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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 (ΔWD) 

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 

ATG16L1 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 ATG16L1 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 ΔWD 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 ΔWD 

brains and ΔWD 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 ΔWD MEFs. However, there 

was no effect on IFITM3 localisation. T0901317 treatment normalised plasma membrane 

cholesterol concentrations of ΔWD MEFs and brains, and restored PS in the plasma 

membrane of ΔWD 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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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, 

IAV 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 
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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.  

 

 

 

 

 

 

 

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). IAV 

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). IAV strain host tropism is determined by the binding 

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). 
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specificity of HA and NA proteins expressed by influenza strains (5). Avian influenzas are 

characterised by preferential binding to α 2-3 sialic acid, which is expressed by most ciliated 

epithelial cells within avian lungs (7). In contrast, all human influenza strains target α 2-6 

sialic acid, expressed by non-alveolar cells in the upper respiratory tract (7). Despite humans 

expressing α2-3 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 2.0x10-6 to 2.0x10-4 mutations for each single nucleotide site during one round of 

replication (9). This translates to a 2.0x10-5 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 IAV strains (5). Instead, antigenic drift is predominately responsible 

for seasonal variation within circulating IAV (5). 

 

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 IAV 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 IAV 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 α2-6 and α2-3 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 α2-3 and α2-6 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 H1N1 influenza, 1957 Asian H2N2 influenza, 

and 2009 H1N1 swine influenza (5).  

1.4. Influenza A Virus: Mechanisms of human infection  

Human IAV infection begins with binding of glycoprotein HA to α2-6 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 

HA0 precursor glycoprotein comprised of the HA1 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 IAV ion 

channel protein M2 is activated, causing a conformational change in HA0 which exposes the 

HA2 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 



Chapter 1: Introduction 

17 

 

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).  

 

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, IAV releases vRNPs, comprised of IAV genomes bound to viral 

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

avoid lysosomal degradation (16).  
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From the cytoplasm, vRNPs are trafficked to the host nucleoplasm, the site of viral genome 

replication, via the importin-α-importin-β 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 α 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, orf9c, 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.  

Figure 4A: 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 II 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).  

 

Figure 5: A) Endocytic pathway of SARs-CoV-2 entry. SARs-CoV-2 binds cell membrane ACE2 and is internalised in the 

absence of TMPRSS2. 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 TMPRSS2 is in proximity to 

SARs-CoV-2 bound ACE 2 receptors, TMPRSS2 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 TMPRSS2 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), pp1a and pp1b, derived from ORF1a and ORF1b respectively (27). From pp1a and 

pp1b,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, RdRp 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.  



Chapter 1: Introduction 

23 

 

 

Figure 6: Full summary of the SARs-CoV-2 cell entry using TMPRSS2, 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-β (TRIF) to the endosomal 

membrane, initiating a downstream inflammatory cascade (34). This cascade not only 

promotes nuclear factor kappa-B (NF-κB) 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-β, 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-I 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 TBK1, 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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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 α receptor (IFNαR) (39). Active 

IFNαr mediates activation of the receptor bound intracellular proteins Janus kinase 1 (JAK1) 

and tyrosine kinase 2 (TYK2) (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). 

Figure 8: Summary of innate immunity /RIG-I signalling and its associated downstream processes. Figure produced using 

Biorender premium. 
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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).  

  

Figure 9: Summary of IFN Receptor (IFNαR) signalling, which induces production of Interferon stimulated genes (ISGs). 

JAK1= 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-

α, CCR5, 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, OAS1, IFNAR2, IL10RB, IL10RB-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 IL15RA, TLR7, TRIM5, 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 

ATG16L1 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 μ2 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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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 

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).  
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endolysosomal pathway (Figure 12) (57).  

 

The importance of IFITM3 in restriction of both IAV 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.  

 

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.    
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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 ATG5 binding domain, 

coiled coil domain, linker region, and a C-terminal WD domain with seven WD40 repeats 

(62) (Figure 13). 

 

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

 

ATG16L1 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 ATG5 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). 

 

 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).  

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 TMEM59 positive intracellular 

compartments D) exocytosis and secretion of hormones. Figure adapted from Hamaoui et al (2022, The FEBS Journal) (65).  
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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 ATG16L1 WD domain contributes 

to impaired intracellular cholesterol trafficking and plasma membrane repair. 

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).  

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  

ATG16L1 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, I 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 21st 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 H1N1 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).  

 

 

 

 

 

 

 

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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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 300th 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-1β, 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).    

 

Figure 19: A) Allelic frequency of rs2241880 (T300A) ATG16L1 in control (N=223) and Crohn’s disease (N=108) cohorts. 

B) Genotype frequency of T300A ATG16L1 in control and Crohn’s disease cohorts. Figure produced with data derived from 

Tsianos et al (2020, Annals of Gastroenterology) (79).  
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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 ATG16L1 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 (ΔWD) and infected them with IAV (84). Pre-infection, the ΔWD mutation conferred 

no deleterious health effects on mice, with no detectable alterations in autophagic processes 

or general tissue homeostasis (84). Following Influenza infection, ΔWD 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, ΔWD mice 

showed elevated expression of inflammatory markers ISG15, IFIT1, IL-1β, TNF-α, CXCL1, 

and CCL2 relative to WT controls (Figure 20E) (84). The summation of these disparities 

meant ΔWD mouse had significant decreases in overall survival post Influenza infection 

(Figure 20B), demonstrating a role for the ATG16L1 WD domain in protection against IAV 

(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: ΔWD 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 ΔWD mice lungs post influenzas A 

infection show enhanced viral infiltration relative to WT controls. E) ΔWD mice demonstrate a prolonged elevation in 

inflammatory marker (ISG15, IFIT1, IL-1β, TNF-α, CXCL1, 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). 

 

 

 

  

 

 

 

 

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 

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

NPC1 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 SREBP2 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 NPC1. F) NPC1 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-β-

cyclodextrin (MβCD) and infected them with IAV. MβCD 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 IAV, lipid rafts have also been implicated in SARs-CoV-2 cell 

entry (100,101,102). 
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1.13. Loss of the ATG16L1 WD domain enhances IAV infiltration at both plasma 

and endosomal membrane sites  

As it’s depletion enhanced IAV titre, plasma membrane cholesterol could serve a protective 

role against incoming pathogens. Tan et al (Nature Microbiology, 2018) implicated loss of the 

ATG16L1 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 ΔWD mouse 

models have significantly higher rates of IAV fusion at both plasma and endosomal 

membranes. Additionally, the ΔWD mutation significantly increases intracellular viral 

nucleoprotein in mice following IAV 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. 
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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. I 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.  
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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).   

 

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 (VTM), 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, 250µl of VTM from patient nasopharyngeal 

samples was mixed with 250µl 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.   

 

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, IAV, 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).   

 

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 

Diagnostic Test DNA Primer Targets 

SARs-CoV-2 orf1a, orf8 

Influenza A Typing Haemagglutinin (HA) 1, HA3, HA5, 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 
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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.  

 

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 qPCR 

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.  

 

 

 

 

Figure 4: Representative diagnostic output from Aus Diagnostics final step qPCR. 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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Post Dilution 

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).  

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.  

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). 
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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 qPCR 

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 IAV, 

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 VTM. A 250µl 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.  

 

  

 

 

 

 

 

 

 

 

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.  

 

 

Figure 9: Dimensions of Roche Cobas Liat Point of Care Diagnostic Platform. Dimensions provided 

by Distributor Thermo-Fisher Scientific (118).  
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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 MinION (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.  

 

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. 

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 
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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 α variant. α-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 α 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 α-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).  

 

 

 

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). 

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 

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.  
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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 
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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 21st 

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 300th 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.   

 

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. 400µl of sample VTM was combined with 1ml 
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100% Ethanol (Fisher Scientific) and 40µl 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 20µl 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/μl 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 0.25μl Platinum Super Fi II ® Taq Polymerase 

(Thermofisher), 5μl 5x Platinum Super Fi II Buffer (Thermofisher), 0.5μl 10mM dNTP mix 

(Thermofisher), 1.25μl 10μM forward and reverse first step primers, and NFW (Fisher-

Scientific) to a volume of 25μl. 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 Taqman analysis. TaqMan 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 Taqman SNP 

genotyping software (Thermofisher) (Figure 2).  
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Figure 2: Summary of principles of Taqman 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 Taqman SNP genotyping. 

Control DNA samples were sequenced by the 1000 genomes project, with the SNP genotypes 

of each control seen in Table 3. 

Taqman SNP genotyping probes for rs12252, rs34481144, and rs2241880 were purchased 

from Thermofisher. 1.25μl of a single probe was combined with 12.5μl 2x Lo-Rox Probe Mix 

(PCR Biosystems), 25ng sample DNA, and NFW (Sigma) up to a final volume of 25μl. Post 

reagent combination, Taqman 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 Taqman experiment. Taqman 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 Taqman SNP genotyping results. Sequencing 

primers for IFITM3 SNPs were custom designed (Forward 5’-

GCCAGGAAAAGGAAACTGTTG -3’, Reverse 5’-CACCCTCTTCATGAACCCCT-3’) and 

Table 3: Sample IDs and SNP genetics of DNA derived from 1000 genome project donors purchased from The 

Corriel Institute Biobank (USA).   
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purchased from Sigma. For each sequencing run, 2μl of 10μM primer was individually 

combined with 150ng of nested PCR amplified sample DNA diluted in 15μl 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 VTM 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 
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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 VTM, 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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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 

Taqman SNP genotyping   

 

Host SNPs were identified using Taqman 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 (□) and Volunteer (○) samples processed via Taqman 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 (□). This analysis demonstrates efficient detection, amplification, 

and fluorescence signalling in Taqman 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 TaqMan 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 Taqman 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 Taqman SNP 

genotyping of the same samples.  
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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 Taqman SNP genotyping experiments (figure 6). 

Taqman 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 TaqMan SNP 

genotyping assays accurately identified patient SNP profiles.  

 

 

 

 

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. 
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Figure 6: Taqman 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. 



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

101 

 

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).   

 

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 400μl NFW, for subsequent 

genome extraction by ethanol precipitation after incubation at 4˚C overnight. Post incubation, 

Charlotte Dixon conducted ethanol precipitation and performed Taqman 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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Taqman 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 8: Frequency and distribution of A) IFITM3 rs12252, B) IFITM3 rs34481144, and C) ATG16L1 rs2241880 

(T300A) SNP distribution in a UEA historically infected SARs-CoV-2 volunteer cohort determined through Taqman 

SNP genotyping assays.  
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Figure 9: A) Allele Frequency of IFITM3 rs12252, IFITM3 rs34481144, and ATG16L1 rs2241880 (T300A) 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 (AI) 

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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4.1. 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 

(ΔWD) (138). I have demonstrated that ΔWD 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 

ATG16L1 in cholesterol transport to repair damaged plasma membrane. In this project, I 

hypothesise that the ΔWD 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 IAV (139). IFITM3 enriches endosomal membranes with 

cholesterol, increasing endosome membrane rigidity (140). As IAV 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 ΔWD MEFs to lipidate LC3 with PS, with aberrations indicating defects in non-

canonical autophagic pathways such as lysosomal exocytosis.  

I hypothesise that ΔWD 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 ΔWD and WT MEFs. 

4.2. Methods  

4.2.1. Cell Lines and Reagents 

 ΔWD 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 ΔWD mice was confirmed through tissue 

western blot using a monoclonal ATG16L1 antibody (MBL, M150-3). ΔWD 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 ΔWD cell lines to be produced. Further information 
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on the production, generation, and validation of ΔWD mice by our laboratory can be found in 

Rai et al. (2019, Autophagy) (138).  

 

 

 

 

 

 

 

MEFs were cultured at 37˚C 5% CO2 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-β (PBL science) was used at a 10U/ml concentration for all MEF cell lines. For 

human cells, recombinant human IFN-β (Peprotech) was used at a working concentration of 

1ng/ml. All IFN treatments were conducted 24 hours prior to processing. To induce non-

canonical lipidation of LC3 with PS, MEFs were treated with 50µg/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 10μM/ml T0901317 diluted in complete media for 24 hours prior to fixation.  

Figure 1: Western blot analysis for ATG16L1 in WT and ΔWD models shows truncation of the ATG16L1 WD domain in 

ΔWD mutant mice. Figure adapted from Rai et al (2019, Autophagy) (136).  
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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 (ABCA1) 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).  

 

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 ABCA1 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 60µl 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, 20µg 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 dH2O). 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 (DH5α) cell lines (Thermofisher) through heat shock. 50μl DH5α cells were 

gently mixed with 5μl of 10ng/μl 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 DH5α cells were combined 

with 950μl pre-warmed super optimal broth with catabolite repression (SOC) and incubated 

at 37˚C for 1 hour with shaking. DH5α cells were then plated on Luria-Bertani (LB) agar 

plates with either Ampicillin or Kanamycin antibiotics at 100µg/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 100μg/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 50µl 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), 

0.5µg plasmid was combined with 25µl reduced serum media (OptiMEM) (Gibco) and 1µl 

PLUS reagent ® (Thermofisher). Separately, 1µl Lipofectamine LTX ® was combined with 

an additional 25µl of OptiMEM. Following a separate 5-minute incubation at room 

temperature, reagents were combined for a further 20-minute room temperature incubation. 
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50µl 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 2.5µg plasmid DNA, 5µl 

PLUS ® reagent, 5µl Lipofectamine LTX ®, and 250µl OptiMEM, with a total volume of 

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

For individual well transfections using jetPRIME, 50µl Jet prime buffer was combined with 

0.5µg plasmid and 1µl jetPRIME reagent ® before a short vortex and 10-minute room 

temperature incubation. 50µl 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 

dH20. 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.   

 

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 ΔWD MEFs 

We visualised intracellular cholesterol by transfection of WT and ΔWD MEFs with a plasmid 

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

(figure 3).   

 

ΔWD MEFs displayed a qualitative increase in cholesterol enriched subcellular structures 

compared to WT controls. D4H mCherry positive puncta in both genotypes were counted by 

Figure 3: Representative images of WT and ATG16L1 ΔWD 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 0.5µM between each image shown. All images 63x, processed in Axiovision and ImageJ.  
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hand for quantitative analysis (figure 4). ΔWD 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 ΔWD MEFs compared to WT 

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

intracellular cholesterol distribution.  

 

 

 

 

 

 

 

4.3.2. Increased intracellular cholesterol co-localises to Rab7 positive 

Puncta in ΔWD MEFs 

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

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

marker Rab7 (figure 5).  

Figure 4: Counts of D4H-mCherry (Cholesterol) puncta are significantly elevated in ΔWD MEFs relative to WT MEFs 

(N=11 individual cells) (P<0.0001). Counts performed in 10 ΔWD cells and 11 WT cells (individual). Graphing and Statistic 

analysis performed in GraphPad (unpaired student T-tests).   
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Figure 5: Representative imaging of D4H-mcCherry (Cholesterol biosensor) transfected WT and ΔWD MEFs 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 

ΔWD 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). ΔWD 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 ΔWD MEFs co-localises more frequently to late endosomal 

structures.  
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4.3.3. IFITM3 is localised to large subcellular puncta in ΔWD MEFs 

IFITM3 activity induces cholesterol accumulation within endosomes. Given the enrichment 

of cholesterol in ΔWD late endosomes, I sought to characterise IFITM3 distribution in 

respective MEF cell lines. WT and ΔWD MEFs were transfected with an IFITM3-Myc 

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

 

 

Figure 6: ΔWD MEFs 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).   
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Figure 7: Representative imaging of WT and ΔWD MEFS transfected with IFITM3-MYC plasmid and stained with a mouse 

anti-Myc antibody. All images 63x, processed in Axiovision and ImageJ.  

ΔWD MEFs showed increases in frequency and size of IFITM3-Myc puncta compared to 

WT controls. Importantly, ΔWD IFITM3-Myc was distinctly localised to subcellular 

structures in the perinuclear region, contrasting the more nebulous distribution of IFITM3-

Myc observed in WT MEFs. Quantitative analysis of IFITM3+ puncta frequency was 

performed for statistical analysis using ImageJ (figure 8). ΔWD MEFs displayed a significant 

increase in intracellular IFITM3 puncta (9.33±0.88 puncta/cell) compared to WT controls 

(2.67±1.77). These results demonstrate the localisation of exogenously expressed IFITM3 to 

subcellular structures within ΔWD models.  
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4.3.4. IFITM3 co-localises to Rab7 positive puncta in ΔWD MEFs 

We next sought to determine if IFITM3 subcellular structures were late endosomes. WT and 

ΔWD MEFs were transfected with IFITM3-Myc, detected by an antibody against Myc tag, 

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

Figure 8: ΔWD 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).   
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Figure 9: Representative image of IFITM3-Myc transfected WT and ΔWD MEFs co-stained for Rab7 and Myc. All images 

are 63x and processed using Axiovision and ImageJ. 

 

 ΔWD MEFs displayed a qualitative enrichment of transiently expressed IFITM3-Myc in 

Rab7+ subcellular structures compared to WT control cells. Interestingly, ΔWD 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 ΔWD MEFs 

compared to WT controls (2.33±1.45) (figure 10). As such, ΔWD 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 ΔWD MEFs.   
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4.3.5. Endogenous IFITM3 protein in ATG16L1 T300A, ΔWD, 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 IFITM3 protein were determined by western 

blot analysis. A selection of MEFs with different genetic backgrounds were analysed, 

including WT, ΔWD, 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 

Figure 10: ΔWD 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).   
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and 10). ΔWD, 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 ΔWD 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, 

ΔWD, ATG16L1 KO MEFs as well as control A549 cell lines can be seen in Figure 11B. 

 

Figure 11: Western Blot for Detection of A) IFITM3, B) ISG15, and C) β-Actin in untreated MEFs and A549 lung epithelial 

cells, 24-hour Poly I:C transfected MEFs, and 24-hour IFN-β 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 ΔWD MEFs 

(Lane 3 and 5). The induction of IFN signalling within both T300A and ΔWD 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-

ATG12/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 ΔWD and T300A MEFs despite no active basal 

IFN signalling or ISG induction. 

4.3.6. Phosphatidylserine co-localises to intracellular cholesterol puncta in 

∆WD 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 ∆WD MEFs. Both WT and ∆WD MEFs were co-transfected with D4H mCherry 

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

 

There was an increase in size and frequency of Lact-C2-GFP/D4H mCherry double positive 

puncta in ∆WD MEFs. The strength of co-localisation between D4H mCherry and Lact-C2-

GFP was quantified using Pearson’s correlation coefficient. ∆WD 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 ∆WD mouse models is 

preferentially localised to cholesterol enriched subcellular puncta.  
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Figure 13: ΔWD 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, ΔWD N=6, WT N=8). Pearsons’s 

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 ΔWD MEFs 

We next sought to determine if PS co-localises to late endosomal structures in ΔWD MEFs. 

WT and ΔWD MEFs were transfected with PS biosensor Lact-C2-GFP and stained for late 

endosomal marker Rab7 (figure 14).    
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Figure 14: Representative images of WT and ΔWD 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. 

 

ΔWD 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 ΔWD 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: ΔWD 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, ΔWD 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 ΔWD 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 ΔWD 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 ΔWD 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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4.3.8. The ΔWD mutation inhibits phosphatidylserine co-localisation to 

LC3B post chloroquine treatment  

 

 

 

 

 

 

 

Figure 16A: 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 ΔWD equivalents (P<0.0001, WT N=14, ΔWD 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).  

A) 

B) 
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4.3.8. The ΔWD 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 ΔWD 

MEFs by chloroquine treatment.  

Non-canonical autophagy was induced in both WT and ΔWD MEFs by chloroquine treatment 

after transfection with Lact-C2-GFP. 2 hours post chloroquine treatment, MEFs were stained 

for LC3B (figure 17).  

 

 

Figure 17: Representative image of WT and ∆WD 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 ΔWD 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 ∆WD MEFs (0.33±0.33). These results 

demonstrate that conjugation of PS to LC3 does not occur in ΔWD 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 ∆WD MEFs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: ∆WD 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 ΔWD MEFs  

T0901317 is a drug that promotes cholesterol efflux from endosomes by upregulating the 

ABCA1 transporter. To observe if intracellular cholesterol distribution within ΔWD 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 ΔWD 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: A) Representative image of WT and ΔWD MEFs 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 ΔWD 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).   
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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 ΔWD MEFs (0.11±0.02 Pearson correlation coefficient) compared to 

untreated ΔWD controls (0.32±0.02). T0901317 treated ΔWD 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 ΔWD MEFs can be reversed to untreated WT 

levels by T0901317 drug treatment. 
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 Figure 20: A) Comparative images of WT and ΔWD 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 ΔWD MEFs (P<0.0001, ΔWD N=12, ΔWD+T0901317 N=11). T0901317 is sufficient to 

restore D4H mCherry and Rab7 colocalisation strength in ΔWD MEFs 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 ΔWD MEFs  

Following the reversal of the ΔWD cholesterol phenotype through treatment with T0901317, 

I next sought to characterise alterations in PS distribution post T0901317 treatment. WT and 

ΔWD 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 ΔWD 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 ΔWD 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 

ΔWD MEFs following T0901317 drug treatment (P=0.2156, WT N=8, ΔWD N=10). Pearsons’s correlation coefficient 

calculated using Imaris software. Graphing and statistical analysis conducted using GraphPad.  

B) 



 

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

141 

 

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 ΔWD 

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 ΔWD samples 

(0.49±0.0.06) (Figure 22B). T0901317 treatment is also sufficient to reduce elevated Lact-

C2-GFP and Rab7 colocalisation in ΔWD 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 ΔWD MEFs. I next sought to investigate if T0901317 promoted 

accumulation of PS in ΔWD MEF plasma membranes.  
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Figure 22: A) WT and ΔWD MEFs transfected with Lact-C2-GFP and stained for Rab7 +/- 24-hour T0901317 treatment. 

Images 63x (WT/ΔWD + T0901317) and 100x (WT/ΔWD 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 ΔWD MEFs 

(P<0.0001, ΔWD N=8, ΔWD +T0901317 N=10). T0901317 treatment reduces Lact-C2-GFP and Rab7 correlation in ΔWD 

MEFs to untreated WT levels (P=0.5683, WT N=9, ΔWD +T0901317 N=10). Pearson’s correlation coefficient calculated 

using Imaris software. Graphs and statistical analysis generated using GraphPad (Unpaired Students T-test).  

B) 
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The impact of T0901317 on PS plasma membrane distribution in ΔWD 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 ΔWD MEFs 

(1.53±0.08 plasma membrane/cytoplasm Lact-C2-GFP intensity) relative to untreated ΔWD 

equivalents (0.64±0.05).  The effects of T0901317 were sufficient to restore ΔWD 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 ΔWD MEFs and reverse cholesterol distribution from late endosomes to the 

plasma membrane. 
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Figure 23A: T0901317 drug treatment induces a qualitative elevation in Lact-C2-GFP concentration in ΔWD 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 ΔWD MEFs (P<0.0001, ΔWD N=9, ΔWD + T0901317 N=12). T0901317 treatment of ΔWD MEFs is sufficient to 

restore Lact-C2-GFP plasma membrane signal intensity to untreated WT levels (P=0.1308, WT N=14, ΔWD +T0901317 N=12). 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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4.3.11. T0901317 treatment does not affect IFITM3 localisation in WT 

and ΔWD MEFs  

Finally, in this chapter I explored if T0901317 mediated alterations of cholesterol distribution 

in ΔWD MEFs was dependent on re-localisation of IFITM3. WT and ΔWD 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 ΔWD 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 ΔWD 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 ΔWD MEFs 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 ΔWD 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 ΔWD 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 ΔWD MEFs (12.7±2.67) (Figure 

25B). Despite no alteration in frequency, ΔWD MEFs did display notable reductions in size 

of puncta, indicating cholesterol may be the major contributor to the enlarged puncta 

observed in untreated ΔWD 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 ΔWD MEFs.  
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Figure 25: A) Comparative images of WT and ΔWD MEFs 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 ΔWD MEFs 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 ΔWD 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 ΔWD models, with depleted cholesterol enhancing virus 

fusion efficiency.   

Through immunostaining, I observed cholesterol enriched subcellular puncta in ΔWD MEFs. 

I determined that the increased intracellular cholesterol structures in ΔWD MEFs co-localised 

more frequently to Rab7+ late endosomal structures than WT equivalents. Thus, we can 

conclude that intracellular cholesterol in ΔWD 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 ΔWD 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 ΔWD 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 ΔWD MEFs due to defective turnover, IFITM3 protein concentration in MEFs 

was measured in IFN signalling stimulated and unstimulated cells. MEFs from both T300A 

and ΔWD models showed elevated basal levels of IFITM3 protein in unstimulated cells.  



 

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

150 

 

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 ΔWD late endosomes due to defective lysosomal exocytosis recycling. As I 

previously observed strong co-localisation between cholesterol and late endosomes in ΔWD 

MEFs, IFITM3 may serve as a contributing factor to late endosomal cholesterol localisation 

and retention within ΔWD 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 ATG16L1 WD domain dependent non-canonical autophagy. Thus, I characterised 

potential alterations in PS localisation and LC3/PS lipidation in ΔWD MEFs. In ΔWD 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 ΔWD MEFs. In conjunction with other data, we can conclude that ΔWD MEFs 

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

The drug T0901317 promotes cholesterol efflux from endosomes through upregulation of the 

ABCA1 transporter. T0901317 treatment depleted concentrations of ΔWD late endosomal PS 

and cholesterol to a level statistically equivalent to WT controls. Simultaneously, T0901317 

also restored PS to ΔWD MEF plasma membranes. In contrast, IFITM3 localisation to ΔWD 

late endosomal puncta was not impacted by T0901317 drug treatment, with treated ΔWD 

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 ΔWD MEFs normalised cholesterol and PS distribution but did not impact 

IFITM3 recruitment to late endosomes. These results demonstrate that T0901317’s capacity 

to reverse ΔWD intracellular cholesterol accumulation may be dependent on re-localisation 

of PS from endosomal membranes to the plasma membrane. Additionally, as T0901317 

treatment reduced ΔWD 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 ΔWD MEFs, I observed 

increased concentrations of intracellular cholesterol relative to WT MEF controls. Through 

further analysis, I confirmed that intracellular cholesterol in ΔWD 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 ΔWD MEFs. Confocal microscopy shows reduced 

concentrations of PS within ΔWD MEFs relative to controls, indicating reduced 

concentrations of plasma membrane cholesterol in ΔWD models. Furthermore, I confirmed 

that lipidation of LC3 with PS, a component of non-canonical autophagy, is defective in 

ΔWD MEFs.  

My major hypothesis is that the ΔWD 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 ΔWD 

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 ΔWD MEFs. Additionally, T0901317 treatment restored 

concentrations of PS within ΔWD MEF plasma membranes but did not reverse ΔWD MEF 

IFITM3-Myc late endosomal localisation.  
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With chapter 4 results demonstrating enhanced intracellular cholesterol concentrations in 

ΔWD MEFs, I next sought to confirm reductions in ΔWD model plasma membrane 

cholesterol both in vivo and in vitro.  

In this chapter, I isolated plasma membranes from both WT and ΔWD 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 ΔWD mutation.  

5.2. Methods 

5.2.1. Subcellular fractionation of MEFs 

Twenty-four T175 flasks (Greiner) of WT control (12x) and ΔWD 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 500µl of ice-cold 

buffered sucrose solution [1x cOmplete ULTRA, Mini Easypack protease inhibitor cocktail 

tablet (Roche), 10mM tris/HCl, 1mM EDTA, 0.25M sucrose, dH20]. The homogenate was 

pelleted at 15,800g for 5 mins at 4°C. Pellets derived from 4 flasks were combined and re-

suspended in 500µl 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, 1mM EDTA, dH20) diluted to 5-50% 

Nycodenz with buffered sucrose solution. 200µl 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 80µl 10% Nycodenz 

solution, to make a 2% Nycodenz step. The total 400µl 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 200µl fractions were collected for each sample, stored at -20°C, and 

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

 

 

 

 

 

 

 

 

 

 

5.2.2. Subcellular fractionation of mouse brains 

WT and ΔWD mice were sacrificed and brains extracted, weighed, and minced with a razor 

blade in a sterile petri dish containing 1ml 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 

200μl 50 % NZ 

200μl 25 % NZ 

200μl 15% NZ 

200μl 10% NZ 

200μl 5% NZ 

400μl 2% NZ (320μl 

PNS+ 80μl 10% NZ) 

1.4ml Total 

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.   
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hypotonic buffer (dH20, 10mM Tris-HCl, and 1mM 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/HCl, 0.5mM EDTA, 0.25M sucrose, 

dH20].  

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. 200µl 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 5ml 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  

30μl of sample fraction was combined with 6μl 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 β1 antibody (D6U8Q, Cell Signalling). MEF 

plasma membrane fractions were characterised using a polyclonal rabbit β1-Integrin antibody 
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(a gift from Dr Uli Mayer, BIO, University of East Anglia). All membranes were stained with 

a mouse β-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, 300µM 

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/μg 

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 ΔWD MEFs were treated with 10μM/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 ΔWD models through all experiments 

used unpaired student T-tests performed in Graph Pad.  

5.3. Results 

 5.3.1. The ATG16L1 ΔWD mutation reduces plasma membrane 

cholesterol in MEFs  

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/μg protein) and 

ΔWD MEF PNS (21.6±0.78) (Figure 4A). There was also no difference in unesterified 

cholesterol between WT (20.0±0.34 ng cholesterol/μg protein) and ΔWD 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 ΔWD 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 ΔWD MEFs. MEF PNS was fractionated on a Nycodenz gradient for isolation of 

plasma membranes.  

 

 

 

 

 

 

 

Figure 5: Ratio of unesterified to total cholesterol in WT and ΔWD MEF post nucleation supernatant (N=3) is not 

significantly perturbed by the ATG16L1 ΔWD mutation. Graphing and statistical analysis were performed using GraphPad 

(Unpaired T-Tests).     
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Plasma membrane fractions were identified through western blotting for β1-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. 

WT MEFs had peak plasma membrane concentration in fractions 3 and 4, while ΔWD 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/μg protein, a significant increase compared to ΔWD MEFs (22.2±0.76) (Figure 

7A).  

Figure 6: Western Blot analysis for detection of plasma membrane marker β1-Integrin in WT and ΔWD 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 β1-Integrin signal intensity, with values for each 

fraction denoted underneath each band. Fractions with the highest protein normalised concentration of β1-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). 
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Unesterified cholesterol in WT MEFs plasma membranes (26.3±1.73 ng cholesterol/μg 

protein) was also significantly increased compared to ΔWD MEFs (20.3±0.75) (Figure 7B).  

These results demonstrate a significant reduction in plasma membrane cholesterol in ΔWD 

MEFs.  

5.3.2. ATG16L1 ΔWD Mouse brains have elevated cellular cholesterol 

concentrations in PNS, but reduced plasma membrane cholesterol   

3x WT and 3x ATG16L1 ΔWD mice were sacrificed to produce brain homogenates for 

ultracentrifuge subcellular fractionation. Total and unesterified cholesterol in mouse brain 

PNS was quantified (Figure 8). ΔWD brain PNS showed significantly increased total 

cholesterol (155.9±1.80 ng cholesterol/μg protein) compared to WT controls (111.2±4.47) 

(Figure 8A). ΔWD Brain PNS unesterified cholesterol (118±1.75 ng cholesterol/µg protein) 

was also significantly elevated compared to WTs (91.8±5.25) (Figure 8B). Brains of ΔWD 

mice had higher overall concentrations of cholesterol. This supports previous results showing 

enhanced concentrations of intracellular cholesterol demonstrated in ΔWD MEFs through 

cholesterol biosensor D4H mCherry transfection.   

Figure 7: Cholesterol analysis of Peak β1-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 ΔWD MEF plasma membranes relative to WT controls. Results visualised 

and statistically analysed using GraphPad (Unpaired T-Test). 
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Figure 8: Cholesterol quantification in whole mouse brain post nucleation supernatant (N=3) demonstrates a significant 

increase in whole ΔWD 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 ΔWD 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).  

 

Figure 9: Western blot analysis for detection of plasma membrane protein Na/K ATPase and control β-Actin in 3 individual 

WT and ΔWD 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 ΔWD brain peak plasma membrane fraction was 

quantified (figure 10).  

ΔWD mouse brain plasma membrane fractions showed significant reduction in total 

cholesterol (156±36.7ng cholesterol/µg protein) compared to WT equivalents (261.3±6.36) 

(Figure 10A). Unesterified cholesterol within plasma membrane fractions was also 

significantly reduced in ΔWD brains (80.1±14.6ng cholesterol/µg 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.  

 

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 ΔWD 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 ΔWD 

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 ΔWD MEFs were treated with T0901317 for 48 hours and homogenates were 

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

Untreated ΔWD MEF PNS (21.6±0.78 ng cholesterol/µg 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 ΔWD MEF PNS total 

cholesterol (24.4±1.54 ng cholesterol/µg protein) was not significantly different to untreated 

ΔWD MEF PNS (Figure 11A). WT MEFs also showed no significant alteration in total PNS 

cholesterol post T0901317 treatment (21.2±1.20 ng cholesterol/µg protein) compared to 

untreated controls (Figure 11A). Finally, there was no difference in total cholesterol between 

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

T0901317 treatment of ΔWD MEFs did not significantly alter PNS unesterified cholesterol 

(21.4±2.54 ng cholesterol/µg protein) compared to both untreated WT and ΔWD MEF PNS 

(Figure 11B). Unesterified cholesterol in T0901317 treated WT MEF PNS (16.9±1.80 ng 

cholesterol/µg protein) was not significantly different to untreated WT PNS (Figure 11B). 

T0901317 treatment did not significantly alter unesterified cholesterol between genotypes, 

with treated ΔWD MEF PNS showing no significant difference to treated WT PNS (Figure 

11B). These results demonstrate that T0901317 drug treatment does not significantly alter 

whole MEF cholesterol levels in both genotypes.  
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Figure 11: Cholesterol quantification of WT and Δ 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 ΔWD 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 ΔWD MEFs 

Plasma membrane fractions for T0901317 treated MEFs were detected through western blot 

for β1-Integrin (figure 12). Peak plasma membrane fractions were localised to fraction 3 

across all but one sample, with the remaining outlier in fraction 4.  

 

Figure 12: Western blot analysis for the detection of plasma membrane β1-Integrin in T0901317 treated WT and ΔWD MEF 

subcellular fractionations. Peak plasma membrane fractions, denoted in yellow, were identified through protein 

concentration normalised densitometry of β1-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 ΔWD MEFs (18.5±2.82 ng cholesterol/μg 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 ΔWD (18.3±2.84 

ng cholesterol/μg 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 ΔWD MEFs retain cholesterol within endosomal 

membranes, the target of T0901317. 

 

Figure 13: Previously observed disparities in ΔWD 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 ΔWD brains 

To investigate the impact of T0901317 on mice in vivo, 3x WT and ΔWD 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 ΔWD brain PNS (155.9±1.800 ng cholesterol/μg 

protein) was significantly increased compared to WT controls (111.2±4.467) (Figure 14A).  

T0901317 induced a highly significant reduction in ΔWD brain total cholesterol (60.0±1.65 

ng cholesterol/μg protein) (Figure 14A). This reduction was also observed in WT Brains, 

with T0901317 treatment significantly decreasing PNS total cholesterol concentration 

(78.4±3.34 ng cholesterol/μg protein) (Figure 14A). Comparison between genotypes after 

T0901317 treatment showed that WT brain PNS possessed significantly higher total 

cholesterol concentration than ΔWD equivalents (Figure 14A).  Additionally, T0901317 

promoted highly significant reductions in ΔWD brain total cholesterol compared to untreated 

WT brain controls.  

Unesterified cholesterol in untreated brains was significantly elevated in ΔWD brain PNS 

(118±1.75 ng cholesterol/μg protein) compared to WT controls (91.8±5.25) (Figure 14B). 

T0901317 treated ΔWD brain PNS unesterified cholesterol (67.6±1.92 ng cholesterol/μg 

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/μg protein) (Figure 14B).  Finally, comparative analysis of unesterified 

cholesterol in both genotypes post T0901317 treatment showed significant reductions in 

ΔWD 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 ΔWD mice 

through T0901317 drug treatment. 

 

Figure 14: A) Total and B) unesterified cholesterol analysis of control and T0901317 treated WT and ΔWD brain post 

nucleation supernatant (N=3). T0901317 treatment reversed previously observed increases in ΔWD 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 ΔWD brains  

T0901317 treated WT and ΔWD 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 ΔWD 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 ΔWD brains (163.3±14.83 ng cholesterol/μg protein) to WT levels 

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

significant disparity between T0901317 treated ΔWD (162.1±17.47 ng cholesterol/μg 

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

demonstrate that T0901317 restores brain plasma membrane cholesterol in vivo.  

Figure 16: Previously observed modulation of A) total (P= 0.21) and B) unesterified (P=0.22) cholesterol in ΔWD 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 ΔWD 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 ΔWD endosomal membranes due to disruption of a 

cholesterol recycling pathway dependent on the ATG16L1 WD domain.  

In chapter 3, I characterised intracellular concentrations of cholesterol in ΔWD MEFs 

through transfection with cholesterol biosensor D4H mCherry. ΔWD MEFs showed 

significantly enhanced intracellular concentrations of cholesterol enriched puncta. These 

puncta were characterised as late endosomal structures through staining for anti-Rab7. 

Additionally, ΔWD 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 ΔWD mutation. Therefore, I 

isolated plasma membrane from ΔWD 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 ΔWD 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 ΔWD 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 ΔWD enhancements to influenza severity.  

Based on my hypothesis that ΔWD cholesterol is retained in late endosomal structures, I 

repeated plasma membrane cholesterol quantification in WT and ΔWD models treated with 

cholesterol efflux drug T0901317. As T0901317 mediates cholesterol transport from 

endosomes, disparities in ΔWD plasma membrane cholesterol would theoretically be 

normalised by T0901317 drug treatment. Results collected throughout this chapter 

demonstrated normalisation of in vitro and in vivo ΔWD 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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6.1. 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, I was interested in the genetic testing of novel SNPs in 

ATG16L1 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 

ATG16L1 rs2241880 (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 Taqman SNP genotyping. I have demonstrated capacity to 

isolate host genomic DNA for SNP genotyping across multiple volunteers. Therefore, this 



Chapter 6: Discussion and Future Work 

177 

 

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 (AI), patient data may be used to inform and improve clinical 

decisions in the future. AI 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, AI, 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 AI, with expanding datasets 

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

Through generation of severe disease factor “check-lists”, AI 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 AI, 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 ATG6L1 WD domain enhances Influenza severity in mice  

ATG16L1 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 

ATG16L1 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 (ΔWD) that produces a perpetually truncated 

ATG16L1 lacking the C-terminal WD domain (84). Through this mutation, ΔWD mice are 

deficient in non-canonical autophagy only. Upon infection with IAV, ΔWD 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 IAV fusion 

at both endosomal and plasma membranes in ΔWD models, indicating perturbation of ΔWD 

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 ΔWD mice demonstrated enhanced Influenza severity due to 

perturbed intracellular cholesterol trafficking and resulting membrane lipid dysregulation.  

6.3. Loss of the ATG16L1 WD domain promotes localisation of cholesterol, 

phosphatidylserine, and IFITM3 to late endosomes  

To examine intracellular cholesterol in ΔWD and WT MEFs, I transfected MEFs with a 

cholesterol biosensing plasmid, D4H mCherry. ΔWD 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. ΔWD 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 ΔWD 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 ΔWD 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 ΔWD endosomal cholesterol.  

PS in ΔWD 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 ΔWD MEFs. Localisation of PS 

to the plasma membrane indicates enhanced cholesterol concentrations within WT MEF 

plasma membranes, supporting my hypothesis. ΔWD MEFs demonstrated significant 

reductions in co-localisation frequency of PS/LC3 compared to WT controls. Therefore, 

ΔWD mutation induced endosomal cholesterol accumulation may be the result of 

dysfunctional PS lipidation of LC3.  

 ΔWD MEFs showed significantly enhanced localisation of IFITM3 to Rab7 positive late 

endosomal structures. These results demonstrate preferential localisation of exogenous 

IFITM3 to ΔWD endosomal membranes. Given constitutive basal levels of IFITM3 protein 

in ΔWD mouse models, IFITM3 retention may contribute to the ΔWD cholesterol phenotype. 

6.4. T0901317 treatment of ΔWD 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 ΔWD 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). ΔWD 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 ΔWD MEFs can be reversed through 

T0901317 drug treatment.  

Endosomal concentrations of PS were also perturbed following T0901317 treatment of ΔWD 

MEFs, 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 ΔWD 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 

ΔWD MEFs. In totality, these results demonstrate capacity for T0901317 to reverse the ΔWD 

endosomal cholesterol enriched phenotype and restore plasma membrane cholesterol. 

Absence of alterations to IFITM3 localisation demonstrates that ΔWD endosomal cholesterol 

accumulation is not dependent on enhanced IFITM3 endosomal localisation alone. While 

IFITM3 is unaffected, 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 ΔWD MEFs, I next sought to 

determine if loss of the ATG16L1 WD domain reduced plasma membrane cholesterol. I 

characterised concentrations of total and unesterified cholesterol in the plasma membrane of 

WT and ΔWD MEFs as well as whole brain samples via density gradient ultracentrifugation. 

Both ΔWD 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 ΔWD 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 ΔWD mice and 

MEFs with T0901317 prior to ultracentrifugation to determine if T0901317 could also 

reverse reduced plasma membrane cholesterol in ΔWD MEFs and brains. T0301317 

treatment of both ΔWD 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 ATG16L1, 

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 ΔWD mutant mice with IAV.  

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 ΔWD 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 ΔWD models, I have demonstrated 

that loss of the ATG16L1 WD domain compromises plasma membrane barrier functions. 

Additionally, I have shown that ΔWD models possess enhanced rates of endosome/virus 

membrane fusion events. As cholesterol is a key regulator of membrane fusion efficiency, I 

hypothesised that the ΔWD mutation perturbs cellular cholesterol distribution in a manner 

which increases viral fusion and severity.  

In this thesis I have demonstrated that the ΔWD mutation reduces overall concentrations of 

plasma membrane cholesterol in both cell and tissue samples. Additionally, I have shown that 

the ΔWD 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 ΔWD 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 ΔWD 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 ΔWD 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 ΔWD 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 ΔWD 

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: ATG16L1 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 ΔWD models may be the result 

of inhibited WD domain-dependent lysosomal exocytosis. However, I was unable to 

characterise how, and why, ΔWD 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 ΔWD 

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 ΔWD 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:  

• Support researchers developing protocols where the sponsor does not already use a 

template.  

• Support sponsors wishing to develop template protocols in line with national 

guidance.  

• 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: 

• This protocol has regard for the HRA guidance and order of content, OR 

• This protocol has regard for the HRA guidance, OR 

• 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: 

..25..../..11..../...2

0... 

Name (please print): Penny Powell 
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Position: FMH Associate Dean Postgraduate Research    

 

Chief Investigator: 

Signature:   Luke Griffith   Date: 

..25..../....11../..2

0.... 

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) 

Sponsor UEA (Penny Powell, REDACTED) 

 

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

Funder(s) Medical Research Council  

Roche Diagnostics (Gerard Harkin REDACTED) 

Key Protocol Contributors Luke Griffith  

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) 

(Names and contact details of ALL 

organisations providing funding and/or 

support in kind for this study) 

FINANCIAL AND NON 

FINANCIALSUPPORT GIVEN 

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 



Appendix and Supplementary Information  

225 

 

 

Study Flow Chart 

 

 

 

  

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.  

Patients are hospitalised and presenting with respiratory infection which returns a 

positive influenza diagnosis. 

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.  

After anonymised samples have been tested and the data has been collected, all patient material 

is destroyed in accordance with the human tissue act.  
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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 Taqman 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 Lc3 Associated Phagocytosis (LAP).  

ATG16L1 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 

ATG16L1 WD-40 domain (ΔWD) was treated with IAV (2). As shown in Fig.1, ΔWD 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 ΔWD model, indicating impairment of LAP increases severity of IAV infection 

by predisposing to cytokine storms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: A) Percentage decrease in weight post influenza infection in ΔWD and wild type mice. B) Percentage survival 

post influenza infection in ΔWD and wild type mice. C) Influenza titre (PFU/g) in control and ΔWD Lung Tissue. D) 

Histological stain of control and ΔWD lung tissue 5 days post infection, with brown denoting influenza (2).  
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Given the striking similarity between IFITM3 KO and ΔWD 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 Taqman 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  

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

department  

7.1.2 Exclusion criteria  

• 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 
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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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APPENDICIES 

 

11.1 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)  
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3. Supplementary 3: HRA Approval (IRAS ID: 297785)  
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4. Supplementary 4: Patient information sheet (IRAS ID: 297785)   
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5. Supplementary 5: Blood collection information sheet (IRAS ID: 297785) 
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6. Supplementary 6: Patient consent form (IRAS ID: 297785)  
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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 

• Code assigned with sample:   

• Full name:  

• Do you consent to taking a cheek swab (you will not be informed of the result)? 

o Yes  

o No 

• How long did you have COVID for? (days) 

• 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  

• On a scale of 1-10, how unwell did you feel?  

• Have you received the COVID vaccine?  

• 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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Supplementary 8: CoronaHiT: high-throughput sequencing of SARS-CoV-2 

genomes  
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Supplementary 9: Large-scale sequencing of SARS-CoV-2 genomes from one 

region allows detailed epidemiology and enables local outbreak management 
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