and sk
quéslions, patients can Sign a cansend form for the sludy i they wish o patticipate. Once signed, panticpants will be
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asked ko provide a cheek swab samgles, which will be taken by the reseanch nurse. [0 addilicn, the swab used b
canfim their indal influenza diagnasis will also be retained. All individuals irvolved in the study will be given cantact
infoemagion (in the patien information shests) should they wish 1o withda their consent al ary lime.

Cerain individuals may also be approached again for a bleod sample again based on their respense {o infecSan.
This process will be direcied by the NHS dlinician responsible for grading infeclion sevesity for samples bo ensure
participant privacy. Blood samples taken from these individuals will have separste consent forms but the consenting
process will be the samie, with patients given 10-18 minutes to ask questions and read aver associated documents
bedore signing a consent form and a blood sample being taken.

A14-1. In which aspects of the research process have you actively involved, or will you involve, patients, service users,
andior their carers, or members of the public?

[ Design af the research

[ Management of the research

[|Undertaking the research

[ Analysis of results

[ | Dissemination af findings

[ Hane of ihe sbove

Give details of irvalvement, or if none please sty ifhe absance of invalvement.
The study profooal was reviewed by a PPIRes group which provided |ay-individual irsight in arder to optimise the
study to pravide minimal discomfart and risk 1o participants.

4. RESKS AND ETHICAL ISSUES

RESEARCH PARTICIPANTS

A18. What is the sample group or tohort to be studied in this research?

Salect all thal apply:

e

[ Cancer

[ Cardiovascular

[ |Congenital Disorders

[ |Dementias and Neursdegenerative Dissases
[ | Diasetes

[]Ear

[]Eye

[ Generic Healih Relevanos

[ ] indection

[ Inflammatary and Immune System
[]Injuries and Accidents

[ Mental Hestth

[ Metaboiic and Endacrine

[ Musculosieietal

Date: 18/11/2020 g
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[ | Heurslogical

[ ]0ral and Gastooinbestiral

[ | Paediatrics

| | Renal and Urogenital

[ | Reproductive Health and Childbirh

[ Pz s prationy

[ Ekin

[ Siroke

Gander. Male and female participants
Lower age imit: 17 Years

Upper age imit: 100 Wears

A1T-1. Please list the principal inclusion criteria (list the most important, max 5000 characters).

Inclusion crilenia for the sludy is being over the age of 16, a positive influenza test, and praviding consent

A1T-2 Please list the principal exclusion criteria (list the most important, max $000 characters).

Any patients wha do not hawve the capadty 1o give consant io participate in the sbudy or any individual undear the age of
18

\/YVY

AR Give details of all non-clinical interventionis) or procedure(s) that will be received by participants as part of the
resoarch protocol. Thase inclwde Seeking consenf, interviaws, non-chnical absarvations and use of questisnnairas

Please complete the calumns for sach interventionfprocedure as follows:
1. Total nuimnbér of niErvenionsiprocadues 1o be received by each paricpant &3 pa of the ressarch protocol.

2. If this inbarventioniproosdune would Be routinely given o participants as parl of their cane outside the reseanch,
how many of the iotal would be routine?

3. Average fime taken per interventionprocedure (minwles, hours or days)
4. Details af who will conduct the intervention/procadune, and whene it will take placs,

Intervention or proosdure 123 4

Seeking Consernt 11 16 Research Murses will infarm patients abaut the sludy after & pasitive
mins Influsnza resull, provide the Patient information Shest and Consent

i Process Will be Repealed Form, Allow ime for the individual o read through associated

far Blood Samples with documents &lc.

Repressniative

Participants)

A18. Give details of any dinical intervention|s) or proceduns{s) to e received by participants as part of the research
profocol. Thags includs uses of madicinal products or dawces, olfer madical freafmenfs ar assassmenls, mantai healf
interventions, imaging irwastigations and faking sampies of human bislogical materiai. Include procadunes which might be
recedved as roufine clinical care sulside of the reseanch

Please complels the calumns for each intervenboniprocedure a5 follows:
1. Total number of inbervenionsiprocedures 1o be received by each parSicipant as par of the ressarch protocel.

2. If this intervertioniprocedure would be routinely given b participants as part of ther cane oubside $e reseandh,
how many of the iotal would be routine?

Digte: 1801172020 10
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3. Average time taken per inbervention/procadune (minutes, hours or days).
4. Details of wha will conduct the ntervention/procedure, and whene it will ke place.

Intervention o

123 4
procedure
Cheek Swab 111 Reseanch Murses will take chesk swab afier a posifve Influsrza  test and

ming condenl is given

Bload Sample [ .- NHE Clirician will s&lect a represemative patiend from each group far
{Representative ming Researchers. Reseandh Murses will Agan Approach particpant, infarm
Participants Selecled by fem about copartunity o donate addilional sample, and allow for pafent o
MHS Clinician Only) carsenl before taking sample.

A1 Mow long do you expect each participant to be in the study in total?

idmost all participants will only be appraached by & ressarch nurse ance, iodalling roughly 20 minubes (depending on
how quickly consent is given). Some palients may also be approached a second Sme for a bleod sample, doubling
e irvaleement time in She study ba 40 minutes iotal.

AZ3 What are the patential ricks and burdens for research participants and how will you minimise them?

For alf studies, describe any pofential adverse affecis, pain, dicomir, digness, infrusion, inconveniencs or changes
I ifestple. Only describe nsks or burdens that could ocowe a5 & resl of participation in the research. Say what sfeps
would be taken fo minimise ks and bundens as far as possibis,

Al Samples which will be collecisd are roufne, non-invasive procedures and should proside minimal discomfort for

participants. Individual samples will be de-identified |0 protect participant privacy. All parcipants will be able to
withidraw their samples from the study if they so choose.

A4 What is the potential for benofit to ressarch participants?

Reseanch participants will be able fo advance aitical work in the reatment of infectious dissases, There samples
have the potential fa highlight individusis at high risk for severs influenza, saving the NHS money, increasing health
service efficiency, and, ullimalsly, saving ves.

RECRINTMENT AND INFORMED CONSENT

in this section we ask you to describe the recruitment procedures for the study. Please give separate details for
different study groups wihere agpropriate.

A27-1. How will potential participants, records or samples be identified? Who will carry this out and what resources
will be used ?Far exampie, idenfification may involee a disease register, computansad search of GPF recands, or review of
madical records. Indicate whather this will be dane by the direct heslthcare feam or by ressarchers acfing under
arangemants wilfy the rasponsible care anganisatian(s).

Pobtential participants will be identified by a positive influenza resull.

A2T-2. Will the identification of potential participants involve reviewing or screening the identifiable personal
information of patiomts, servics users or any other person?

)¥es @ No

Plaase give dafails balow:

AZB.Will any participants be recruited by publicity through posters, leaflets, adverts or websiies?

Diate: 1901112020 1"
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(OYes @No

A29. How and by whom will potential participants first be approached?

Patients will be hospitalised with respiratory infecti P and be tested. If ey test positive for influenza,
research nurses will approach potential participants m e ward and give them a information sheet about the study so
ey can make an informed decision on whether %o participate or not by signing a consent form.

A30-1. Will you obtain informed consent from or on behalf of research participants?

@Yes (ONo
lywﬂlbcobﬂmmmnsenfhomadwwpleasegwedemdwhomfakeoonsemmdhownmvbe
done, with datals of any steps 1o prowvde & (& written @ jon sheel wdeos, or inferactive

material).
Arrangements for adults umdebmmhrﬂ:emsﬂesshwﬁbedesmbedm&m Part B Section 6, and for
children in Part B Section 7.

¥ you plan to seek informed consent from viinerable groups, say how you will ensure that consent is voluntary and
fully informed.

Individuals will present in hospital with influenza like symptoms and be lested. If the test resull is positive, individuals
will be approached by a research nurse, informed of the study, and given an information sheet about the study, their
potential role, and why it is benefical for public health. After sufficient time to read through the informason sheet,
individuals can choase 1o participate in the study. Afler consent, 8 cheek swab will be taken by the research nurse
and the indrvidual will be able 10 leave. Alongside this sample, the nitial swab used to test for influenza will also be
retained.

¥ the individual is deemed by the dinican % be a rep tative for & infection severity group they may also be
approached again for a blocd sample. Biood colection has i's own separate consent form and informason sheet.

I you are not obtaining consent, piease explain why not.
We are cbtaning consent.

Please enclose a copy of the information sheel(s) and consent formys).

A30-2. Will you record informed consent (or advice from consultees) in writing?

@Yes (ONo

A31. How long will you allow potential participants to decide whether or not to take part?

Potential participants will be given 10-15 minutes (o read $irough the patient informaton sheet and decide # they want
o give samples for the study. This time has been selected as the research nurse will be responsible for collecting
samples and filing associated consent forms, which would be significantly more challenging if done on a 24 hour
cyce.

A33A1. mmmmmmupms-mmmmmuwmmmmwnw
written information given in English, or who have special communication needs?(e g. \ use of int s)

i the research nurse feels the implications of the study are not being understood by an individual they wil be excluded
by defautt. Adaptations for individuals with communication issues will be made by the research nurse team at their
discretion. Furthermore, if any individual does not feel the study was accurately portrayed (o them in hindsight, they are
free 1o withdraw their samples st any time.

A3S. What steps would you take if a participant, who has given informed consent, loses capacity to consent during the
study? Tick one gplion only.

() The participant and all identifiable data or tissue collected would be withdrawn from the study. Data or tissue which
is not idensfiable to the research team may be retaned.

Date: 19/11/2020 12
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{73 The paricipant would be withdrawn fram the study. |dentifiasle data or bssue already collected with consent would
be retaired and used in the siudy. No further daia or tissue would be collecied or any pifer reseanch procedures caried
out on of in retation ba the participant.

() The participant weuld eantinue io be included in the shudy.

{73 Mat applicable - infarmed consent will nal be scught from any participants in this ressarch,

@) Mot applicabie - it is not practicable for the ressarch team to monitor capacity and continued capacity will be
assurned.

Further details:
The patient infermation sheel informs participants they are able 1o withdraw Eheir consent at arry ime, which will remove
Feir samples and any associabed data fram the study when they choose. If the paricipant loses the capacily b consent
#heir legal guardiandamily can withdraw their consent at any lime.

In this section, personal data means any data relating to a participant whe could potentially be identified. It includes
peeudonymised data capable of being linked to a participant throug h a unigue code numbar.

ASE.Will you be undertaking any of the following activities at any stage (inchuding in the identification of potential
participants)? Tick as appropriate)
o Access to medical records by thase culside the direct healthcare team
[ Access to social care records by thase outside the direct social care team
| Electranic transfer by magnete or optical media, email o computer networks
[ Sharing of personal data with other crganisatiores
[ Expart of persanal data autside the EEA
nu»upersnml addragges pﬂlm faxes, amails or IHEPI'ME numbers
[ Publication of direct quatations fram respendents
[ Publicasion of data that might allow identification of individuals
[ Use of audio/visual recording devices
[ Storage of persoral data on any of the following:

[] Mansal files (inchudes paper of film)
o HHS computers

[[|Social Care Service computers

[ ] Home ar oifer personal computers
fof University computers

[| Private company computers
[[]Lapbap computers:

Further details:

Patient medical records will be used to differentiabe bebween severe and mild cases of influenza infection. Grouping of
Participants into Mild and Severe Cohorts will be conducted by an NHE Clinical Micrabiclogist™iralogist. As such, they
will be the only individuals involved in the study to view patiert records.

De-identified patient data provided by the clinician will be stored on secure NHE and UEA computers which are
passward profecied.
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AJT. Ploase describe the physical security arrangements for storage of parsonal data during the study?

There will be no physical copy of any persoral dala for any individual in the stody.

A3E. How will you ensurne the confidentiality of personal data?Please provide 8 general stalement of ifhe palicy and
procaduras for ansuing confdentrally, &g, anonymisaiion or peeudanymvsabion of dafa

Al data will be de-idenlified, and mo campoenent af any participant medical record will be stored on UEA Servers. The
anly information which will be stared on devices oubside the NHE are sample codes (part of the de-identification) and
e level of infeclion severity associated with that samgle (determined by prior medical record review by clinician)

A40. Who will have sccess to participants’ personal data during the study? Where access is by individuals putside the
chrect care deam, please usfify and say whalfer consent wal be sougfl.

The anly individual outside of the direct health care team o have access o pereonal, raw data will be the clinician
responsible for determining infection severity.

Luke Griffith, Perny Powell, and Emma Meader will have access (o de-identified patiert daks.

Ad1. Where will the data generated by the study be analysed and by whom?

Data generated from the study will be analysaed at UEA by Luke Griffith as part of his PhiD fhess.

AAZ. Who will hkave control of and act as the custodian for the data generated by the study?

Title Forename/initials Surmame
Ms. Penny Pl
Past FMH Associate Dean Postgraduaie Ressarch

Qualifications Bsc Biochemistry, PhD Bicchemistry, Postgraduate Certificale in Higher Educabion Practice

Wark Address UEA Biamedical Reseanch Centre
Morwich Reseanch Park

Past Code HR4 TTJ

Wark Email P PowelFuea.ac.uk
Wark Telephone 0TBITIEIEED

Fax

A4l How long will personal data be stored or accessed after the study has ended?
(CyLess than 5 months

(3 = & months

(C18 = 12 monihs

(112 months - 3 yeans

() Oveer 3 years

I iongar than 12 mandfs, please jusfify:
UEA Palicy stales all data generated during research is siored for 10 years post completion.

Date; 18011/2020 14
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Ad4.For how long will you stone research data generated by the study 7
Years: 10
Monite: 0

AdB. Please give details of the long term arrangements for storage of research data after the study has ended. Say
where dals will be siored, who will fave sccess and the armangements fo ansure Secunty.

Diata will be stored long 12 on a password pralecisd compuler accessible anly oo Penny Powedl, Luke Griffith, and
Emma Meader,

A4B Will research participants receive amy payments, reimbursement of expenses or any other benefits or incentives
for taking part in this research?

(Yes  @MNo

AAT_Will individual researchers receive any personal payment over and aboswe normal salary, or any other benefits or
incentives, for taking part in this research ?

(Yes  @MNo

Adl. Doos the Chief Inmvestigator or any other investigatoricollaborator have any direct personal imvolvement je.g.
financial, share halding, personal relationship etc. ) in the organisations sponsoring or funding the research that may
give rise to a possible conflict of interest?

e

wYes (TiMo

I yes, plragse give delais including he amount of any monelany papmant or the basis on wivch this will be calculafed’
Luke Griffith's PhD is par funded by Roche Diagnostics, wha are imahved in influenza point of care diagnostcs.

A48-1. Will you inform the participants’ General Practitioners (andior any other health or care professional responsible
for their care) that they are taking part in the study?

(CiYes () Mo

If ¥Yex, please anclase & copy of the infarmation sheetdatier for ife GPhealth prodessona with & version number and date.

ASD. Will the research be registered on a public database?

| j::. s |_‘-.:| Mo

Pizase pive dafails, or justfy if not regisfening the research.
Al UEA PRD projects are published on open access o promole the dissemination of information and future ressarch

Regisfration of research shadies is sncouraged whersver possible.

¥ou may be able fo regisler yowr study through powr NHS arganisabion or a regislher run by & medical research chafy,
ar publish your profocal fvough an apen access publisher. If yow are aware of & suifabie régister or affrer medhod of

Date: 1911/2020
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puhiication, piease give detaids. Ifnol, you may indicafe thad no suitable register axists. Please ansure thal your have
antered regisiry reference numbers) in guestion 45-1.

ASA. Mow do you intend to report and disseminate the results of the study? Tick as appropriate:

o Peir reviswed scientific jpumals
[ Imternal repor

A Conferencs presentation

[ Publication on wabsie

P Orthier pubbication

[ Bubmizsion to regulabary authorities
[ Aeress o raw data and right o publish freely by all investigabars in study o by Independent Steering Commities

an behalf of all investigalons
[ |Hn- plans to repart or disseminate the results

Mlzllher [please speacify)
FhiD Thesis

AB2. Iif you will be using identifiable personal data, how will you ensure that anonymity will be maintained when
publizhing the results ¥

Al published data will be in an aggregated anonymized formad.

AB). Mow and when will you inform participants of the study results?

IF there will be no arrangements in place fo inform padicipants please jusfify this.
Parficipants will nol be informed af ther individual results (o proled the de-dentification process.

V. 4

AB4 Mow has the scientific quality of the research been assessed? Tick a5 appropriste:

Mlndepcnumtexlzmal FEWIEW

[ Review within & compary

[ Review within a multi=cenire reseanch group

[ Review within the Chief investigatos's instilution or host organisation
P Rorview wwiliin the resaanch bam

o Rerview by educatonal Supervisos

[] Cther

Justify and descnbe the review process and oulcome. i the review has been undedaken butl nof seen by the

resaarchar, pive details of fre body which has tndedaken the nevew.
This project is built an a foundation of published research and funded by the medical research council & Roche

diagnostics, who are both aware of the scentific lileratue conbribuling bo tis projects hypothesis. The ethics
application iself has sl been reviewed by PPIREs, a review group comprised of kay individuals designed 1o critique
the ethics application from the paint of view of palental particpants.

Far all shudhes excepl non-doctoral studant research, pléase enciode a capy of any available screntific anfigue reparts,
together with any related camespandancs.

Far nan-dactoral siudent research, please anclase a copy of ihe azssszmant from pour sducatianal supendson’ instifulion.
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ASE. How have the statistical asp of the h been revi d?Tick as approprisle.

|| Review by independent statisScan commissioned by funder o spoasor

| | Other review by independent statistician

[ | Review by company statistician

| | Review by a statistician within the Chief Investigator's institution

[ |Revie«~ by a statistician within the research team or multi-centre group

[ Review by educational supecvisor

[ 7] Other review by individual with relevant stadistical expertise

|| No review necessary as only frequencies and assocations will be assessed - details of statistical input not
required

In all cases please give details balow of the individual responsible for reviewing the siatistical aspects. If advice has
been provided in confidence, give details of the dapartment and instilution concemed.

Tite Forename/irtials Surname
Dr. Penny Powell

Department
Institution
Work Address

Redacted

Please enclose a copy of any availsbie comments or reports from a statistician.

AST. What is the primary out e for the study?
Presence of specfic single nucleatide polymorphisms within severe influenza cohorts that are absent in mald cases.

AS58. What are the secondary outcome measures?(if any)

What are the mechanisms behind SNP induced viral susceptibility? Are these mechanisms explotable from
therapeutic spproach?

AB59. What is the sample size for the research? How many participants/samples/dats records do you plan fo study in
todal? If there is more than one group, please give further defadls below.

Total UK sample size: 200
Total international sample size (including UK): 200
Total in Ewopean Economic Area 0
Further details

The study cohort will be comprised of roughly 200 partiapants, all of which meet inclusion criteria. Of these 200,
roughly 100 will be characterised by & mild influenza infection, while roughly the other 100 will have had severe

influenza infections.

Im.nwmhsmdudoddodmon? If a formal sample size caiculation was used, indicate how this was done,

Date: 19/11/2020 17
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wing sufficient information lo jushify and regnoduce fhe calcwabon

Sample size was chosen as it represents a realistic volume of samples required for & pilot Shudy. This number was
decided upon with the help of dinical virologists and the NNUH respirstory feam, who desmed it appropriate and
realistic based on their previous experiences with influenza.

AE1. Will participants be allocated to groups at random ?

(CiYes [ M

B2 Please describe the methods of analysis (statistical or other appropriate methods, o.g. for qualitative research) by
whiich the data will be evaluated to meet the study objectives.

Data will be analysed bath qualitatively and quantitatively using appropriate amalylical methods for the technique used.
For example, all PCR resulbs (which will assess the significance of SNP expression between the mild and severe

graups) will be aralysed using relevant siatistical tesis.

AEY. Other kay investigators/collaborators. Please incluge all granf co-appiicants, prolocol co-authors and olfer key
meambers of fhe Chisf Investigatar's fmam, incliuding ron-docioral shident resaarchers.

Titke Forename/|rfials Swmame
Dr. Emma Meader

Past
Qualificabans
Emplayer
Wark Address

Redacted

Past Code
Teleghane
Fax

Mabile
Wiark Email

Title Forename/initials Sumame
DOr. Penrmy Powell

Past
Qualificatons
Employer
Wark Address

Redacted

Past Code
Telephone
Fax

Mabile
Wark Email

Dt 1801172020 18
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Ab4-1. Bponsor
Lead Sponsor
Slatus: (I MHS or HEC care erganisalion Commercial stalus.  pyan.
@) Academic Commercial

(s Phamaceutical industry
() Medical device indusiy
(7 Local Autharity

() Othesr Sacial cane provider (including volunlary sector ar privile
organisation)
|’:_.Dl'1er

If Oifoayr, please specify:

Contact person

Mame of arganisatan University of Easl Angli
Giwven name

Family name
Address
Tawricity

Fiost code Redacted
Couniry

Telephone
Fax

E-mail

Legal representative for clinical inwestigation of medical device [studies involving Northern Ireland only)

Clirvcal fnvestigations of Medical Dewces fhal fake place in Northem nsland must frave a legal repre senfative of
the spansar ifaf is basad in Northem iredand or the EL

Contact person

Marme of arganisation
Given name

Family name
Addrass

Torwnicity
Post code
Cauniry

Teleghone
Fax

Date: 18/11/2020 19
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ABS. Has external funding for the research been secured?

Pizase lick al leasf ane check box.
s Funding secured from ane ar more funders
[ |E:-|I:ern=|| funding application b one or more funders in progress

[ Mo application for extermal funding will be made

‘What type of research project is this?
() Standalone project
(3 Project that is part of & programime grant
(3 Project thal is part of a Centre grant
{3 Progect Sl is part of a fellowshipd personal awards research training awand
) Oithes

(iher = please siabs:
PhiD Thesis

Please give details of funding applications.

Organisation Rache Diagnastcs
Address

Post Code Redacted
Telephane

Fax
My bule
Email

Funding Apgplication Status: (@ Secured () In progress
Amourt:

Durabon Redacted

Years:
Moanthe:

I applicable, pieaza specify ifve programme’ funding Stream.

What iz the funding stream! programme for this research project ?
Annual

Organisation Medical Ressarch Council
Address 14ith Floor
1 Kemble Stnae
Date: 1911/2020 20
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Londan
Past Code WC2E 44N
Teleghone 01793 416200
Fax
Mabile
Email RFPINEmre. ukriong

Funding Apgplication Siatus: () Secured () In progress

Armourd:
Redacted

Duration
ears:
Monihs:
I applicable, please spacify e programmes funding siream:
What i the funding stream! programme for this research project?

Morthiy

IRAS Version 5.20

than a co-sponsor lisbed in A1) T Pieaze give defails of subconiracions i apoiicable.

I::_l Yes I?__l Mo

ABB. Has responsibility for any specific research activities or procedures been delegated to a subcontracior (other

country ?
I::_l Yes I?__l Mo

reasans for the unfavowrable oginion have been addressed in ifvs appiicabion.

ABT. Has this or a similar application been previously rejected by a Research Ethics Commiittee iin the UK or another

Piease provide a copy of ifve unfavourable opimian leiters). You showd sxplain in your answer o quastion Af-2 how the

ABR1. Give details of the lead NHS RED contact for this research:

Organisation
Address

Redacted

Past Code

Wark Email
Telephone

Fax:

Mabile

Dafais can be abtairad fram the MRS RED Farum webside: bl e rdiorum nhis uk

Deta: 18091172020 21

ABE-2. Belect Local Clinical Reseanch Network for NHS Organisation identified in AS8-1:
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Easiem

Far mare informadian, please refer fo the guestion spaciffic guidance.

AES-1. How long do you expect the study to last in the UK?

Plarned starl dabe: 071/04/2021
Plarned end date: 01/08/2023
Total duration:

Years: 2 Months: 1 Days: 1

ATD. Definition of the end of trial, and justification in the case whers it is not the last visit of the last subject undergaing
the trial "'

The study will formally end upan completion of Luke Griffitl's PhD thesis. Subjects invaleed in the study will not be
cantacted afier the iniial sample collections.

AT1:A. Is this study?

(T Bingle canire

() Multicentre

AT1-Z Where will the research take place? (Tick as approprate)

I England

| | Scatkand

[ ] Wales

| ] Mesthesn Irefand

| | Dther countries in European Economic Araa

Total UK sites in study 4

Does this trial invalve countries outside the ELU?
|'.-_-__l'I"E= |'E_IND

ATZ Which organisations in the UK will host the research?Pleass indicaie the fype of arganisation by ticking ihe bax and
ve approximate numbers if known:

|ed MHS arganisations in England 5
|MHS organisations in Wales
| MHS organisalions in Scotiard
| HEC organisations in Morthemn rsfand

[

[

[

[]GP practices in England
[ GP practces in Wales

[ GP practices in Stotlard

I |I3F' practices in Morthem lretand
[

| Joirt health and sodal care agences (&g
cammunity mental healih teams)

Date: 19711/2020 22
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| |I.-D|:i authorhes

[7] Phase 1 wial units

[ Prisan establishments
[7] Probation ar=as

[[] Independent {private or voluntary sectar]
arganisations

i Educational establishmenis 1
[ ind=pendent res=arch units

| ||:Hﬂl:1' |gree detals)

Total UK siles in study: 4

ATI:A. Will podential participants be identified through any organisations otteer than the reseanch sites listed above?
Dfes @ o

AT4. What arrangements are in place for monftoring and awditing the conduct of the ressarchi?

Research will be conducied within the framewordos of UEA guidelines in acoordance with joint UEA and BMNUH S0Ps.
Ouality of ressarch will be reviewed 2= part of Luios Griffth's PhD thess submission and wea vooe.

ATE. Insurance! indominity to moet potential logal liabilites

Mofe; in this question o NS indemnity schemes include equivalent schemes provided by Health and Social Care
{MEC) in Northern ireland

ATE. Whert arrangomonts will be made for insurance andior indemnity to meot the potential kegal liability of the
sponsor(s) for harm to participants. arising from the management of the rescanch? Please tick boxfes| as appiicable.

Mofe: Wihere a NHE onganisation fas agreed fo act a5 sponsar or co-sponsor, ingemniy (s prowided frough MHS schemes.
Indicate & s apples [ifene is no need fo provide documeantary evidence). Far all ofber sponsars, please desobe ife
srmangemants and provide evidencs,

[ WM indermmity scheme will apply (NHE sporsars anly)

i Ofer insurance or indemnity arangements will apply (give details below)

Researchers wil be cowered by UEA Insuramos.

Pieass enclose ¥ copy of ralsvant documents.

ATE-2. What arangements will be made for insurance and! or indemnity to mect the potential legal liability of the

sponsor(s) or employen|s) for harm to participants arising from the design of the research? Please Scok bonfes) as
agpiicabis.

[ofe: Where ressarchers with substantive NMHS employment coniracts fave designed he research, indemnity is provided
trough WS schemes. indicate i this apples there is no need fo provide documentany evidance ). For other profocal
aulfiors (eg. company amployess, uiversty members), plaase describe e amangamants and prowice ewdance.

I |HI-IS indemnity scheme will apply (praloool authors with NHE contracts anly)

i Ofer insurance or indemnity arangements will apply (give details below)

Researchers wil be cowered by UEA Insurance.

Date: 181172020 23
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Piease encioze & capy of refevant documents.

ATE-J. What arrangements will be made for insurance and' or indemnity to meet the potential legal lability of
investigatorsicollaborators arising from harm to participants in the conduct of the research?

MNofe: Where the participants are NH S patients, indemnily is provided through the NHS schemes or ifrough professiaral
indamnify. Indicate if ifvs apples o the whole sfudy (There is no need fo provide documeniary avidence). Whare non-NHS

Eileg ave fo be included in the reseanch, including privale prachoss, pleage describe fhe arrangements which will be made af
thase sites and prowite &udence

fed HHS indemnity scheme or prafessional indemnity will apply (participants recruited at NHS sites only)

[ | Research indudes non-NHS sites (give details of insurance/ indemnity arrangements for these sifes below)

Coblection of samples will be conducted by research nurses employed by the NHLUH trust, and are indemnified by
them as such.

Piease encioze & capy of refevant docwments.

ATHE. Could the research lead to the development of a new productiprocess or the generation of intellectual property 7
(CiYes (@ Mo (7)Mot sure

Digte: 18011/2020 24
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1. What types of human tissue or other biclogical material will be included in the study?

Cheek Swabs for sole purpose of the study. Nasopharyngeal/mase and throat Swahs used as part of routine care will
also be retained.

Some indrviduals may also be approached for a blood sample delermined by the seventy of their infection.

2 Will the samples be released to the researcher:
In fully anonymised form T {fnk fo stored Kissue and dada is broken)

() es (a1 Mo

In linked anonymised form? [iimkad fo stored lissee bud danar nof identifisbie o researchars)
WYes (TiMo

In & farm in which the domar could be identifiable o reseanchers?
(C)Yes () M

3. Has consent been obtained previously to use the samples for research

"y Consent has been given for all samples
() Congent has been given for some of the samples

@ Na corgent has been gien

B Is it proposed to seek further consent to use the samples in this reseanch?

(s CiMNe

B Will any tissues or cells be used for human application or to canry out testing for human application in this research?

() es (a1 Mo

B. What types of test or analysis will be carried out on the samples?

Standard laboralory lests including per, viral challenges, bicimaging, westem biol elc

8. Will the research involve the analysis or use of human DNA in the samples?

wves (TiMo

10. Is it possible that the research could produce findings of clinical significance for donors or their relatives?

DYes @ Mo

Date: 18112020 25
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11. if s0, will arrangements be made to notify the individuals concerned?

{CiYes
) Mo
(i Mot applicable

I Mo, please jusify. If Yas, say what smangemants will be made and give details of the support ar counsailing
sarvice.

Individuals will nol ba cantacted a5 it would render he de-identification process insffectve. In addition, individuals.
should not be informed of the result as it's dinical significance will still need fo be explored once this study s aver. |t
would be unethical o give a participant & resull with no knowledge of it's dinical importance.

12. Who is the holder of the samples?

Fiease tick aifherdbolh boxes &5 apphicaive.

|-'1 NHS pathology depafimen|s) / diagnostic archive(s)
Specific defals of aach departmentarchive are nol regquired

Other research bssue bank(s) or sample collection(s)
Plagse nrowvide further dedails of sach bankitolection below

13. Will any of the samples be imported from outside the UK?

(CiYes (@ No

14. Please give details of where the samples will be stored, who will have access and the custodial arrangements.

Samples will be sloned in the NNUH Microbology Depariment and UEA MED Freerens in the Bab Champion Building
{MHE Diagrastc Lab) Luke Griffith will be able o pick up the samples for lab analysis. Al wark on samples which may
cantain lve vinus will be conducied in NNUH containmen [evel 2+ labs. Nucleic acid exiracts can be ransferred o UEA
labaratories. Appropriate risk assesaments will be made.

15. What will happen fo the samples at the end of the research? Pleass fick all faf apply and give further dedails

[ Foeturn fo currend balder of the samples
[] Transher o another lissus bark

(¥ the bank is in England, Wales or Narifern lreland a ficence fram the Human Tissue Autharily will be required to
slore relavant materal for possible furffrar ressarch. )

[7] Btorage by research feam pending ethical approwal for use in anglber praject

(Urass e reseavcher's instiludion holds & siovage Ncence from the Muman Tissue Authovly, or fhe tissue is Stored in
Scodland, ar i i nod relevant matenal, & fivther application for elfwcal review should be subvmiiied bafone the and of
this project. |

| Slorage by research team as parl af & new ressanch Etue bank

{The matihution will require & storage Foance for research from ihe Human Tisswe Autharly f ife bank will be Sloring
ralevant maleral in England, Wales or Narifrarn refand. A separafe appiicatian for @fucal review of the fssue hank
may also be submitied. )

[ Starage by research beam of biological malerial which i nal “relevant material” for the purposes of the Human

Date: 18/11/2020 26
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Tissue Act
[sf Diespivsal in accordance with the Human Tissue Autharity Code of Practics
[ ] Crthes
I |M:|I wed known

Pizage give Arther dafails of e propased aranpaments:
all sarmples will be destroyed ance the study is concluded (after Luke Griffith's PhD Thesis submission and viva

WOoE]

Date: 18M11/2020 a7
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1. What types of human tissue or other biological material will be included in the study?

Cheek Swabs will be taken fraom every participani. Nasophanmgealinose and throat swabs used for rouline cane will
#lso be redained.

Some individuals will sk be approached for a blood sample (Separabe Consent Form ) depending on the severity af
e infection.

2. Who will collect the samples?

Research Murses employed by the RNLUH.

1. Who will the samples be removed from?

oo Liviirsgy oo

[ The: dedeased

4. Will informed consent be obtained from living donors for use of the samples? Pleass fick a5 appropriafe
In this ressarch?

@mYes (TiMo

In fubure meearch?

(Cies (CiMa (@) Mot applicable

E. Will any tissues or cells be used for human application or to carry out testing for human application in this research?

.‘_';_. s .':-.:_u Mo

B. Will the samples be stored: [Tick ag appropriate]

In fully anonymised form? (lnk do darar broden)
.‘_'.'__. e .‘:-.:_. /15

In linked anonymised form? (finked fo sfored Hsswe but donar nof identifiabie fo researchers)
() Yes .‘_'.'__. [+

i Yez, say who will hawve access fo fhe code and persana) informadion about e danar

Clinician résparsible for grouping will be the anly individual in pessession of personal data. Only infarmaton which
will be released bo the researchers is sample code and the level of infecion severily associabed with said sample
as determined by the dinician.

In & farm in which the danar could be identifiable o reseanchens?
(CiYes [ Mo

8. What types of test or analysis will be carried out on the samples?

Digte: 1801172020 23
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qPCR, Blood Cell Culture, Viral Challenges, Immunostaining, Wesiem Blat Other standard lab protocols ebe.

10. Will the research involwe the analysis or use of human DNA in the samples?

() es L]

11. Is it pos=sible that the research could produce findings of clinical significance for donors or their relatives?

() es (a1 Mo

12. If so, will arrangements be made to notify the individuals concerned ?
(TiYes @Na (7)Mot applicable
I Mo, please justfy. If ves, say what amangements will be made and give details of the support or counseling

REFVADE.

Mo. Indviduals will not be informed of the results of the sbudy as thal would disrupl the anonymization process,
Further o Sis, fhe frue clinical scope of the resull will not likely be known afler ths shedy, and it would be urethical o
give & paricipant a result without being able to fully explain its implicalions.

13. Givve details of where the samples will be stored, who will have acoess and the custodial armrangements.

Masopharymgeal Swabs for James Paget, Queen Eizabeth, and MNUH are roulinely stared at the NNUH Microbiclogy
Site. Collected Blood and Chesk Swabs will be shored in & UEA MED Freerer locaied irside the Bob Champion

Building af fhe NRP, a NHS approved testing site. Luke Griffith will have access to all samples and wil be able to take
non-infectious samples back ba LEA far processing.

14. What will happen to the samples at the end of the ressarch? Please tick all far apply and give further details

[] Transher to ressanch bssue bank

(¥ the bank /s in England, Wales or Northem irsland the instilufion will reguire & ficence from the Hurnan Tissue
Authorly lo store relevant malenal for possibie firther reseanch. )

[] Storage by ressarch leam pending ethical approval for use in anather project

(linlass the resaavcher's insfifulion holds & siorage icence from e Human Tissve Aufrardy, or ife EZee & Stared in
Scotland, or if i5 nod nefevant mafenal, a fisrther appication for elfvcal review should be submified before the and of
this proyect. )

[] Storage by research leam as parl of a new reseanch esue bank

{ The inshifubion will reguiee & icence from the Human Tissoe Authonty if fhe bank will be staring relewant matarial in

England, Wakes or Narifrern breland. & separafe spplicahon for ethical review of the Hssue bank may alss be
shmifed. )

[ Starage by reseanch beam of biclogical matesial which is nol “relevant material” far the purposes of the Human
Tissue Act

[ Dol iry dccardance with the Human Tissue Authority's Code of Practice
[ Crither
[ Mt yed knoam

Plzace give Arthar defails of fe propased aranpements:
Samples will be desiroyed upan completion of Luke Griffith’s PhiD thesis and viva vocoe.

Date: 18112020 24
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Please enter details of the host organisations [Local Authority, NHS or other) in the LUK that will be responsible for the
research sites. For fisther informadion please refer fo guidance.
Ivestio®or oo earch site Irvest Ma
identifier " mestigator Name
M1
() MHE/HSC Sibe
For&nam Lk
@) Nan-NHS/HSC Site reme e
Middle Dylan
name
o G
Instbution name  UEA Biomedical Reseandh Cenbre )
Depatiment name Madizin Erna!I . nex | BdwuiBuea.ac.uk
Street address  Worwich Research Park ﬁ‘”:'r"““"“ BSc Biomedicine
Townkity Marwich . it K
Past Code WR4 TTS ey ited Kingdom
Country United Kingdom
N2
@) MHE/HSC Site
() Nar-NHSHSC Site Forename  Luse
Middle Dylan
name
o G
Ovganisation HORFOLK AND NORWICH UNIVERSITY i
Rame HOSPITALS NHS FOUNDATION TRUST Ernail nex cwuBues.ac.uk
Address COLKEY LANE Qualification o oo sdeine
COLNEY MD-..}
MORWICH Cauriry Usited Kingdom
Past Code MR TUY
Couriry ENGLAND
IN3
@) MHE/HSC Site
{7y NarNHSHSC Site Forename  Luse
name
o G
Ovganisation JAMES PAGET UNIVERSITY HOSPITALS MHS i
name FOUNDATION TRUST Email nex ] BdwuGues.ac uk
Address LOWESTOFT ROAD rli‘u:iﬁmﬁﬁﬂ BEe Bisenedicing
GORLESTOM -}
GREAT YARMOUTH Cauniry United Kingdom
Past Code MRS BLA
Couriry ENGLAND
Diate: 15/11/2020 kg
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N4 .
@) MHE/HSC Site
{7 Man-NHS/MHSC Site Forsaame  Luke:
Ml Dhan
nama
E::i” Geiffith
Organisation THE QUEEM ELIZABETH HOSPITAL, KING'S :
name LYMM, MHS FOUNDATION TRUST Ernail riex | BcwuFueas ac uk
Address QUEEN ELIZABETH HOSPITAL D;Dalir::aum Bec Bioenadicing
GAYTON ROAD MR-}
KING'S LYNN Courniry Linited Kingdom
Past Code PE30 4ET
Couniry ENGLAND
Diate: 18/11/2020 32
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PART D: Declarations

DM Declaration by Chief Investigator

1. The infarmation in this form is sccurate to the best of my knowledge and belief and | take full responsibility for
i

2. | underiake ba fulfil the responsibiliies of the chief irest gator for §is study as 22| outin the UK Palicy
Framework for Health and Social Cane Ressanch,

3. | undertake to abide by Sie etical principles undarlying the Declaration of Helsinki and good practice
guidelines on the proper conduel of research

4. If the research is appraved | undertake (o adhere (o the study prodocal, the terms of the full application as
approved and any conditions Set oul by review bodies in giving approval.

5. | underiske % oSy review bodies of substantial amendments ba e protecal o the tesms of the apareved
application, and b seek & Favourable opirian frem the main REC befere imglementing the smendment.

6. | undertake io submit annual progress reports setling out the progress of the ressarch, &s required by review
badies.

7. | am aware of my respansibiity o be up b dabe and comply with the requirements of the law ard relevant
guidelines relating b security and eonBdentislity of patient o sther persanal data, induding the need b register
when recessary with the approgriate Data Prabection Ofiosr. | understand that | am net pemitied o dsdose
idenitifiable daia i third parlies unless the diselsurs has the consent of the data subjeel ar, in the case of
patien data in England and Wales, the distlosurs i cavered by the lermes of an spproval under Sselion 251 of
the MHS Act 2006,

8. | understand that research recordsidata may be subject |0 inspecSian by review bedies for sudil purposes if
rerpuired.

9. | understand that any personal data in this appcation will be held by review bodies and fieir operational
managers and ihat ihis will be maraged acoarding o the principles established in the Data Prolecticn At
2018,

10. | understand thai the infarmalion contained in this application, any supporting documeniation and all
cofrespondence with review bodies or their operational maragers relaling to the application:

& WWill be held by $1e REC [where apphicable) until al leagt 3 years afier the end of he study; and by NHS
RAD affices (where ihe research reguires WHS management parmission) in aceordance with the NHS
Code of Practios on Records Managéement.

& May be disclossd io the operational managers of review bodies, or the appainging autharity for the REC
iwhere applicabile), in order o check ihat the spplicaiion has been processed comectly or b investigate
any camglaint.

& May be seen by audiiors appeirted o undertake scereditalion of RECs {where applicable).

& Will be subject |0 the provisions af the Fresdom of Infermation Acts and may be disclosed in responss
o requests made under the Acts excepl where stalutory exemptions apply.

& May be seni by email to REC members.

11. | understand Bt infarmation refaling to this research, including the cantact details an Ihis application, may be
hesld an national research information systems, and that this will be managed accarding o the principles
established in the Data Protection Acl 2016,

12 Where the ressarch it reviewed by a REC within the UK Heal® Departents Research Eibics Service, |
urderstand thal the summary of this study will be published an the website of the Health Research Autherily
[HRA) bagathier with the contact poirt far enguinies ramed bakw, Pubbcaticn will ke place no earier than 3
maanths after the issue of te sthics commiltes’s final opinian e the withdrawal of the apalication.

Contact point for publication/Ne! applicabls for RED Forms)
FARA would Bhe fo include & cantact poinf with the published summary of the study for thase wishing & ssek further

Duate: 190112020 33
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IRAS Foirm Reference: 118-08-20 IRAS Verson 520

information. We would be grateds if you would indicate ore of e contact poinfs beiow.
@) Chied Investigaior
L‘.Epun:nl'
() Shuty co-ardinator
() Shurbert
{() Otheer = please give defais

s
Ty None

Access i application for training purposes (ol apphicabie far RED Fooms)
Opbonai = pleass bok & apomprisdes

nA | wiouid be contenit for members of obver RECs bo have access o he informasion in the application in confidence
for training purpases. All personal identifiers and references to sponscrs, funders and nessarch units would be

This section was signed electronically by Br. Luke Grifith on 1103720217 10:40

dob Title/Post PhD Student
Cirganisation LEA
Email nex1&deifiuea acuk
Date: 181 1/2020 |
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IRAS Form Referamse: 118-08-20 IRAS Version 520

D2. Declaration by the sponsor's representative

If thaere is maore than one sponsor, this decleration should be signed on behaif of the co-sponsors by a represeniative
of tha l=ad sponsor named af A84-1.

| o Hat:

1. This research proposal has besn discussed with the Chief Irvestigator and agresment in prinople 1o
spansor the ressard 15 N place.

2. An approgriabe process of scientific cibigue has demonstrated that this research proposal is worlbwhile and
of high scensfic quality.

3. Ay necessary indemnily or insurance amrangements, as descnbed in quesSon ATE, will be in place before
fhis research siarts. Insurance or indemnity polcies will be renewed for the durabion of the study whene

necEzsary.

4. Mgrangements will b= in place befone the study slars forr thee res=arch feami fo access resources and suppor
fio dediver the research as proporssd.

5. Arrangemnents fo allocate responsibiities for the management, monisonng and reporting of the reseanch will
b in place belore the nesearch starks.

6. The responsibiities of sponsors sei cut in the UK Policy Framewark for Health and Sodal Care Researdh will
be fulfilied in retation bo this ressach.

Please note: The declarabons below oo maf form part of e appicatian for approval sbove. Thay will naf be
considensd by ke Ressarch Ethics Commitise.

7. ‘Where the research is reviewed by a REC within the U Health Departments Ressarch Efhics Senace, |
understand that the summary of this shedy wil be published on e website of the Mational Research Ethics
Service [MRES), iogedher with the contact point for enquines named in this applicaion. Publication will take
place no sardier than 1 maonths afier issus of the sthics commities's final apinion or the withdraeal of the
applcaton.

8. Speoticaily, for submissions o the Research Ethics Committees (RECs) | declare that any and all cinical
frials approved by the HRA sinos 30th September 2013 jas defined on IRAS categonies as clinical trials of
medicines, dewnices, combmation of mediones and devices or other clinical frials) have besn regisiered on a
publically acosssible regisier in compliance with the HRUA registration requiremends: far the LS, or that any
defemal granted by She HAA stil applies.

This section was signed electmonically by R 2O P:To 14]o B 170355021 10855

Jab TitkePost:

Redacted

Oirganisation:

Email:

Diate: 181172020 33
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IRAS Form Reference: 118-08-20 IRAS Wersion 520

O3 Declaration for student projects by academic supervisor(s)

1. I have read and approwed both the ressarch proposal and this application. | am satisfied that the scientific cortent
aof #e= research is satisfactory for an educational quakfication at ®is level.

2. lundertake to fulfil the responsibilities of the supervisor for this sludy as set out in the UK Policy Framewark for
Health and Sacial Care Research.

3. ltake responsibility for @rguring that this study is conducied in accondance with the ethical principles underlying
e Declaralion of Helsinki and good practice guidelines on the proper conduct of reseanch, in conjunction with
dinical Supervisons &5 appropriale.

4, | take respansibility for @nsuring that the applicant is up fo dale and complies with the requirements af the 2w ard
rebevant guidelines relating 10 secunty and confidentality of patent and alber personal data, in conjunclion with
dinical supervisons &5 sppropriate.

Academic supervisor 1

This section was signed electronically by Mrs. Perny Powell en 11/032021 1046

Jabs Title/Post: FMH Associate Dean Posigraduate Research

Oirganisation: LAEA

Email: Redacted

Date: 1811172020 38

268




Appendix and Supplementary Information

IRAS Form Reference: 118-08-20 IRAS Version 5.20

Dabe: 18071172020 a7
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3. Supplementary 3: HRA Approval (IRAS ID: 297785)

Ymchwil lechyd

a Gofal Cymru m
Health and Care Health Research
Research Wales Authority

Email: approvals@hra.nhs.uk

29 July 2021

Dear Penny Powell,

HRA and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: Rapid detection of SNPs in human innate genes IFITM3
and ATG16L1 to identify individuals susceptible to
severe influenza virus (IAV) infection.

IRAS project ID: 297785

Protocol number: 2

REC reference: 21/PR/0381

Sponsor University of East Anglia

| am pleased to confirm that HRA 2 : : : : ne
has been given for the above referenced study on the basts described in the application fam.
protocol, supporting documentation and any clarifications received. You should not expect to
receive anything further relating to this application.

Please now work with participating NHS organisations to confirm capacity and capabillity, in
line with the instructions provided in the “Information to support study set up" section towards
the end of this letter.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within Northern Ireland
and Scotland.

If you indicated in your IRAS form that you do have participating organisations in either of
these devolved administrations, the final document set and the study wide govemnance report
(including this letter) have been sent to the coordinating centre of each participating nation.
The relevant national coordinating function/s will contact you as appropriate.

Please see |IRAS Help for information on working with NHS/HSC organisations in Northern
Ireland and Scotland.
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How should | work with participating non-NHS organisations?
HRA and HCRW Approval does not apply to non-NHS organisations. You should work with
your non-NHS organisations to obtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?

The standard conditions document “After Ethical Review — quidance for sponsors and
investigators®, issued with your REC favourable opinion, gives detailed guidance on reporting
expectations for studies, including:

* Registration of research

« Notifying amendments

* Notifying the end of the study
The HRA website also provides guidance on these topics, and is updated in the light of
changes in reporting expectations or procedures.

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details
are below.

Your IRAS project ID is 297785. Please gquote this on all correspondence.

Yours sincerely,

Redacted

Approvals Specialist

Email: approvals@hra.nhs.uk

Copy to: Redacted
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List of Documents

The final document et assessed and approved by HRA and HCRW Approval s listed below.

Docurment Versian [ate
Evidence of Sponsor msurance of indemnity (non MHS Sponsors 10 March 2021
only)

GF'::-:“.MEUIIEHI: Information sheeds or letters [Revised) 1 17 May 2021
GFiconsultant information sheets or letters [Research Murse FAD | 1T May 2021
Daiec.

IRP.SJ Application Form [IRAS_Form_16032021] 16 March 2021
IRAS Application Form XML file [IRAS_Form_16032021] 16 March 2021
Latier from funder 11 March 2021
Organisation Information Docurment 1 18 March 2021
Other [Response to Second REC Ameands)

Other [REC comments 3 | 1 21 July 2021
(Oiher [Caldicott Guardian Letier] 1 20 July 2021
Participgant consent fonm [Blood Consent Form | 3 25 May 2021
Participant consent fonm 4 25 May 2021
Participant consent form [Revised Prmary Consent Form] 3 15 Apnl 2021
Participant information shest (PIS) [Blood Information Shesat] 4 25 May 2021
Partcipant Information sheat (PIS) [Prmary Informaton Sheet] 5 25 May 2021
Research protocel or project propesal [Revised Fratocol With 2 21 Apnl 2021
Changes Tracked)

Response o Request for Further Infomaton
Schedule of Events or SoECAT 16 March 2021
Summarny CV for Chief Investigator (1) 11 March 2021
Summary GV for shudent 11 March 2021
Sumimary GV for supervisor (shudent reseanch) 11 March 2021
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5. Supplementary 5: Blood collection information sheet (IRAS ID: 297785)

Do Variants of Certain Genes Increase Risk of Severe Flu?

A Study by Luke Griffith, as part of his PhD project, the Powell Laboratory and Emma Meader, NHS
Clinical Microbiologist. Funded by The Medical Research Council and Roche Diagnostics.

cho Wie Need your Help?

- Previously, we asked for your consent to wtilise your cheek and nasoghanyngeal swabs in a study designed
to compare the frequency of certain gene variants in populations who had differing responses to influenza.

- In order to paint the best picture on how these gene variants could be contributing to differences betwesn
the growps, experiments uhlising blood samples are essential.

- As such, as part of the study we are asking for a Sml representative blood samples from certain individuals
involved in the study.

- The clinician everseeing aspects of this study has determined you are an appropriate blood donor for the
study.

The Process for Yourself

- It i5 up to you to decide if you would like to participate. If you do choose to parbicipate, you will be given
this form to keep and be asked to sign a consent form. If you decide to take part you are still free to
withdraw your samples up to 90 days after donation by contacting PowellSamplesi@wea ac.uk.

- After signing the consent form a nwrse, wearing 2 mask, will core and take a Sl blood sample from youw.

- Your blood sample will be taken to NNUH Microbiology and given a code like all your aother samples before
being released to researchers. Researchers will then grow youwr blood cells and use them to view how the
wirus interacts with your cells, allowing us to understand the rmechanisms behind which Influenza can
Impact individuals differently based on their genes.

L] As was the case with previous samples collected for the stedy, all samples will be de-identified to the re-
searchers, protecting your privacy and ensuring your participation is confidential. Results from this stedy
will be published in Luke Griffith's Thesis or any other associated publications. Samples will be destroyed
once the study s completed. As previously, you will not be made aware of the results to protect all
participants privacy.

GOPR Declaration: For this study, an NHS virologist will need o we infarmation from your medical records to
assign your samples to one of two groups. This information will include youwr age, other relevant medical issues you
may hawve (weak immune systermn etc ), and the strength of your influenza infection [your symptoms, length of
illness etc.). People will use this infermation to do the research or to check your records to make swre that the
research is being done properly. People who do not need to know who you are will not be able to see your name or
contact details. Your data will have a code number instead. Once we have finished the study, we will keep a record
of the code and grouping so we can check results. We will write our reports in 2 way that no-one can work out that
you took part in the study. You can stop being part of the study at any time, without giving a reason and we will
withdraw all samples from 90 days of collection. Once 90 days have passed, we will not be able to withdraw your
sample from the stedy. 'We need to manage your records in specific ways for the research to be reliable. This
means that we won't be able to let you see or change the data we hold about you. We will keep all information

about you safe and secure. Find out more at: www.hra. nhs ukfinformation-about-patients).
e ——

P LY
Questions/Cancerns/ Complaints? PALS is available at 0300 456 2370 10-4PM Monday to Friday. & Loados tooi

ALS
[ E & Morfielk and Norwich
Weteiridy ol sl Amgia L —

ersion 4 250052021 IRAS I0- 287785 Reviewed by PPRes, MR, and The Surrey Borders Besearch Ethics Committes

277




Appendix and Supplementary Information

6. Supplementary 6: Patient consent form (IRAS ID: 297785)

1 copy for the parficipant, 1 copy for the medical records and x1 copy for the site file
) ¥

I

Consent Form: Do Variants of Certain Genes

Increase Risk of Severe Flu?

Ouestion: Imitial:

| have read and understand the Information
Sheet (Version 5 25/05,/2021) and have had
the opportunity to ask guestions.

| undarstand that my participation is
wolurtary and that | am free to withdraw at
ary Time withowt giving any reason.

1 givie permission for & clinician to review
iy records to determine which group
(sawere or Mild) my sample fits in.

| understand that none of my results will be
given to me and that | will not benefit

financially from taking part (e.g. if reszarch
l=ads to commerdial development of 3 new

trestmant).

| give permission for the collection and
storage of my cheek swab and influznza
diggnostic swalk, 25 well &= a blood sampls
taken from up two weeks from this date,
for use in this study wntil its completion or
consent is withdrawn.

| give permission for regulatory bodiss to
resdiew study documents, which may
includs my information, as part of the

research conduct monitoring and auditing.

Participant Mame Signature: Date:
[Print):
Staff Member Mame Signature: Date:
[Print]:
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7. Supplementary 7: SARs-CoV-2 Volunteer Severity Questionnaire for IRAS
ID: 293235 led by Charlotte Dixon

UEA Student COVID Study Questionnaire

Our study is investigating why some people have a more severe COVID infection than
others. We want to investigate whether small differences in certain genes, we are interested
in, could affect how your body fights an infection. With your cheek swab sample, we will
extract the DNA and test if you have any of these small differences in the genes we are
looking at. We will then gather all the data and test if there is a link between certain small
differences in the genes and how severe a COVID infection is.
IRAS: 293235

e Code assigned with sample:

e Full name:

e Do you consent to taking a cheek swab (you will not be informed of the result)?
o Yes
o No
e How long did you have COVID for? (days)
e  What symptoms did you have? Tick all that apply.
O A high temperature/fever
o Continuous cough
o Loss of smell/taste
o Shortness of breath
o Feeling tired/exhausted
o Aching body
O A headache
o A sore throat

o A blocked/runny nose
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o Loss of appetite
o Diarrhoea
o Feeling sick or being sick

o Other

e On ascale of 1-10, how unwell did you feel?

1

(=]
78}
e
L
(=31
~1
=]

10

Asymptomatic

Medical attention required

e Have you received the COVID vaccine?

e If you want to be included in the random draw for a £50 amazon voucher, please

leave your student email address below:

Survey was digitally available via google forms, with participants scanning QR codes to complete

virtual questionnaire.
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Abstract

We present CoronaHiT, a platform and throughput flexible method for sequencing 5ARS-CoV-2 genomes (=96 on
MinkOM or > 96 on lllumina NextSeq) depending on changing requirements experienced during the pandemic.
CoronaHiT uses transposase-based library preparation of ARTIC PCR products. Method performance was
demonstrated by sequencing 2 plates containing 95 and 59 5ARS-Co\-2 genomes on nanopore and lllumina
platforms and comparing to the ARTIC LoCost nanopore method. Of the 154 samples sequenced using all 3
rmethods, 2 90% genome coverage was obtained for 64.3% using ARTIC LoCost, 71.4% using CoronaHiT-ONT and
78.6% using CoronaHiT-lllumina, with almost identical clustering on a maximum likefihood tree. This protocol will
aid the rapid expansion of SARS-Cov-2 genome sequencing ghobally.

Keywords: 5ARS-Cov-2, Nanopore, Sequencing, NGS, Genome, Genetic, Multiplexing, ARTIC

Background
The COVID-19 pandemic caused by the SARS-CoV-2

virus began late 2019 in Wuhan, China, and has now
spread to virtually every country in the world, with tens
of millions of confirmed cases and millions of deaths [1].
Key to the control of the pandemic is understanding the
epidemiological spread of the virus at global, national
and local scales [2]. Whole-genome sequencing of
SARS-CoV-2 is likely to be the fastest and most accurate
method to study virus epidemiology as it spreads. We
are sequencing SARS-CoV-2 as part of the COVID-19
Genomics UK (COG-UK) consortium, a network of
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"Duwem I Bsker, Alp foedin, Andrew L Page and Justin O'Geady contributed
equally to this work.
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Full list of author information i awailskde at the end of the article

N BMC

academic and public health institutions across the UK
brought together to collect, sequence and analyse whale
genomes to fully understand the transmission and evolu-
tion of this virus [3]. The SARS-CoV-2 genome was first
sequenced in China using a metatranscriptomic ap-
proach [4]. This facilitated the design of tiling PCR ap-
proaches for genome sequencing, the most widely used
of which is the ARTIC MNetwork [5] protocol. Consensus
genome sequences are typically made publicly available
on the Global Initiative on Sharing Avian Influenza Data
(GISAID) database [6]. This has enabled real-time public
health surveillance of the spread and evolution of the
pandemic through interactive tools such as NextStrain
[7]. The ARTIC network protocol was designed for
nanopore technology (Oxford Manopore Technologies),
enabling rapid genome sequencing for outbreak re-
sponse. The method was originally capable of testing

© The Audhork)l 2021 Open Aooess This articke & licensed under 2 Creative Commans Arribution 4.0 inserrational Licerse,
which permits use, sharing, adapeation, distristion and reproduction in any medium or format, 25 long a5 you give:
approprizee crsdt to the original autharis) and the source, prowvide a link to the Creatve Commaors licence, and indicate:

changes were made. The images or other thind parsy masenial in this articke are inchaded in the amide’s Creative: Commons
kcence, unless indicated othenwse in a oedit line to the material F material & not included in the anticde’s Creative Commons:
kcence and your intended use s nat permitted by stabatony requilation or esceeds the permitied use, you will need 1o obiain
permission directly from the copyright Foldes. To view 2 copy of this licence, iR hispreativeromimons.ong icensesdno'4 1.
The Creative Comemors Public Domain Dedication waker (hitpe'creativecommons o' publcdomaintzen' .04 applies to the
data made yaibbile in this article, unles otherwise @ated in a oedit ine io the data.
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only 23 samples plus a negative control on a flowcell;
however, with the recent release of the Mative Barcoding
Expansion 96 kit by ONT, 11-95 samples plus a nega-
tive control can be sequenced on a flowcell using the
ARTIC LoCost V3 method [8]. A platform agnostic
method is required to provide flexible throughput on
llumina or nanopore that allows low-cost sequencing of
10s to 100 s of viral genomes depending on (1) changing
requirements as the pandemic peaks and troughs and (2)
the turnaround time required eg routine weekly vs
rapid outhbreak sequencing Here we describe a flexible
protocel, Coronavirus High Throughput {CoronaHiT),
which allows for up to 95 samples, plus a negative con-
trol to be multiplexed on a single MinlON flowcell or al-
ternatively, by switching barcodes, over 384 samples on
Mumina. We demonstrate CoronaHiT’s performance on
95 and 59 SARS-CoV-2 genomes on MinlON and lu-
mina MextSeq for routine and rapid outbreak response
runs, respectively, and compare to the ARTIC LoCost
protocol.

Methods

Patient samples and RNA extraction

One hundred fifty-four SARS-CoV-2 positive samples
from patients with suspected COWVID-19 were collected
from four laboratories in East Anglia—(1) the Cytology
Department, NNUH, Morwich, UK, (2) Microbiology
Department, NMUH, Norwich, UK, (3) the Bob Cham-
pion Research & Education Building (BCRE), University
of East Anglia, Norwich, UK and (4) Ipswich Public
Health Laboratory, Ipswich, UK.

Ot of the 154 samples, 95 were collected from the
Cytology Department and tested using the Roche Cobas”
HEO0 SARS-CoV-2 system according to the manufac-
turer's instructions. Twenty-eight samples were collected
from the Microbiology Department which were tested
using either the Hologic Panther System Aptima® SARS-
CoV-2 assay (n=25) or Altona Diagnostics RealStar”
SARS-CoV-s RT-PCR Kit 1.0 according to the manufac-
turer's instructions (n = 3). Seven samples were collected
from the BCRE where BENA was extracted using the
MagMAX™ Viral/Pathogen 11 Nucleic Acid lsolation kit
(Applied Biosystems) according to the manufacturer's
instructions and the KingFisher Flex system (Thermo-
Fisher), and the presence of SARS-CoV-2 was deter-
mined uwsing the 201%-nCoV CDC assay on the
CrantStudio 5 (Applied Biosystems). Twenty-four sam-
ples were collected from the Ipswich Public Health La-
boratory where samples were tested using the
AusDiagnostics SARS-CoV-2, Influenza and RSV B-well
panel. RMA was extracted from swab samples using ei-
ther the AusDiagnostics MT-Prep (AusDiagnostics) or
Qlasymphony (Qiagen) platforms according to the
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manufacturer’s instructions before being tested by the
AusDiagnostics assay.

Wiral transport medium from positive swabs (stored at
4°C) was collected for all samples run on the Roche
Cobas®, Hologic Panther System and Altona Real5tar®. In
all other cases excess RMA was collected (frozen at -
80°C). Excess positive SARS-CoV-2 inactivated swab
samples (200 pl viral transport medium from nose and
throat swabs inactivated in 200pl Zymo DNA/RNA
shield and 800 pl Zymo viral DMNA/ENA buffer) were
collected from Cytology and the Microbiology Depart-
ments. SARS-CoV-2 positive RNA extracts (- 20pl)
were collected from Ipswich Public Health Laboratory
and the BCRE as part of the COG-UK Consortium pro-
ject (FHE Research Ethics and Governance Group RE&D
ref. no MNR0O195). ENA was extracted from inactivated
swab samples using the Quick DNA/ENA Viral Mag-
bead kit from step 2 of the DNA/RNA purification
protocal {Zymao).

The lower of the cyde thresholds (Ct) produced by the
two SARS-CoV-2 assays in the Koche, AusDiagnostics,
Altona Diagnostics and CDMC assays were used to deter-
mine whether samples required dilution before sequen-
cing according to the ARTIC protocol. The Aptima
SARS-CoV-2 assay on the Hologic Panther System does
not provide a Ct value but rather a combined fluores-
cence signal for both targets in relative light units
(RLUs); therefore, all samples tested by the Hologic Pan-
ther were processed undiluted in the ARTIC protocol.

ARTIC SARS-CoV-2 multiplex tiling PCR

cDMNA and multiplex PCR reactions were prepared fol-
lowing the ARTIC nCoV-2019 sequencing protocol V3
(LoCost) [8). Dilutions of RNA were prepared when re-
quired based on Ct values following the guidelines from
the ARTIC protocol.

%3 CoV-2 primer scheme [9] was used to perform the
multiplex PCR for SARS-CoV-2 according to the ARTIC
protocol [8]. For the ARTIC multiplex PCR, 65°C was
chosen as the annealing/extension temperature, and due
to variable Ct values, all samples were run for 35 cycles
in the two multiplex PCRs.

CoronaHiT-ONT library preparation

Libraries were prepared using a novel modified [llumina
DMA prep tagmentation approach (formerly called Mex-
tera DMNA Flex llumina Library Prep) [10, 11]. Primers
with a 3' end compatible with the Mextera transposon
insert and a 24 bp barcode at the 5° end with a 7 bp spa-
cer were used to PCR barcode the tagmented ARTIC
PCR products. The barcode sequences are from the PCR
Barcoding Expansion 1-96 kit (EXP-PBC0%, COocford
Manopore Technologies). Symmetrical dual barcoding
was used, i.e. the same barcode added at each end of the
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PCE product and up to %% samples could be run to-
gether using this approach or 95 if a negative control is
included (Additional file 1: Table 51).

ARTIC PCE products were diluted 1:5 (2.5 pl Pool 1,
25yl Pool 2 and 20 pl PCR grade water). Tagmentation
was performed as follows: 0.5 pl TB1 Tagmentation Buf-
fer 1, 0.5pl BLT Bead-Linked Transposase (both con-
tained in [llumina® DNA Prep, (M) Tagmentation
Catalogue No 20018704) and 4pl PCR grade water was
made as a master mix scaled to sample number. On ice,
5yl of tagmentation mix was added to each well of a
chilled 96-well plate. Mext, 2yl of diluted PCR product
was pipette mixed with the 5pl tagmentation mix. This
plate was sealed and briefly centrifuged before incuba-
tion at 55 °C for 15min in a thermal cycler (heated lid
65 "C) and held at 107C.

PCE barcoding was performed using Kapa 2G Robust
PCR kit {Sigma Catalogue No. KK5005) as follows: 4 pl
Reaction buffer (GC), 0.4 pl dNTP's, 0.08 pl Kapa 2G Ro-
bust Polymerase and 7.52 pl PCR grade water per sample
were mixed and 12 pl was added to each well in a new
S6-well plate. One microliter of the appropriate barcode
pair (Additional file 1: Table 51) at 10 pM was added to
each well Finally, the 7pl of Tagmentation mix was
added, making sure to transfer all the beads. PCR reac-
tions were run at 72°C for 3min, 95°C for 1 min,
followed by 14 cycles of 95 °C for 105, 55°C for 20s and
72°C for 1 min. Following PCRE, 2 pl of each sample was
pooled and #0pl of this pool was bead washed with
6 pl (0.8X) AMPure XP beads (2 washes in 200 pl 70%
ethanol) for the routine samples. For the rapid response
run, 100 pl of the pool was washed with 60 pl (0.6X)
AMPure XP. Pools were eluted in 20pl of EB {(Qiagen
Catalogue No. 19086). The barcoded pool was quantified
using Cubit High Sensitivity kit (Catalogue No.
)32851).

A nanopore sequencing library was then made, largely
following the SQK-LSK108 protocol. The end-prep reac-
tion was prepared as follows: 7 pl Ultra 1l end prep buf-
fer, 3pul Ultra Il end prep enzyme mix, 40pl nuclease
free water and 10 pl of washed barcoded pool from the
previous step (final volume 60 pl). The reaction was in-
cubated at room temperature for 15 min and 65°C for
10 min, followed by a hold at 4°C for at least 1 min. This
was bead-washed using 60 pl of AMPure Beads (1X) and
two 200 ul 70% ethanol washes and eluted in 61 pl nu-
clease free water. The end-prepped DMNA was taken for-
ward to the adapter ligation as follows: 30pl end-
prepped pool from previous step (- 60 ng). 30 pl nucle-
ase free water, 25 pl LNB (ONT), 10 pl NEENext Quick
T4 Ligase and 5pl AMX {ONT) was mixed and incuo-
bated at room temperature for 20 min. After the incuba-
tion, the full volume was washed with 40 pl AMPure XP
beads and 2 consecutive 250 pl SFB (ONT) washes with
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resuspension of beads both times and this was eluted in
15yl of EB {ONT). The final library was quantified with
Cubit High Sensitivity and size checked on a Tapesta-
tion with D5000 tape. 12pl (- 30-50ng) was used for
flowcell loading, with the addition of 37.5ul 5QB and
255 ul LB,

CorgnaHiT-lllumina library preparation

PCR products were tagmented and barcoded as de-
scribed for the CoronaHiT-ONT library preparation;
however, standard Mextera XT Index Kit indexes were
used (Sets A to [ for up to 384 combinations, lllumina
Catalogue No's FC-131-2001, FC-131-2002, FC-131-
2003 and FC-131-2004). Unigue dual indexes should be
used with patterned flowcells instead, to mitigate index
hopping (IDT for llumina Mextera DMA Unigque Dual
Indexes Sets A-D, Illumina Catalogue Mo's 20027213,
20027214, 20027215, 20027216). The PCR master mix
was adjusted and water removed to add 2 pl each of the
P7 and P5 primers. Five microliters of each barcoded
sample was pooled (without quantification), and 100 pl
of the library pool was size selected with 08X AMPure
XP beads (80 pl), with final elution in 50pl EB (10 mM
Tris-HCI). The barcoded pool was sized on an Agilent
Tapestation D5000 tape and quantified using Cuanti-
Fluor® ONE dsDNA System (Promega, W1, USA) and
the molarity calculated. The [lumina library pool was
run at a final concentration of 1.5 pM on an lllumina
Mextseq500 instrument using a Mid Output Floweell
(M50 500 Mid Output KT 2 (300 CY5) [lumina Cata-
logue FC-404-2003) following the [llumina recom-
mended denaturation and loading recommendations
which included a 1% PhiX spike (PhiX Control v3 -
mina Catalogue FC-110-3001).

ARTIC LoCost protocol Nanopore library preparation

After ARTIC multiplex PCRE, library preparation was
performed using the nCoV-2019 sequencing protocol v3
{LoCost) V3 [8]. Briefly, PCR Pool 1 and 2 were pooled
for each sample and diluted 1 in 10 (25 pl Pool 1, 25 pl
Pool 2 and 45 pl nuclease free water) and end-prepped
as follows: 1.2 pl Ultra 11 end prep buffer, 0.5 pl Ultra 11
end prep enzyme mix, 3.3 pl PCR dilution from previous
step and 5pl nuclease free water (final volume 15 pl).
The reaction was incubated at room temperature for 15
min and 65°C in a thermocycler for 15 min and incu-
bated on ice for 1 min. MNative barcode ligation was pre-
pared in a new plate: 0.75 pl end-prepped DNA, 125 pl
native barcode, 5pl Blunt/TA Ligase Master Mix, and
3pl nuclease free water (final volume 10pl). The reac-
tion was incubated at room temperature 20min and
657°C in a thermocycler for 10 min and incubated on ice
for 1 min. Amplicons were pooled together (2 pl for 95
samples and 5pl for 59 samples) and underwent a 0.4X
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AMPure bead wash with two 250 pl 5FB washes and one
70% ethanol wash. DMA was eluted in 30pl of Cliagen
EB. Adapter ligation was performed on the full volume
(30pl barcoded amplicon pool, 5pl Adapter Mix 1l
(ONT), 10pl NEBNext Quick Ligation Reaction Buffer
(5X). 5pl Qmick T4 DNA Ligase). The ligation reaction
was incubated at room temperature for 20 min and 1X
bead washed (30pl AMPure XP beads) with 250 pl SFB
two times. The library was eluted in 15 pl of elution buf-
fer (ONT) and quantified. 15 ng of the adapted library
was used for final loading,

Manopore sequence analysis

Basecalling was performed using Guppy v.4.2.2 (Oxford
Manopore Technologies) in high accuracy mode {model
dna_r9.4.1_450bps_hac), on a private Open&tack cloud
at Cuadram Institute Bioscience using multiple Ubuntu
v18.04 virtual machines running Nvidia T4 GPU.

The CoronaHiT-ONT sequencing data were demulti-
plexed using guppy_barcoder (v&.2.2) with a custom ar-
rangement of the barcodes [12] and with the option
‘require_barcodes_both_ends’ and a score of 60 at bath
ends to produce 95 FASTO) files (94 SARS-CoV-2 sam-
ples and 1 negative control) and &1 FASTQ files (59
SARS-CoV-2 samples and 2 negative control) for the
routine and rapid response runs, respectively. The ARTI
C ONT sequencing data were demultiplexed wsing
guppy_barcoder (v422) with the option ‘require_bar-
codes_both_ends’ and a score of 60 at both ends to pro-
duce 95 FAST() files (%4 SARS-CoV-2 samples and 1
negative control) and 61 FASTQ) files (5% SARS-CoV-2
samples and 2 negative control) for the routine and
rapid response runs, respectively.

Table 1 Summary statistics for each sequencing experiment
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The downstream analysis was performed using a copy
of the ARTIC pipeline (v1.1.3) as previously described
[13] to generate a consensus sequence for each sample
in FASTA format. The pipeline includes the following
main steps: the input reads were filtered based on reads
length (ARTIC, 400-700; CoronaHiT, 150-60d0), and
mapped to the Wuhan-Hu-1 reference genome {acces-
sion MMN908947.3) using minimap2 (v Z17-r941). The
mapped bases in BAM format were trimmed off in pri-
mer regions by the ARTIC subcommand align_trim for
ARTIC LoCost data. For CoronaHiT-ONT data, the
pipeline was modified to use the subcommand samtools
ampliconclip (v 1.11) at the primer trimming step [14].
The trimmed reads were then used for variant calling
with medaka (v 1.2.0) and longshot (v 0.4.1). The final
consensus was generated from a filtered VCF file and a
mask file of positions with either a depth of coverage
lower than 20 or a SNP in an amplifying primer site.
The metrics and results of all experiments are available
in Additional file 1: Table 52a and 52b and are sum-
marised in Table L.

Illumina sequence analysis

Mdditional samples, not reported in this study, were in-
cluded on Ilumina MextSeq runs. The raw reads were
demultiplexed using bel2fastq (v220) (lumina Inc.) to
produce 311 FAST(Q) files for the run with the routine
samples (112 SARS-CoV-2 samples and 3 negative con-
trols) and the run with the rapid response samples (247
SARS-CoV-2 samples, 4 negative controls, and 2 positive
controls) with only the relevant samples analysed in this
paper. The reads were used to generate a consensus se-
quence for each sample using an adapted open source
pipeline [15]. Briefly, the reads had adapters trimmed

Routine samples Rapid response samples

CoronaHiT- ARTIC CoronaHit- CoronaHiT- ARTIC CoronaHiT-

ONT LaCast Nllurmina ONT LaCost Hiurmina
Mo. of samples a5 a5 a5 59 53 59
Run tirme [kl ki) 30 254 13 13 244
Yielded bases (Gb) 103 a5 439 63 45 4a85*
Bases deplexed [Ghb) af a0 157 57 45 73
Reads uqlln:ed =07 24TEA62T7 15733349 113756312 13044532 EAI4460 53678322
Average PHRED scare 1347 131 3115 132 1298 3348
Average coverage [X) 145K 1719 64900 1100 1421X 301m
Standard deviation of coverage G3EX 1683 4332 439K 1145 3456
(L]
Average read length (bases) 374 448 133 413 457 135
Average [median] mapped length 20524 (195) 3B6 [386) 13463 (1500 24125 (244} 3838E [385) 131.43 (1500
Sarmples pasing GISAID QC 66 5 74 44 40 4

Sample specfic metrics are availlable in Additioral file 1: Table 22 and b

*The CoronaHiT-illumina total yisd indudes non-refevant samples on the sequencing nan, while the deplexed yield ondy relates to selesant samples
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with TrimGalore [16] and were aligned to the Wuhan-
Hu-1 reference genome (accession MN90E9473) using
BWA-MEM (v0.7.17) [17]; the ARTIC amplicons were
trimmed and a consensus built using iVAR (v.1.2.3) [18].

Quality control

The COG-UK consortium defined a consensus sequence
as passing COMG-UK quality control if greater than 50%
of the genome was covered by confident calls or there
was at least 1 contiguous sequence of more than 10,000
bases and with no evidence of contamination. This is
regarded as the minimum amount of data to be phylo-
genetically useful. A confident call was defined as having
& minimum of 10X depth of coverage for [llumina data
and 20X depth of coverage for Manopore data. If the
coverage fell below these thresholds, the bases were
masked with Ns. Low quality variants were also masked
with Ns. The (JC threshold for inclusion in GISAID was
higher, requiring that greater than %0% of the genome
was covered by confident calls with no evidence of
contamination.

Phylogenetic analysis

For each sample sequenced in 3 separate experiments
(CoronaHiT-ONT, CoronaHiT-lllumina, ARTIC-ONT),
a phylogeny was generated from all of the consensus ge-
nomes (1 =216 for the routine samples and » = 132 for
the rapid response samples) passing GISALD QC over all
experiments (n=72 out of 95, and n =44 out of 59). A
multiple FASTA alignment was created by aligning all
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samples to the reference genome MN908947.3 with
MAFFT v7470. A maximum likelihood tree was esti-
mated with IQTREE2 (v2.04) [19] under the HKY
model [20], collapsing branches smaller than 10~ into a
polytomy. SMPs in the multiple FASTA alignment were
identified using SMP-sites (v2.5.1) [21], and the tree was
visualised with FigTree (v1.4.4) [22].

Results

A novel library preparation method, CoronaHiT, was de-
veloped for SARS-CoV-2 genome sequencing, which
combines a cheap transposase-based introduction of
adapters (lllumina Mextera) with symmetric PCR bar-
coding of up to 9% samples {(or 95 samples with a nega-
tive control) on a MinlON. Alternatively, if higher
throughput is needed. the barcodes can be switched for
Mlumina sequencing. For ONT sequencing, Nextera
adapter complementary primer sequences were added to
ONT PCR barcodes and used to barcode ARTIC PCR
products (Fig. 1) as described in the methods. For [u-
mina sequencing. the method is a streamlined and
cheaper version of standard Illumina library prepara-
tions. CoronaHilT does not require individual sample
washes and allows samples to be processed uniformly
without quantification or normalisation as with the
ARTIC LoCost method.

The CoronaHiT method was tested by multiplexing 95
SARS-CoV-2 routine COG-UK samples plus a blank
(hereinafter referred to as the Routine 5Samples) on a
MinlON flowcell and on an [llumina NextSeq mn

ARTIC 400bp PCR Amplicon Pool

Mextera Flex Tagmentation

PCR Amplification with 24bp Barcode Tails

. 2

Pool libraries

Standard Nanopore Ligation

Fig- 1 Workflow of CononaHiT-0ONT library prepaation

A

I N |
4

N I R
4

- ARTIC PCR Products

.:| Mextera Adapter

3" Specific Nextera Pri
' Specific Nextera Primers

- 5" 24bp barcode
- Pad and spacer

- Manopore Ligation Adapter AMX
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Another 59 samples, including 18 query outbreak sam-
ples, plus blanks (hereinafter referred to as the Rapid Re-
sponse samples) were rapidly sequenced (within 24 h of
receipt, with results available the following day) on a
second flowcell, as well as on [llumina NextSeq. All sam-
ples were also sequenced using the ARTIC LoCost li-
brary preparation protocol on the MinlON for
comparison. For the routine samples, 30h of sequencing
data was used for both CoronaHiT-ONT and ARTIC
LoCost, and for the rapid response set, 18 h was used;
the full dataset was used for both CoronaHiT-Illumina
runs. The different methods produced different amounts
of demultiplexed data. For the routine samples,
CoronaHiT-ONT yielded 9.6 Ghases of sequence data,
ARTIC LoCost sequencing produced 8.0 Gbases of data
and CoronaHiT-lllumina yielded 15.7 Gbases giving on
average 1145X, 1719X and 4649X coverage per sample
(Table 1). For the rapid response dataset, CoronaHil-
ONT produced 57 Ghases, ARTIC LoCost 4.5 Ghases
and CoronaHiT-llumina 7.3 Gbases resulting in 1104X,
1421X and 3010X coverage per sample respectively.
Both CoronaHiT-ONT runs had less variation in cover-
age between samples compared to the ARTIC LoCost
runs, with lower standard deviation relative to the mean
(Table 1). The lower coverage for CoronaHil-ONT
compared to ARTIC is related to the shorter read
lengths and the increased proportion of barcode/adapter
sequence in each read and, hence, the reduced mappable
region of each read.

Taking all the genomes which passed COG-UEK Q0C,
the CoronaHiT-llumina sequencing runs produced the
shortest mappable mean read length at 135 and 131
bases for the routine samples and rapid response sam-
ples respectively, just short of the maximum 150 bases
for the PE 151 chemistry; ARTIC LoCost produced 386
and 384 bases, and CoronaHiT-ONT sequencing pro-
duced mappable mean read lengths of 205 and 241
bases. The shorter read lengths for CoronaHiT are re-
lated to the use of bead-linked transposases for tagmen-
tation, resulting in the removal of the ends of the ARTI
C PCR products. The introduction of a 0.6X bead wash
for the rapid response CoronaHiT-ONT run (instead of
the 0.8X bead wash for the routine run) resulted in the
longer mapped reads and contributed to a reduction in
the difference in average coverage between CoronaHiT
and ARTIC (from 1145x vs 1719x in routine run drop-
ping to 1104X vs 1421X in the rapid response run, with
similar ratios of raw data produced by the methods in
the two runs).

The demultiplexing steps for CoronaHiT-ONT were
different from those used for ARTIC ONT sequencing
as described in the methods section. Comparing the
nanopore sequencing methods for the routine samples,
747% and B819% of reads were demultiplexed
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successfully for CoronaHiT-OMNT and ARTIC LoCost
respectively when only reads with a PHRED (quality)
score abowve ()7 are considered; for the rapid response
set, 696% and T16% were demultiplexed for
CoronaHiT-ONT and ARTIC LoCost The rest of the
reads were unassigned, due to an inability to detect the
barcode sequences at both ends of the reads. The nega-
tive controls contained zero mapping reads to SARS-
CoV-2 for all nanopore datasets. The [lumina routine
dataset had mapped reads; however, the vast majority
were primer dimers (range of 0—4 SARS-CoV-2 reads =
40 bp mapped out of the 3 negative controls).

Poor quality consensus genomes were generally associ-
ated with a lower SARS-CoV-2 viral load in the clinical
samples i.e. higher RT-gPCR Ct values (generally above
Ct 32) were more likely to fail COG-UK and GISAID
quality control thresholds. For all methods, the number
of Ns increased significantly in samples with a Ct above
32, which equates to approx. 100 viral genome copies in
the PCR reaction (Fig. Z). Positions of Ns (missing or
masked bases) within the consensus genomes are seen in
Additional file 2: Figure 51-56—the three ARTIC PCR
primer dropout areas [23] are clearly visible. Comparing
the routine samples with a Ct of 32 or below (1 = 65; Cts
for most rapid response samples were unknown), the
mean (median) number of Ns was 815 (121} for ARTIC
LoCost, 111 (47) for CoronaHiT-llumina and 682 (339)
for CoronaHiT-OMNT. If all samples are included for the
routine set {including higher Ct samples), then the num-
ber of Ms increases substantially to a mean (median) of
1635 (121) bases for ARTIC LoCost, 688 (53) for
CoronaHiT-llumina and 1504 (359 for CoronaHiT-
ONT.

The number of samples passing the COG-UK QC cri-
teria was 73 for ARTIC LoCaost, 76 for CoronaHiT-ONT
and 78 for CoronaHiT-llumina in the routine set and
44 for ARTIC LoCost and 48 for both CoronaHiT-ONT
and CoronaHiT-Illumina in the rapid response set. The
stricter GISAID QC criteria reduce the number of sam-
ples passing (C, with the CoronaHilT method outper-
forming ARTIC LoCost. For the routine samples, 59
samples passed for ARTIC LoCost, 66 passed for
CoronaHiT-ONT and 74 passed for CoronaHiT-
lllumina and for the rapid response set 40 passed for
ARTIC LoCost, and 44 passed for both CoronaHiT-
ONT and CoronaHiT-llumina. Overall, the pass rate
was 643% for ARTIC LoCost, 71.4% for CoronaHiT-
ONT and 76.6% for CoronaHiT-llumina. When consid-
ering higher viral load samples with a known Ct of 32 or
below, the pass rate for both GISAID and COG-UK QC
was higher, with 89.2% passing for ARTIC LoCost and
95.2% and 97.6% passing for CoronaHiT-ONT and
CoronaHiT-lllumina, respectively (full details are shown
in Table 2). CoronaHiT-OMT had a higher pass rate
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compared to ARTIC LoCost even though the average
coverage was lower, this related to more even coverage
across samples on the flowcell (lower standard deviation
between samples relative to the mean—Table 1).

To assess the impact of data quality differences on
clustering of lineages, we built maximum likelihood trees
for both the routine and rapid response runs with each
of the 72 and 44 consensus genomes that passed QC
from the ARTIC LoCost, CoronaHiT-ONT and
CoronaHiT-1llumina sequencing experiments. When the
consensus genomes were placed on a phylogenetic tree

for the routine set, CoronaHiT-lllumina, ARTIC LoCost
and CoronaHiT-ONT showed the same clustering for
most samples, except for three cases (EB1DB, EC741
and EC644) where we note that their ARTIC LoCost
consensus show an increased number of ambiguous
bases. All variant differences between the samples are
noted in Additional file 1: Table S3, together with the
sequence length (discounting ambiguous bases whenever
there is a difference). Out of all samples in both datasets,
there were only two SNP discrepancies, one in sample
FO4F8 between CoronaHiT-ONT and CoronaHiT-
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Table 2 The mumber of samples passing and failing the different QC thresholds for each sequencing experiment

Routine samples Rapid responie sampled

CoronaHiT- ARTIC CoronaHiT- CoronaHiT- ARTIC CoronaHiT-

ONT Lalast Ilumina ONT LoCoast Nlurmina
Mo. of samples sequenced a5 a5 95 50 50 ]
Consendus genomeas 9B.05% {04) 96.84% (52 1009 (95) 06 619 [57] O153% (54}  100% {59
Passing CDG-UK QC B0 (7E) T6.B4% (F3) BZ11% (78} B1.35% (48] TA58% (44)  81.36% (4E)
Passing GISAID QC G579 (66) GL101% (59 FTE (7] 74 58% [44) G7 B9 (40}  74.58% (4d)
Failing COG-UK QC 200005 {159) 23.16% (27 17EM (17) 1E64% (11} 2542% (15} 1EG4% (11)
Failing GISAID QC 30.53% {29) 3TE% (36) 2Z11% [21) 5.4 [15) 320G (19)  25.42% (15)
Avg. (median] Ns of COG-UK passed 1504 {354} 1635 {121} 688 (53] 9F7 {606} 11071 [(33%) N1 (F92)
Avg SNPs of COG-UK passed 799 795 1o 163 1az 204
No. of samples with known Ct < 32 65 65 63 18 18 18
Consensus genomes (CE < 32) 100%: [65) T00%: [65) 1004 (55} 1009 (18) 100% (18) 100% (18]
Passing COG-UK QC [Ct = 32) 9B.46% {64) SEACN (B4)  SE4GM [64) 1D096{ 1E) S448% (17} 100% {1E)
Passing GISAID QC (Ct=32) 95.38% {62) 85.23% (58] SE4G% [64) 485 [17] BAEMG (16}  94.44% (1)
Failing COG-UK QC (Ct =< 32) 1.54% (1} 1.54% (1} 1.54%: {1} R 400 SS56M: (1) % (o)
Failing GISAID QC (Ct < 32) 452% (3] 107 (M 1.54%: {1} S36% (1) 11.071%: (2) S.56% (1)
Avg [Median) Ms of COG-UK passed G682 (339) 815 (121) 111 447 BE95 {339} 11 {121} 1064 (514)
[Cr<32)
Avg SNPs of COG-UK passed [Ct < 32) a1s a17 1z 6B 149 20
Exiended data are awailable in Additcnal file 1: Table 52a and 52b
Mumina, with ARTIC LoCost calling the SNP ambigu-  Discussion

ous, and in sample FOA23 with CoronaHiT-ONT dis-
agreeing with the other methods (Additional file 1:
Table 53). The SNP differences did not affect the classi-
fication (Le. closest sequence in the database), and there
were no SMP differences between ARTIC-ONT and
CoronaHiT-lllumina. The main other source of variation
between the samples is that the lllumina genomes allow
IUPAC [24] symbols for “partially” ambignous bases.
These data show that CoronaHiT provides highly acour-
ate lineage calling compared to ARTIC LoCost.

The average number of 5NPs between the Wuhan-
Hu-1 reference genome and the consensus genomes var-
ied between 799 5NPs for and 11.00 SMPs for the rou-
tine samples and 182 and 204 SNPs for the rapid
response samples across all methods (see Table 2 and
Additional file 1: Table 52a and 52b). The mean number
of SMNPs in CoronaHiT-1llumina was higher compared to
the two ONT sequencing methods (Table 2) due to am-
biguous bases in the Illumina dataset being regarded as
SMPs in these calculations {Table 2).

The reagent cost per sample for CoronaHiT-ONT was
£8.46 when sequencing 95 samples and a negative con-
trol on a MinlOMN flowcell, marginally cheaper but simi-
lar to ARTIC sequencing at £9.75 per sample (cost
breakdown in Additional file 1: Table 54). If 384 samples
are sequenced on an [llumina NextSeq Mid output run
with the CoronaHiT library preparation method, the per
sample cost is £6.22.

Fapid wviral genome sequencing during outbreaks is
changing how we study disease epidemiology [25, 26].
The recent SARS-CoV-2 global pandemic has again
highlighted the use of sequencing in the control of the
spread of the disease. Nanopore technology is particu-
larly suited to outbreak sequencing as it is portable, does
not require expensive machinery and is accessible
throughout the world [27]. We present a novel platform
agnostic method, CoronaHiT, for flexible throughput,
cost effective and low complexity sequencing of SARS-
CoV-2 genomes to respond to the pandemic at the local
and naticnal level.

The ARTIC LoCost protocol [8] has been widely
adopted for 3ARS-CoV-2 genome sequencing and allows
up to 95 samples (plus a negative control) to be se-
quenced at a time on a MinlOM. CoronaHiT is just as
cheap, simple and fast, but the combination of transpo-
sase introduction of adapters with PCR based barcoding
allows for more even coverage between multiplexed
samples, resulting in a higher proportion of samples
passing (QC. It is also designed to be platform agnostic,
simply switching barcodes to move to lllumina. This al-
lows the user to flexibly sequence low or high through-
put depending on rapidly changing requirements in the
pandemic. With the use of asymmetric barcode primers
[28], it is possible to sequence SARS-CoV-2 at very high
throughput on Illumina; in fact, we have recently se-
quenced over 1000 SARS-CoV-2 genomes on a single
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Mumina MNextSeq High Output run using this approach
(data not shown). The CoronaHiT-lumina library prep-
aration method is cheaper (reduced reaction volumes)
and significantly more streamlined (no sample washing
or quantification before pooling. no use of stop solution,
no clean-up after tagmentation and no clean-up of bar-
coded PCR products) than standard [lumina library
preparation.

Tiling PCE approaches, such as ARTIC, are prone to
high genome coverage variation due to variable primer
efficiency in multiplex reactions. Some regions of the
SARS-CoV-2 genome have hundreds of times higher
coverage than adjacent regions using ARTIC, therefore
average coverage of at least 1000X is required to obtain
at least 20X coverage of the difficult regions of the gen-
ome. We demonstrate that we can achieve = 1000X
SARS-CoV-2 genome coverage in ~ 20min per sample
using CoronaHiT-OMT on MinlOMN, with a full set of 95
samples taking ~ 30h. While the CoronaHiT-ONT runs
described here are very consistent, sequencing yield de-
pends on flowcell quality. We recommend aiming for at
least 1000 Mbases of estimated sequencing yield per sam-
ple to provide sufficient data for = 1000X coverage/sam-
ple (average across flowcell) using CoronaHiT-ONT.

Results demonstrate that all methods are unreliable at
producing high quality consensus genomes from positive
clinical samples with diagnostic RT-qPCR Cts above 32
(approx. 100 viral genome copies); however, CoronaHiT
performs better in these samples (Fig. 2), producing fewer
Ms, likely due to the additional rounds of PCR during bar-
coding. Below or equal to Ct 32, CoronaHiT-ONT,
CoronaHiT-llumina and ARTIC LoCost produce similar
results. While more samples pass both (C measures with
CoronaHiT-ONT and CoronaHiT-Illumina compared to
ARTIC LoCost, primer dropout regions can be more pro-
nounced in these methods (Additional file 2: Figures 51—
56). For higher quality consensus genomes, sequencing
may be run for longer. Additionally, a reduction in ARTIC
PCR annealing temperature from 65°C to 63°C may help
improve coverage across these regions [23]. However, data
produced from CoronaHiT was sufficient to provide accur-
ate consensus genomes that result in the same lineages and
on the same branches on the phylogenetic tree as ARTIC
LoCost (Fig. 3). Therefore, we have demonstrated high
quality, multiplexed SARS-CoV-2 genome sequencing of
95 samples on a single flowcell If the ARTIC PCR step is
optimised to even the coverage of the amplicons (as dem-
onstrated in the Sanger COVID-19 ARTIC [Humina proto-
col [23]), less overall coverage will be required per genome
and more samples can be multiplexed using all methods.

Conclusions
We demonstrate that CoronaHil can be used to se-
quence 96 SARS-CoV-2 samples on a single MinlON

Page 10 of 11

floweell, with the option of higher throughput on 1llu-
mina. This platform agnostic method is simple, rapid
and cheap and results in more samples passing (QC than
ARTIC LoCost while providing almost identical phylo-
genetic results. CoronaHiT can help scientists around
the world sequence SARS-CoV-2 genomes with highly
flexible throughput, thereby increasing our understand-
ing, and reducing the spread, of the pandemic.
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Large-scale sequencing of SARS-CoV-2 genomes from
one region allows detailed epidemiology and enables local
outbreak management
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Leanardo de Oliveira Marting!, Alp Aydin®, David J. Baker?, Alexander J. Trotter'?, Steven Rudder?, Ana P. Tedim'#,
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Abstract

The COVID-1% pandemic has spread rapidly throughout the world. In the UK, the initial peak was in April 2020; in the county
of Morfolk (UK} and surrounding areas, which has a stable, low-density population, over 3200 cases were reported between
March and August 2020. As part of the activities of the national COVID-1% Genomics Consortium (COG-UK) we undertook whole
genome sequencing of the SARS-CoV-2 genomes present in positive clinical samples from the Morfolk region. These samples
were collected by four major hospitals, multiple minor hospitals, care facilities and community organizations within Norfolk
and surrcunding areas. We combined clinical metadata with the sequencing data from regional SARS-CoV-2 genomes to under-
stand the origins, genetic variation, transmission and expansion (spread] of the virus within the region and provide context
nationally. Data were fed back into the national effort for pandemic management, whilst simultaneously being used to assist
local outbreak analyses. Overall, 1565 positive samples (172 per 100000 population) from 1374 cases were evaluated; for 140
cases between two and six samples were available providing longitudinal data. This represented &£2.6% of all positive samples
identified by hospital testing in the region and encompassed those with clinical need, and health and care workers and their
families. In total, 1035 cases had genome sequences of sufficient guality to provide phylogenetic lineages. These genomes
belonged to 24 distinct global lineages, indicating that there were multiple separate introductions into the region. Furthermore,
100 genetically distinct UK lineages were detected demonstrating local evolution, at a rate of ~2 SNPs per month, and multiple
co-occurring lineages as the pandemic progressed. Dur analysis: identified a discrete sublineage associated with six care facili-
ties; found no evidence of reinfection in longitudinal samples; ruled out @ nosocomial outbreak; identified 14 lineages in key
waorkers which were not in patients, indicating infection control measures were effective; and found the D414G spike protein
mutation which is linked to increased transmissibility dominates the samples and rapidly confirmed relatedness of cases in an
outbreak at a food processing facility. The large-scale genome sequencing of SARS-CoV-2-positive samples has provided valu-
able additional data for public health epidemiology in the Morfolk region, and will continue to help identify and untangle hidden
transmission chains as the pandemic evolves.

DATA SUMMARY beta microreact. org/project/8HsL3ey A 16WsjtymhvbbEa-
Raw reads are deposited in the European Nucleotide Archive, cog-uk-2021-03-18-uk-sars-cov-2. Bioinformatics pipelines
and individual accession numbers are listed in Table 51 (avail- used to process the data are available from hitps://github.
able in the online version of this article). Consensus sequences com/quadram-institute-bioscience/ncov2019-artic-nf/tree/
are deposited with GISAID (Global Initiative on Sharing All gib which were adapted from https://github.com/connor-lab/
Influenza Data), and individual accession numbers are listed ncov2019-artic-nf. Additional metadata, trees and alignments

in Table 51. The data can be visualized in MicroReact :|.'|.1.'I:|:Is:||'.|l are available from COG-UK https:,l’.l'wwwmgmnsurth]nl
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uk. Supplementary Material for this article can be found on
figshare: https://figshare.com/s/41951bcd144df26c528a.

INTRODUCTION

In December 2019, a new coronavirus-related disease
(COVID-19) was first reported in Wuhan, China [1]; the
causal agent was identified as the novel human coronavirus,
SARS-CoV-2. Since then, SARS-CoV-2 has spread globally
leading to 120million confirmed infections and 2.7 million
deaths (as of 17 March 2021) [2]. Two risk factors are associ-
ated with higher mortality: sex, as males are at higher risk
than females; and age, as older age groups are at substantially
higher risk [3].

Whaole genome sequencing provides high-resolution data that
enable investigation of pathogen evolution and population
structure [4]. When combined with robust epidemiological
data, it is possible to gain insights into SARS-CoV-2 origins
[5]. transmission (both global [6] and local [7]) and responses
to control measures [8]. Since the start of the pandemic,
sequencing efforts and data sharing have facilitated tracking
of the pandemic [9], identifying multiple independent virus
introductions into different countries [6]. The ability to
assign identifiers rapidly to groups of samples that are related
is essential in public health, as demonstrated for influenza
[10]. These identifiers can be formulated in different ways:
from conserved sequences identified by multi-locus sequence
typing [11], by assigning SNP addresses [12]; or, in the case of
SARS-CoV-2, through the assignment of lineages [13].

The COVID-19 Genomics UK (COG-UK) consortium [14]
is a UK-wide public health surveillance initiative comprising
nearly 20 organizations from universities, research institutes
and public health agencies that was created to generate and
analyse large-scale SARS-CoV-2 sequencing datasets to
understand virus evolution, transmission and spread in the
UK. These data allow detailed insight into the course of the
pandemic at the country, county and individual institution
level. It was through large-scale analysis of SARS-CoV-2
genomes that evidence of a mutation (D614G) in the spike

Impact Statement

Genomic lineages of SARS-CoV-2 cam be used to track
progression of the pandemic on an international scale. We
undertook whole genome sequencing of the SARS-Cov-2
genomes present in positive clinical samples from ane
region. We combined clinical metadata sequencing data
to understand the origins, genetic variation, transmission
and expansion of the virus within the region and provide
context nationally in the UK. In total, 42.6% of all positive
samples identified by hospital testing were sequenced.
The large-scale genome sequencing of SARS-Cov-2-
positive samples has provided valuable additional data
for public health epidemiology in the Morfolk region, and
will cantinue to help identify and untangle hidden trans-
mission chains as the pandemic evolves.

protein was revealed; it is likely that this mutation is respon-
sible for increased transmissibility of the virus [15].

For the Morfolk region, we established a robust, rapid
sequencing pipeline for SARS-CoV-2. Weekly sequencing
data were fed back into the national effort for pandemic
management, whilst simultaneously being used to assist
local outbreak analyses. Here we describe the sequencing
of genomes present in 1565 SARS-CoV-2 samples from
1376 cases, collected between March and August 2020. This
represented 42.6% of all cases in the local population and
included those with a dinical need, and key workers (such as
healthcare, care and police) and their families. For context,
at the end of the study period (27 August 2020), only five
countries (UK, Auvstralia, Spain, India and the USA) out of
103 countries had sequenced more SARS-CoV-2 genomes
than had been sequenced in Norfolk for this paper. We used
these data to investigate the genetic and epidemiological
characteristics of the COVID-19 pandemic in the stable, low-
density population of Norfolk and surrounding areas, UK.
Our objectives were to use these sequence data to understand
the evolution and spread of the virus locally, adding context
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to the national and global data, and to evaluate the role of
rapid whole-genome sequencing for outhreak analysis in this
setting.

Owur analysis: identified a sublineage associated with six care
facilities; found no evidence of reinfection in longitudinal
samples; ruled out a nosocomial outbreak; identified 16 line-
ages in key workers which were not in patients, indicating
infection control measures were effective; and found the
D614G spike protein mutation which is linked to increased
transmissibility dominates the samples and rapidly confirmed
relatedness of cases in an outbreak at a food processing
facility. This demonstrates the valuable role of large-scale
genome sequencing of SARS-CoV-2 to inform surveillance
and regional outbreak management.

METHODS
Samples

The clinical samples we used were initially collected passively
for diagnostic testing with ethical approval from Public
Health England (R and [ ref. NR0195) and with sampling
directed by government public health policy and local clinical
need. Samples were taken at four large hospitals: Norfolk
and MNorwich University Hospital (NNUH) (1200 beds) in
Morwich, Norfolk; The Queen Elizabeth Hospital (QEH) (500
beds) in Kings Lynn, Norfolk: The James Paget University
Huospital {JPUH) {500 beds) in Great Yarmouth, Norfolk: and
the Ipswich Hospital (550 beds) in Ipswich, Suffolk. Addi-
tional clinical samples that were included were collected at
five smaller hospitals; by three community care organizations
(representing dozens of care facilities and GP practices); and
at drive-through testing facilities for healthcare workers,
essential workers (such as police) and their families who live
or work in Norfolk and the surrounding areas (Fig. 51).

Samples and RNA extraction

Samples from cases with suspected SARS-CoV-2 were
processed using five different diagnostic platforms over
three laboratories on the Norwich Research Park: the
Cytology Department and Microbiology Department,
NNUH, Norwich, UK and the Bob Champion Research
and Education Building (BCRE), University of East Anglia,
Morwich, UK. Samples were primarily nasal/oropharyngeal
swahs, although nasopharyngeal aspirates, bronchoal-
veolar lavage and sputum samples were also collected.
The Cytology Department processed samples using the
Roche Cobas 8800 SARS-CoV-2 system (hetps://tinyurl.
com/yy58t8sp). The Microbiology Department processed
samples using either the Hologic Panther Fusion System
SARS-CoV-2  assay  (hetps//tinyurl.com/yye3m25p)
according to the manufacturer’s instructions, the AusDi-
agnostics SARS-CoV-2, Influenza and R5V 8-well panel
(https://tinyurl.com/yyeh5y2Zw) or Altona Diagnostics
RealStar SARS-CoV-s RT-PCR Kit 1.0 (https://altona-
diagnostics.com/en/products/reagents- 140/ reagents/
realstar-real-time-per-reagents/realstar-sars-cov-2-rt-per-
kit-ruo.html). RNA was extracted from swab samples in the
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Microbiology Department using either the QlAsymphony
(Qiagen) or AusDiagnostics MT-Prep {AusDiagnostics)
instruments according to the manufacturer’s instructions
betore being processed through the AusDiagnostics assay.
In the BCRE, RMA was extracted using the MagMAX Viral/
Pathogen [1 Nucleic Acid Isolation kit { Applied Biosystems)
according to the manufacturer’s instructions and the
KingFisher Flex system (ThermoFisher). The presence of
SARS-CoV-2 was determined on either the QuantStudio 5
(Applied Biosystems) or Lightcycler LC48011 (Roche) with
the 2019-nCoV CDC assay (https:/fwww fda_gov/media/
134922/download).

Viral transport medium from positive swabs (stored at
4*C) was collected for samples run on the Roche Cobas and
Hologic Panther Fusion systems and in all other cases excess
EMA was collected (stored at 4°C and collected within
4 days for samples tested by the AusDiagnostics assay, while
all other RMA samples were initially frozen and thawed for
collection). Excess positive SARS-CoV-2 inactivated swab
samples (200pl viral transport medium from nose and
throat swabs inactivated in 200 pl Zymo DNA/BENA shield
and 800 pl Zymo viral DNA/RNA buffer) were collected
from the Cytology and the Microbiology Department and
SARS-CoV-2-positive RNA extracts (=20 pl) were collected
from the Microbiology Department and the BCRE as part
of the COG-UK Consortium project (PHE Research Ethics
and Governance Group R and D ref. no NR0195), with full
details in Tables 51-53. For inactivated swab samples, RNA
was extracted using the Quick DNA/RNA Viral Maghead
kit from step 2 of the DNA/RNA purification protocol
(£ymo - https:/{tinyurl.com/y2lgoneq).

SARS-CoV-2-positive samples were transferred to the
Quadram Institute Bioscience for sequencing. The lower
cycle threshold (Ct) or take-off value produced by the SARS-
CoV¥-2 assays in the Roche, AusDiagnostics, Altona Diag-
nostics and CDC assays were used to determine whether
samples needed to be diluted for sequencing according to
the ARTIC protocol [for AusDiagnostics results, 13 was
added to the take-off value to generate an approximate
Ct value - this is because 15 cydes of PCR are performed
betore a dilution step and a further 35 cycles of nested PCR
(the take-off value is determined in the nested PCR)]. The
SARS-CoV-2 assay in the Hologic Panther does not provide
a take-off or Ct value but rather a combined fluorescence
signal for both targets in relative fluorescence units (RLUs),
and therefore all samples tested by the Hologic Panther
were processed undiluted in the ARTIC protocol.

Sequencing using ARTIC SARS-CoV-2 multiplex
tiling PCR

cDNA and multiplex PCRs were prepared following the
ARTIC nCoV-2019 sequencing protocol v2 [16]. Dilutions
of RNA were prepared when necessary based on Ct values
following ARTIC protocol guidelines. V3 CoV-2 primers
(https://github.com/artic-network/artic-ncov2019/ tree/
master/primer_schemes/nCoV-2019/V3) were used to
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perform the multiplex PCR for SARS-CoV-2 according to
the ARTIC protocol [16] with minor changes. Due to variable
Ct values, all RNA samples used in the two ARTIC multiplex
PCRs were run for 35 cycles. Odd and even PCRs were pooled
and cleaned using a 1x SPRI bead clean with KAPA Pure
Beads (Roche Catalogue No. 07983298001), according to
the manufacturer’s instructions. PCR products were eluted
in 30pl of 10mM Tris-HCI buffer, pH 7.5, and cDNA was
quantified wsing the QuantiFluor ONE dsDNA System
{Promega). Libraries were prepared for sequencing on the
Mumina or Nanopore platform and sequenced as described
previously [17].

Sequence analysis

Raw reads were demultiplexed using bcl2fastg (v2.20) (u-
mina) allowing for zero mismatches in the dual barcodes
to produce FASTO) files. The reads were used to generate a
consensus sequence for each sample using an open source
pipeline adapted from https://github.com/connor-laby
ncov20l9-artic-nf  (https://github.com/quadram-insti-
tute-bioscience/ncov2019-artic-nf/treefgib). Briefly, read
adapters were trimmed using TrimGalore (https://github.
com/FelixKrueger/TrimGalore) and aligned to the Wuhan
Hu-1 reference genome (accession MMN908947.3) using
BWA-MEM (v0.7.17) [18]; ARTIC amplicons were masked
and a consensus was built using iVAR (v.1.2) with primary
parameters ‘ivar consensus -m 10 -q 20t 0.75" [19].

Quality control

Samples were prepared and sequenced in 96-well plates
with one cDMNA-negative control per plate and one RNA
extraction-negative control, where applicable. Contami-
nated samples were removed from analysis (Table 52). The
COG-UK consortium defines a consensus sequence as
passing COG-UK basic quality control (QC) if: »50% of
the genome is covered by confident calls or there is at least
one contiguous sequence of more than 10000 bases; and
no evidence of contamination in the negative control. A
confident call is defined as having 10x depth of coverage.
If the coverage falls below these thresholds, the bases are
masked with the character N indicating the base at that
position is unknown or not available. Low-quality variants
are also masked with Ns. The QC threshold for inclusion in
the public database GISAID (Global Initiative on Sharing
All Influenza Data) is higher, requiring that =90% of the
genome is covered by confident calls and that there is no
evidence of contamination. The COG-UK quality control
criteria were used as the minimum requirements for
lineage and phylogenetic analysis. Although we did not
use a homoplasy-based test for batch effects as described
previously [20, 21], a visual inspection of the consensus
sequences for common SNPs across lincage boundaries
for each batch is undertaken using snipit (https://github.
com/aineniamh/snipit). Additionally civet reports (https://
github.com/COG-UK/civet) are generated for each batch,
with genomes from other labs included for context and
are manually inspected. These reports identify for each

generated sequence the closest sample in the COG-UK and
GISAID databases, where in many cases identical samples
sequenced by other labs are present. This helps to monitor
for lineage altering artefacts.

Data availability

All consensus sequences were deposited in GISAID [22] if
they met its minimum QC threshold. All raw sequence data
and metadata [23] were deposited in the European Nucleotide
Archive (ENA) [24]. In both cases this happened soon after
sequence generation, facilitated through COG-UEK, and using
MRC CLIMB [25].

Clustering and phylogenetic analysis

Lineages [13] assigned to each consensus genome were
determined wsing Pangolin (https://github.com/cov-line-
ages/pangolin}, which is run routinely by the Rambaut
group over SARS-CoV-2 consensus sequences deposited on
MRC CLIMB [25]. Global lineages are identifiers given to
actively spreading lineages, are defined using a phylogenetic
framework (https://github.com/COG-UK/grapevine) and
often represent distinct introductions into new territories or
regions, taking the form B.1.2.3 (see Rambaut et al. [13] for
full details). UK lineages represent the subsequent spread
within the UK, taking the form UK1234 and providing an
identifier for a cluster for a given phylogeny. Unlike global
lineages, however, UK lineage identifiers are not consistent
between phylogenies. In this paper, a sublineage is defined
as a set of samples within a lineage which share a common
history within this lineage. For example, if all samples
within a lineage are represented on a phylogenetic tree, a
sublineage would describe all samples derived from a single
internal node. Only samples that passed COG-UK QC
were considered for lineage assignment (=50% of genome
reconstructed), and only samples with more than 90% of
non-ambiguous aligned sites (i.e. not N} were included in
the upstream phylogenetic pipeline.

This upstream analysis at MRC CLIME (https://github.
com/COG-UK/grapevine) generates both the phylogenetic
tree, aligned sequences and lineages (global and local) for
maost data. When adding more samples to the phylogenetic
tree (as in the case studies below), we use 1Q-Tree2 [26],
first constraining the tree search to the upstream tree to
create an initial tree, and then through unconstrained opti-
mization using default parameters and the HEY model [27]
with gamma heterogeneity [28] in both cases. Sequences
are aligned with MAFFT using Wuhan Hu-1 (accession
MN908947.3) as a reference genome. Phylogenetic trees
were visualized using ggtree [29].

Epidemiological analyses

Epidemiological analyses of outbreaks presented in the
results were instigated and overseen by clinicians within
the NHS or by public health bodies. Genome sequencing,
bioinformatics analysis and genomic epidemiology were
performed by Quadram Institute Bioscience with limited
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Fig- 1. Total number of positive sarmples in the region per week, broken
down by type Met all of these were available for seguencing and a
single individual may have been sampled multiple times. Stall {key
warkers] include healthcare woarkers and essential warkers, such as
police afficers,

anonymized metadata as part of the COG-UK consortium;
patient-identifiable data were retained by the hospitals or
public health bodies.

Longitudinal sampling and reinfection

For each case, the Norwich Research Park Biorepository (part
of NNUH) anonymaously linked all instances where cases were
sequenced longitudinally (140) and provided the informa-
tion to Quadram Institute Binscience for analysis. The UK
lincages were extracted for each case with multiple samples
using precomputed lineages from COG-UEK. Consensus
genomes which did not yield high enough quality genomes
to compute a lineage were excluded. Cases which had more
than two high-quality samples were validated to ensure the
lineages were the same. Where differences were identified, all
consensus genomes for the case were extracted into a FASTA
file, and the differences compared to the Wuhan Hu-1 refer-
ence were noted using SN P-sites [30] (version 2.3.3).

Care facility outbreak analysis

An initial list of SARS-CoV-2 samples associated with a single
care facility was provided by WNUH to Quadram Institute
Bioscience. The UK lineages were identified for each sample
using precomputed lineages from COG-UE. All other samples
with the same UK lineage in the COG-UK dataset were iden-
tified and a phylogenetic tree was computed using 1Q)-Tree2
under an HKY+G model, as described above [26] {version
2.0.6). All samples in a sublineage associated with Norfolk
were identified. The mutations defining this sublineage were
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calculated using SMP-sites [30] (version 2.3.3), with the
Wuhan Hu-1 reference as the base. A phylogenetic tree of
the sublincage was calculated before first removing singleton
mutations, most of which were C2T/U SNPs, and are markers
of RNA degradation. Anonymized care facility sample meta-
data were added to the sublineage, with the data visualized
in Phandango [31] and the relatedness of the samples and
care facilities was visually confirmed. Hospital admission and
discharge data for the residents was analysed solely by Public
Health England co-authors and an anonymized summary was
provided for this paper to maintain patient confidentiality.

Hospital outbreak analysis

A list of SARS-CoV-2 samples associated with a hospital
were provided by Ipswich Hospital to Quadram Institute
Bioscience. The lineages were identified for each sample
using precomputed lineages from COG-UE. The frequency
of each lineage was identified for Ipswich Hospital. SARS-
CoV-2 samples collected by hospitals (NNUH, QEH and
JPUH]) and care organizations in the same region as Ipswich
Huospital had the frequencies of their lineages calculated in a
similar fashion, providing context.

Food processing facility outbreak analysis

SARS-CoV-2-positive samples were sent to Quadram Insti-
tute Bioscience. Samples were prepared, sequenced using an
Oxford Nanopore Technologies MinlON and bioinformati-
cally analysed, all within 24h of sample receipt. Consensus
genomes were provided to Civet  (https://github.com/
COG-UK/civet), which assigned lineages to each genome.
SMNPs defining the sublineage of the outbreak were manually
identified from the Civet report. The global lineage where the
samples fell into was analysed further. All public samples from
the global lineage which were publicly accessible through
GISAID were identified. The countries of origin and collec-
tion dates were noted. A phylogenetic tree of all samples in
this lineage from May onwards was created using I0-Tree2
as described above. The SMPs defining the sublineages were
calculated using SMNP-sites (version 2.3.3).

RESULTS

Samples

The first reported case in the Norfolk region was on 6 March
2020 from a returning traveller; by 31 Angust 2020, there
were 3225 cases identified by NNUH from Norfolk and
surrounding areas from a total of 3751 SARS-CoV-2-positive
clinical samples (some cases were sampled multiple times).
Of these, 1565 samples (41.7%) were sequenced and analysed,
from 1376 cases (42.6%). This represents approximately 172
SARS-CoV-2-positive samples sequenced per 100000 popu-
lation. The sequenced cases were broken down by locality
and age group (Table 54). For cases sampled multiple times,
the earliest collection date of a SARS-CoV-2-positive sample
was used for sequence analysis. These samples were collected
in the East of England, predominantly from cases providing
an address in Morfolk (Fig. 51). The samples came from
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Fig. 2. Number of positive samples sequenced at Quadram institute
Bioscience (grey bars) over time compared with tha number of samples
collected [red dashed line). Project sample coliection anly officially
began on 8 April 2020 and nat all samples taken before this time were
available for sequencing. However, archived samples far March were
sequenced and are represented in this figure.

individuals in the community (20.7%, n=285), inpatients
(40.6%, n=559) and outpatients (0.3%, n=4) at hospitals, and
staff (key workers) (23.8%, n=328) and their families (4.7%,
n=65) (Fig. 1). Inpatients represented a mixture of patients
newly admitted to the hospital (with or without COVID-19

symptoms), and existing patients with possible nosocomial
SARS-CoV-2 infections. As testing was extended to more
groups, so the regions from which samples were collected
also changed (Fig. $2).

The number of positive samples in the Norfolk region peaked
at the end of April 2020; specifically, the number of SARS-
CoV-2-positive samples peaked in the week of 20-26 April
2020, with 591 positive samples (Fig. 2). The peak month was
April with 1992 positive samples, followed by May with 1188
positive samples. These numbers include a small number
of repeat samples. In July only 10 new positive cases were
reported, before rising to 79 in August. More than 60 of
the August cases were related to a food processing facility
outbreak.

Proportionally, the number of SARS-CoV-2-positive samples
that were sequenced followed the same trend as the total
number of positive samples, peaking in the week of 27 April to
3 May, with genomes from 320 cases being sequenced (Fig. 2).
Although project sample collection for sequencing officially
began on 8 April 2020, and no samples were sequenced from
the period 27 March to 7 April 2020, 59 archived samples
from March were available and were sequenced. Overall the
number of genomes sequenced does reflect the number of
positive cases in the region and we can confidently conclude
that the peak period was April/May 2020, in this region.

The number of positive cases sequenced was greatest in older
individuals, with the largest number of samples (n=316,
36.5%) being from cases aged 80-90 years (Fig. 3a). Just nine
samples originated from cases under 10 years of age. Females
were also significantly over-represented in the dataset
(Fig. 3b), accounting for 57% (n=741out of 1286, P<0.001,
one-proportion z-test) of cases. Virtually all samples made
available for sequencing were sequenced, with no selection
criteria based on patient data or quality cut-offs; while we

(a)

Ry ol ol pmley sy \nq ol (o e iy Na

3

|

(b) .

o ‘|||II‘||I

P e sy e cag odam weiry (e e 0t

3

Tl

'mﬂw:dw
B

¥
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cannot rule out differential submission rates of testing facili-
ties representing variations in patient populations, we thus
generally expect the sequenced positive cases to reflect patient
characteristics in the underlying population of total positive
Cases.

Genomic analysis

Genome quality control

Samples received for sequencing varied substantially in
viral load. For our samples the Ct correlated well with the
percentage of bases missing in the reconstructed consensus
genome (Fig. 53) with a substantial reduction in genome
completeness for samples with a Ct above 32, Virtually all
diagnostic positives were sequenced, irrespective of Ct value,
to avoid underrepresenting patients with low viral loads. In a
small number of instances [32] samples were not available for
sequencing as there was insufficient material or the samples
could not be found.

We identified potential biases in the quality of the genomes
sequenced from samples. The sex and age of the cases (for
those genomes which had the relevant associated metadata)
were evaluated against four QC categories: not sequenced,
failed all QC, passed basic QC and passed high-quality QC
(Fig. 54). There were significantly more genomes from females
in three QC categories (62, 63 and 55% female in genomes
failing all Q)C, passing basic (}C and passing high-quality QC,
respectively, one-proportion z-test, P<0.001 ), but not signifi-
cantly different in the not sequenced category (66% female,
P=0.052). With respect to an individual’s age, the mean age
of individuals contributing samples that failed all QC was
significantly higher (mean age 70.0years vs. 64.9, 65.7 and
58.8 years of age of individuals contributing genomes passing
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basic QC, passing high-quality QC and not sequenced,
respectively, P<0.05, pairwise Kruskal-Wallis rank sum tests
adjusted for multiple hypothesis testing].

Completeness of consensus genomes is related to the Ci of
the input samples (Figs 55 and 56) and three temperature-
sensitive ARTIC PCR primer dropout areas were visible [33]
visible. A further three performed poorly at higher Ct values,
due to reduced amplification efficiency, variation in which is
to be expected in a large amplicon pool. Overall, the ARTIC
protocol was robust and sensitive. Above Ct 32 the complete-
ness of the genomes recovered did begin to tail off and there
was a substantial, largely random, drop off above Ct 35, ie.
there was no consistency in the primer pairs that performed
well or poorly in the multiplex when there were <10 genome
copies present.

In total, 901 samples (65.4%) passed the GISAID QC criteria
{=90% genome completeness), 120 samples (8.7%) passed the
COG-UK QC criteria only {250% genome completeness and
357 samples (25.9%) failed (<50% genome completeness).

Global lineages

As samples were collected over a 6-month period, the median
number of SMPs per genome increased every month compared
with the Wuhan Hu-1 reference {accession MN908947 3).
When only considering high-guality consensus genomes (Fig.
57} it increased from six SWPs in March to 16 SNPs in August.
The evolutionary rate was estimated to be ~2 SNPs per month.

The maximum number of co-occurring global lineages in a
given week was 13 for the period 27 April to 10 May 2020,
approximately 5-6 weeks after the UK government instituted
a lockdown (23 March 2020) (Fig. 4). This rapidly reduced as

the number of samples dropped.

When considering the number and proportion of
co-occurring global lineages every week it is apparent that,
during the peak (April/May), some global lineages became
extinct and were replaced by new lineages, which rapidly
increased in abundance (Fig. 5). The transient nature of
lineages is exemplified in lineages B.1.1.3 and B.2. Lineage
B.1.1.3 was first identified in the week beginning 4 May
2020 (seven cases); it persisted for a month before becoming
extinct within the region. Lineage B.2 was observed much
earlier, in the week beginning 16 March 2020 (rwo cases),
peaked 1 month later (19 cases) and was last observed on
11 May 2020 (two cases). The small number of lincages and
low case numbers in July and August coincided with a low
instance of disease in the region, including a negligible level
of hospital admissions for COVID-19.

The global lineage nomenclature system of Rambaut et
al. [13] provides a flexible and consistent naming scheme
for genomically detectable introductions of SARS-CoV-2
into new locations; there have been 1035 global lineages
assigned in this scheme. A total of 26 of these global line-
ages were observed in our data, 20 of which were observed
in more than one sample. All of the global lineages present
in more than one sample were from lineage B, which is
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predominantly associated with European and UK outbreaks
(https://github.com/hCoV-2019/lineages/blob/master/line-
ages/data/lineage_descriptions_2020-05-19.txt). A number
of lineages were over- or under-represented in Norfolk
samples compared with the UK and globally (Table 1).
For example: B.1.1.15 was represented in 3.38% (n=35) of
Morfolk genomes compared with 0.97% (n=60) globally
{only 25 from outside Norfolk); B.1.11 was represented in
10.72% of Norfolk genomes compared with 1.34% glob-
ally; B.1.5.5 was represented in 6.47% of Norfolk genomes
compared with 0.12% globally; and B.1.75 was represented
in 8.12% of Norfolk genomes compared with 0.25% globally.

The most commonly sequenced global lineage was B.1.1,
which was present in 464 samples (44.8%) in this dataset and
19424 globally (31.4%); this lineage has three defining SNPs
at 28881 GaA, 28882 GoAand 28883 GoCand is closely
associated with the European expansion of SARS-CoV-2.

Morfolk samples were set in context as part of the COG-UK
phylogenetic pipeline (7 September 2020) using a phyloge-
netic tree based on all publicly released genome sequences
(Fig. 6). Building phylogenetic trees with incomplete
genomes is challenging [20, 34] in light of the low diversity
of SARS-CoV-2 during the study period, with the genomes
in the 50-90% completeness range having a higher potential
for misalignment and phylogenetic misplacement. Overall
genomes from the Norfolk region represented a random
sampling of co-occurring global lineages within the UK as
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a whole. Some major global lineages are under-represented
in Norfolk such as B.1 and others are over-represented, such
as B.1.1, when compared with the UK samples {Table 1).

UK lineages

Global lineages were further subdivided into UK lineages,
to identify ongoing transmission and evolution within the
UK. The numbers assigned to UK lineages are subject to
change and must be recalculated for all genomes with each
phylogenetic reanalysis. Thus, the numbers reported here
are for a single phylogenetic analysis. Stable cluster iden-
tification and nomenclature for SARS-CoV-2 is currently
an open problem, and thus all analyses in this paper were
relative to a single snapshot, with consistent algorithm/
database/software versions, phylogenetic analysis and
sample sets.

There were 100 UK lineages detected in the dataset, 49 of
which were present in two or more cases. The number of
co-occurring UK lineages peaked at 20 in the week of 27
MApril 2020, approximately 5 weeks after the UK nationwide
lockdown began; thereafter the number dropped to a single
lineage in July and August (Fig. 58). The proportions of
samples with particular lineages varied week to week (Fig.
59), with the most common UK lineage being UKS, which
was present in 324 cases; this is also the most commonly
identified lincage in the UK (https://microreact.org/
project/cogeonsortinm-2020-09-02/f5aa0bdd/). The next
maost common UK lineage was UK2913, which was present
in 113 samples; this was a sublineage associated with care
facilities in the region around Morwich city (detailed later).

Examination of the D&14G mutation in the spike protein
There is evidence that a mutation in the spike protein of
SARS-CoV-2 (an amino acid change from D to G at posi-
tion 614; D614G) increases infectivity of a pseudotype virus
in vitre in cells; this is associated with an observed increase
in viral loads in patients [35]. Owerall, in the Norfolk
dataset, 89.4% (n=819) of samples had the D614G muta-
tion while only 10.6% (n=97) had the wild type (Fig. 7).
The relative proportion of the two genotypes differed over
time. In March, 66.6% (n=24) of samples contained the
wild type and 33.3% (n=12) contained the D614G muta-
tion. In April the proportion of genomes that were wild
type had reduced to 10.7% (n=47) while those with the
614G mutation were dominant at 89.3% (n=392). In May
the proportion of genomes that were wild type had reduced
to 5.5% (m=22) compared with 94.4% (n=374) of genomes
having the 614G mutation (Fig. 7).

Epidemioclogical case studies

Longitudinal sampling and reinfection

In August 2020 Quadram Institute Bioscience, at the request
of the Microbiology Department at the NNUH, evaluated
the genomes present in multiple longitudinal samples taken
from the same case over extended periods of time during
infection. The aim was to determine whether they were
infected by the same lineage or different lineages, the latter
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Banlerroni corrected for multiple hypathesis testing.

T4k, In this column those values marked with an asterisk are significantly morefless presvalent in Norfolk samples than in global samples {P<0.05

Banlerroni corrected for multiple hypathesis testing.

indicating potential reinfection. Longitudinal SARS-CoV-
2-positive samples were identified from 140 cases (Table
53), each with between two and six samples, 88.5% of whom
were hospital inpatients at some point during their illness.
The median time span of the sampling was 13 days, with a
mean of 16.2 days. The longest time span was 71 days, with
22 cases having a time span greater than 28 days. The clinical
outcomes were not available for analysis. Only samples with
different collection dates from the same individual were
considered. We limited cases to those with high-quality
consensus genomes (passing GISAID QC) in two or more
of the sample time points; this resulted in a series of longi-
tudinal genome samples from 42 cases; each series had two
to four samples. In every example the lineage remained
the same between samples from the same individual, with
the exception of the linked samples NORW-ED449 and
NORW-ECD30; this was because NORW-ECD30 had nine
IUPAC [36] symbuols for ‘partially” ambiguous bases, which
are likely to be due to differences in viral load between the

=3

original samples (Ct 17 vs. Ct 27). These results suggest that
there is no evidence of reinfection in any of the individuals
for which a series of positive samples had been taken.

Hospital outbreak analysis

In Angust 2020 Quadram Institute Bioscience and Ipswich
Hospital used the genome data from a set of 31 samples
from hospital patients to determine whether these samples
represented a single nosocomial outbreak or whether they
were unrelated and the result of community transmission.
The 31 positive samples were collected between & March
and 28 August 2020; 80.6% (n=25) were from patients
over the age of 65 years. From these, 18 yielded genome
sequences of sufficient quality to assign lineages. A total of
six global lineages and eight UK lineages were observed in
the samples, with the most commonly observed (n=5) being
UKS, which is also the most commonly observed lineage
within the UK. This number of co-occurring lineages
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indicated that there was not a single large nosocomial
outhreak at this location.

Care facility outbreak analysis

In June 2020 the Microbiology Department at NNUH and
Cuadram Institute Bioscience evaluated an outbreak at a care
facility in the Norwich region using SARS-CoV-2 sequenced
genomes from the dataset in this paper. The analysis under-
taken indicated probable intra-care facility transmission,
corresponding to a discrete sublineage circulating in the care
sector as opposed to the wider community. It revealed that
14 out of 15 genomes from cases had the same UK lineage,
UK2913, over a sustained period of time (8 April to 1 June
2020). An analysis of this lineage in all COG-UK data
(n=395) revealed that it represented a distinct sublineage in
the Morwich region of Norfolk, defined by a single synony-
mous mutation {A<G) at position 24232 in the 5 gene; this
mutation was not found in any other COG-UK lineages. Most
of the cases with this sublineage were =80 years of age and
concentrated in distinct areas in the Norwich region. Analysis
also confirmed that the samples were predominantly collected
from six care facilities. There were 89 cases sequenced in the
Morwich region with this sublineage and 76 of these were
known to be patients (n=64) of care facilities or healthcare
workers in those facilities (n=9) and their families (n=3).
Links could not be established for 13 cases who tested positive
for this sublincage. This sublineage had not been observed
previously in community testing and the last new positive
patient with this sublinecage was on 1 June 20200 As it has
not been seen in 3months this sublineage is now regarded
as cxtinct.

An analysis was undertaken to understand the role of hospital
discharges in this sublineage. Of the residents in this sublin-
eage, 12 had a hospital admission, of whom two were admitted
twice to three hospital trusts. Six had a community-acquired
infection, testing positive within 7days of admission, three
were inconclusive due to missing data, one had a prob-
able hospital-acquired infection and tested positive within
7 days of discharge, and two had a definite hospital-acquired
infection  (https://www.govuk/government/publications/
wuthan-novel-coronavirus-infection-prevention-and -control/
epidemiological-definitions-of-outbreaks-and-clusters-in-
particular-settings). All residents with a hospital-acquired
infection had a test prior to discharge, suggesting the package
of infection prevention and control (IPC) measures were
being followed. In the time period covered by the study,
patients required a test prior to discharge to a care facility,
and a positive test did not preclude them from returning to
the care facility, but rather that enhanced IPC and isolation
measures needed to be taken for a designated period of time.
Given that some of this cohort of patients tested positive in
May with community-acquired infections, a number of weeks
affter the adult social care IPC Department of Health and
Sodal Care measures were announced, suggests that these
measures may not have been sufficient.

On examination of all genome sequences obtained from a
town with two of these care facilities, we found 70 samples

were positive for SARS-CoV-2, with 52 of those vielding
genome sequences of sufficdent quality to assign a lineage.
Thirty-seven samples (71%) were associated with the care
facilities and were the UK2913 lineage. The remaining 15
samples in the town came from 13 different lineages, indi-
cating that the number of co-occurring lineages within the
care facilities did not reflect the number of co-occurring
lineages within the wider locality.

Food processing facility outbreak analysis

In August 2020, 35 positive samples from workers at a food
processing facility were rapidly sequenced (<24h) as part of
an outbreak analysis by Quadram Institute Bioscience, the
Specialist Virology Centre at NNUH, and Norfolk County
Council Test and Trace and Public Health England. A total of
27 yielded genomes of sufficient quality to assign lineages. All
genomes fell within the same cluster with a global lineage of
B.1.1.15 and a UK lineage of UK1361, confirming that these
genomes were related to each other. The consensus sequences
of the genomes in this outbreak had three SNPs defining a
sublineage: U/T=+C at position 7783, G»U/T at position
25552 and G=U/T at position 28221. This sublineage had not
been observed before in the Norfolk data, COG-UK data or
global GISAID data.

Looking more widely at the lineage, it was only observed in
samples from the UK, with seven other samples identified by
community sequencing in July (15-27 July 2020). However,
these seven samples lacked the three sublineage-defining
SNPs found in the outbreak samples, and had two additional
defining SNPs of their own (GU/T at position 12067,
G2U/T at position 28086). This indicates that these two scts
of samples had a common ancestor and, based on an evolu-
tionary rate of ~253MNPs per month, this ancestor might have
occurred 1-2 months earlier. Ancestors of lineage B.1.1.15
were only observed in Portugal in May and June (GISAID,
accessed 27 August 2020]).

DISCUSSION

Here, we have used intensive whole genome sequencing of
SARS-CoV-2 samples in a single geographical area to investi-
gate the evolution and transmission of the virus in this region.
The average age of the Norfolk population is significanthy
higher than that of England as a whole; 24.5% of residents
are aged 65 years or older compared with 18.4% for England
as a whaole (https:/'www.norfolkinsight.org.uk/population/,
accessed 31 May 2020). The largest hospital in the region is the
Morfolk and Norwich University Hospitals NHS Foundation
Trust (1200 beds), serving a population of around one million
patients from Norfolk and neighbouring counties, supported
by a network of smaller hospitals.

There was a lower incidence of SARS-CoV-2 in the Norfolk
region compared with England as a whole, with the propar-
tion of cases testing positive for SARS-CoV-2 in Norfolk at
363.2 per 100000 compared with 573.9 per 100000 in England
as a whole (accessed 14 September 2020, hitps://coronavirus.
data.gowv.uk/). This was also reflected in the number of deaths
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that occurred due to infection within 28days of a positive
diagnosis; for Morfolk this was 43.8 per 100000 population
compared with 65.7 per 100000 for England as a whole, which
is significantly below average despite having an older, more
vulnerable population.

The sequencing data represented a rate of 172 sequenced
genomes per 100000 in the Morfolk population, which
corresponded to 113.8 cases for which high-quality genome
sequences were available for evaluation per 100000 in the
population. Specifically, we evaluated high-quality genome
sequence for 31.3% of all cases that tested positive for SARS-
CoV-2 in Norfolk. However, as the samples primarily came
from healthcare settings, they captured cases with the most
severe symptoms rather than asymptomatic community cases.
Only positive tests from the population with dinical need
(primarily hospital and care facilities), and key workers and
their families were available for sequencing. Community
testing was done at large regional "Lighthouse labs’ capable
of processing hundreds of thousands of samples per day.
Most community testing required the case to have COVID-19
symptoms, with the exception of population-level surveil-
lance, which made up a small proportion of positive cases. Of
the sequenced community samples during the study period
just 25 were attributed to Morfolk and lacked metadata, and
thus were not included in analysis.

The highest number of positive samples in this region
occurred at the end of April/beginning of May 2020, approxi-
mately 6 weeks after the UK instituted a nationwide lockdown
(23 March 2020). Thereafter, the number of positive cases we
sequenced dropped substantially as the impact of the lock-
down and social distancing began to reduce transmission.
With the exception of the food processing facility outhreak,
by August 2020, only two new cases with positive samples
were detected.

Analysis of the demographic metadata associated with posi-
tive samples indicated cases were more likely to be older and
female. This skewed distribution in relation to age and sex
is likely to be due to the directed use of diagnostic testing
to symptomatic cases during the peak of the pandemic; this
approach was driven by global shortages in reagents and
testing capacity. Thus, vulnerable elderly cases were more
likely to be tested during the peak of the pandemic, and were
mare likely to be female as they have a longer life expectancy.
Thereafter, when testing was opened up to key workers, they
were predominantly female healthcare workers who make up
77% of the NHS workforce [37].

Viral RMA loads in individuals, as measured by PCR, were
correlated strongly with the percentage of the genome that
could be reconstructed from the sequencing data. This could
be due to individual variation in host factors, disease stage
[38] or quality of the sample material [32]. Phylogeneti-
cally useful genomes where the Ct was below 32 (more than
=100 viral copies) were routinely sequenced but there was a
substantial tail off from Ct 35. These results must be inter-
preted cantiously in terms of transmission potential, as it is
not known whether an individual is infectious at low viral
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BMA loads; it is possible that the positive results from high
Ct samples are due to detection of residual BENA from a past
infection. However, this does demonstrate that sequencing
can produce usable information from samples containing the
wide range of viral KNA loads likely to be encountered during
SARS-CoV-2 infections.

There is evidence that a mutation in the spike protein with
an amino acid change of D to G at position 614 (D614G)
increases the transmissibility of the virus, which is associ-
ated with an increased viral load in mutant-infected cases
[15, 35]. This has been observed in the UK and globally [15],
potentially indicating that a more transmissible strain is now
in circulation. As seen in Fig. 7, in March 2020, during the
early part of the pandemic in the Norfolk region, the wild type
was found in the majority of samples (66.6%), although the
overall number of sequenced samples was low. However there
was a rapid fall in the proportion of samples with the wild
type in April (10.7%), and by May 95% of samples had the
D146 mutation. This corresponds to a changing landscape
of global lineages in the region, with an increasing dominance
of B.1 lincages and sublineages, and a decreasing occurrence
of other B (non-B.1} lincages.

The information provided by these sequences allowed an
examination of the overall genetic variation within SARS-
CoV-2 circulating in Morfolk and comparison with other
regions. The number of co-occurring global lineages was
similar to the range found within the UK as a whaole [7],
Europe [6] and beyond [39]. The notable exception was the
lack of lineage A samples within the region, with only two
being observed. This indicates that most of the lineages that
entered the region did not come directly from China; rather,
they are estimated to have predominantly come from Europe
or within the UK. In the region, 23.2% (n=26) of all global
lineages were observed out of 112 lineages that have been
defined to date [13]. This variation shows that genomically
distinct lineages have expanded worldwide, with different
distributions taking hold in different settings (see Microreact
[40] https://microreact. org/project/cogoonsortium-2020-09-
02/f5aalbdd/). The B.1.11 samples in our dataset were specifi-
cally associated with care facilities in Norfolk.

These data demaonstrate a substantial number of co-ocourring
global lincages within one small region, indicating multiple
concurrent introductions and their subsequent spread. This
places a lower bound on the number of independent intro-
ductions to the region at 26, but it is likely to be substantially
higher as not all COVID-1% infections were identified, tested
and sequenced. As case numbers rose during the course of
the pandemic, more lineages were identified, with a peak
in the number of co-occurring lineages around 5-6weeks
after the UK instituted a national lockdown. Thereafter, the
number of lineages dropped substantially, with many rapidly
becoming extinct in the region, providing further evidence
that lockdown measures break transmission.

By subdividing the global lincages into standardized UK
lincages, a finer resolution of viral genomic relatedness was
obtained and allows us to make more detailed comparisons.
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As we observed with global lineages, the UK lineages
provided further evidence for substantial viral genomic vari-
ahility circulating in the region. There were 100 UK lineages
observed in the region out of a total of 1725 lineages reported
forr the UK as a whole (5.7%). The dominant lincage in the UK
{UES) was also the dominant lineage in the region. Interest-
ingly, the second most commonly observed lineage in the UK
(UK1535), with 2269 (5.7% ) samples and widespread circula-
tion around the UK, was only observed 19 (1.8%) times in
Morfolk (18 in this dataset, one sequenced by the University
of Cambridge and none in Pillar 2 community testing for
Norfolk).

Ome of the most important applications of these data was in
epidemiological investigations to identify outbreaks. This
was particulary important during the peak in April and
May, when the number of new infections was high, providing
the resolution required to distinguish between transmission
clusters that would not have been otherwise possible. Our

genomic data were informative in the following cases:

(1) In a hospital setting, lincage information was used to
differentiate nosocomial from community transmission.
We sequenced 31 samples from Ipswich Hospital and
found eight UK lineages; the most commonly observed
(UK5) was also the most commonly ohserved in the UK.
This demonstrated that a single large nosocomial out-
break had not occurred but that the patients in hospital
had become infected in the community by circulating
lineages.

Our data unexpectedly uncovered a sustained outbreak
in six care facilities within the region. These data indi-
cated probable intra-care facility transmission and is
currently under further investigation. The outbreak was
identified while looking at a common lineage within
the region and noticing that the positive samples had
mostly come from elderly people, suggesting a possible
link to care facilities. Further investigation at NNUH
identified six care facilitics sharing a distinct sublincage
primarily found only in these facilities. This sublineage
was not detected in community testing (Pillar 2) at any
point. Only two cases were a definite hospital acquired
infection with one probable hospital-acquired infection.
Examination of all genome sequences obtained from a
town with two of these care facilities showed there were
13 different lineages circulating within the locality, but
only a single lineage circulating in the care facilities.
Rapid genome sequencing was applied to an outbreak
in a food processing facility in the region, yielding line-
ages for 27 genomes in 24h. Sequencing this subset of
samples (about 25% of positive cases detected) identified
virtually identical genomes that were not found in the
general community prior to the outbreak. This demon-
strated within-factory transmission of a new lineage. An
additional G+>A mutation at position 20125 found in
three of the outbreak genomes demonstrated that within
the short period of time that the virus was circulating
in the factory, some evolution with subsequent onward
spread had occurred. As the lincage had not been seen

(2)

(3)
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in the region previously, we are currently monitoring for
transmission from the factory into the community. The
factory sub-lineage is sufficiently novel to link it to the
factory if identified anywhere in the country. Looking
more widely at all publicly available data in GISAID, the
only other country in which this global lineage (B.1.1.15)
was recently observed was Portugal between 6 May and
14 June 2020 (the most recently observed genome from
Portugal was from 22 June 2020). Genomics can be used
to identify the possible source of a new introduction into
a new area.

Samples could be broken down by the areas from which the
samples were collected, representing towns or cities and their
surrounds { Figs 52 and 510). Whilst UKS was the commonest
UK lineage in most urban areas in the MNorfolk region, as it
was nationally in the UK, there were other UK lineages that
showed sustained persistence and spread within discrete
communities from small geographical areas. UK2913 was
primarily observed in Norwich and to the south and east of the
city (South Norfolk, Waveney, Broadland, Great Yarmouth),
nearly exclusively from clients of care facilities and healthcare
workers at those facilities. Another UK lineage, UK721, was
observed in seven community care residents (aged 78-92
vears) and two healthcare workers in south-west Norfolk. One
lineage, UK173, was observed only in one suburb of Norwich;
it dominated for 1 month (13 April to 19 March 2020), then
went extinct and has not been observed in Norfolk since.
This indicates that lineages introduced into small urban areas
may expand but do not necessarily spread more widely. The
UK lineage was primarily observed in the Kings Lynn area,
accounting for 90% (73/81) of UK6 samples in Norfolk. In
contrast Morwich, 70km away, recorded only a single case
of UK6. These patterns are repeated throughout the dataset.

The number of co-occurring global and UK lineages in circu-
lation amongst inpatients (=559, 22 global, 71 UK) was also
reflected in key workers and their families (n=394, 19 global,
49 UK). Sixteen UK lincages were observed in key workers
and their families but were not observed in patients or in
community care, though it must be noted that 10 of these
lineages were only observed once. Four UK lineages (UK 244,
UKe6Ds, UK1049, UK1162) were observed three times each,
and only in key workers and their families. As these lincages
were not observed in hospitals or care facilities, it is likely
that these key workers became infected in the community.
It also indicates that these key workers were unlikely to have
passed the virus to patients, providing evidence that infiec-
tion control measures were effective in these cases. All UK
lineages observed in houschold members of key workers
were also seen in the key workers. Definitive confirmation
of transmission, and the direction of transmission, cannot
be inferred from the genome sequences due to the low
evolutionary rate of the virus, which we have observed in
our dataset as approximately two changes per month. Ower
time most lineages became dormant or extinct, with some
expanding rapidly such as UK448& and then disappearing
just as quickly over a 3-weck period. Tracking lincages over
time is an open challenge, with current methods requiring
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continual reanalysis, which adds substantial complexity and
a certain degree of uncertainly.

Caution must be exercised when making comparisons
across different geographical regions, as the UK accounts
for 64% (39483 out of 61740 as at 1 September 2020) of
all publicly sequenced SARS-CoV-2 genomes. Out of 103
countries that have made SARS-CoV-2 genomes publicly
available through GISAID, only the UK, Australia, Spain,
India and the USA have sequenced more genomes than
have been sequenced in Norfolk alone for this paper. The
density of sequences when normalized for population size
is 13 times greater in Norfolk than in the USA.

CONCLUSION

We provide an in-depth examination of the genomic epide-
miology of SARS-CoV-2 within a single geographical region
covering the whole of the first wave of the pandemic from
March to August 2020. We sequenced the genomes from
172 SARS-CoV-2-positive samples per 100000 population
(1035 cases), representing 42.6% of all positive samples
collected through the Microbiology Department at NNUH.
From this, we identified 100 distinct lineages in the region,
corresponding to multiple parallel introductions of the
virus (n226).

Dense sequencing of the virus provided actionable informa-
tion for pandemic management, including: identifying a
sublineage associated with care facilities, ruling out a large
nosocomial outbreak in a hospital, showing no evidence
of reinfection in longitudinal samples, and confirming
an outbreak at a food processing facility while allowing
for spillover into the community to be monitored. These
achievements were only possible through the collaborative
cfforts of scientists (data and molecular), clinicians, data
managers and epidemiologists. The large-scale genome
sequencing of SARS-CoV-2-positive samples has provided
valuable additional data for public health epidemiology
in the Norfolk region, and will continue to help identify
and untangle hidden transmission chains as the pandemic
evolves.
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