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Abstract  

 
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and human 

immunodeficiency virus 1 (HIV-1) are enveloped viruses that mediate viral entry via 

class I fusion glycoproteins. Both of these viruses demonstrate significant sequence 

variability in their entry glycoproteins, a result of adaptation to escape both adaptive 

and innate immunity intra-host. Interferon-Induced TransMembrane (IFITM) proteins 

are antiviral proteins that inhibit viral entry and previous reports demonstrate varying 

IFITM sensitivity in coronaviruses. HIV-1 has also been reported to be varyingly 

susceptible to IFITM-mediated inhibition in an isolate-dependent manner.   

 

This thesis evaluates the IFITM sensitivity of the ancestral Wuhan SARS-CoV-2 virus 

and SARS-CoV-2 variants of concern (VOCs) that emerged between 2020 and 2022. 

We found that the Wuhan SARS-CoV-2 was IFITM2-sensitive in the A549-ACE2 

system, however this can be overcome by overexpression of TMPRSS2. Deletion of 

the polybasic cleavage site of spike renders Wuhan SARS-CoV-2 pseudotyped 

lentiviral vectors even more IFITM2 sensitive, which cannot be rescued by TMPRSS2 

overexpression, demonstrating that the polybasic cleavage site of SARS-CoV-2 spike 

can modulate IFITM2 sensitivity. The IFITM sensitivity of D614G, alpha, beta, gamma, 

kappa, delta, and omicron (BA.1 and BA.2) variants was also investigated. Strikingly, 

the alpha variant was resistant to IFITMs in TMPRSS2-negative cells which 

contributes a significant component of the resistance of the alpha virus to IFNb. 

Additionally, we show here that the P681H mutation in alpha is a major determinant of 

both IFITM and IFNb resistance.  

 

We also investigated the IFITM sensitivity of 24 CCR5-tropic HIV-1 Envelopes isolated 

from a single anti-retroviral therapy negative patient over nine years of infection in 

order to define the determinants of IFITM sensitivity and resistance of Env. 

Transmitted/founder (T/F) viruses, and viruses which emerge following ART 

interruption, have previously been reported to be more resistant to both IFITMs and 

type I IFN. Here, it is shown that sensitivity to both IFITMs and IFNa fluctuate over the 

course of infection and isolates present at the same timepoint exhibit differing 

sensitivity to IFITMs and IFNa. By utilising a pair of Envs that are the most related but 
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differentially sensitive to IFITM3, the determinant of IFITM sensitivity/resistance of 

both Envs was traced to the V1/V2 loop.  

 

Overall, this piece of work highlights the complexity of the relationship between viral 

entry and IFITM sensitivity. The data presented here demonstrate that although 

different regions of spike and Env can alter IFITM sensitivity, there are also 

commonalties in the relationships between two unrelated viruses and IFITM-mediated 

restriction. The priming cleavage of both HIV-1 Env and SARS-CoV-2 spike can 

impact IFITM sensitivity. Additionally, the cytoplasmic tail of spike and Env appears to 

play a role in restriction by IFITM2, and also in enhancement of entry by IFITM3. 

Altogether, IFITM sensitivity of unrelated viral entry proteins can be governed by both 

similar and distinct mechanisms.  
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Chapter 1: Introduction  

1.1 Enveloped viral entry   

Viruses are obligate parasites that infect host cells to hijack aspects of their biology in 

order to replicate. The first step of viral infection is traversal of the cell membrane. For 

viruses with a lipid bilayer surrounding the viral capsid or genome (enveloped viruses), 

this involves correctly timing the activation of viral proteins that mediate fusion of the 

cellular and viral membranes, thereby permitting the viral capsid to enter the 

cytoplasm. This is a complex process that for enveloped viruses involves non-specific 

membrane attachment, host receptor recognition, and the release of the viral fusion 

peptide (Figure 1.1). For class I fusion glycoproteins, this also involves receptor 

binding induced changes to conformation, proteolytic cleavage or pH-dependent 

conformational changes in order to prime and trigger the viral entry protein, allowing 

the transition from a metastable state into a lower energy, post-fusion conformation 

[1]. Due to the need to regulate the triggering of viral entry proteins such that this does 

not occur prematurely, the activation of these proteins is intrinsically linked to host 

factors at the cell membrane such as cleavage by certain proteases or acidic pH.  

The fusion of the viral and cell membranes can either occur directly at the plasma 

membrane at neutral pH, or later in endosomal compartments following endocytic 

uptake in either a pH-dependent or independent manner (Figure 1.2). The plasma 

membrane is not a homogenous landscape, and the concentration of attachment 

factors and receptors required for viral entry on lipid rafts has been implicated as a 

factor that assists entry for some viral families [2]. The kinetics of viral entry vary 

enormously between different viral families, with the fusion of influenza virus occurring 

in less than a minute once it has reached the required pH and the fusion of human 

immunodeficiency virus 1 (HIV-1) taking up to 15 minutes [3, 4]. As well as viral entry 

occurring through infection by cell free virions, several viruses can enter neighbouring 

cells via “cell to cell” transmission through tight cellular junctions, thereby reducing the 

risk of inhibition by humoral immunity in the extracellular space [5]. The viral entry 

protein of enveloped viruses is usually the main target of neutralising antibodies in the 

host and therefore it is not only important to mediate the viral entry step itself, but also 

to escape humoral immunity. In addition to antibody escape, there are a plethora of 
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steady state and interferon (IFN) -induced antiviral proteins that can inhibit viral entry 

[6]. The poor proofreading capacity of many viral polymerases can result in mutations 

that may be either beneficial or detrimental to viral fitness [7]. Beneficial mutations that 

improve viral entry, antibody escape, or escape from innate immunity may then 

become fixed and provide the virus an advantage over the host. Consequently, 

antibodies that bind different sites of viral glycoproteins can be produced intra-host, 

and over the course of many generations the innate immune system can also undergo 

positive selection to better restrict viral infection. In turn the virus can then adapt, and 

over time this cycle drives both host and viral evolution. Viral entry proteins must 

therefore be able to mediate the step of entry itself, escape antibody-mediated 

inhibition, and escape innate immunity in order to successfully infect a cell. For viruses 

that cause chronic infection the virus has the chance to adapt intra-host, this can give 

rise to multiple viral variants with differing abilities to combat these distinctive selective 

pressures.  

 

Figure 1.1. Viral entry comparison of enveloped viruses SARS-CoV-2 and HIV-
1. A) SARS-CoV-2 binds to its receptor ACE2 and is cleaved by a protease on the 
target cell at the S2’ site to trigger the release of the fusion peptide (1) and (2). The 
fusion peptide inserts into the membrane and brings the membranes closer together 
(3), finally permitting fusion of the cellular and viral membranes (4). B) HIV-1 binds 
to its receptor CD4 and is stabilised by either CCR5 or CXCR4. This allows 
conformational changes which expose the fusion peptide, and this is inserted into 
the cell membrane (2). This brings the membranes closer together until the viral and 
cellular membranes can fuse (3). Figure created in BioRender. 
 
 

 



 19 

 
1.1.1 Priming of type I fusion protein viral entry  

The crux of enveloped viral entry is the exposure of the hydrophobic fusion peptide of 

the entry protein which can be achieved through several common mechanisms. The 

priming requirements for enveloped viral entry vary; some require protease-mediated 

cleavage, pH changes, or both. In essence, either proteolytic cleavage or pH changes 

result in the release of the hydrophobic fusion peptide, which can interact with the host 

membrane and ultimately bring the cellular and viral membranes together to form a 

fusion pore and permit the entry of the viral capsid or genome [8]. All class I fusion 

glycoproteins have a fusion protein primarily comprised of alpha helices and require 

proteolytic cleavage to prime the glycoprotein for entry [1]. This can be achieved during 

viral replication in the producer cell, by proteases in the extracellular matrix, or in the 

 
Figure 1.2. Viruses fuse in different subcellular compartments. Some viruses 
can fuse directly at the plasma membrane in a pH-independent manner, including 
HIV-1 and SARS-CoV-2. Viruses can also be endocytosed and fuse at various 
stages of the endocytic pathway. VSV-G does not require a very low pH to fuse and 
therefore fuses in early endosomes. Influenza requires a low pH, and subsequently 
fuses in late endosomes. SARS-CoV-2 can also fuse in endosomal compartments 
depending on protease bioavailability. Ebola, which requires a very low pH in order 
to mediate membrane fusion, fuses in endolysosomes. Figure created in BioRender. 
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target cell either by proteases on the plasma membrane surface or in endosomes. 

Common proteases that mediate the cleavage of class I fusion glycoproteins include 

furin, which can prime some influenza strains, HIV-1 and severe acute respiratory 

syndrome virus 2 (SARS-CoV-2), trypsin, which cleaves the HA of influenza and 

coronavirus spikes, and cathepsins, which can also prime coronavirus spikes and the 

filovirus glycoprotein [1]. 

 

Differences in priming can be linked to pathogenicity and transmissibility. Most strains 

of influenza are usually cleaved by trypsin-like proteases in the extracellular matrix. 

However, more pathogenic strains of influenza such as the H5N1 strain have 

mutations that enable cleavage by furin-like proteases in the Golgi [9]. Additionally, a 

key difference between the spikes of SARS-CoV-1 and SARS-CoV-2 is the presence 

of four amino acids at the S1/S2 cleavage site in SARS-CoV-2. These amino acids 

permit spike to be cleaved by furin-like proteases in the producer cell rather than this 

priming step being limited to only serine proteases and cathepsins in the target cell. 

This difference in priming is suggested to be a major reason why SARS-CoV-2 is more 

transmissible than SARS-CoV-1 and why it displays different cellular tropism in the 

host [10]. The purpose of the priming step is to separate the glycoprotein into a 

receptor binding subunit and a subunit that contains the fusion peptide that remains 

associated through non-covalent interactions. This priming essentially converts the 

glycoprotein into a fusion-competent state, during which it can be triggered to expose 

the hydrophobic fusion peptide, therefore mediating membrane fusion. Triggering can 

occur through receptor binding, a second protease cleavage event, low pH, or a 

combination of these factors [1].   

 

1.1.2 Triggering of class I fusion glycoprotein viral entry  

The triggering of viral entry proteins exposes the fusion peptide such that it can 

penetrate the host cell membrane and begin the process of membrane fusion. For 

some enveloped viruses, for example HIV-1, binding of receptors such as CD4 and 

the coreceptors CCR5/CXCR4 is sufficient to trigger conformational changes of the 

glycoprotein Env that expose the fusion peptide, therefore triggering membrane fusion 

[11]. This allows HIV-1 to fuse directly at the plasma membrane at neutral pH, although 
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it has also been observed that HIV-1 can fuse in endosomal compartments in certain 

cell-types in a pH-independent manner [12, 13]. The immense diversity in HIV-1 

across strains, and intra-host, may mean that there are Env-dependent differences in 

viral entry that require further investigation with physiologically relevant strains. For 

other enveloped viruses, receptor binding is needed in conjunction with low pH, 

proteolytic cleavage, or a combination of the two. Enveloped viruses that require a 

relatively high pH such as VSV, can fuse in early endosomes [14], unlike influenza, 

which requires a lower pH to trigger exposure of the HA protein fusion peptide, and 

therefore needs to fuse in late endosomes [15]. The triggering of filovirus entry has 

been found to require a lower pH than that of influenza, and therefore fusion occurs in 

endolysosomes (Figure 1.2). The triggering of the Ebola glycoprotein requires both 

receptor binding and cathepsin mediated cleavage [16, 17]. Coronaviruses, including 

SARS-CoV-2, require a second proteolytic cleavage in the S2 subunit to release the 

fusion peptide [18]. This can be mediated by either serine proteases on the plasma 

membrane, or cathepsins in endosomes, dependent on the relative availability of 

these pathways in the cell [10].  

 

While some viruses require low pH for membrane fusion, others can enter in either a 

pH-dependent or independent manner. SARS-CoV-1 and SARS-CoV-2 can enter 

cells in either a pH dependent or independent manner, depending on the bioavailability 

of serine proteases at the surface or cathepsins in endosomal compartments. It has 

however recently been shown that although SARS-CoV-2 can fuse at the plasma 

membrane, a majority of fusion events appear to take place in endosomes, dependent 

on acidic pH [19]. This suggests there may be more of a pH dependency for SARS-

CoV-2 viral entry than previously thought. Ultimately, the site of endosomal fusion 

depends on the availability of the proteases or pH required for entry. 

 

1.1.3 Membrane fusion  

Upon completion of priming and triggering, the steps of membrane fusion are 

essentially identical for enveloped viruses containing a class I fusion glycoprotein 

(Figure 1.3). Triggering, whether that be through receptor binding, proteolytic 

cleavage, or low pH, results in the exposure of the fusion peptide. An extended 
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intermediate complex is then formed whereby the fusion peptide inserts into the cell 

membrane, known as the pre-hairpin. This is followed by the collapse of this extended 

intermediate, caused by a C-terminal part of the protein collapsing back on itself, 

forming a trimer of hairpins conformation containing a six helix bundle, bringing the 

membranes in close proximity. Once this collapse has proceeded to the extent that 

the cellular and viral membranes are close enough together, the lipids in the 

membranes mix and form a hemifusion stalk. Finally, the refolded trimer snaps into its 

post fusion conformation that prevents the fusion pore from resealing, permitting the 

contents of the virion to traverse into the cytoplasm and the later stages of viral 

infection to proceed. The postfusion conformation of class I fusion glycoproteins 

contains a heptad repeat derived six helix bundle core structure.  

 
Figure 1.3. Membrane fusion of SARS-CoV-2 A) The RBD of spike engages ACE2 
and the S2’ site is cleaved by an available protease. B) The S1 subunit is shed and 
the hydrophobic fusion peptide of the S2 domain inserts itself in the cellular 
membrane. C) The prehairpin complex is formed where the fusion peptide brings 
the cellular membrane closer to the viral membrane. D) The prehairpin folds back 
on itself causing the helical heptad repeats to form a six helix bundle which pulls the 
membranes closer together, allowing hemifusion to occur E) The spike snaps into 
the postfusion complex and a fusion pore is formed in the membrane permitting the 
contents of the virion to enter the cell. Figure created in BioRender. 

 

1.1.4 Commonalities of SARS-CoV-2 and HIV-1 entry proteins  

Both SARS-CoV-2 and HIV-1 are enveloped viruses with typical class I fusion 

glycoproteins, namely spike and Env (Figure 1.4). These proteins share several 

structural similarities. The NTD of spike and the V1/V2 loop of Env are both flexible N-

terminal structures  that are major sites of antibody neutralisation [20, 21]. Both 

glycoproteins also share very similar alpha helical structures in their S2/gp41 domains 

with which they operate membrane fusion [22]. Both these proteins are primed by 
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proteolytic cleavage and mediate viral entry by transitioning from a metastable state 

to an intermediate state, and finally to a stable post fusion state. Both viruses have 

significant mutations and variations in their entry proteins that impact infectivity, 

antibody escape, and innate immune escape. In singular patients with chronic 

infection, both these viruses exhibit marked diversity and evolution in the 

glycoproteins. SARS-CoV-2 spike and HIV-1 Env are also heavily glycosylated [23-

25]. Lastly, both glycoproteins are primed by furin in the Golgi during viral production 

due to the presence of multi-basic cleavage sites between the receptor binding domain 

and the fusion peptide-containing domains of these proteins. However, spike and Env 

differ in their triggering requirements for viral entry, with SARS-CoV-2 triggered by 

receptor binding and further target cell proteolytic cleavage, and HIV-1 triggered by 

receptor/co-receptor binding alone. Despite this difference, it has been documented 

that both of these glycoproteins are capable of fusing either directly at the plasma 

membrane, or in endosomal compartments [10, 12, 13, 26]. Finally, both of these 

viruses demonstrate glycoprotein-dependent differences across variants in their 

sensitivity to interferon and interferon-induced genes (ISGs) [27-30]. 

 

 
 

Figure 1.4. Commonalities in SARS-CoV-2 spike and HIV-1 Env structures. A, 
B) Structures of SARS-CoV-2 spike PDB:6VXX (A) and HIV-1 Env PDB:5ACO (B), 
coloured by domain in ribbon structure. NTD and V1/V2 loop are coloured in purple, 
RBD and V3 loop coloured in red, and S2/gp41 coloured in cyan. The Phe43 cavity 
in gp120 where CD4 binds is labelled. Structures made in PyMOL. 
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1.2 IFN and ISGs that inhibit viral entry    

1.2.1 Induction of IFN   

Interferons (IFNs), a conserved family of proinflammatory cytokines, are the cell’s first 

line of antiviral defence. Cells express pattern-recognition receptors (PRRs), which 

detect conserved components of bacteria or viruses known as pathogen-associated 

molecular patterns (PAMPs). This includes lipids, proteins, and nucleic acids. Different 

PRRs recognise different types of PAMPs, as outlined in Figure 1.5 A.  The recognition 

of PAMPs by PRRs activates a cascade of intracellular signalling which ultimately 

results in the expression of proinflammatory cytokines, including IFNs. The binding of 

IFNs to IFN receptors then triggers another signalling cascade which results in the 

induction of hundreds of ISGs that can inhibit multiple stages of viral infection [31]. 

Because IFNs trigger these changes in both an autocrine and paracrine fashion, this 

results in an antiviral state in the cell itself and surrounding cells. ISGs can also be 

expressed in a low but constitutive manner in certain areas of the body to provide a 

barrier to infection, as well as in direct response to antiviral infection.  

 

There are three human families of IFNs, type I, comprising IFNa1-13, IFNb, IFNe, 

IFNt, IFNk, IFNd, IFNw, and IFNx; Type II comprises IFNg; and type III, which is 

comprised of IFNl 1-4. Of the type I family, IFNa and IFNb are the most well 

expressed and characterised so far in terms of their antiviral effects. Both IFNa and 

IFNb bind to the IFNAR receptor, which is a heterodimeric transmembrane receptor 

comprised of IFNAR1 and IFNAR2 [32]. The binding of IFNa or IFNb to the IFNAR 

results in the activation of receptor-associated tyrosine kinases, JAK1 and TYK2 

(Figure 1.5 B). These then phosphorylate signal transducer and activator of 

transcription 1 (STAT1) and 2 (STAT2) in the cytosol which leads to their dimerization. 

STAT1/STAT2 heterodimers translocate to the nucleus and form the ISG3 complex 

with IRF9. This complex subsequently binds to interferon-stimulated response 

elements (ISRE) in the promoters of ISGs, and transcription of hundreds of ISGs is 

activated. Described so far is the canonical pathway of IFNa/b signalling, however 

signalling can also occur through the non-canonical pathway. In the non-canonical 

pathway, STAT1 homodimers, and dimers of other STAT proteins 3-5 form [32]. The 
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diversity of the downstream signalling of the IFNAR likely contributes to the 

subsequent diversity in effects of IFNa/b.  

 

IFNs and the ISGs they upregulate play an important role in controlling viral infections. 

This is demonstrated by autoantibodies against IFN being associated with increased 

severity of COVID-19, and the linking of single nucleotide polymorphisms (SNPs) in 

ISGs to an increased severity of several viral infections including influenza and SARS-

CoV-2 in vivo [33-35]. For HIV-1, the ability to evade the restrictive capacity of type I 

IFNs is correlated with whether a virus can transmit or not, and transmitted/founder 

viruses have been shown to be more resistant to type I IFNs when compared to viruses 

from six months into infection [27]. ISGs can block many aspects of the viral lifecycle, 

with numerous ISGs targeting viral entry through distinct mechanisms. 
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Figure 1.5. Sensing of viral infection triggers IFN signalling. A) PAMPs are 
recognised by an array of PRRs at the plasma membrane (TLRs 1/2, TLR2/6, TLR4, 
TLR5), in endosomal compartments (TLR3, TLR7, TLR8, TLR9), and in the 
cytoplasm (RIG-I, MDA5). B) IFNa/b bind the IFNAR which activates JAK1 and 
TYK2 kinases. These phosphorylate STAT1 and STAT2 which leads to their 
dimerization and translocation across the nucleus. These form an ISG3 complex 
with IRF9 which binds ISRE elements in the promoters of ISGs, resulting in the 
transcription of ISGs. Figure created in BioRender. 
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1.2.2 IFITMs  

1.2.2.1 IFITMs inhibit viral entry  
 

IFN-induced transmembrane (IFITM) proteins are the some of the earliest acting ISGs. 

IFITMs are membrane spanning proteins that inhibit the entry of a range of enveloped 

viruses, including HIV-1, influenza, Ebola, SARS-CoV-1, and SARS-CoV-2 [6, 36-42]. 

There are three IFITMs that exert antiviral effects in humans: IFITM1, IFITM2, and 

IFITM3. IFITM1 localises predominantly to the plasma membrane, and IFITMs 2 and 

3 to endosomal compartments [41, 43]. All three IFITMs are highly homologous, with 

only ten amino acids different between IFITM2 and IFITM3.  

 

The mechanism of action of IFITMs is still not fully understood. They do not inhibit 

interactions with viral receptors, impede endocytosis, or inhibit low pH-mediated 

triggering of glycoproteins [37, 44]. They are also capable of inhibiting both pH-

dependent and independent viruses, suggesting they do not restrict endosomal 

access. The first, and most favoured model of IFITM-mediated inhibition of entry, 

proposes that they alter the positive curvature of host membranes and thereby prevent 

the fusion of the cellular and viral membranes [45, 46]. It has been shown that despite 

influenza accessing endosomal compartments with no change to entry kinetics, 

influenza cannot fuse with the endosomal membrane in the presence of IFITM3 [39]. 

It has been shown that this is due to inhibiting the transition from hemifusion to full 

membrane fusion, or the process of hemifusion itself. Treatment with chlorpromazine, 

a drug which promotes the transition from hemifusion to full membrane fusion, is 

unable to rescue IFITM-mediated restriction, suggestive of inhibition prior to 

hemifusion [44]. Other reports have suggested that IFITMs inhibit the transition from 

hemifusion to full fusion [47]. Nevertheless, IFITMs have been found to decrease 

membrane fluidity and membrane curvature in the compartments in which they reside 

[44, 47]. An amphipathic helix has also been reported to be essential for IFITM 

function, further supporting their role in directly altering membrane properties [38, 48]. 

Amphipathic helices are protein sequences that fold into helical structures when they 

come into contact with polar/non polar interfaces and have previously been identified 

to trigger membrane curvature [49, 50]. The process of oligomerisation, whereby 

individual IFITM proteins interact with each other, has been found to be essential for 
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IFITM antiviral activity [51]. A 91GxxxG95 motif was recently identified as essential for 

both IFITM3 oligomerisation and antiviral activity against influenza [45]. The authors 

demonstrate that the glycine at position 95 of this motif is also essential to the 

membrane rigidification caused by IFITM3. Furthermore, treatment with the anti-fungal 

amphotericin B can rescue viruses from IFITM3-mediated inhibition through 

decreasing the stiffness of IFITM3-containing membranes [45]. The S-palmitoylation 

of IFITMs, the process whereby fatty acids are added onto cysteine residues, is also 

an essential aspect of IFITM function; suggested to be through contributing to their 

appropriate subcellular localisation and stability [37, 52] [53]. 

 

Another model for IFITM-mediated restriction suggests they exert antiviral activity 

indirectly through interactions with other host proteins. Increased endosomal 

cholesterol has been reported in IFITM3 overexpression cells due to the interaction of 

IFITM3 with the vesicle-associated protein-associated protein A (VAPA) [54]. The role 

of VAPA in the antiviral activity of IFITM3 has however been disputed, and it has also 

been demonstrated that IFITMs can modulate the trafficking of the vacuolar ATPase 

(vATPase) and therefore restrict viral entry by modifying the acidic environment of 

endosomes [55]. Additionally, it has been shown that IFITMs can exert antiviral effects 

through interactions with other antiviral proteins, such as zinc metallopeptidase STE24 

(ZMPSTE24), which has recently been implicated in the restriction of arenavirus entry 

[56]. There is debate in the literature about whether IFITMs only exert their antiviral 

activity when present in the target cell, or whether they can also inhibit viral infectivity 

through their incorporation into virions during production [57, 58]. There is more 

evidence for the former than the latter, however IFITMs certainly get incorporated into 

viral particles during production in the presence of IFN or IFITM overexpression, and 

IFITM incorporation has been demonstrated to reduce infectivity of some viruses [59]. 

The decrease in infectivity of virions with incorporated IFITM could further suggest that 

the antiviral mechanism of these proteins is due to effects on membrane curvature.   
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1.2.2.2 IFITM structure  
IFITMs are transmembrane proteins that belong to the larger family of dispanin 

proteins. These proteins are organised into a hydrophobic N-terminal domain (NTD), 

a conserved and hydrophobic intramembrane domain (M1), a conserved intracellular 

loop (CIL), a second hydrophobic transmembrane domain (M2), and a C-terminal 

domain (CTD) [37]. The NTD, M2, and CTD regions are variable in sequence. IFITMs 

are defined by the presence of a highly conserved region, the CD225 domain, (located 

at residues 58-108 in IFITM3). Although highly homologous, IFITM1 contains a shorter 

N-terminal domain and longer C-terminal domain than IFITM2 or 3 (Figure 1.6 A).  

 

 
Figure 1.6. IFITM structure and regions of interest. A) Schematic of IFITMs 1, 2 
and 3 with NTD, M1, CIL, M2, and CTD labelled. Endocytic/sorting signals are 
highlighted in white. B) Most accepted topology of IFITMs in the membrane with a 
luminal C-terminal and cytosolic N-terminal and intervening regions labelled. Panel 
B was created in BioRender. 
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There is debate about the most commonly adopted topology of these transmembrane 

proteins in the cellular membrane. Immunofluorescent staining and flow cytometry 

based assays demonstrate that both the N and C terminals can face the lumen or 

extracellular space [60], however other studies show that the N and C terminal, or N 

terminal only, localises in the cytoplasm [61] [52]. There are three different topology 

models currently suggested for the orientation of IFITM2 and 3 domains in 

membranes, and five for the domains of IFITM1. For IFITM2/3: the Type III 

transmembrane model proposes that both the N and C terminals face the lumen, 

intramembrane model posits that both N and C terminal face the cytosol, and the most 

accepted model, the Type II transmembrane model, suggests the N terminal faces the 

cytosol and the C terminal faces the lumen with the first transmembrane domain not 

fully penetrating the membrane. The NTD located ubiquitylation and phosphorylation 

sites demonstrate that the N-terminal of IFITM3 must be accessible to cytosolically 

located enzymes [43, 52]. For IFITM1, there are five models of topology, of which type 

II proposes that the C terminal is luminal/extracellular and the N terminal is in the 

cytosol, similar to the most accepted model for IFITMs 2 and 3 [62] (Figure 1.6 B).  

 

There are several post-translational modifications of IFITMs imperative to their 

function (highlighted in Figure 1.7). As previously mentioned, S-palmitoylation is 

essential to IFITM function; There are two conserved palmitoylation sites in the 

intramembrane domain and a less conserved palmitoylation site in between the 

intracellular loop and transmembrane domain. Additionally, there are four potential 

ubiquitination sites – one in the NTD, and the remaining three in the intracellular loop. 

Although ubiquitination has been suggested to be important to regulating IFITM 

expression, it has been reported that mutation of all four ubiquitination sites to alanines 

does not impact on the antiviral activity of IFITM3 [52]. The NTDs of IFITMs 2 and 3 

contain a potential phosphorylation site (position 19 in IFITM2 and 20 in IFITM3), that 

sits within a canonical PPxY motif that regulates the ubiquitination of IFITM3 via 

recruitment of NEDD4-like HECT ubiquitin ligases and thereby target it for endosomal 

sorting complex required for transport (ESCRT)-dependent degradation [63].  
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Figure 1.7. Snake diagrams of IFITMs 1, 2, and 3. IFITM1, IFITM2 and IFITM3 
snake diagrams were generated in Protter. Phosphorylation sites are highlighted in 
green boxes, ubiquitination sites in pink circles, S-palmitoylation sites in green 
circles, the GxxxG domain in purple circles, and residues thought to be involved in 
dimerization in yellow circles.  
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1.2.2.3 IFITM localisation  
Despite their similar homology IFITMs 1, 2, and 3 localise to different membranes. 

IFITM1 localises predominantly to the plasma membrane and IFITM2/3 to endosomal 

membranes [37]. However, subcellular localisation of IFITMs varies between cell-

types, and despite the predominant localisation of IFITM2/3 on endosomal 

membranes they cycle through the plasma membrane. IFITM2/3 localise to 

endosomal compartments due to their NTDs containing a Yxxj endocytic signal motif 

which regulates their sorting into endosomal compartments from the plasma 

membrane via binding to the µ-subunits of clathrin adaptor AP-2 (Figure 1.8)  [43, 64]. 

However, all three IFITMs have been observed to partially colocalise with the 

endolysosomal marker CD63 [36]. However, phosphorylation of the tyrosine of this 

motif by Fyn kinases inhibits IFITM3 internalisation which could result in prolonged 

IFITM3 localisation at the surface [43].  

 

This tyrosine is an important aspect of IFITM biology, as this tyrosine also forms the 

PPxY motif which regulates IFITM3 ubiquitination. Mutation of this site therefore can 

potentially modulate antiviral activity through multiple ways. IFITM1 does not contain 

the Yxxj motif, and therefore must internalise through an independent method. 

IFITM1 has been shown to colocalise with caveolin at the plasma membrane and may 

therefore utilise caveolin-mediated endocytosis [65]. However, the C-terminal of 

IFITM1 has been shown to affect the subcellular localisation of IFITM1, demonstrated 

by deletion of this region conferring restrictive capacity to IFITM1 to NL4.3, an HIV-1 

isolate which enters through endosomal compartments [66]. IFITM localisation can 

also be affected in other ways. S-palmitoylation is also essential to IFITM antiviral 

activity by virtue of localisation as this enhances the clustering of IFITM3 in endosomal 

compartments [53]. Deletion of the S-palmitoylation domain in IFITM3 results in a more 

diffuse rather than punctate localisation of IFITM3 in HeLa cells and abolishes antiviral 

activity against influenza [53]. 

 

IFITM localisation dictates which viruses they restrict and is regulated by several 

aspects of their biology. The localisation of IFITM3 to endosomes, due to the 

Yxxj motif, correlates with its ability to restrict influenza entry which fuses in 
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endosomal compartments [39]. It has also been proposed that CCR5-tropic HIV-1 

viruses that are suspected to fuse at the plasma membrane are more restricted by 

IFITM1, while CXCR4-tropic viruses that are thought to utilise the endosomal route 

are more restricted by IFITMs 2 and 3 [67]. However, another group has disputed this 

and shown no correlation between coreceptor usage and IFITM sensitivity for HIV-1 

isolates, suggesting that the route of entry may be more complex than simply the use 

of CCR5 or CXCR4, therefore requiring study of more HIV-1 isolates [68]. Additionally, 

the C-terminal of IFITM1 can regulate its antiviral activity by altering subcellular 

localisation. IFITM1 does not usually restrict the lab-adapted HIV-1 strain NL4.3, 

however, a deletion of the C-terminal domain of IFITM1 (D117-125) mislocalises 

IFITM1 and grants the capacity to restrict NL4.3 [66]. Similarly, mislocalising IFITM3 

with a Y20A/F mutation, which retains IFITM3 at the plasma membrane, abolishes the 

ability of this to restrict influenza [43]. There does appear to be a cell-type dependent 

effect of IFITM-restriction however, as IFITM Y20A does not rescue infection of 

influenza or Zika virus in WeBo cell lines [69]. IFITM localisation has been reported to 

vary in the heterogenous tissues of the lung, with IFITM3 reported to localise at the 

apical plasma membrane and cilia of the ciliated columnar cells in the upper airways, 

and in endosomal compartments in type II pneumocytes [37, 70]. Although generally 

IFITM3 is considered an endosomally located protein, it appears there are caveats to 

this rule.  

 

A majority of studies investigating the link between viral entry and IFITM-mediated 

inhibition utilise overexpression, transient transfection and cell-free infection. 

However, whether this recapitulates the role of IFITMs in vivo is contested. Expression 

of overly high levels of exogenous IFITMs has been suggested to overwhelm the 

internalisation of these proteins and therefore result in a more predominant presence 

of IFITMs at the plasma membrane which could affect their antiviral function [37]. 

Additionally, many viruses have been suggested to utilise cell-cell transmission in vivo, 

possibly to avoid the effects of neutralising antibodies but a mechanism that could also 

escape IFITM-mediated inhibition. Cell-cell transmission has also been shown to be 

adopted by HIV-1 to escape the antiviral effects of tetherin, an ISG that inhibits viral 

egress [71, 72]. Although it has been shown that IFITMs can inhibit syncytia formation, 

whether these also effectively inhibit cell-cell transmission has not yet been thoroughly 
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investigated [73]. IFITM-mediated inhibition of syncytia has consequences for 

infections during pregnancy. The activation of IFITMs in response to viral infection in 

utero has been linked to foetal demise through inhibiting trophoblast syncytia 

formation which is a vital stage in early pregnancy [69, 74]. Interestingly, both wild-

type IFITM3 and the mislocalisation of Y20A-IFITM3 were found to reduce trophoblast 

syncytia formation, despite the predominantly intracellular localisation of IFITM3 [69]. 

Inhibition of syncytia may also have consequences for SARS-CoV-2 infection. SARS-

CoV-2 spike binding to ACE2 at the cell surface on neighbouring cells mediates 

syncytia formation which has been linked to the disruption of lung tissue following 

infection [75]. It has been shown that IFITM1 can block syncytia formation, suggesting 

that the role of IFITMs in SARS-CoV-2 infection can go beyond direct antiviral effects 

[76].  

 

1.2.2.4 SNPs in IFITMs and disease  
 
In vivo studies have demonstrated the importance of IFITMs in controlling infections. 

Knocking out IFITM3 in mice results in enhanced severity and pathogenicity of 

influenza, West Nile Virus and Respiratory Syncytial Virus infections [70, 77, 78]. In 

addition to animal models, correlative evidence from humans also highlights the role 

of IFITMs in infection. The single nucleotide polymorphisms (SNP) in the IFITM3 allele 

named rs12252-C has also been linked to increased influenza severity in humans, 

with the SNP being more prevalent in patients hospitalised with the H1N1/2009 

influenza virus than in the general population [79]. The rs12252-C SNP is rare in 

Caucasians, but more frequent in Han Chinese. Zhang and colleagues examined the 

genotypes of patients from a Chinese hospital during the H1N1 2009 pandemic and 

found that 69% of patients who experienced severe infection were found to be 

homozygous for the SNP, while only 25% of those who experienced mild infection 

were homozygous [80]. The rs12252-C SNP has been suggested to result in a 

truncated form of IFITM3 that lacks the first 21 amino acids at the N-terminal due to 

this mutation creating a novel splice acceptor site [37]. However, the shorter variant of 

IFITM3 was not found in cell lines homozygous for rs12252-C and an in vitro link 

between the rs12252-C SNP and its effect on IFITM3 function has yet to be identified 

[79].  
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The severity of other viral infections has more recently been linked to the rs12252-C 

SNP, namely HIV-1 and SARS-CoV-2 [81, 82]. A higher frequency of homo- and 

heterozygotes for the rs12252-C allele was found in patients rapidly progressing to 

AIDS, however was not found to be associated with increased susceptibility to HIV-1 

infection itself [81]. In the context of COVID-19, homozygosity for rs12252-C was 

associated with more severe disease in an age-dependent manner [82]. Of the 

hospitalised patients studied, 35% were homozygous for rs12252-C. IFITM3 has also 

recently been implicated in the regulation of CD4+ T cell helper differentiation, 

suggesting that the impact of the rs12252 SNP may not be attributed to the direct 

antiviral effects of IFITM3 on entry, but due to consequences for the adaptive response 

[83]. 

 

1.2.2 SERINCs  

IFITMs are not the only antiviral protein family that inhibits viral entry. Serine 

incorporators (SERINC) 3 and 5, although SERINC3 to a lesser extent than SERINC5, 

can inhibit viral entry via incorporation into budding virions in the producer cell which 

prevents viral fusion in the target cell [84, 85]. SERINC3/5 are transmembrane proteins 

that have been thought to be involved in the incorporation of serine into the 

phosphatidylserine and sphingolipids [86]. Unlike IFITMs and many antiviral proteins, 

SERINC3/5 are not upregulated by IFN, but are constitutively expressed restriction 

factors [84]. SERINC5 is highly expressed in certain cell lines and was found to 

significantly block Nef-deficient HIV-1 infection [84, 85]. This is due to the role of Nef 

in excluding SERINCs from the site of HIV-1 assembly [84].  

 

The mechanism of SERINC-mediated inhibition is still not entirely understood. 

SERINC5 has been reported to not affect the lipid order of pseudotyped lentiviral 

vectors (PLVs) bearing SERINC-sensitive HIV-1 Envs [87]. However, a recent preprint 

showed that SERINC5 results in exposure of phosphatidylserines which correlates 

with the impairment of infectivity [88]. It has also been reported that SERINC5-

mediated disruption of viral fusion correlates with its ability to indirectly prevent the 

clustering of Env, which is important in regulating HIV-1 entry [89]. Additionally, it has 

been found that deletion of the cytoplasmic tail of HIV-1 Env can render Env resistant 
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to SERINC3/5 without altering the incorporation of SERINC5 into virions [90]. It has 

been proposed that IFITMs and SERINCs exert differential selection pressures during 

HIV-1 infection, as HIV-1 Envs that become sensitive to IFITM3 over chronic infection 

retain resistance to SERINC5 [91]. While HIV-1 does not encode a protein to 

antagonise the inhibition by IFITMs, HIV-1 encodes Nef, which prevents SERINC 

incorporation into nascent virions [84].  

 

It has also recently been demonstrated that SERINC5 can block the entry step of 

SARS-CoV-2 infection and is counteracted by the viral protein orf7a [92]. SARS-CoV-

2 does not assemble and bud at the plasma membrane, where SERINC5 is 

incorporated into retroviral virions, but instead egresses via the exocytic and 

endolysosomal secretory pathways. It has been proposed that SERINC5 and SARS-

CoV-2 spike encounter each other in the endoplasmic reticulum-Golgi intermediate 

compartment (ERGIC) and that orf7a blocks this interaction [92]. To date, SARS-CoV-

2 is the only non-retroviral virus that has been found to be restricted by SERINC5. 

Intriguingly, Timilsina et al describe the alpha, beta, gamma, and delta variants, which 

have different mutations in their spike proteins, as equally restricted by SERINC5. 

However, the authors utilise spikes that have their cytoplasmic tails deleted, commonly 

done to increase PLV infectivity. Given that the cytoplasmic tail of Env has been linked 

to modulating SERINC restriction, it could be that differential sensitivity to SERINCs is 

conferred by using full-length spikes with cytoplasmic tails.  

 

1.2.3 GBP2/GBP5  

Restriction factors can also inhibit viral entry through inhibition of the priming step of 

viral entry proteins. The guanylate binding protein (GBP) family encompasses seven 

GBP proteins which hydrolyse GTP to GDP and GMP [93]. Of the seven proteins, only 

GBP2 and GBP5 are antiviral; these two proteins inhibit viral infectivity by reducing 

the proteolytic activity of the host protein furin [93]. By reducing the activity of furin, 

GBP2/5 block the priming cleavage step of viral entry glycoproteins, resulting in 

glycoproteins that are not fully processed. Many enveloped viruses rely on furin to 

prime class I fusion glycoproteins for viral entry, including HIV-1 and SARS-CoV-2. 

Therefore, inhibition of this step reduces the amount of primed glycoprotein available 
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on viral particles, meaning that either these proteins cannot fuse or require priming by 

another protein that may have lower bioavailability in the target cell. GBP2 and 5 have 

been found to exert the most antiviral activity of the GBP family and are reported to 

inhibit a range of enveloped viruses including Zika, influenza, measles, HIV-1, and 

SARS-CoV-2 [93, 94].  

 

1.2.4 Other antiviral proteins which inhibit entry   

IFITMs and SERINCs block the same step of viral infection, albeit by inhibiting viral 

entry through purportedly distinct mechanisms. LY6E has also recently been found to 

inhibit the entry step of several coronaviruses, including SARS-CoV-2, and influenza 

[95, 96]. Lymphocyte antigen 6 complex, locus E (LY6E) is a GPI-anchored protein 

which inhibits the entry of OC43, NL63, 229E, HKU1, and SARS-CoV-2, but not 

SARS-CoV-1 [96]. Inhibition by LY6E could not be overcome by the expression of 

TMPRSS2 or treatment with amphotericin B, both of which can rescue IFITM-

mediated restriction of influenza virus [95, 97]. This suggests that the inhibitory effects 

of LY6E appears to be distinct from IFITM-mediated restriction, however the exact 

mechanism is still not understood. Interestingly, LY6E has been found to enhance, 

rather than restrict, infection by HIV-1 [98]. This is also exemplified by the association 

of a SNP in LY6E with rapid progression to AIDS, further implying that this antiviral 

protein can assist HIV-1 infection [99]. LY6E has also been found to enhance an early 

step of viral replication of both yellow fever virus (YFV) and influenza virus [100]. The 

mechanism of LY6E enhancing viral infectivity is not entirely understood; LY6E does 

not alter binding to target cells, but LY6E knockdown does impede membrane fusion 

of HIV-1 and LY6E overexpression increases YFV viral entry and IAV uncoating [98, 

100]. The finding that both IFITMs and LY6E can increase SARS-CoV-2 and HIV-1 

infection, respectively, implies that despite their antiviral properties, these proteins can 

be hijacked to aid viral entry under certain conditions.  

 

Cholesterol-25-hydroxylase (CH25H), which converts cholesterol to 25-

hydroxycholesterol, has also been found to inhibit the membrane fusion of a range of 

enveloped viruses, including HIV-1 and SARS-CoV-2 [101, 102]. CH25H has been 

implicated in inhibiting the replication of multiple RNA viruses including Zika virus, 
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hepatitis C, and SARS-CoV-2 [102-104]. CH25H is upregulated by both IFNa and 

IFNb, and knockout of CH25H results in increased Zika infection in mice [101]. It has 

been found that in the context of SARS-CoV-2, the 25HC derivative activates the ER-

localised-acyl CoA acyltransferase which leads to the depletion of cholesterol from the 

cell membrane [102]. It has also been reported that CH25H can inhibit stages of viral 

replication downstream of entry, with CH25H having been found to inhibit the formation 

of double membrane vesicles that hide hepatitis C replication from innate sensing 

[104]. The number of antiviral proteins and significant redundancy by the host to inhibit 

the earliest stage of infection demonstrates the importance of blocking this step of viral 

replication to control viral infection (Figure 1.8). 
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Figure 1.8. Antiviral proteins that inhibit early and late viral replication. 
SERINCs 3 and 5 inhibit viral entry through their incorporation into budding viral 
particles in the producer cell, and have been reported to inhibit both HIV-1 and 
SARS-CoV-2. This inhibits viral entry at the next target cell. IFITMs inhibit viral entry 
through altering positive membrane curvature and preventing viral and cellular 
membranes from fusing, and inhibit both HIV-1 and SARS-CoV-2. LY6E and CH25H 
also inhibit viral entry through preventing viral fusion. CH25H and LY6E have been 
reported to inhibit SARS-CoV-2, while LY6E has been suggested to enhance 
infection by HIV-1. CH25H can also inhibit the formation of double membrane 
vesicles where hepatitis C replicates, and could theoretically also inhibit SARS-CoV-
2 in this compartment. GBP2 and GBP5 inhibit furin-mediated processing of 
glycoproteins. In terms of inhibiting later stages of viral replication, tetherin inhibits 
viral release by tethering budding virions to the plasma membrane, and has been 
shown to inhibit both HIV-1 and more recently SARS-CoV-2. IFITMs have also been 
suggested to be incorporated into nascent virions, which can in turn inhibit entry at 
the next cell as well as their expression on the target cell. Figure created in 
BioRender. 

 

1.3 The SARS-CoV-2 pandemic  

In late 2019, several patients with severe pneumonia were identified in Wuhan, a city 

in the Hubei province of China. A novel coronavirus was isolated from patient samples 

and identified as being phylogenetically related to the betacoronaviruses SARS-CoV-
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1 and MERS-CoV [105, 106]. This novel coronavirus was temporarily called 2019-

nCoV and was later named as SARS-CoV-2, and the symptoms caused by SARS-

CoV-2 infection termed COVID-19. On the 30th of January 2020, the World Health 

Organisation (WHO) declared the outbreak of COVID-19 as a Public Health 

Emergency of International Concern. By the 11th of March 2020, COVID-19 was a 

pandemic and by the end of the month many governments across the planet elected 

to implement social distancing in public spaces, mandate mask wearing, and 

implemented national lockdowns to manage the spread and impact of the virus. The 

majority of international travel was halted. Despite these interventions, COVID-19 

cases continued to rise globally and by the end of 2020 there were over 79 million 

cases worldwide with 1.7 million deaths [107]. During this stage of the pandemic, 

several independent vaccines for SARS-CoV-2 were developed and vaccine rollout 

began in early 2021. Since the initial rollout of the vaccine, many countries relaxed 

lockdown restrictions and curfews. Some countries managed to temporally eliminate 

COVID-19 cases through strict lockdown procedures and border shutdown. However, 

to date no country has successfully eliminated COVID-19 permanently. As of 

September 2022, over 6 million people are confirmed to have died of COVID-19 [108].  

 

1.4 Origin of SARS-CoV-2  

SARS-CoV-2 demonstrated high sequence homology to bat coronaviruses isolated 

from the same region of China; and given previous zoonoses of coronaviruses to 

humans, it is suggested that SARS-CoV-2 moved from bats to humans potentially 

through a currently unidentified intermediate host [109, 110]. Although not yet 

identified, this intermediate has been postulated to be pangolins due to their trade in 

the food markets in Wuhan and viral sequence homology. However, more recently it 

has been proposed the intermediate was either racoon dogs or civets [110-112]. There 

have been speculations on the emergence of SARS-CoV-2 as a consequence of 

laboratory manipulation. Although impossible to fully rule out, there is more evidence 

suggesting natural selection in animal hosts prior to transmission to humans, or a 

zoonotic event and subsequently natural selections in humans [113].  
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Given the proximity of humans and animals in the food markets in Wuhan, and the 

genetic similarities between SARS-CoV-2 and bat and pangolin viruses, it is highly 

possible that SARS-CoV-2 emerged from one of these animals and was transferred 

through close contact at wet markets. Coronaviruses detected in pangolins illegally 

imported and trafficked in the Guangdong province show strong similarities in the key 

ACE2-binding RBD residues in SARS-CoV-2 [110]. This is suggestive of intermediate 

passage in these animals prior to jumping to humans rather than the passage of a bat 

virus in human cells in laboratory conditions. The presence of potential O-linked 

glycosylation sites at the polybasic cleavage site in the spike protein has also been 

implied to be a result of passage in the presence of adaptive immunity [114]. Recently 

published analyses of samples from the Huanan Seafood Market in Wuhan are 

indicative of there being two separate jumping events of SARS-CoV-2 from animals to 

humans [115]. This is consistent with the emergence of other coronaviruses, i.e. a 

result of multiple zoonotic events and an analysis of the transcriptome of 18 different 

species across China recently identified 21 viruses that could potentially transmit to 

humans [116].  

1.5 Genomic organisation of SARS-CoV-2  

SARS-CoV-2 is categorised under the coronaviridae family, the subfamily 

orthocoronaviridae, and the genus betacoronaviruses [117]. It finally belongs to the 

subgenus sarbecoviruses, along with SARS-CoV-1. SARS-CoV-2 is the seventh 

coronavirus to infect humans. OC43, HKU1, SARS-CoV-1 and MERS-CoV are also 

betacoronaviruses, however MERS-CoV falls under the subgenus of merbecoviruses. 

229E and NL63 are closely related viruses from the alphavirus genus of 

orthocoronaviridae. OC43, HKU1, 229E and NL63 cause seasonal colds, whereas 

SARS-CoV-1 caused an outbreak in South East Asia in 2003, and MERS-CoV caused 

an outbreak in the Middle East in 2012, with several cases recorded since [118]. The 

spike of the original ancestral Wuhan SARS-CoV-2 is estimated to be 73% 

homologous to that of SARS-CoV-1, and highly homologous to the bat virus RaTg13 

and the pangolin Guangdong virus from the sarbecovirus subgenus.  

Coronaviruses are single-stranded positive-sense RNA enveloped viruses. 

Coronaviruses have the largest genomes of RNA viruses, with the genome of SARS-
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CoV-2 measuring 29.9kb with 14 ORFs (Figure 1.9) [119]. This encodes for the four 

structural proteins nucleocapsid (N), spike (S), envelope (E) and membrane (M), 16 

non-structural proteins, and up to six accessory proteins [120].  The SARS-CoV-2 

virion has a diameter of approximately 60-140 nm and the viral particle consists of the 

N protein encapsulating the viral genome, surrounded by a lipid bilayer studded with 

spike, E and M [121]. N is the only structural protein that is inside the virion, which is 

associated with the viral genomic RNA via electrostatic interactions [122]. Spike, E, 

and M, are studded in the lipid bilayer obtained from the host membrane in the 

producer cell, with M being the most abundant protein, followed by spike, then E [123]. 

 

 
Figure 1.9. SARS-CoV-2 genome. Schematic of SARS-CoV-2 genome with 
structural proteins (pink) non-structural proteins (light blue) and accessory proteins 
(purple) labelled.  

 

1.6 Viral entry of SARS-CoV-2  

Entry of SARS-CoV-2 into the target cell is initiated by the spike glycoprotein. As with 

all enveloped viral entry, non-specific attachments between the virion and the cell 

surface is the first step of viral interaction. Heparan sulfate proteoglycans and DC-

SIGN/lectins have been found to enhance SARS-CoV-2 infection by promoting virus 

attachment [124, 125] [126]. Following attachment to the membrane, spike binds to its 

receptor angiotensin converting enzyme 2 (ACE2)  (Figure 1.10) [10]. ACE2 is a 

carboxypeptidase that removes a single amino acid from the C-terminus of its 
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substrates, however the catalytic activity of ACE2 is not required for viral entry [18]. In 

addition to binding its receptor, spike must be proteolytically cleaved in order to trigger 

viral entry. The priming cleavage at the S1/S2 boundary (681PRRARS686) is mediated 

by furin in the producer cell, and the second cleavage which occurs during viral entry 

on the target cell is presumed to be located at the S2’ site (815RS816) adjacent to the 

fusion peptide. The S2’ cleavage can be mediated by TMPRSS2 at the plasma 

membrane or cathepsins B and L in endosomes [10]. Recently, several other 

proteases have been implicated in S2’ cleavage, including members of the a 

disintegrin and metalloproteinase (ADAM) and matrix metalloproteinase (MMP) 

families, in addition to other TMPRSS proteases [127-129].  

 

Binding of ACE2 and S2’ cleavage are both required to trigger structural 

rearrangements which permit S1 shedding, the release of the fusion peptide in the S2 

domain, and ultimately membrane fusion [18]. The fusion peptide is inserted into the 

host membrane that forms the intermediate state. This is quickly and irreversibly 

refolded into the stable post fusion state bringing the host cell membrane and viral 

membrane into close proximity, which ultimately results in fusion of the two 

membranes. Depending on the availability of proteases and the relative pH, this fusion 

can happen at the plasma membrane directly (early pathway), or more commonly on 

endosomal membranes (late pathway). However, it has recently been established that 

an acidic pH is still required for a majority of SARS-CoV-2 fusion events, even when 

TMPRSS2 mediates the S2’ cleavage [19]. This suggests there is more of a pH-

dependence for SARS-CoV-2 entry than previously understood, which may have 

consequences for antiviral proteins that target entry. 
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Figure 1.10. RBD and ACE2 interaction. Structural model of the RBD of SARS-
CoV-2 spike RBD (cyan) interacting with ACE2 (magenta) (7EKE:PDB) unlabelled 
(A) and with labels of the six key ACE2 binding residues in the RBD labelled (B) 
Model made in PyMOL.  
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1.7 Replication of SARS-CoV-2  

Following fusion, the contents of the viral particle are released into the cytoplasm and 

the positive-sense RNA is translated (Figure 1.11). The components of the viral 

replication and transcription complex (RTC) are immediately translated, allowing viral 

replication to begin [130]. Double membrane vesicles (DMVs) are formed by nsps 3, 

4 and 6 which shield the viral intermediates from host sensing whilst also functioning 

to concentrate the host factors needed for replication [131]. The RNA dependent RNA 

polymerase transcribes a full-length negative-sense RNA. There are two distinct 

processes of RNA synthesis in coronavirus replication, the first being the continuous 

transcription of the negative-sense template to produce positive-sense genomic RNAs 

to be packaged into nascent virions [122]. Secondly, there is discontinuous 

transcription of the sub genomic mRNAs from the negative-sense template [122]. The 

RTC encounters transcription regulatory sequences (TRS) in the 3’ end of the last third 

of the SARS-CoV-2 ORFs at the 3’ end of the genome and RNA synthesis is stopped 

when these sequences are encountered and reinitiated at a leader sequence at the 5’ 

end of the genome. This results in the generation of a nested set of sub genomic 

mRNAs from which the structural proteins spike, M, E and N are translated [118]. 

These are inserted into the ER membrane and transported through the ERGIC. Newly 

synthesised genomic RNA and N proteins interact with E, M and spike to assemble 

viral particles that bud through the lumen of the secretory pathway [118]. 
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Figure 1.11. SARS-CoV-2 viral replication. SARS-CoV-2 virions initially attach to 
the cell surface using non-specific attachment factors. Subsequently, SARS-CoV-2 
spike binds to the ACE2 receptor, triggering conformational changes which result in 
the exposure of the S2’ cleavage site. This permits binding by TMPRSS proteins 
such as TMPRSS2, TMPRSS1D, or TMPRSS13 at the plasma membrane (1), or by 
cathepsins B/L in endosomes (2). Cleavage at the S2’ releases the fusion peptide 
and allows spike to mediate the fusion of the cellular and viral membranes, releasing 
the contents of the virion into the cytoplasm. The positive sense RNA ORF1a and 
ORF1b are immediately translated, resulting in the polyproteins pp1a and pp1b (3). 
Due to a ribosomal frameshift, pp1a is expressed1.4-2.2x more than pp1b. Pp1a 
and pp1b are processed into the non-structural proteins (4). This includes the 
formation of the replication and transcription complex (5). In parallel, double-
membrane vesicles are formed for viral replication to occur in, thought to shield the 
replication components from host sensing (6). In this protective environment, the 
viral genomic RNA is replicated and subgenomic RNAs used as a template for 
transcription of new viral genomes and for translation of viral proteins (7). Structural 
proteins are translated and trafficked through the ER to the ERGIC where they 
encounter the N-encapsuled genomic RNA (8). Nascent virions bud into the lumen 
of the secretory pathway and eventually secreted from the producer cell by 
exocytosis (9). Figure created in BioRender. 
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1.8 SARS-CoV-2 tropism  

ACE2 expression predominantly determines the tropism of SARS-CoV-2. ACE2 

expression has been found in the nasal passages and lungs, as well as the small 

intestine, testis, heart, kidney, colon, and thyroid gland [132]. The presence of ACE2 

in the gastrointestinal tract and kidney may explain some of the gastrointestinal and 

renal complications from SARS-CoV-2 infection, and infection of cardiac tissue has 

also been documented in COVID-19 autopsies [133]. There is debate about whether 

other receptors besides ACE2 can facilitate SARS-CoV-2 infection; It is highly possible 

other host transmembrane proteins play a role in SARS-CoV-2 viral entry, however 

infection of ACE2-negative cells has not yet been convincingly observed. The furin 

cleavage site of SARS-CoV-2 spike is key to its different tropism to SARS-CoV-1 in 

the lungs. While SARS-CoV-1 is limited to the lower respiratory tract due to insufficient 

expression of the proteases to cleave both the priming and triggering cleavage steps 

in the upper airways, the use of a ubiquitously expressed protease by SARS-CoV-2 

for the priming step has been suggest to expand its tropism into the upper airways 

[134]. 

 

1.9 SARS-CoV-2 spike structure  

SARS-CoV-2 spike exists as a highly glycosylated heterotrimer of S1 and S2 

embedded in the lipid bilayer of the viral membrane. The S1 domain contains the N-

terminal domain (NTD) and receptor binding domain (RBD). The S2 domain contains 

the fusion peptide, transmembrane domain and cytoplasmic tail of spike. The S1/S2 

boundary is bridged by a polybasic cleavage site which permits cleavage by furin-like 

proteases in the producer cell during spike synthesis (Figure 1.12).  

 

Spike is not the only viral protein in the viral membrane. M is actually the most 

abundant protein present in the mature viral particle, followed by spike, then E (Snake 

diagrams of each in Figure 1.13) [135]. M is a triple-spanning membrane protein, with 

an extra-virion N terminal and a luminal C terminal domain and has been suggested 



 48 

to function as a sugar transporter based on its structure [123]. M and E are the minimal 

required proteins to form virus-like-particles with coronavirus morphology, 

demonstrated by the co-expression of just M, E, and spike [136]. Although a majority 

of antibodies against SARS-CoV-2 target spike, several have also been identified that 

bind the M protein, possibly due to the large presence of M in the viral particle [137].  

 

 

 

 

 
Figure 1.12. SARS-CoV-2 spike schematic. A) Schematic of spike highlighting the 
NTD (N-terminal domain), RBD (receptor binding domain), polybasic cleavage site, 
FP (fusion peptide), heptad repeats (HR1 and HR2), transmembrane (TM) and CT 
(cytoplasmic tail). B) Trimeric spike (PDB:6VXX) labelled with NTD, RBD, S1/S2 
cleavage site, S2’ site, and CT. C) Trimeric spike (PDB:6VXX) viewed from above. 
Figure B and C created in BioRender. 
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1.9.1 Spike NTD  

The NTD of the S1 domain of spike is located at the top of the spike trimer and contains 

several N-linked glycans. The NTD has previously been suggested to facilitate the 

binding of spike to attachment factors on the cell surface for a bovine coronavirus 

[138], however whether this is also the case for SARS-CoV-2 has not yet been 

confirmed. It has however been suggested that the NTD can modulate TMPRSS2-

dependent viral entry and allosterically affect the accessibility of the RBD [139, 140]. 

The NTD is also a target for neutralising antibodies to spike, as several mutations that 

have arisen in SARS-CoV-2 variants have been found to escape antibody 

 
Figure 1.13. Snake diagrams of SARS-CoV-2 spike, membrane and envelope 
proteins. A, B, C) Snake diagrams of spike (A), membrane (B), and envelope (E) 
were generated in Protter. Post-translational modifications highlighted in green and 
variant mutation locations highlighted in orange.  
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neutralisation [141-143]. An antibody “supersite” has been identified which comprises 

of a beta-hairpin loop surrounded by the glycan N17, N74, N122, and N149 [20]. 

1.9.2 Spike RBD  

The spike RBD mediates the interaction with ACE2. There are six amino acid residues 

that are critical for ACE2 binding: K417, F456, F486, Q493, Q498, and N501 [144, 

145]. Spike exists as a trimer, and when all three RBDs are “down”, the spike is in the 

closed conformation. Prior cleavage at the S1/S2 boundary of the SARS-CoV-2 spike 

is essential to the RBD adopting the “up” conformation and being able to bind ACE2. 

When one RBD is “up”, this is a partially open conformation that could theoretically 

mediate receptor binding (Figure 1.14). Although spike is a homotrimer with three 

RBDs per spike unit, the movement of only one of these into the “up” conformation is 

sufficient to mediate the transition from a closed to an open conformation of spike 

[146]. It has been suggested that an interaction between spike and heparan sulfates 

may promote the open conformation [126]. This allows the accessibility of the second 

cleavage site to be accessed by TMPRSS proteases, cathepsins B/L, or matrix 

metalloproteinases (MMPs) dependent on the bioavailability [10, 128, 129].  

 

 

Figure 1.14. Effect of RBD up on spike conformation. A, B) Spike trimer coloured 
by chain in the closed conformation (PDB: 6VXX) from side on (A) and above (B). 
C, D) Spike trimer coloured by chain in the one RBD up conformation (PDB: 6XM4) 
with the cyan chain in the up position from the side on (C) and above (D). Figure 
made in BioRender. 



 51 

There are 24 +/-9 spikes estimated per virion and surprisingly cryo-EM studies have 

shown that not all spikes per virion are in the prefusion conformation [147, 148]. One 

paper estimated that 97% of spikes were in the prefusion conformation, 3% in the post 

fusion conformation, and that these were evenly distributed across virions [148]. 

Another report found a similar majority of spikes in prefusion conformation, but that 

virions that contained fewer spikes overall also contained more in a post fusion 

conformation, and that these were closer together. This indicates a tendency for post 

fusion spikes to “bundle” onto the virus surface [147]. Across a single virion, spikes 

have been found to be a mix of totally closed RBDs, two RBDs “up”, or one RBD “up” 

in addition to some spikes in the post fusion conformation [148]. The factors involved 

in dictating the propensity to find more post fusion spikes on a particle are yet to 

determined. The relative availability of furin and other proteases in the producer cell 

may be a factor, as more priming spike cleavage could result in premature activation 

of spike.  

 

1.9.3 Spike polybasic cleavage site   

The canonical cleavage sites in the SARS-CoV-2 spike are located at the S1/S2 

boundary (681PRRA/RS686), and at the S2’ site (815RS816) located upstream of the 

fusion peptide. However, whether the S2’ site is the only location the triggering 

cleavage can occur is still up for debate. It has recently been demonstrated that there 

are two additional sites in spike which can be cleaved by cathepsin L, located at 

position 259 in the NTD, and position 636 in the CTD of the S1 unit [149]. Both of these 

sites are conserved amongst SARS-CoV-2 variants to date, and the authors 

demonstrate that these sites lead to functional spike cleavage and entry in vitro.  

 

The presence of four amino acids at the S1/S2 boundary and the creation of a 

polybasic cleavage site at this position represents a major difference between the 

spikes of SARS-CoV-1, SARS-CoV-2 and the related bat RATG13 and Pangolin 

Guangdong viruses (Figure 1.15). In SARS-CoV-1, this can only be cleaved by 

TMPRSS or cathepsin proteins, necessitating that the priming step happens on or in 

the target cell. However, the presence of these four amino acids in SARS-CoV-2 

results in this priming site being cleaved by furin, TMPRSS, or cathepsins as 
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mentioned earlier. In addition to conferring polybasic cleavage properties, the 

presence of these four amino acids led to the acquisition of 3 potential O-linked 

glycosylation sites around the site, S673, T678, and S686 [113]. The polybasic 

cleavage site is important for transmission in animal models, with viruses lacking the 

polybasic cleavage site being shed to lower titres in infected ferrets, and not 

transmitted to other animals [150]. Loss of the polybasic cleavage site also attenuates 

pathogenicity in hamster models [151]. It has also been reported that trypsin treatment 

of MERS-like coronaviruses from bats confers the ability to infect human cells, 

implying that overcoming the barrier of S1/S2 cleavage is an important factor in 

transmitting to humans [152]. As previously mentioned, the acquisition of polybasic 

cleavage sites in the HA protein of influenza has been linked to the conversion of low, 

to high pathogenicity viruses [153]. This demonstrates that in multiple viral species the 

acquisition of polybasic cleavage sites results in increased transmission and/or 

pathogenicity.  

 

Although this site has been implicated in the increased transmission of SARS-CoV-2 

relative to other coronaviruses that infect humans, the polybasic S1/S2 cleavage site 

is rapidly lost in passage of the original Wuhan-like virus in Vero-E6 cells, which have 

high expression levels of cathepsins B and L, but low TMPRSS2 [154]. Similar 

mutations have also been reported in patients in the early waves of the pandemic [155, 

156]. Since then, mutations have emerged adjacent to the polybasic cleavage site that 

can enhance the efficiency of cleavage [157-159]. Of note, whilst cleavage of the S2’ 

site by TMPRSS2 requires the S1/S2 cleavage site to already have been cleaved, 

cathepsins on endosomal membranes can achieve both the priming cleavage as well 

 
Figure 1.15. SARS-CoV-2 has a polybasic cleavage site. Sequence alignment of 
RaTG13, Guangdong Pangolin, SARS-CoV-1 and SARS-CoV-2 spikes between 
amino acids 657-704. Sequences aligned in DNA Dynamo.  
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as the activation cleavage [160]. This could suggest why viruses can lose the 

polybasic cleavage site so rapidly in culture of cells that are high in cathepsins and 

low in TMPRSS2. It is also becoming apparent that other proteases besides furin, 

TMPRSS2, and cathepsins B/L play a role in spike cleavage, with other TMPRSS and 

MMPs being demonstrated to mediate spike cleavage (Figure 1.16). Additionally, 

differences in cell culture conditions have been shown to affect spike cleavage, with 

higher serum concentrations found to mimic trypsin-like effects and result in increased 

spike cleavage [161]. The furin-mediated cleavage of the S1/S2 boundary has also 

been found to create substrates for other host factors. The cleaved end of the S1 

domain can be bound by neuropilin, which has been demonstrated to increase viral 

entry in vitro [162, 163]. Neuropilin-1 and 2 are abundantly expressed transmembrane 

receptors in the respiratory and olfactory epithelium. Daly et al report blocking of 

neuropilin with a small molecule inhibitor decreases SARS-CoV-2 entry by inhibiting 

the interaction between the cleaved S1 C-terminal and neuropilin [163]. However, the 

relevance of this in vivo has not yet been established.  

 

Figure 1.16. Different proteases and entry factors. DC-SIGN has been shown to 
facilitate binding of SARS-CoV-2 to target cells. TMPRSS2 has been the mainly 
characterised protease to mediate S2’ cleavage and early entry of SARS-CoV-2. 
Other TMPRSS proteins including TMPRSS11D/13 have also been shown to cleave 
spike. MMPs have been demonstrated to cleave spike and permit entry. Neuropilin 
has been shown to bind the cleaved end of the S1 of spike and facilitate entry. 
Cathepsins B and L, and now potentially G, are found on endosomal membranes 
and can also cleave the S2’ site.  
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1.10 Spike synthesis   

The SARS-CoV-2 spike protein is synthesised as a polyprotein precursor that requires 

two proteolytic cleavages, priming and triggering, prior to mediating the viral entry of 

SARS-CoV-2. Spike translation begins in the cytoplasm, however the presence of an 

ER signal in the N-terminal signal peptide of spike results in transport of the spike 

transcript to the ER, where translation is completed [164]. The N terminal is removed 

by proteases in the ER lumen, and spike translation and post-translational 

modifications occur concomitantly. During the transport of spike through the ER, N-

linked high mannose oligosaccharides are added which are then modified to become 

a mix of complex and high mannose oligosaccharides. O-linked oligosaccharides are 

added once spike has been transported from the ER to the Golgi [164]. During spike 

synthesis, furin-like proteases can cleave the S1/S2 cleavage site, with the S1 and S2 

domains remaining associated via non-covalent interactions. O-linked glycosylation 

has been proposed to decrease furin-mediated cleavage, which may be another factor 

in determining SARS-CoV-2 tropism [165]. Although furin is likely the main protease 

to mediate the S1/S2 cleavage in spike, it has been demonstrated that some spike 

cleavage occurs in furin knock-out cells, showing that other proteases can also cleave 

this site, albeit less efficiently [166]. Additionally, as furin is a membrane bound 

protease produced in the ER and transported through the secretory pathway, it is also 

possible that furin can cleave the S1/S2 cleavage site during other steps of spike 

synthesis, or even once virions have egressed from the producer cell. The exact timing 

of furin-mediated cleavage in spike biosynthesis is not yet known. It is possible that 

the serine protease patriptase that activates the HA of H9N2 influenza virus may also 

be a candidate for cleaving the polybasic cleavage site of SARS-CoV-2 [167].  

 

The presence of an inefficient endoplasmic reticulum retention signal (ERRS) at the C 

terminal of spike retrieves spike from the face of the cis-Golgi by recruiting the COPI 

coatomer and facilitates the return of spike to the ER [168]. The inefficiency of this 

signal has been proposed to serve several functions: it retains spike in the ER which 

is the site of coronavirus assembly, it allows some spike to leak to the membrane to 

mediate syncytia formation, and may also be important in ensuring spike has 

undergone the appropriate post-translational modifications in the ERGIC [169]. The 

ERRS sequence is important for mediating the interaction of spike with the M protein. 
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The M protein assists incorporation of mature spike into virus particles and the 

trafficking of spike to the site of viral assembly [170, 171]. Additionally, the leaky ERRS 

ensures that some spike protein travels to the plasma membrane through the 

secretory pathway and forms syncytia with ACE2 on neighbouring cells. This allows 

SARS-CoV-2 to spread between cells whilst avoiding neutralising antibodies and 

syncytia formation is a major factor in the pathology of SARS-CoV-2 in lung tissue [75, 

169, 172]. The ability to form syncytia has been reported to be variable amongst 

SARS-CoV-2 variants, likely due to differences in cleavage efficiency at the S1/S2 

boundary [173]. Some coronavirus spike proteins do not have an intracellular 

localisation signal and may accumulate more rapidly at the membrane which may 

contribute to differential pathogenesis across different coronavirus infections [174]. 

Deletion of the spike cytoplasmic tail, including the ERRS, has been found to increase 

viral titre of PLVs by increasing the amount of spike that reaches the plasma 

membrane, where lentiviral vectors assemble [175]. However, the rate of trafficking of 

spike through the ERGIC has been found to be important for post-translational 

modifications such as glycosylation. There are 22 N-linked glycosylation sites in the 

ancestral Wuhan SARS-CoV-2, several of which are important for determining spike 

conformation and altering infectivity. N343 is a “glycan gate” that can modulate the 

propensity of the RBD to adopt the ‘up’ conformation [176]. Additionally, removal of 

other N-linked glycosylation sites such as N165 and N234 have been found to reduce 

infectivity [177]. There are more complex high mannose N-linked glycans in the S2 

domain than the S1 domain, which are added during cleaved spike cycling through 

the Golgi [168]. Whether these complex glycans are also added to spikes with 

cytoplasmic deletions that do not cycle back to the ER, is unknown.  

 

1.11 Variants of SARS-CoV-2 

It was initially expected early on in the COVID-19 pandemic that SARS-CoV-2 would 

not exhibit a high rate of mutation due to the error-correcting capacity in the nsp14 

exonuclease protein in the RdRp complex [178]. Contrary to this, it became apparent 

that despite this error-reading capacity, SARS-CoV-2 does indeed accumulate 

mutations which are then selected for due to conferring advantages for replication 

and/or transmission, resulting in multiple variants of SARS-CoV-2. During Wave 1 of 
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the pandemic, the D614G mutation became the first identified mutation in spike to 

become fixed [179]. Since then, a myriad of other mutations in the spike protein have 

been documented, and viruses that demonstrated enhanced transmission or immune 

evasion characteristics designated as variants of concern (VOCs) (Table 1.1). The first 

of these was the alpha variant (also known as B.1.1.7), which arose in the autumn of 

2020 in the South-East of England. This appeared more transmissible than wave 1 

isolates and rapidly spread around the globe in early 2021 [180-182]. Several other, 

less prevalent variants also emerged at the end of 2020, with the beta variant in South 

Africa in December of 2020, and the gamma variant in Brazil in January of 2021. In 

February of 2021, the kappa and delta variants emerged in India. While the kappa 

variant did not take off to the same extent and was not classified as a variant of 

concern, the delta variant became more prevalent and dominant worldwide by the end 

of 2021. This was in turn displaced by the emergence of the omicron BA.1 variant in 

winter of 2021, and since then several other omicron sub-variants have emerged.  

 

1.11.1 D614G  

Due to the high sequence homology, several studies utilised SARS-CoV-1 as a 

comparator when assessing the viral properties of the original SARS-CoV-2 strain. As 

previously mentioned, SARS-CoV-2 contains a polybasic cleavage site which SARS-

CoV-1 does not, however there were several other differences in viral phenotypes. 

Firstly, SARS-CoV-2 demonstrated 10x higher affinity for the ACE2 receptor than 

SARS-CoV-1 [183]. Additionally, SARS-CoV-2 exhibited a differential tropism for the 

upper airways, whereas SARS-CoV-1 was previously found to preferentially infect the 

tissues of the lower airways [106]. Lastly, the ancestral strain of SARS-CoV-2 was 

initially found to be more sensitive to the effects of type I IFNs, despite similar viral 

replication kinetics, compared to SARS-CoV-1 [184].  

 

In March 2020, 2 months after the documentation of SARS-CoV-2, the first mutation 

in the SARS-CoV-2 spike protein was identified, D614G [185]. The 614 site is in a 

pocket adjacent to the S2’ cleavage site (Figure 1.17). The rapid dominance of this 

mutation, with nearly every sequence across Europe containing the D614G mutation 

by May of 2020, led to concerns that it was both more transmissible and perhaps more 
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pathogenic. Clinically however, although the viral load was found to be increased in 

G614-carrying patients relative to D614 patients, there did not appear to be any link 

between D614G and disease severity [185, 186]. Biologically, this mutation has been 

found to alter several properties of spike. The location of this mutation adjacent to the 

S2’ site was suggested to impact the propensity of spike to utilise TMPRSS2 for entry. 

Accordingly, it was demonstrated that the D614G mutation increased infectivity in a 

TMPRSS2-dependent manner [185, 187]. It has also been shown that this mutation 

can increase S1/S2 processing, and may also alter the glycosylation at the 616 site 

adjacent to D614G [185, 188]. In addition to increasing S1/S2 processing, it has been 

found that D614G increases both spike incorporation and reduces S1 shedding [189]. 

Both increased incorporation and reduced shedding are likely to contribute to the 

increased stability of the D614G spike relative to the Wuhan spike [189]. 

 

 

Figure 1.17. The D614G mutation sits adjacent to the cleavage loop in spike. 
SARS-CoV-2 spike coloured in pink (NTD), red (RBD), cyan (S2), and yellow for the 
intervening region. D614G mutation highlighted in green. PDB:6VXX. Structure 
made in PyMOL.  

 

1.11.2 The alpha variant 

In late 2020, the alpha variant was first detected in the UK.  At the time, three sets of 

primer/probe sets were used in PCR diagnostic testing to confirm SARS-CoV-2 

infection, one in spike, and two in nucleocapsid. The serendipitous location of the 
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primers for spike coincides with a mutation in the alpha spike, D69/70, resulting in the 

spike “drop out” phenomenon in PCR testing, whereby samples were positive for 

nucleocapsid but not for spike. Sequencing of these spike drop out results led to the 

discovery of a SARS-CoV-2 variant with seven substitutions and two deletions: D69/70 

and D144 in the NTD, N501Y in the RBD, A570D and D614G in the CTD, P681H in 

the polybasic cleavage site, and T716I, S982A and P1118H in the S2 domain (Figure 

1.18). Several of the mutations in the alpha variant have now been characterised. The 

D69/70 mutation has been found to increase spike incorporation and has been 

suggested to compensate for other mutations which may decrease spike fitness [190]. 

The D144 mutation has been found to escape neutralising antibodies that target the 

NTD [143]. The N501Y mutation increases the affinity of the RBD for ACE2 [191]. The 

P681H mutation increases S1/S2 cleavage, and as described later in this thesis 

escapes IFITM2-mediated restriction in TMPRSS2-negative cells [30, 159, 192]. The 

alpha variant was also found to be more resistant to the effects of exogenous IFN, and 

also demonstrated enhanced ability to escape innate immunity through increased 

expression of orf6 and orf9 [29, 193]. 

 

 

Figure 1.18. The alpha variant has seven mutations and two deletions in spike. 
NTD (purple), RBD (red), and S2 domain (cyan) coloured on the 7FET (PDB) alpha 
spike monomer. Mutations are highlighted in green. Deletions are marked with 
arrows.  
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Table 1.1. Spike mutations in variants of concern/interest. Spikes highlighted in 
red are used in this thesis. 

Variant Lineage Origin date Origin 
location 

Spike mutations  

D614G B.1 March 2020 Europe D614G  
Alpha B.1.1.7 Dec 2020 UK D69-70, D144, N501Y, A570D, 

D614G, P681H, T716I, S982A, 
D1118H 

Beta B.1.351 Dec 2020 South 
Africa 

D80A, D215G, D242-244, K417N, 
E484K, N501Y, D614G, A701V 

Gamma P1 Jan 2021 Brazil L18F, T20N, P26S, D138Y, R190S, 
K417T, E484K, N501Y, D614G, 
H655Y, T1027I  

Eta B.1.525 March 2021  North 
America  

Q52R, A67V, D69/70, D144, E484K, 
D614G, Q677H, F888L  

Iota B.1.526 Late 2020 New 
York 

L5F, T95I, D253G, E484K, D614G, 
A701V 

Lambda C.37 Late 2020 South 
America  

G75V, T76I, DR246, DS247, DY248, 
DL249, DT250, DP251, DG252, 
D253N, L452Q, F490S, D614G, 
T859N  

Mu B.1.621 Early 2021 South 
America  

T95I, Y144S, Y145N, R346K, 
E484K, N501Y, D614G, P681H, 
D950N  

Kappa B.1.617.1  Late 2021 India G142D, E154K, L452R, E484Q, 
P681R, D614G, Q1071H  

Delta B.1.617.2 Late 2021 India  T19R, D156-157, R158G, L452R, 
T478K, P681R, D614G, D950N  

Omicron  B.1.1529 
BA.1  

November 
2021  

South 
Africa  

A67V, D69/70, T95I, ins 214EPE, 
G142D, D143-145, NL211-212I, 
G339D, S371L, S373P, S375F, 
K417N, N440K, G446S, S477N, 
T478K, E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, T547K, 
D614G, H655Y, N679K, P681H, 
N764K, D796Y, N858K, Q954H, 
N969K, L981F   

Omicron B.1.1529 
BA.2  

  T19I, D24-26, A27S, G142D, V213G, 
G339D, S371F, S373P, T376A, 
S375F, D405N, R408S, K417N, 
S477N, T478K, E484A, N501Y, 
Y505H, Q493R, Q498R, D614G, 
H655Y, N679K, P681H, N764K, 
D796Y, Q954H, N969K  
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1.11.3 Spike mutations across variants of interest   

 

The evolution of SARS-CoV-2 spike has demonstrated significant convergent 

evolution, with multiple divergent strains adopting similar or the same mutations to 

escape antibody neutralisation and alter spike properties (Figure 1.19, Table 1.2). The 

D69/70 mutation, which increases spike incorporation as mentioned earlier, has been 

documented in the alpha, eta, and in the omicron BA.1 and BA.4/5 variants. This 

mutation has also been documented in long-term COVID-19 patients unable to clear 

infection, and has been found to co-occur with both the D796H and Y453F mutations 

[190, 194]. Mutations at D796 and Y453 have been found to escape antibody 

neutralisation, and it has been suggested that the increased spike incorporation of the 

D69/70 mutation is required to compensate for the detrimental effect of these escape 

mutations [190]. Deletions in other regions of the NTD, including D144/145 mutations, 

have also been reported in other persistently infected COVID patients [195, 196]. In 

addition to chronic patients, the D69/70 and D796Y combination is present in the 

omicron BA.1 and BA.4/5 variants.  

 

Another mutation that has been found in several variants to date is the N501Y mutation 

in the RBD. This mutation is present in the alpha, beta, gamma, mu and omicron 

variants. This mutation has been found to increase affinity for ACE2 [191]. 

Interestingly, this mutation has also been reported to permit antibody escape 

mutations in the RBD, which would otherwise be detrimental, to be tolerated without 

overall negative consequences for ACE2 binding and spike structure [197]. Deep 

mutational scanning of VOC spikes has revealed the epistatic role of the N501Y 

mutation in permitting future antibody escape mutations to be tolerated by spike; the 

N501Y mutation affects not only the direct contacting residues of Q498 and 491-496, 

Omicron B.1.1529 
BA.4/5 

  T19I, D24-26, D69/70, A37S, G142D, 
V213G, G339D, S371F, S373P, 
S375F, T376A, D405N, R408S, 
K417N, N440K, L452R, E484A, 
F486V, N501Y, Y505H, Q498R, 
D614G, H655Y, N679K, P681H, 
N674K, D796Y, Q954H, N969K  
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but also the 446-447, 449, and 403, 505, 506, and 406 residues [197]. Starr et al report 

that although the Q498R mutation weakens ACE2 interaction, incorporation of the 

N501Y mutation increases the Q498R binding affinity 25-fold. This double mutant is 

present in the omicron spike. The recurrent theme of the N501Y across multiple VOCs 

is likely due to its impact on ACE2 binding of not only itself but other residues. A 

combination of the K417N/T, E484A/Q/K and N501Y mutations is seen in several 

variants to date, and has been suggested to be favourable because of the N501Y 

mutation compensating for the K417 and E484 antibody escape mutations which are 

more detrimental alone [198]. 

 

Since the alpha variant, several other VOCs have emerged with mutations in the spike 

protein. Of particular interest, several of the variants also contained mutations within 

the polybasic cleavage site: kappa, delta, and omicron all contain P681R or P681H 

mutations [126, 199]. The location of these mutations was suggested to enhance the 

efficiency of S1/S2 cleavage, as mentioned earlier. However there has been 

discrepancy in the literature over which of these spikes are better cleaved than others, 

with some claims the P681R in kappa and delta is better cleaved, and others claiming 

the P681H mutation found in alpha and omicron confers enhanced S1/S2 cleavage 

[30, 157-159, 188, 192]. It is likely that cleavage efficiency is also a function of cell 

type, and the cells used to grow virus can alter the level of spike cleavage achieved. 

 

It is also possible that mutations outside of the polybasic cleavage site itself can 

influence the efficiency of both the S1/S2 cleavage and the S2’ site. The H655Y 

mutation has also been found in unrelated lineages (gamma and omicron)  and 

documented in both persistent human infection and during infection of African green 

monkeys [200, 201]. This mutation has been found to outcompete a H655 virus in 

hamster models, suggesting this mutation enhances transmission [202]. Additionally, 

the H655Y mutation has been identified as a determinant of endosomal entry, which 

is consistent with evidence so far of the omicron variant being less TMPRSS2-

dependent [203, 204]. There are also many mutations in the S2 domain which have 

not yet been thoroughly investigated in their function or impact on spike conformation. 

It has however been demonstrated that the S2 domain of omicron is a determinant of 
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both its decreased utilisation of the TMPRSS2-dependent route of entry and relatively 

closed conformation compared to earlier variants [204]. It is highly possible that 

mutations in the S2 domain may stabilise or destabilise the pre- or post- fusion 

conformation, and therefore have knock-on effects on viral entry.  

 

A majority of the mutations emerging in spike variants to date have been identified as 

antibody escape mutations, especially in the NTD and RBD which are the most 

accessible parts of spike to neutralising antibodies. A “supersite” has been identified 

in the NTD where many antibodies can bind, which several mutations present in 

variants can escape [20, 142]. (Table 1.3). Of the antibodies that bind the RBD, there 

are antibodies that only bind the RBD ‘up’ structure and block ACE2 binding, 

antibodies that bind both the RBD ‘up’ and RBD ‘down’ structure and block ACE2 

binding, antibodies that bind both RBD ‘up’ and RBD ‘down’ but block outside of the 

ACE2 binding site, and antibodies that bind the RBD ‘up’ structure but do not block 

ACE2 binding [205].  

 

There are other selective pressures on SARS-CoV-2 spike besides adaptive immunity 

escape and several mutations thus far alter spike incorporation and restriction by 

innate immunity. The D614G mutation, the first to become fixed, improves spike 

incorporation and subsequently infectivity in a TMPRSS2-dependent manner [189]. 

This mutation also enhances syncytia formation, which could indirectly aid escape 

from neutralising antibodies, and may also contribute to evasion of IFITMs [76, 206]. 

D614G has also been found to reduce sensitivity to GBP2 and GBP5, which inhibit 

furin-mediated cleavage, which may represent a relatively early adaptation to escape 

from innate immunity [94].  
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Figure 1.19. Many mutations, or site of mutation, are shared across the major 
variants. Table created with information from Covariants.org. Mutations are 
grouped by spike region.  
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Table 1.2 Spike mutations of interest within VOCs to date  

Mutation Effects  Variant 

L18F Located in NTD supersite, likely affects antibody binding [142] 
Destabilises ACE2 interaction [207] 

Beta, 
gamma 

T19R/I Located in NTD supersite [142] 
T19I reduces syncytia formation as a singular mutation [208] 

BA.2, 
BA.4/5 

T20N Introduces a potential glycosylation site [209] Gamma 

D24-26 Reduces syncytia formation as a singular mutation [208] BA.2, 
BA.4/5 

A27S No reported effect to date   BA.2, 
BA.4/5 

P26S No reported effect to date Zeta, 
gamma  

A67V No reported effect to date BA.1  

D69/70 Increases spike incorporation [190] Alpha, BA.1 

T95I No reported effect to date BA.1, delta 
plus 

D138Y No reported effect to date Gamma 

D80A Located in NTD supersite [142] Beta 

G142D Located in NTD supersite [142] Delta plus 

D143-145 Likely affects antibody binding [142] BA.1 

E154K No reported effect to date Kappa 

D156-157 Antibody escape [141] Delta  

G158R Located in NTD supersite [142] 
Antibody escape [141] 

Delta 

R190S No reported effect to date Gamma 

D144 Antibody escape [143] Alpha 

211L/212I  Escapes T cell response [210] BA.1 
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V213G Escapes T cell response [210] BA.2, 
BA.4/5 

Ins 214 EPE Escapes T cell response [210] BA.1 

D215G Emerges in NHP models of SARS-CoV-2 with H655Y [201] Beta 

A222V  Small increase in PLV titre [211] Delta plus  

D242-244/ 

D243-244 

Antibody escape [143, 212] Beta  

R246I/D Located in NTD supersite [142] 
Likely affects antibody binding [142] 

Lambda 

G339D Evades the T cell response [213] Omicron 

S371F/L Reduces infectivity as a singular mutation, reduces syncytia 
formation [208] 

Omicron 

S373P/F Increases spike stability [214] Omicron 

S375F Reduces infectivity as a singular mutation [208] Omicron 

T376A Reduces infectivity as a singular mutation, reduces syncytia 
formation [208] 

BA.2 

D405N D405 is a key residue in the opening of the RBD [215] BA.2, 
BA.4/5 

R408S R408 is a key residue in the opening of the RBD [215] BA.2, 
BA.4/5 

K417N/T Antibody escape [18] Beta, 
gamma, 
delta, 
omicron  

N440K Antibody escape  
Destabilises T cell response [213] 

Omicron  

G446S/V Antibody escape [216] BA.1 

Y449H  Antibody escape [197] C.1.2  

L452R Antibody escape [18, 217] Kappa, 
delta 

S477N Increases binding to ACE2 [218] Omicron 

T478K Enhances entry into mouse/koala ACE2 expressing cells [219] Delta, 
omicron 
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E484K/Q/A Antibody escape [18, 143] 
E484K enhances entry into mouse/koala ACE2 expressing 
cells [219] 

Beta, 
kappa, 
gamma, 
omicron  

F486V Antibody escape [217] BA.4/5 

Q493R Drug resistance [220]  BA.1, BA,2 

Q498K/R Q498R increases ACE2 affinity in the context of N501Y [197] Omicron 

N501Y Increases affinity to ACE2, and allows tolerance of other 
mutations in the RBD [197]  
Does not increase binding to mouse ACE2 [219] 

Alpha, beta, 
gamma, 
omicron 

H505Y Increases ACE2 affinity [221] Omicron 

T547K T547 stabilises the down state of the RBD  [222] BA.1 

A570D Reduces trimeric affinity in combination with S982A and 
D614G  [223]  
May also interact with D950N and D1118H [222] 
Stabilises interactions between HR1 and SD1 [224] 
Enhances ACE2 interaction  

Alpha 

D614G Orders the 630 loop, increases virion spike density, increases 
infectivity, reduces s1 shedding [189] 
Abolishes a salt bridge with K854 which may reduce the 
folding of the 833-854 loop [148] 

All variants 
to date  

N764K No reported effect to date  Omicron 

A701V Likely affects antibody binding  Beta 

H655Y  Increases endosomal entry dependence [203] 
Emerges in NHP models with D215G [201] 

Gamma, 
omicron  

Q677H Could influence the S1/S2 cleavage [225] Eta  

P681H Enhances S1/S2 cleavage by furin [159, 192] Alpha, 
omicron 

P681R Enhances S1/S2 cleavage by furin [157, 158, 188] 
Increases binding by HLA [210] 

Kappa, 
delta 

T716I  Destabilises the prefusion spike conformation [224] Alpha 

N679K Creates a cathepsin G cleavage site in combination with 
P681H [226] 

Omicron 
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D796H/Y In fusion peptide, increases hydrophobicity [222] 
Antibody escape [227] 

Alpha 

N856K No reported effect to date  BA.1  

D950N In the HR1 region  
Enhances S1/S2 cleavage with P681R [228] 

Delta 

Q954H In HR1 region  Omicron  

S982A  In the HR1 region  
Reduces trimeric affinity in combination with D614G and 
A570D [223]  
Increases the ‘up’ of the RBD by eliminating interaction with 
T547, however is counteracted by A570D  [222] 

Alpha  

N969K At end of HR1 region   
Promotes endosomal entry [229] 
Reduces infectivity as a singular mutation [208] 

Omicron 

L981F In between HR regions 
Moderately increases syncytia formation as singular mutation 
[208] 

BA.1 

T0127I In between HR regions 
No reported effect to date 

Gamma 

Q1071H In between HR regions  
No reported effect to date 

Kappa  

D1118H  In between HR regions  
Stabilises the prefusion spike conformation [224] 

Alpha 

V1176F In HR2 region  
No reported effect to date 

Gamma 

 

1.11.4 Mutations in other SARS-CoV-2 viral proteins  

Although spike is a hotspot for mutations, some have been found in other viral 

proteins, mostly in the accessory proteins (orfs), N, and intriguingly some mutations 

have emerged in M, the most abundant protein in the viral membrane (Figure 1.20). 

M is well conserved amongst related coronaviruses, with the pangolin Guangdong 

coronavirus sharing 98.2 % and SARS-CoV-1 sharing 90 % homology with SARS-
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CoV-2 M [123]. There are 4 mutations known in M to date, I82S (kappa), I82T (delta) 

and the D3G/Q19E/A63T combination (omicron). The D3G and Q19E mutations of 

omicron are in the N terminal domain of M, which is postulated to be facing out towards 

the virion surface [123]. The A63T and I82S/T mutations are in the second and third 

transmembrane domains of the predicted M structure [123]. The location of these 

mutations may therefore directly alter the interactions between M and spike or how M 

is located in the viral membrane. The C-terminal of M has been shown to interact with 

spike in other coronaviruses, however no mutations in the C-terminal of SARS-CoV-2 

have been reported to date [230]. The presence of two N-terminal mutations in 

omicron is therefore perhaps surprising, however these could be antibody escape 

mutations as antibodies against M have been documented in patient sera [137]. 

 

In addition to mutations in viral proteins, differential expression levels of SARS-CoV-2 

accessory proteins have also been reported. The alpha virus has been found to 

express higher levels of orf9b, which reduces innate immune sensing and therefore 

mediates the effects of interferon [193]. Additionally, an independent study identified 

that emerging variants of SARS-CoV-2 are less sensitive to IFN than the ancestral 

strain, and that of those tested, the alpha variant was the least sensitive to IFN 

inhibition [29]. Overall, the sequence differences in variants to date are indicative of 

both adaptive and innate immunity mediated selection pressures.  
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Figure 1.20. Mutations in non-spike proteins in SARS-CoV-2 VOCs. Table 
created with information from Covariants.org.  
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1.11.5 Impact of variant mutations on tropism   

Mutations in SARS-CoV-2 variants have been found to impact on viral tropism and the 

preferential routes of viral entry. The P681R and P681H mutations that arose in the 

kappa, delta, alpha and omicron variants have been argued to improve the efficiency 

of the furin cleavage site of spike, and for alpha and delta this correlates with increased 

usage of TMPRSS2 [157-159, 231]. Although the early alpha and delta variants 

appeared to be more dependent on TMPRSS2 for cleavage, the omicron variants BA.1 

and BA.2 that emerged in late 2021 have been found to be less TMPRSS2-dependent 

and more reliant on cathepsins to mediate viral entry [204]. Omicron’s increased 

tropism, and viral load, for the upper respiratory tract could have provided omicron 

with an advantage over variants in terms of transmission. It has been reported that the 

recent BA.5 variant may now again be more reliant on TMPRSS2 for entry and reflect 

another shift in tropism [232]. The apparent pattern of alternating TMPRSS2 tropism 

could suggest that variants which utilise a differential entry pathway to the previous 

variant have an evolutionary advantage.  

 

The polybasic cleavage site itself has been shown to quickly be lost and re-emerge, 

depending on cell culture conditions. Polybasic cleavage site deletions have also been 

documented in some COVID-19 patients and it is likely that these are more endosomal 

pathway dependent and exhibit a different tropism to the initial transmitted virus [233-

236]. The polybasic cleavage site deletions in patient samples and shift of entry 

preference by omicron variants suggests that  benefits of TMPRSS2 mediated route 

of entry are not as clear-cut as initially demonstrated in animal transmission studies 

[150]. Instead, route of viral entry by SARS-CoV-2 appears to be a flexible variable 

that can be rapidly be gained, lost, and adapted.  

 

1.11.6 Origins of SARS-CoV-2 variants  

The similarities between mutations emerging from persistently infected patients and 

those that are present in SARS-CoV-2 variants adds weight to the theory of variants 

emerging from persistent infections of SARS-CoV-2. Chronic SARS-CoV-2 infections 

in immunocompromised patients can persist for hundreds of days, allowing the virus 

time to adapt to both adaptive and innate immunity in a host with a compromised 
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immune system. Over the course of one long-term COVID-19 infection, the authors 

identified 12 mutations in spike occurring in 152 days of infection [195]. Since then 

even longer persistent infections have been identified, with the longest persistent 

infection documented to date covering 254 days and over 20 mutations in spike [237]. 

Infections of this length of time provide the virus ample time to adapt to a partially 

competent immune system, and given the number of antibody escape mutations in 

VOCs to date, it is highly plausible that SARS-CoV-2 variants could have emerged 

from persistently infected patients.   

 

It has also been suggested that some mutations that have been found in variants could 

be due to SARS-CoV-2 spillover back into animals and subsequently back into 

humans [238]. In this theory, the passage of the virus in a species such as mink, which 

are susceptible to SARS-CoV-2 infection, could accrue mutations to adapt to mink 

ACE2 and immune systems, resulting in a distinct virus which could then reinfect 

humans.  The Y453F mutation, identified in long-term patients, was also found in a 

population of mink infected with SARS-CoV-2 in Denmark and shows increased ACE2 

affinity [190, 194, 239]. Coronavirus-to-human zoonoses are not rare events, with 

SARS-CoV-2 being the seventh documented coronavirus zoonosis. Jumps between 

humans, animals and back again are therefore possible. Additionally, recombination 

between SARS-CoV-2 variants, or SARS-CoV-2 and other sarbecoviruses, is also 

possible, with the former already having been documented. Recombination is common 

in coronaviruses and occurs due to switching of the RNA-dependent RNA polymerase 

from one RNA template to another in a cell infected by two genetically distinct CoVs 

[240]. A patient co-infected with beta and delta has been identified and sequencing 

indicated a high chance of recombination [241]. Additionally there has been evidence 

of recombination, and onward transmission of a recombinant virus lineage, for at least 

nine weeks in the UK  [242].  There are several potential sources of SARS-CoV-2 

variants, and it could be that persistent infection, reverse zoonoses and recombination 

all contribute to the emergence of variants in combination.   
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1.12 The HIV-1 pandemic  

In the early 1980s, increasing numbers of young men who have sex with men (MSM) 

were presenting in clinics in the United States with unusual opportunistic infections 

and malignancies [243]. By 1981, the disease acquired immunodeficiency syndrome 

(AIDS) was described in New York and San Francisco to encompass these symptoms, 

and within a few years the causative agent identified as a retrovirus which is now 

termed HIV-1 [244-246]. By 1992, AIDS had become the leading cause of death of 

American men aged 25–44 [247]. A few years later in 1999, AIDS had become the 

fourth-leading cause of death worldwide and the leading cause of death in Africa [247]. 

As of 2021, 84.2 million people have become infected with HIV and 40.1 million people 

have died of AIDS-related illnesses since the start of the pandemic [248].  

 

Several different forms of anti-retroviral therapy (ART) were developed over the late 

1980s which target several different stages of HIV-1 replication. The administration of 

a combination of two or three antiretroviral agents targeting different steps of the viral 

lifecycle was found to be the optimal way of achieving viral suppression in HIV-infected 

people [249]. Successful ART can suppress the viral load of an HIV-infected person 

to undetectable levels, to the point where HIV can no longer be transmitted [250]. 

However, there is still no effective vaccine against HIV-1, and there are still issues in 

terms of global access to ART. The Joint United Nations Programme on HIV/AIDS 

launched the 95-95-95 targets in 2014; These targets aim for 95% of people with HIV-

1 to have been diagnosed, for 95% of that category to be provided with ART, and for 

95% of that category to achieve viral suppression by 2030. In 2019 however, only 67% 

of people living with HIV were accessing treatment, and major barriers to these targets 

are access to diagnostics and treatment for people living with HIV [251].  

 

The integration of retroviruses into their hosts genomes combined with their ability to 

establish latent proviral reservoirs that can stochastically produce infectious virus 

makes curing HIV-1 difficult [252, 253]. Efforts to cure HIV-1 infection have centred 

around the “shock and kill” strategy, where viral transcription is induced with latency 

reversing agents (LRA) and subsequent aggressive antiretroviral therapy to eradicate 

the latent reservoir of virus and eliminate infection; or more recently the “block and 

lock” strategy to inhibit viral transcription permanently [253]. However, to date there 
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has not been significant success with either of these strategies. There are issues with 

achieving sufficient viral reactivation, insufficient killing of the reactivated pool, and the 

significant heterogeneity of the latent pool. HIV has no proofreading capacity, resulting 

in rapid accumulation of mutations that can be beneficial or detrimental to viral 

replication. Mutations which are beneficial to viral replication, antibody escape and 

drug escape are selected for. This results in hundreds of quasispecies in an HIV-

infected person, which causes issues for not only HIV eradication strategies, but also 

for HIV vaccine attempts and antibody-based therapies.   

 

1.13 Origins of HIV-1  

HIV-1 originated from a zoonotic transmission from chimpanzees to humans, with at 

least four independent cross-species transmissions of HIV-1, which have been 

categories into groups M, N, O, and P [243]. Another retrovirus which can infect 

humans, however found to be less pathogenic, was discovered after HIV-1 and 

designated as HIV-2 [254]. The M group of HIV-1 accounts for over 98 % of HIV-1 

infections globally. This group can be further divided into nine clades: A, B, C, D, E, F, 

G, H, I, J, and K. Subtype C of group M is responsible for almost half of infections 

globally; with subtypes A and B the next most common. HIV-1 subtypes have varying 

penetration across the globe, with subtype C highly prevalent in South Africa, West 

Africa and India, subtype B most common in the Americas, UK and Australia, and 

subtype A prevalent in Russia and Eastern Europe [255]. Several recombinant clades 

have also been recognised. Epidemiological and phylogenetic analyses suggest that 

HIV was introduced into humans in between 1920–1940 [256]. HIV most likely had the 

opportunity to transmit to humans through the bushmeat trade in Africa, where cuts 

on the hands of butchers would provide opportunity for the mixing of blood and 

transmission of HIV. This is supported by analysis of bushmeat in Cameroon 

demonstrating Simian immunodeficiency virus (SIV) positive samples in several 

different non-human primate species from geographically distinct areas [257, 258].  
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1.14 HIV-1 genomic organisation   

HIV-1 belongs to the retroviridae family, the subfamily orthoretrovirinae and finally to 

the lentivirus genus [117]. As a retrovirus, HIV-1 has an RNA genome which is reverse 

transcribed into DNA as part of its viral lifecycle. HIV-1 has a 9.7kb RNA genome 

encoding 9 ORFs that produce 15 proteins (Figure 1.21). Two copies of the HIV-1 

single stranded RNA genome are enclosed within the viral capsid, which is in turn 

surrounded by the lipid bilayer studded with the viral entry protein, Env. The genome 

is flanked at the 5’ and 3’ ends by long terminal repeat (LTR) sequences, which 

encodes for the promoter sequence which permit active transcription once the RNA 

genome has been reverse transcribed and integrated into the host’s DNA. The gag 

and pol ORFs encode multiple proteins: gag encodes matrix (MA), capsid (CA) and 

nucleocapsid (NC). The pol ORF encodes protease (PR), reverse transcriptase and 

RNase H (RT/p66), and integrase (IN). The Env reading frame encodes the gp160 

precursor which is later cleaved by the host protein furin into gp120 and gp41. In 

addition to these structural proteins, HIV-1 encodes several accessory proteins. 

transactivator protein (tat) and RNA splicing regulator (rev) are required for the 

initiation of HIV replication. Negative factor (nef), viral infectivity factor (vif), virus 

protein r (vpr) and virus protein unique (vpu) are not essential for HIV replication per 

se but instead are involved in viral pathogenesis [256].  

 

Figure 1.21. HIV-1 genome. Schematic showing location of the structural genes 
gag, pol and env, and the accessory proteins tat, rev, vpu, vpr, vif and nef. Figure 
created, using BioRender.  
 

1.15 Entry of HIV-1   

HIV-1 entry is mediated by the viral entry protein Env binding to non-specific 

attachment factors, followed by the primary receptor CD4, and a coreceptor of either 

CCR5 or CXCR4. Before the CD4 receptor is engaged, Env attaches to the cell by 

interacting with a range of host factors including negatively charged heparan sulfate 
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proteoglycans, intergrins, or DC-SIGN on the cell surface [259]. Following attachment 

to the cell surface, Env can now bind its primary receptor, CD4, a member of the 

immunoglobulin super-family (Figure 1.22). The CD4 binding site in Env is located in 

a cavity between the inner and outer domains of gp120 [260, 261]. The presence of a 

bulky residue at position 375 of Env, which forms part of this cavity, has been shown 

to predispose Env to adopt a more open conformation of Env akin to the CD4-bound 

conformation, demonstrating that the filling of this cavity is an important step in the 

triggering of Env [260]. The binding of Env and CD4 triggers structural rearrangements 

in the V1/V2 and V3 loop of Env that expose the binding site for the coreceptor. Either 

CCR5 or CXCR4, depending on the tropism of the virus, is now accessible to Env and 

coreceptor binding. CCR5 is the primary coreceptor in HIV-1 transmission, and 

CXCR4-tropic viruses, or dual-tropic viruses, tend to emerge later in about 50% of 

subtype B infections [262]. The binding of the coreceptor brings Env closer to the 

target membrane and stabilises the complex, the fusion peptide is released, and 

membrane fusion can now occur resulting in viral entry [263]. 

 

 It was previously suggested that the binding of the coreceptor permitted further 

structural rearrangements in Env that triggered release of the membrane fusion 

machinery [259]; however more recent evidence shows that coreceptor binding 

stabilises the entry complex and does not result in allosteric changes in gp120 [263]. 

HIV-1 entry is pH-independent and it has been demonstrated that viral fusion occurs 

at the plasma membrane in T cells [12, 264]. This suggests that endocytosis is not 

required for HIV-1 entry, however, the sensitivity of HIV-1 entry to both endocytosis 

inhibitors in certain cell lines and to endosomally located antiviral proteins implies that 

HIV-1 can utilise endosomal entry despite not requiring acidic pH [13, 91]. It has been 

shown for some HIV-1 strains that CCR5-tropic Envs preferentially fuse at the plasma 

membrane, while CXCR4-tropic Envs fuse in endosomes [67]. However, it has been 

shown that for some viral strains coreceptor tropism and location of viral entry do not 

correlate [68]. The use of different HIV-1 strains and different cell lines likely 

determines much of the differences in the literature regarding plasma versus 

endosome fusion.  
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Figure 1.22. HIV-1 Env in complex with CD4. A) Single chain of Env (cyan) in 
complex with CD4 (pink) with the Phe43 of CD4 coloured in green. B) Trimeric Env 
cyan)  in the CD4-bound open conformation in complex with CD4 (pink) from a top 
down view. PDB:6OPN. Structures made in PyMOL.  
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1.16 HIV-1 replication    

Following fusion, the viral capsid is released into the cytoplasm and the capsid 

migrates across the cytoplasm to the nuclear pore [265, 266] (Figure 1.23). Reverse 

transcription occurs inside the capsid during the journey to the nuclear pore [267] and 

the capsid interacts with nucleoporins at the nuclear rim to mediate import of the 

capsid into the nucleus [268, 269]. The pre-integration complex assembles inside the 

nucleus and the reverse transcribed genome is integrated into the host genome [252]. 

Following integration, proviral transcription is initiated and viral mRNAs are exported 

from the nucleus [270]. These mRNAs serve as templates for protein production and 

genome RNAs are packaged into nascent viral particles. The ESCRT pathway 

mediates viral budding and following release from the host membrane, the viral 

protease cleaves Gag to result in the fully mature virion [271, 272]. In addition to cells 

which actively produce virus, HIV-1 can establish a non-productive state of infection 

termed latency. These cells do not actively produce virus but harbour intact integrated 

proviruses which can stochastically produce virus [273]. 

1.17 HIV-1 Env tropism  

The primary targets of HIV-1 infection are CD4 T cells, macrophages, and dendritic 

cells which express CD4 and the CCR5 coreceptor. CCR5-tropism appears to be a 

requirement for HIV-1 transmission, however a switch to CXCR4 usage, or dual 

coreceptor usage has been associated with rapid disease progression [274]. Although 

the exact recipe for a CXCR4 tropic Env has not yet been established, CXCR4-tropic 

Envs have been found to have longer and higher charged V3 loops [275].  

 

Due to the high mutation rate of HIV-1 and the targeting of Env by adaptive immunity, 

Env is highly variable. This can lead to hundreds of quasispecies of Env circulating in 

the same patient with very different Env sequences, presenting a problem for the 

adaptive immune system in terms of generating neutralising antibodies. It has also 

been found that a majority of infection of new cellular targets in vivo is estimated to 

occur through cell-cell transmission at virological synapses rather than through cell-

free virus [71]. The use of cell-cell transmission likely assists in escaping adaptive 

immunity and may also overcome stability constraints of the Env glycoprotein.  
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However, much of HIV-1 viral entry research utilises in vitro tissue culture models of 

cell-free infection, and there may be disparities in viral entry as measured by cell-free 

infection and cell-cell infection.   

 

 

Figure 1.23. HIV-1 viral replication. HIV-1 associates with non-specific attachment 
factors at the cell surface. Envelope binds to CD4, which triggers conformational 
changes allowing Env to bind the coreceptor CCR5 or CXCR4 to stabilise the 
complex (1). The fusion peptide is released which results in the fusion of the viral 
and cellular membranes and the release of the capsid into the cytoplasm. This can 
happen at the plasma membrane, or in endosomes. The capsid migrates across the 
cytoplasm to the nuclear pore (2). Reverse transcription occurs inside the capsid or 
once inside the nuclear pore (3). The reverse transcribed genome is then integrated 
into the host genome (4). Viral genes are transcribed and exported from the nucleus 
by Rev (5). Viral transcripts are translated (6), in parallel Env is translated in the ER 
and trafficked through the ER and Golgi and post translationally modified (7). Viral 
assembly occurs at the plasma membrane where the p6 protein of Gag binds the 
viral genome and incorporates it into assembling capsids (8). Immature viruses bud 
from the plasma membrane and Gag cleavage results in mature virus particles (9). 
Figure created in BioRender. 
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1.18 HIV-1 Env synthesis and processing  

Like SARS-CoV-2, Env is synthesised as a full-length precursor. Translation of Env 

begins in the cytoplasm and is translocated to the ER once an ER signal sequence is 

encountered at the N-terminal of Env. This signal peptide is then co-translationally 

removed by signal peptidases within the ER. The transmembrane domain of gp41 

contains a membrane anchor which stops gp160 from being fully released into the 

lumen of the ER, allowing the gp120 portion to extend into the ER lumen and the gp41 

portion to reside in the cytoplasm [276]. Through Env’s journey in the ER, N-linked 

and O-linked oligosaccharides are added and the gp160 monomers oligomerise into 

trimers [277]. This facilitates the trafficking of gp160 through the Golgi and trans-Golgi 

network. More high-mannose modifications are made and the gp160 precursor is 

processed into gp120 and gp41.  

 

Env requires proteolytic processing by furin at the gp120/gp41 boundary to prime the 

protein for entry. Furin-mediated cleavage is vital for viral entry and deletion of this site 

produces viruses that  adopt non-native conformations and are non-fusiogenic [278] 

[279]. The gp120-gp41 boundary contains a highly conserved furin cleavage site motif, 

REKR, at the bridge of gp120 and gp41. The furin motif is highly conserved amongst 

HIV-1 isolates, although given the sequence variability in contact resides around the 

REKR site, it is possible there are differences in the efficiency of gp160 processing 

across HIV-1 strains. A second putative furin cleavage site has also been identified 

(KAKR) a few residues upstream of the canonical furin cleavage site [280]. However 

whether this second site is of physiological relevance is unclear; although it has been 

suggested that conformational differences may explain the preference for the 

canonical site over the second upstream KAKR site [281]. Following cleavage, the 

gp120 and gp41 subunits remain associated through non-covalent interactions. 

Complexes of gp120-gp41 are subsequently trafficked through the secretory pathway 

to the plasma membrane for viral assembly. Most Env at the surface is endocytosed 

and either trafficked to lysosomes, or back to the plasma membrane. Because of the 

relatively weak interactions between gp120 and gp41, some gp120 is also shed from 

the plasma membrane, which may be a factor in the relatively low levels of Env that 

are incorporated onto nascent virions [282]. It has recently been described that un-
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cleaved HIV-1 Env takes a different secretory pathway to the cell surface, bypassing 

the Golgi and site of furin cleavage, and is excluded from virion incorporation [283]. 

Combined with the rapid recycling of Env back into endosomes and away from the 

plasma membrane, this is another potential mechanism through which Env can evade 

neutralising antibodies; antibodies against the un-cleaved form of Env will likely bind 

different epitopes and not the cleaved, fusion competent form of Env.  

 

At the plasma membrane, Env is incorporated into nascent virions. Several models for 

Env incorporation into virions have been proposed: the passive incorporation model, 

the Gag-Env interaction model, the Gag-Env co-targeting model, and the indirect Gag-

Env interaction model (Figure 1.24). The passive incorporation model is based on 

observations that several host proteins are packaged into retroviral virions, and that 

non-retroviral glycoproteins can also be packaged, which can be leveraged to 

“pseudotype” lentiviral vectors with different viral glycoproteins to examine viral entry 

[277]. Additionally, deletion of the cytoplasmic tail of Env does not significantly reduce 

viral titre, demonstrating some Env incorporation can occur in a cytoplasmic tail and 

Gag independent manner [284]. Truncation of the cytoplasmic tail of Env has however 

been found to increase Env incorporation and has also been reported to overcome the 

antiviral effects of the SERINC proteins [90, 285]. 

 

Evidence for the Gag-Env interaction model is derived from observations that 

deletions or mutations in the matrix of Gag can reduce Env incorporation into virions 

[286]. If Gag is not cleaved, and therefore matrix and gp41 cannot interact, these 

virions are fusion defective, therefore a lack of interaction between matrix and Gag 

may prevent Env from forming a fusiogenic state [287]. This can be rescued by gp41 

truncation, implying a mix of passive and Gag-Env interacting incorporation can occur 

at the membrane. The Gag-Env co-targeting model relies on evidence from gp41 

truncation studies and Env incorporation. In some cell types, cytoplasmic tail deletion 

does reduce PLV titre, which indicates Env and Gag are targeted to the correct site 

for viral assembly by a host factor [284]. This would explain the cell-type dependency 

of gp41 truncation, as this factor may not be present in all cell lines and be associated 

with their relative permissivity to cytoplasmic tail truncation. Finally, a host protein may 

indirectly bridge a Gag and Env interaction, similarly to the co-targeting model. 
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Distinguishing which of these models is predominantly utilised, or whether in fact a 

mix of them occur concomitantly, remains to be elucidated. 

 

 
Figure 1.24. Models of Env incorporation into virions. A) Passive incorporation 
model. Env is passively incorporated into virions due to its presence at the plasma 
membrane through no interaction with Gag. B) Gag-Env interaction model. The 
cytoplasmic tail of Env interacts with the MA of Gag to incorporate Env into virions. 
C) Gag-Env co-targeting model. Both Gag and Env are targeted to a host motif on 
the plasma membrane which is packaged into virions. D) Gag-Env indirect 
interaction model. Gag and Env interact indirectly through a third-party host protein.  

 

1.19 HIV-1 Env structure and conformation  

HIV-1 Env, similarly to other class I fusion glycoproteins, consists of two subunits; one 

contains the receptor binding domain (gp120), and one the fusion machinery (gp41) 

(Figure 1.25). HIV-1 Env is primed by furin cleavage in the Golgi and triggered to 

mediate viral entry by binding to CD4 and either CCR5 or CXCR4 as a coreceptor. 

The Env trimer is a highly dynamic structure that primarily exists in a metastable, 

closed state termed “state 1”. A significant energy barrier must be overcome for Env 

to transition to state 2 (CD4 bound conformation) and the final postfusion conformation 

(state 3). HIV-1 strains demonstrate a varying propensity to sample the downstream 

states  (Figure 1.26 A). If Envs sample state 2 and state 3, they can functionally 

inactivate by prematurely reaching the postfusion conformation, and are also more 

susceptible to neutralising antibodies that target the open conformation of Env [288]. 

More open Envs are also more susceptible to functional inactivation by the presence 

of a CD4-mimetic [289].  
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The propensity of an Env to functionally inactivate by sampling state 2 and irreversibly 

achieving state 3 can be measured by cold inactivation. This assay measures how 

much infectivity a virus or PLV loses when incubated on ice and is then frozen. If the 

Env adopts a more open conformation, water molecules can enter and form crystals, 

which break the Env during the freezing process. Envs which adopt the more open 

conformation are more sensitive to cold inactivation, and Envs which are more stably 

in the closed conformation are more resistant to cold inactivation [290, 291]. Env 

conformation can also be stabilised with small molecule inhibitors. The inhibitor 

Temsavir stabilises the closed conformation of Env, while mimetics of CD4 can 

stabilise the open conformation of Env [292]. It has been found that processing of 

gp160 to gp120 and gp41 stabilises the closed conformation of Env [279, 293]. In 

addition to preventing premature firing and functional inactivation of Env, full 

 

 
Figure 1.25. HIV-1 Env schematic. A) Schematic of Env with variable regions, furin 
cleavage site (FCS), fusion peptide (FP), heptad repeats (HR), transmembrane 
domain ™ and cytoplasmic tail (CT)abelled. B) Single chain of HIV-1 Env 
(PDB:5ACO) with variable loops and gp41 coloured in. Structure made in PyMOL.  
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processing may also assist in escape from antibody mediated cellular toxicity (ADCC) 

by reducing the transitioning of Env to the open conformation where ADCC epitopes 

are accessible at the cell surface [292]. Structures of the closed, partially open and 

open conformations of Env are shown in Figure 1.26 B. 

 

 

In addition to intrinsic reactivity, the clustering of Env trimers on the virion surface is 

important in determining the infectivity of an HIV-1 particle [294]. The clustering of Env 

increases local Env density, which therefore overcomes the energy barrier required 

for membrane fusion. This is especially important due to the low number of Envs per 

virion which has been estimated as low as 7-14 Env particles per virion [295]. Mature, 

infectious particles display fewer clusters of Env trimers than non-infectious particles 

where gag has not matured, signifying a link between Env clustering and gag 

maturation [294].  
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Figure 1.26. Reaching the CD4 bound conformation requires overcoming a 
significant energy barrier for Env. A) A significant amount of free energy is 
required to transition from state 1 to state 2, and finally down to the lowest energy 
state, state 3. B) In Envs with a more open conformation also known as high 
reactivity, require lower energy to transition from state 1 to state 2. B) Structures of 
gp120 and gp41 in the closed (blue), partially open (grey) and open (green) 
conformations from a side view and a top view, taken from Wang et al 2016 [296].   
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1.19.1 V1/V2 loop  

There are five sequence variable loops in Env, demarcated by the presence of 

disulphide bonds (Figure 1.27). The V1/V2 loop is located at the apex of the Env trimer 

and stabilises the trimeric gp120 on the surface of virions whilst also shielding the 

coreceptor binding site in the closed conformation. The V1/V2 loop forms a five 

stranded beta-barrel in structure [297]. The V1/V2 loop is the most sequence and 

length diverse of the variable regions. Roughly one in ten of the residues of the V1/V2 

loop are glycosylated, with the putative glycosylation sites numbered according to 

HxB2: N133, N142, N156, N160, and N181 [298, 299]. The V1/V2 loop is vital to Env 

structure and function and deletion of the V1/V2 loop abolishes viral infectivity [300].  

 

The L193 site in the V1/V2 loop has been found to be an important constraint on the 

maintenance of the closed conformation of Env [288]. It has been reported that 

mutation of this site to an alanine or arginine results in Env adopting a more open 

conformation, suggesting that the L193 site constrains Env in the closed conformation 

[288]. The importance of this constraint is again not only for preventing premature 

functional inactivation of Env, but to also protect Env from being neutralised by 

antibodies at epitopes that are only vulnerable in the open conformation.  

 

1.19.2 V3 loop  

The V3 loop is located underneath the V1/V2 loop and is a major determinant of 

coreceptor usage  [301, 302]. The importance of the V3 loop is exemplified by the fact 

that deletion of this region completely abrogates viral infectivity [300]. The V3 loop is 

more conserved than the V1/V2 loop and tolerates less variation in its sequence. It 

also contains notable glycosylation sites, the N301 and N332 sites [298]. The N332 

glycosylation site is at the base of the V3 loop, and is a major target of neutralising 

antibodies [303].  

 

The V4 and V5 loops are not as well characterised as the V1/V2 and V3 loops. These 

loops do contain a number of glycosylation sites (N392, N408 and N411 in the V4 and 

N463 and N466 in the V5), and deletion of either of these loops impairs virion infectivity  

[298, 300]. The V4 and V5 loops are the most tolerant in gp120 to insertion of labelling 
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components, such as GFP, and are frequently used to label HIV-1 Env for microscopy 

[304].  

 

1.19.3 gp41  

Gp41 contains the fusion machinery of Env.  It can be divided into an ectodomain, 

comprising the heptad repeats 1 and 2, and an endodomain containing the 

transmembrane domain and the cytoplasmic tail of Env. The conversion of the 

prefusion to postfusion conformation of gp41 and anchoring of the fusion peptide in 

the host membrane is integral to membrane fusion. As such, gp41 is relatively 

conserved in sequence across HIV-1 strains compared to gp120. Additionally, gp41 

bears structural similarities to other class I fusion glycoproteins from influenza, 

respiratory syncytial virus (RSV), and Ebola and is comprised of two long helices which 

sit at the base of the trimer  [305]. Residues in gp41 have been found to be key to 

modulating Env clustering, with the residues 751-854 in particular regulating clustering 

of Env by interacting with cholesterol [306]. Additionally, a conserved region between 

A582 and L587 of gp41 is an important regulator of Env conformation, which 

decreases the transition from state 1 to state 2. A582T and L587A can increase the 

closed conformation of the trimer [307]. Incorporation of the A582T and L587A 

mutations into HxB2 reduces the effects of cold inactivation, demonstrating that this 

stabilises the trimer [307]. 

 

Gp41 also contains the cytoplasmic tail, which interacts with gag during Env 

incorporation. Of the gp41 ectodomain and endodomain, the endodomain has slightly 

more sequence diversity compared to the ectodomain [308]. The cytoplasmic tail of 

HIV-1 is relatively longer than that of other retroviruses, with average HIV-1 

cytoplasmic tails comprising of approximately 150 amino acids, while other 

retroviruses cytoplasmic tails are usually around 50 amino acids on average [309].  
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Figure 1.27. The variable regions of HIV-1 Env are demarcated by disulphide 
bonds. Schematic shows the location of disulphide bonds in HIV-1 Env which 
separate the variable loops. 

 

1.19.5 Env glycosylation   

Env is one of the most heavily glycosylated proteins identified. A major proposed 

function of the high density of glycans is to shield the protein from antibody 

neutralisation [310]; That said, several broadly neutralising antibodies have been 

identified that target glycan patches on Env [310]. Env glycans also help with correct 

protein folding and can impact viral infectivity. Depending on the HIV-1 strain, there 

are approximately 25 N-linked glycan sites on each chain of Env [311]. Gp120 is more 

heavily glycosylated than gp41, with gp41 on average only having four N-linked 

potential glycosylation sites (PNGs). A high proportion of the glycans on Env have 

been found to be surprisingly under processed relative to other viruses, due to 

enzymes that would process these into complex sugars being unable to access the 

glycans due to steric hinderance from the Env conformation [312]. The site of 29 of 

the N-linked glycans in the HxB2 Env are shown in Figure 1.28. 
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Figure 1.28. Snake diagram of HIV-1 Envelope. A) Snake diagram of HIV-1 
Envelope HxB2 generated in Protter. Glycosylation sites are shown in dark green 
and disulphide bonds in light green. 

 

 

As mentioned earlier, there are several glycosylation sites in the V1/V2 loop and V3 

loops of Env, the N133, N142, N156, N160, N181, N301 and N332 sites. In particular, 

the N332 glycan has been found to represent an antibody targeting supersite on Env, 

with several neutralising antibodies targeting the N332, including the broadly 

neutralising antibody 2G12 and PGT121 [313, 314]. Loss of the N332 site during 

chronic infection has been documented as an escape mechanism from broadly 

neutralising antibodies [315]. In addition to mutation of the site to escape neutralising 

antibodies, it has been documented that increasing V1/V2 loop length and mutation of 

sites distal to the N332 site itself can also result in escape from N332-targeting 

antibodies [303]. This demonstrates that interplay between the variable regions can 

affect Env conformation, in particular how altering the more variable V1/V2 loop can 

cause allosteric changes to the V3 loop.  
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1.20 HIV-1 transmitted/founder viruses  

The majority of HIV-1 transmission worldwide results from heterosexual contact. HIV-

1 transmission is a relatively inefficient process, with a single virion being responsible 

for HIV-1 transmission in 80% of heterosexual transmissions and 60% of MSM 

transmissions [316]. For HIV-1 transmitted intravenously through needles, up to 16 

transmitted virions have been found to be responsible for productive infection [317].  

Additionally, it is estimated that 98 % of sexual exposure events do not result in 

transmission of HIV-1 [318]. The likelihood of HIV-1 transmission is however increased 

by high infecting partner’s viral load, decreased mucosal integrity, and increased 

immune activation and target cell availability in the new host [319]. The low success 

of HIV-1 transmission suggests there is a considerable bottleneck for HIV-1 

transmission with significant constraints on which virions can transmit. An alternative 

view of this is rapid selection of one of several virions that transmit occurs in the new 

host (Figure 1.29). The viruses that are either capable of transmitting, or are rapidly 

selected for in the new host, are termed transmitted/founder (T/F) viruses. The 

apparent constraints on HIV-1 transmission mean that T/Fs have garnered significant 

attention to attempt to characterise their properties.  

 

The chief characteristic of T/F viruses is their utilisation of CCR5 as a coreceptor 

compared to viruses from chronic infection that can either utilise both receptors or fully 

switch to CXCR4 use [320]. It has been suggested that the predominance of CCR5-

tropic T/Fs is due to differences in the infection of resting memory versus active CD4 

T cells by CXCR4-tropic viruses. Zhou et al found that CXCR4-tropic infection 

peripheral memory CD4 T cells, those that are likely to be infected at transmission, 

result in abortive infection; however activated CD4 T cells, which are found in later 

infection when CXCR4-tropic viruses emerge are not as susceptible to abortive 

infection [321]. The requirement for CCR5-tropic viruses at transmission has been 

linked to the decreased susceptibility of people who are homozygous for the D32 

CCR5 gene, which results in no expression of CCR5 at the cell surface, to HIV-1 

infection [322]. However, it has been found that although protective against HIV-1 

infection, this mutation increases susceptibility to West Nile Virus through a currently 

unknown mechanism [323]. Other phenotypic differences of T/Fs have been debated, 

with some reports of increased Env incorporation, increased cell-free infectivity, IFNa 
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resistance, and resistance to fusion inhibitors and neutralising antibodies [324-326]. It 

has also been suggested that T/F Envs have shorter variable loops and fewer potential 

glycosylation sites than Envs from chronic infection [327, 328].  

 

While some of the characteristics have not been found to be broadly qualifying, the 

resistance to type I IFNs appears to be a significant characteristic of T/F viruses and 

suggests that type I IFN may impose a significant constraint on viral transmission [27, 

325]. Viruses isolated from chronic infection, or constructed from consensus 

sequences from chronic infection, have been found to be more sensitive to inhibition 

by IFN and in particular, IFITMs [27, 67]. Reversion of the mutations that were 

hypothesised to provide escape from neutralising antibodies reverted the IFN and 

IFITM sensitivity of chronic Envs [67]. This is suggestive of the interplay between 

adaptive and innate immunity over the course of infection, and indicative that while 

IFN imposes a constraint on transmission, evasion of neutralising antibodies is 

relatively more important in chronic infection. 

 

 Interestingly however, while IFN resistance has been characterised as a property of 

T\Fs, viruses isolated from the interruption of ART have also been found to be highly 

IFN resistant [28]. This demonstrates that IFN is also a selection pressure in chronic 

infection. It has been questioned whether IFN resistance is a true property of T/F 

viruses, or simply an artefact of faster replication kinetics to viruses from chronic 

infection [329]. This is supported by observations that there are ISGs that can inhibit 

both T/F and chronic viral isolates [329], suggesting that perhaps a combination of IFN 

resistance and rapid replication kinetics are important to overcome the transmission 

bottleneck.   
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Figure 1.29. Transmitted/founder effect in HIV-1 transmission. Hundreds of 
quasispecies of HIV-1 can be present in the donor. In mucosal transmission, a 
bottleneck effect results in only a few viruses traversing the mucosa. Of these 
viruses, some are capable of replicating in the recipient and further diversifying 
(orange) while others are defective or not fit for the new environment and rapidly 
lost (blue, green). Figure created in BioRender. 

 

HIV-1 Env is the only viral protein exposed on the outside of the virus and is therefore 

the prime target for neutralising antibodies. However due to the poor proofreading 

capacity of HIV-1, there is a rapid rate of mutation and accumulation of mutations 

during infection; these mutations may be either detrimental or beneficial for viral 

transmission and replication [330]. The need of HIV-1 to escape neutralising 

antibodies means Env is a hotspot for mutation, to escape both antibody-mediated 

immunity, and also to escape innate immunity. Reversion of neutralising antibody 

escape mutations in six month viruses has been reported to confer IFITM resistance 

to previously sensitive viruses, suggesting that these selective pressures compete 

during chronic infection [67]. It has also been found that Envs which are IFITM3 and 

SERINC5 resistant in acute infection gradually lose resistance to IFITM3 but not 

SERINC5 [91]. This suggests that antiviral proteins which inhibit entry exert differential 

selection pressures over chronic infection and a further layer of complexity to the 

selection pressures of intra-host viral evolution.  
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1.21 IFITM antagonism of HIV-1 and SARS-CoV-2 entry   

IFITMs have been found to inhibit a broad range of viruses; their importance in vivo 

has been demonstrated by mouse knock-out studies, and association of SNPs with 

increased disease severity for influenza, SARS-CoV-2, and HIV-1 [79, 81, 82]. 

However, there are also some viruses which can escape IFITM restriction. Lassa virus 

entry is entirely unaffected by IFITM overexpression, thought to be due to accessing 

endosomal compartments where IFITM3 is absent [331]. The unrelated human 

papilloma virus (HPV) has also found to be entirely resistant to IFITM overexpression 

[332]. Furthermore, it has also been found that even within the same virus, viral 

subtypes can vary in their susceptibility to IFITM restriction.  

 

Different HIV-1 isolates exhibit differential sensitivity to IFITMs [333]. T/Fs have been 

found to be more resistant to IFITM overexpression than their counterparts from six 

months into infection [67]. Reversion of mutations in the six-month viruses can re-

confer IFITM sensitivity, demonstrating that IFITM resistance can be lost due to the 

selection pressure of adaptive immune escape. Differential IFITM sensitivity for HIV-1 

has been previously linked to the V3 loop of Env [333]. Additionally, IFITM-mediated 

inhibition of HIV-1 has been reported to be distinct from that of SERINC-mediated Env 

inhibition, as Envs can be sensitive to one and not the other [91]. It has also been 

shown that IFITMs can reduce the infectivity of nascent virions through their 

incorporation into virions in producer cells [58, 59]. It has however been shown that 

this form of IFITM-mediated inhibition does not appear to be dependent on Env, 

whereas IFITM-mediated inhibition through their expression in target cells varies in an 

Env-dependent manner [59, 67].  

 

The interplay between IFITMs and SARS-CoV-2 entry is debated in the literature, with 

some groups demonstrating that SARS-CoV-2 is IFITM sensitive in particular cell lines 

[40, 94, 150, 334]. However, other groups show that IFITMs can actually enhance 

SARS-CoV-2 infection under certain circumstances; It has been reported that IFITMs 

can enhance the infection of the Wuhan SARS-CoV-2 spike when IFITM3 is mis-

localised by incorporating a Y20A/F mutation [40]. We can recapitulate these findings 

with IFITM2, and find that mis-localisation of IFITM2 also results in enhancement of 
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Wuhan virus and PLVs in A549-ACE2 cells [334]. Additionally, it has been reported 

that knockdown of IFITMs in Calu-3lu3 cells results in enhancement of SARS-CoV-2 

infection; IFITMs 2 and 3 have also been shown to enhance the entry of the 

coronavirus OC43 [335, 336]. This suggests a common mechanism utilising the 

hijacking of antiviral proteins for entry. There have also been discrepancies about 

which IFITMs can inhibit SARS-CoV-2; some articles report IFITM1 being the most 

inhibitory [94], and others demonstrate more inhibition by IFITM2 or IFITM3 [94, 334]. 

The overexpression of TMPRSS2 has been shown to reduce IFITM-mediated 

restriction of SARS-CoV-2, and that IFITM3-mediated inhibition of SARS-CoV-2 can 

be abolished by treatment with amphotericin B [150]. IFITMs have also been reported 

to inhibit the formation of syncytia, a pathophysiological hallmark of SARS-CoV-2 

infection in vitro and in vivo. IFITM1 has been shown to inhibit syncytia formation, in 

contrast to TMPRSS2 overexpression which promotes syncytia formation [69, 75, 76]. 

In addition to directly inhibiting entry, these findings further demonstrate there are 

additional indirect antiviral properties of IFITMs. 

 

IFITMs can play an important role in controlling viral infection and may be a constraint 

on viral transmission. Understanding the glycoprotein-dependent factors involved in 

why some viral envelopes are restricted by IFITMs and others are not, is therefore of 

interest.  
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1.22 Aims of this thesis  

Traversing the cellular membrane is the first essential step of viral infection and 

common solutions to mediate viral entry have been utilised by multiple unrelated 

viruses. Not only must a virus mechanistically mediate the fusion of the cellular and 

viral membranes, but there are numerous antiviral proteins that can inhibit viral entry. 

Perhaps the most well characterised of these thus far are the IFITM proteins that inhibit 

the entry of a broad range of enveloped viruses, including SARS-CoV-2 and HIV-1. 

Many strains and variants of both SARS-CoV-2 and HIV-1 exist due to their capacity 

to mutate when replicating, resulting in strains with significant differences in the 

sequences of their viral entry proteins. The need to evade IFITM proteins in order to 

mediate viral entry confers one of the several selective pressures on the evolution of 

viral glycoproteins intra- and inter-host. Understanding the determinants of the relative 

sensitivity of viral glycoproteins to IFITMs can shed light on these host-virus 

interactions and assist our understanding of viral evolution.  

 

The data presented in this thesis aims to investigate the molecular determinants of 

IFITM resistance and sensitivity in both the SARS-CoV-2 and HIV-1 entry 

glycoproteins. The results section of this thesis is divided into four chapters:  

 

1. IFITM2 sensitivity of the Wuhan spike can be modulated by deletion of the 

polybasic cleavage site.   

2. The SARS-CoV-2 alpha variant is IFNb resistant in an IFITM-dependent 

manner.  

3. Spike cleavage by TMPRSS2 and matrix metalloproteinases alters IFITM 

sensitivity.  

4. The V1/V2 loop of HIV-1 Env can confer IFITM resistance or sensitivity.  

 

 

 

 

 

 

  



 95 

  



 96 

Chapter 2: Methods  

2.1 Plasmids  

Main plasmids and their origins are listed in Table 2.1. Primers used to make mutants 

of said plasmids used in this thesis are listed in Table 2.2. 

 
Plasmid Backbone Source/cloning 
ACE2  pcDNA.31 Dr Nigel Temperton 
ACE2 Pcms28 puromycin Cloned with NotI/XhoI 
ACE2  Pcms28 blasticidin Cloned with NotI/XhoI 
TMPRSS2 RRL.sin.cPPT.SFFV/IRES-

neo.WPRE 
Dr Caroline Goujon 

Wuhan-1 pcDNA3.1 Dr Nigel Temperton  
D614G pcDNA3.1 SDM   
D614G DCT pcDNA3.1 SDM  
Alpha (B.1.1.7) pcDNA3.1 Dr Katie Doores 
Alpha (B.1.1.7) DCT pcDNA3.1 Prof Wendy Barclay  
Beta pcDNA3.1 Dr Katie Doores 
Gamma pcDNA3.1 Prof Wendy Barclay 
Kappa pcDNA3.1 Prof Wendy Barclay 
Delta pcDNA3.1 Prof Wendy Barclay 
Omicron (BA.1) pcDNA3.1 Prof Wendy Barclay 
Omicron (BA.2) pcDNA3.1 Prof Wendy Barclay 
Pangolin Guangdong pD603  Dr Joe Grove  
pLHCX pLHCX Neil lab  
IFITM1 pLHCX Neil lab 
IFITM2 pLHCX Neil lab  
IFITM3 pLHCX Neil lab   
CSXW   Neil lab 
p8.91  pCRV1 Neil lab  
MLV gag-pol pCRV1  Neil lab  
VSV-G pMDG Neil lab 
SARS-CoV-2 M pLVX-EF1alpha-IRES-Puro Prof Michael Malim 

 

Table 2.2 Mutants generated in this thesis  
Mutant Primer 1 Primer 2   
Spike mutants  
DPRRA AGAAGCGTGGCCAGCCAG GCTATTGGTCTGGGTCT

GGTAG 
Ins PRRA AGAGCCCGGAGCACCAGCCAGAAA TCTAGGCAGCAGAGACA

CGGTGTG 
Ins “Y2Y”  
 

cagaagcgtggccagccagagcatcatcGCCTA
CACCATGAGCCTG 

gctcttctagggctattggtctgggtct
gGTAAGAGGCACAGATG
CC 

Ins PRRA 
pangolin 

agagccagAAGCGTGTCCAGCCAAGC tctaggggAGTTGGTCTGTG
TCTGATAGC 

Table 2.1 Plasmids used in this thesis  
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DS2’  TTCATCGAGGACCTGCTG CTTGCTAGGCTTGCTTG
G 

D614G  GCTGTACCAGGGCGTGAATTGCA ACGGCCACCTGATTGCT
G 

DHRRA AGAAGCGTGGCCAGCCAG 
 

GCTATTGGTCTGGGTCT
GGTAG 

P681H GACCAATAGCcacAGAAGAGCCAGAA
GC 

TGGGTCTGGTAGCTGGC
G 

H681P GACCAATAGCcccAGAAGAGCCAG TGGGTCTGGTAGCTGGC
G 

P681R  GACCAATAGCagaAGAAGAGCCAGAA
GCGTG 

TGGGTCTGGTAGCTGGC
G 

R681P GACAAACAGCcctAGACGGGCCAG TGTGTCTGGTAGCTGGC
A 

D69/70 AGCGGCACCAATGGCACC GATGGCGTGGAACCAGG
TC 

D144 CATAAGAACAACAAGAGC ATAAACACCCAGGAAAG
G 

N501Y CCAGCCTACCtacGGCGTGGGCT AAGCCGTAGCTCTGCAG
AG 

E484K TAATGGCGTGAAGGGCTTCAATTGCT
ACTT 

CACGGTGTGCTGCCGGC
C 

DCT GTCCTGCTGCtgatgaGACGAGGACGA
CAGCG 

CCACACGAACAACACCC
T 

DCT reversion CAGCTGCTGCaagTTCGACGAGG CCACAGCTACAACAGCC
C 

Env mutants  
B5 In TTAGGCATCTCCTATGGCAGGAAGAA

G 
 

B3 In  GTCTCGAGATACTGCTCCCACCC 
BamHI In  ATCATCGCATCCTTAGGCATCTCCTAT

GGC 
XbaI In  GCGCATTCTAGAGTGTCGAGATACTG

CTCC 
C1 V1 V2 F ACCCCACTCTGTGTTACTTTAAAT 
C1 V1 V2 R AGTTAAAGTAACACAGAGTGGGGT 
C2 V3 F  GTAATTAATTGTACAAGACCCGGC 
C2 V3 R   GCCGGGTCTTGTACAATTAATTAC 
C5 TM F  GAGAAAAAAGAGGAGCGGGACTAG 
C5 TM R  CTAGTCCCACTGCTCTTTTTTCTC 
TM CT F  GTCTTTACTGTACTTTCTGTAGTGAAT

AGA 
TM CT R  CCCTGCCTAACTCTATTCACTACAGA

AAGT 
V1 V2 C2 F GAAGCTATATGTTGATAAATTGTAACA

CCTCAGTCATTACACAGGCC 
V1 V2 C2 R  GGCCTGTGTAATGACTGAGGTGTTAC

AATTTATCCAACATATAGCTTC 
57 N332S AGCACATTGCAGCCTTAGTAGGG TGTCTTATATCTCCTACT

ATGTCTC 
113 S332N  AGCACATTGCAACCTTAGTGGGG TGTCTTATATCTCCTACT

ATGTCTCCTG 
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57 N186/187 aataatGATAATAGAAGCTATATGTTGAT
AAATTG 

AATTGGTACTACATCAAG
TTTATTAAAAATTG 

113 D186/187 GATAATAGAAGCTATATGTTGATAAAT
TG 

AATTGGTACTACATCAAG
TTTATTAAAAATTG 

113 L193R AAGCTATATGcgaATAAATTGTAATACC
TCAG 

CTATTATCATTATTAATT
GGTACTAC 

113 ATLA agatacgctCAGGATCAACAGCTCCTAG ttccacagtCAGGACTCTTG
CCTGGAG 

Receptors and IFITMs    
ACE2 pcms28  ATCATCGCGGCCGCGCCACCATGTC

AAGCTCTTCCTGG 
GCGCATCTCGAGCTAAA
AGGAGGTCTGAACATC 

IFITM1 D117-
125 

TATTATGTTAtgatgaATACAGGAAAAAC
GGGGTTACTAG 

TGGTAGACTGTCACAGA
G 

IFITM2 Y19F GCCTCCCAACtttGAGATGCTCAAGGA
G 

TGGCCGCTGTTGACAGG
A 

IFITM3 Y20F  GCCCCCCAACtttGAGATGCTCA TGGCCACTGTTGACAGG
AG 

 

2.2 PCR and sequencing  

Enzymes used during PCR reactions were all purchased from New England Biolabs 

(NEB). Primers were designed using SnapGene software and synthesised by MWG 

Eurofins or IDT. Plasmids were at least partially sequenced prior to use to confirm 

correct plasmid, and sequenced post-cloning. For sequencing, 15µl of a miniprep was 

sent for sequencing with Eurofins MWG or Genewiz Azenta along with 10pmol of the 

relevant primers. Sequencing results were aligned to the reference sequence using 

SnapGene. For standard PCR, the below cycle template was used with the extension 

time altered depending on the plasmid size.  

 

Table 2.3 Standard PCR cycle  
Standard PCR cycle   
98ºC 98ºC 60ºC 72ºC 72ºC 4ºC 
30s 10s 30s 2min 2min Hold 
 X30 cycles    
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2.3 Generation of Envelope mutants by overlapping PCR and ligation 
independent cloning  

  
HIV Envelope chimeras were generated by overlapping PCR. Primers overlapping the 

junction to be switched were designed and fragments amplified with the PCR reaction 

outlined in the table below. The PCR products were run on a 1% agarose gel and 

following extraction and purification of the fragments, 1µl of each fragment was then 

mixed and put into a second PCR reaction to make the next fragment.  

 

Table 2.4 Overlapping PCR cycles for Env chimeras 
PCR cycle 1  
98ºC 98ºC 60ºC 72ºC 72ºC 4ºC 
30s 10s 30s 2min 2min Hold 
 X35 cycles    
PCR cycle 2 
98ºC 98ºC 60ºC 72ºC 72ºC 4ºC 
30s 10s 30s 2min30sec 2min Hold 
 X35 cycles   

 

Table 2.5 Env chimera constructs generated in this thesis  

Construct  Primer set 1  Primer set 2  Primer set 3  

57_S9H(V1V2-CT 113_S8D) 
B5 In  C1 V1 V2 F  

 

C1 V1 V2 R  B3 In  

57_S9H(V3-CT 113_S8D) 
B5 In  C2 V3 F  
C2 V3 R B3 In  

57_S9H(TM-CT 113_S8D) 
B5 In  C5 TM F  
C5 TM R  B3 In  

57_S9H(113_S8D CT) 
B5 In  TM CT F  
TM CT R  B3 In  

57_S9H(V1V2 113_S8D) 
113_S8D(V1V2 57_S9H) 

B5 In  C1 V1 V2 F  V1 V2 C2 F  
C1 V1 V2 R  V1 V2 C2 R  B3 In  

 

 

Next, depending on the number of fragments to be stitched in the chimera, the outer 

Env B3 In and Env B5 In primers were used to amplify the final fragment. In parallel, 

pCDNA3.1 was cut with SSpI for 2 hours at 37ºC and 1µl of shrimp alkaline 

phosphatase (rSAP, NEB) to remove 5’ and 3’ end phosphates. The linearised SSpI 

and final PCR products were run on a 1% agarose gel and extracted again. Next, 
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ligation mixtures were prepared according to the table below and incubated as per the 

ligation-independent PCR cycle below.   

 

Table 2.6 Ligation independent cloning ligation mix  
Vector ligation mix  
Reagent Volume/amount 
pcDNA3 100-150ng 
dGTPs 2µl 
2.1 buffer  2µl 
T4 Polymerase 0.5µl 
H2O Remaining volume to 20µl TV  
Insert ligation mix 
Reagent Volume/amount 
Insert DNA  100ng 
dCTPs 2µl 
2.1 buffer  2µl 
T4 Polymerase 0.5µl 
H2O Remaining volume to 20µl TV  

 

Table 2.7 Ligation-independent PCR cycle  
Ligation-independent PCR 
25ºC 80ºC 4ºC 
30min 5min Hold 

 
After the PCR, 1:1, 2:1, and vector only mixes of vector and insert were prepared in 

10µl volumes and incubated at 37ºC for 30 minutes, or overnight if you forgot about 

them. These were then transformed into competent cells and screened by colony PCR 

and sequencing prior to MIDI prepping.  

 
Some of the Envelope chimeras were cloned using a slightly different method. The 

previously described PCR cycles 1 and 2 were used with the Env B3 In-BamHI and 

Env B5 In-XbaI primers, and the pcDNA3.1 vector cut with BamHI and XBaI for 2 

hours. The final PCR product and digested 3.1 backbone were run on a 1% agarose 

gel and extracted as before. The insert was then digested with BamHI and XbaI for 1-

2 hours, and insert ligated using the Quick Ligation kit (NEB, M2200). 
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2.4 DNA extraction and purification  

DNA fragments were separated based on molecular weight using agarose gel 

electrophoresis. A majority of agarose gels were prepared at 1% agarose by adding 

1g of electrophoresis grade agarose (Invitrogen) to 100ml of 1X TAE buffer (MP 

Biomedicals) and heated until dissolved. When cool, 5µl of ethidium bromide (Sigma) 

per 100ml of buffer was added and the gel poured and left to set at “room temperature”. 

DNA samples were then loaded with a 2-log DNA ladder (NEB) and run at 50-150volts 

in a tank containing 1x TAE buffer. After sufficient separation the DNA was visualised 

under ultraviolet using the Chemi Doc UV system (BioRad). Fragments of the desired 

size were excised and then extracted as per the QIAGEN Gel Extraction Kit 

instructions. 

 

2.5 Ligation  

Digested plasmids were ligated using Quick Ligase (NEB, M2200). 50ng of the vector 

was used with a 2:1 or 1:1 ratio of insert calculated using the NEB online calculator 

along with H20 and 2x Quick Ligase buffer (NEB), and 1µl of Quick Ligase (NEB). The 

ligation mix was incubated for 5-10 minutes at 25ºC. 5µl of this mix was then 

transformed into competent cells, along with a control ligation mix containing no insert 

to confirm the amount of background empty annealing. Colonies were picked the next 

day and screen by colony PCR, or miniprepped and screened by diagnostic digest 

and sequencing.  

 

2.6 Transformation and preparation of competent bugs  

2.6.1 Transformation of plasmid DNA into competent cells 

 

NEB Stbl 3 E. coli (NEB) were thawed on ice. 5µl of ligation mixture (10µl for LIC) was 

mixed with 45µl of thawed cells and incubated on ice for 20 minutes before undergoing 

heat shock at 42ºC for 45 seconds. Following a further 2 minute incubation, 250µl of 

LB with no antibiotic was added and the mix incubated in a shaking incubator at 30ºC 
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for 30 minutes to 2 hours. 50-300µl of this mix was then pipetted onto agar plates 

containing 100µg/ml ampicillin and incubated at 32ºC overnight. The next day, 2mls 

of LB broth containing ampicillin were inoculated with individual colonies picked with 

pipette tips from the agar plates and this was incubated at 30ºC with shaking, either 

overnight if the DNA was then purified with a Qiagen Miniprep kit or for 6 hours before 

being added to a 100ml culture for overnight shaking and purification with a Qiagen 

Midiprep kit. Alternatively, colonies were picked directly into a 100ml culture and 

incubated at 30ºC overnight prior to purification with a Qiagen Midiprep kit.  

 

2.6.2 Preparation of Chemically competent NEB Stbl 3 E. Coli 

 

NEB Stbl 3 E. coli purchased from NEB were inoculated into a 1ml LB broth starter 

culture overnight at 30ºC with shaking. The next day, this was added to an 250ml flask 

of LB broth and incubated at 30ºC with shaking until the optical density measured at 

550nm reached 0.45-0.5. Cells were incubated on ice for 10 minutes and then pelleted 

at 3000 g at 4ºC for 10 minutes. Pellets were resuspended in 100ml of Buffer 1 (see 

table below) and incubated on ice for 10 minutes. Cells were then pelleted at 3000 g 

at 4ºC for 10 minutes again and resuspended in 10ml of Buffer 2 and incubated on ice 

for a further 10 minutes. Cells were then aliquoted into 100-200µl aliquots on dry ice 

and stored at -80ºC. 1 vial was used to test the competency of the cells by 

retransforming a plasmid alongside a vial of older competent cells and the number of 

colonies counted the next day.  

 

Table 2.8 Competent bug buffers 
Buffer 1  Buffer 2  
KAc 30mM  PIPES 10mM 
RbCl 100mM CaCl2 75mM 
CaCl2 10mM RbCl 10mM 
MnCl2 50mM Glycerol 15% 
Glycerol 15% - 
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2.7 Colony PCR  

Colony PCR was used to screen for positive ligation independent cloning colonies or 

when a gene had been amplified by PCR and inserted into a new backbone to reduce 

the number of samples to send for sequencing.  20µl of mastermix (as specified in the 

table below) was added to each PCR tube. Each colony was picked, briefly stirred in 

the tube and then placed into a culture tube with 2mls of ampicillin LB broth for 

culturing overnight and mini prepping. The below PCR cycle was then ran, and positive 

cloning identified by the presence of a band of the right size by running the PCR 

product on a 1% agarose gel.  

 

Table 2.9 Colony PCR mastermix  
Colony PCR mastermix  
Reagent Volume 
Water 17.05µl 
10x buffer 2µl  
dNTPs 0.4µl 
Primer forward 0.2µl 
Primer reverse  0.2µl 
Taq polymerase  0.15µl 

 

Table 2.10 Colony PCR cycle  
Colony PCR cycle  
1 2 3 4 5 6 
95ºC 94ºC 60ºC 72ºC 72ºC 4ºC 
3 min 30 sec 30 sec 2 min 15 min Hold  
 X25 cycles    

 

2.8 Restriction digest cloning 

Table 2.11 Restriction digest  
Reagent Volume  
Cutsmart buffer  5µl  
Enzyme 1  0.5-1µl  
Enzyme 2  0.5-1µl  
Water 35-40µl 
DNA 50ng-5µg   
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Reactions were incubated at the recommended temperature for 2 hours, with 1µl of 

rSAP (NEB) if required, and run on a 1% agarose to separate bands and excised and 

gels extracted as per the manufacturer’s instructions of the Qiagen Gel Extraction Kit. 

2.9 Mutagenesis  

To introduce small substitutions, insertions, or deletions, mutagenesis was completed 

using the NEB Site-Directed Mutagenesis Kit (E0554) as per the manufacturer’s 

instructions. Primers were designed using the NEB base changer website 

(https://nebasechanger.neb.com). Following PCR with the selected primers and 

appropriate elongation time, 5µl of the PCR product was run on an agarose gel to 

confirm concatenation of the DNA. 1µl of PCR product was then mixed with 5µl of the 

KLD buffer, 1µl of KLD enzyme and 3µl of H2O at 25ºC for 5 minutes and then 5µl of 

this mix transformed into NEB stables as previously described. Colonies were mini 

prepped and screened by sequencing to confirm success of cloning.  

 

2.10 Cell culture  

The majority of cell lines were incubated in Dulbecco’s modified Eagle Medium 

(DMEM, Gibco) containing 10% heat-inactivated Foetal Calf Serum (FCS) and 

20µg/ml of gentamicin (Invitrogen) or 5ml/500ml of Penstrep (Gibco). All cells were 

maintained at 37ºC with 5% CO2. For adherent cells, 2ml of Trypsin (TryplE, 

Invitrogen) was used to detach cells. For the passaging of Calu-3 cells, cells were 

washed twice with 1X PBS and then incubated with 1X PBS for 5 minutes at 37ºC. 

Cells were then trypsinised and treated with excessive swearing for 20-30 minutes. 

Cell line originations and antibiotic requirements are detailed below.  
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Table 2.12 Stable cell lines  
Cell line  Antibiotic  Origin/details 
293T-17 - ATCC 
TZM-Bl HeLa  - ATCC 
U87-CD4-CCR5 1µg/ml puromycin, 100µg/ml G418 Generated by Dr Toshana 

Foster  
U87-CD4-CCR5-
PLHCX 

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells  

U87-CD4-CCR5-
IFITM1 

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CCR5-
IFITM2 

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CCR5-
IFTIM3 

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CCR5-
IFITM1 D117-125 

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CCR5-
IFITM2 Y19F  

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CCR5-
IFITM3 Y20F  

1µg/ml puromycin, 100µg/ml G418, 
100µg/ml hygromycin 

Generated from U87-CD4-
CCR5 cells 

U87-CD4-CXCR4  1µg/ml puromycin, 100µg/ml G418 Generated by Dr Toshana 
Foster 

293T-17-M 1µg/ml puromycin  Generated from 293T17 
ATCC cells  

A549-ACE2  1µg/ml puromycin Generated from A549 cells 
obtained from ATCC 

A549-ACE2-
TMPRSS2 

1µg /ml puromycin, 400µg/ml G418 Generated from A549-ACE2  

A549-ACE2-
PLHCX 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM1 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM2 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM3 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM1 D 117-125 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM2 Y19F 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
IFITM3 Y20F 

1µg/ml puromycin, 100µg/ml 
hygromycin 

Generated from A549-ACE2 

A549-ACE2-
TMPRSS2-PLHCX 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin  

Generated from A549-ACE2-
TMPRSS2 

A549-ACE2-
TMPRSS2-IFITM1 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 

A549-ACE2-
TMPRSS2-IFITM2 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 

A549-ACE2-
TMPRSS2-IFITM3 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 
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A549-ACE2-
TMPRSS2-IFITM1 
117-125 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 

A549-ACE2-
TMPRSS2-IFITM2 
Y19F 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 

A549-ACE2-
TMPRSS2-IFITM3 
Y20F 

1µg/ml puromycin, 400µg/ml G418, 
100µg/ml hygromycin 

Generated from A549-ACE2-
TMPRSS2 

Calu-3 - ATCC  
Vero-E6 - ATCC  
Vero-E6-
TMPRSS2 

400µg/ml G418  Generated from Vero-E6 cells 

 

2.11 Generation of stable cells  

2.11.1 Transduction of stable cells lines  

 

Cells were plated 24h prior to transduction for 50-90% confluence the next day. Cells 

were transduced with 0.5ml-1ml of lentiviral or retroviral vectors packaged with HIV 

gag-pol (p8.91) or murine-leukaemia virus (MLV) gag-pol and vesicular stomatitis virus 

G protein (VSVG) for 4-24h. Antibiotic selection was added to transduced cells and a 

sacrificial control well that had not been transduced 24h later. Cells were split in the 

6-well or expanded to a 10cm once the well was confluent and split in selection until 

the sacrificial well/plate had died. Cells were then deemed stable and Western blotted 

for the protein of interest to confirm sufficient expression.  

2.11.2 Kill curve  

 

If the antibiotic required for a stable cell line was new to the cell line used, a kill curve 

would be set up to determine the appropriate amount of antibiotic selection. Cells were 

plated to be confluent in a 24 well plate 24h before antibiotic treatment. The next day 

cells were treated with increasing amounts of antibiotic depending on the range 

suggested in the specification sheet. Cells were monitored for the next 96h for cell 

death and the concentration one above the concentration that killed all cells was 

selected for generating a stable cell line.  
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2.12 Generation of SARS-CoV-2 viral stocks  

In 2020, England-02 stocks were made in Vero-E6 cells. When VOCs began emerging 

that appeared to be more dependent on TMPRSS2 for viral entry, this protocol was 

updated to use Vero-E6-TMPRSS2 cells. These were used to generate all stocks from 

then on for consistency. Vero-E6-TMPRSS2 cells were plated at 6x10^6 in a T75 flask 

in 30ml of 10% FCS DMEM 24h prior to infection. The next day, media was changed 

for 20ml of 2% FCS DMEM and cells inoculated with 100-200µl of SARS-CoV-2 virus. 

Higher volumes of inoculation were used for strains with poor replicative capacity. 

Cells were monitored for cytopathic effect (CPE) for the next 48-72h, and supernatant 

harvested and filtered through a 0.45µm filter and frozen when appropriate CPE had 

occurred, deemed by microscopy. Viruses were then titred by plaque assay to 

determine pfu/ml, or copies of E/ml calculated by qPCR of viral stock.  

 

Table 2.13 Viral stocks used in this thesis  
Virus  Original source of stock Stock generated in  
England-02 (D614) used in 
Chapter 3  

Public Health England  Vero-E6  

England-02 (D614) used in 
Chapter 4  

Public Health England  Vero-E6-TMPRSS2 

3.20 (G614) Dr Suzy Pickering  Vero-E6-TMPRSS2 
Alpha (B.1.1.7)  Prof Wendy Barclay  Vero-E6-TMPRSS2 
Delta (B.1.6.7.2)  Prof Wendy Barlcay  Vero-E6-TMPRSS2 
Omicron BA.1 (, B.1.1529) Prof Wendy Barclay  Vero-E6-TMPRSS2 
Wuhan-alpha spike Prof Massimo Palmarini Vero-E6-TMPRSS2 
Wuhan-alpha spike H681P  Prof Massimo Palmarini  Vero-E6-TMPRSS2 

 

2.13 Titrating SARS-CoV-2 viral stocks  

2.13.1 Plaque assay of viral stocks  

 

Vero-E6-TMPRSS2 were plated in 6 well plates to be fully confluent the next day with 

no gaps between cells. 24h later, viral stocks were diluted appropriately, usually at 10-

fold dilutions for titreing viral stocks, or 2-fold dilutions for determining titer of 

supernatant off infected cells. Dilutions were prepared in 2% FCS DMEM and cells 
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infected in 1ml for 1h. 2ml of completely warm 2x overlay (DMEM, 2% FBS, and 0.1% 

agarose) was then gently applied over the top and cells incubated at 37ºC for 72h. 1ml 

of 4% PFA was then added to the cells and plates fixed for 30 minutes at room 

temperature. Plates were aspirated and 1ml of crystal violet added for 5 minutes at 

room temperature. Crystal violet was aspirated and wells washed with PBS, allowed 

to dry, and plaques counted.  

 

2x warm overlay was prepared by fully warming a bottle of DMEM in the water bath at 

37ºC for 6h to prevent clumping of agarose when added. 0.6g of agarose was added 

to 30ml of water and microwaved until dissolved. 25ml of the melted agarose was 

added to the prewarmed media, along with 10ml of FCS and 5ml of Pen/Strep in a TC 

hood. The media was vigorously shaken to ensure minimal clumping of agarose. 

Before use, overlay was warmed at 37ºC in the incubator for 1 hour. Crystal violet was 

prepared by adding 700ml of water, 200ml of ethanol and 100ml of Crystal Violet 

(2.3%, Sigma, HT90132). 

 

2.13.2 Calculation of E copies/ml of viral stocks  

 
In the CL3, 140µl of viral supernatant was mixed with 560µl of buffer AVL with carrier 

RNA and samples removed to an RNA hood. The samples were processed with the 

QIAamp Viral RNA kit (Qiagen, 52904) as per the manufacturer’s instructions. Briefly, 

560µl of 100% ethanol was added to the sample and the tube vortexed. 630µl was 

then added to a column and spun at 6000g for 1 minute. Elutant was discarded and 

630µl of sample added and spun at 6000g for 1 minute again. Elutant was discarded 

and 500µl of RW1 buffer added and column spun at 6000g for 1 minute. The collection 

tube was changed and 500µl of RW2 added and column spun at maximum speed for 

2 minutes. The collection tube was changed again and the column spun at maximum 

speed for 1 minute. The collection tube was discarded and replaced with a fresh 1.5ml 

Eppendorf. 100µl of buffer AVE was added and column spun at 6000g for 1 minute. 

RNA was used immediately or stored at -80ºC until use.  
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To calculate the number of E copies/ml, a 10-fold dilution series was generated of the 

extracted RNA and of an E copy standard kindly gifted by the Barclay group. 1µl of 

each dilution and standard was used to perform one-step RT-qPCR using the TaqMan 

fast virus one-step mastermix (Invitrogen), using the CDC qPCR probes against E 

(IDT DNA Technologies). The number of E copies was then calculated in Prism by 

generation of a standard curve.  

 

2.14 SARS-CoV-2 infection assays  

 
A549 cell lines were plated at 1.5x105/ml in 24-well plates in 10% FCS DMEM. Calu-

3 cells were plated at 2-2.5x105/ml in 24-well plates in 10% FCS DMEM. The next day, 

cells were infected with SARS-CoV-2 in 10% FCS DMEM for 1 hour in 500µl TV per 

well. Media was then changed for fresh 10% FCS DMEM without virus and cells 

incubated for 48 hours. Cells were then harvested for quantification of infection by 

inoculation of Vero cells, N staining intracellularly, or qPCR of cell or supernatant.  

 

For PLV infection assays, cells were plated at 1-1.5x105/ml 24h prior to transduction. 

Media was aspirated and 100µl of PLVs added to each well. Cells were incubated at 

37ºC for 48 hours and readout measured using the Promega Steady-Glo luciferase 

assay system (E2250). 45µl of Steady-Glo was added to 45µl of media and plates 

incubated in the dark at RT for 10 minutes. 70µl of Steady-Glo-media was then added 

to a 96-well white plate and read on the Perkin Elmin Luminometer.  

 

2.15 N staining of Vero-E6/Vero-E6-TMPRSS2 cells inoculated with 
infected supernatant 

 
Vero-E6, or Vero-E6-TMPRSS2 from early 2021 onwards, were plated at 1x105/ml in 

a 96 well plate. The next day, SARS-CoV-2 infected supernatant, either fresh or 

thawed, was used to inoculate the cells both neat and diluted 1:2 in 2%FCS DMEM 

for 1 hour, in 50µl TV. After 1 hour, 50µl of warm 2x overlay media was gently added 
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and cells incubated at 37ºC for 24 hours. Media was aspirated and cells were washed 

with PBS prior to fixing in 50µl of 4% PFA for 30 minutes at RT. 100µl of PBS was 

added to wells and plate removed from the CL3. In a tissue culture hood, cells were 

washed with PBS again, and permeabilized with 0.1% Triton for 15 minutes at RT. 

Cells were then blocked with 3% milk for 15 minutes and incubated with anti-human 

anti-SARS-CoV-2 N antibody (CR3009) for 45 minutes. Following this, cells were 

washed twice with PBS and incubated with goat anti-human IgG (Fc) peroxidase 

conjugate (Sigma A0170) for 45 minutes. Cells were washed with PBS twice again, 

and finally presence of N was detected using the 1 step Ultra TMB-ELISA substrate 

solution (ThermoFisher). After sufficient detection, cells were quenched with sulfuric 

acid and the luminescence detected with Perkin Elmer EnVision multimode plate 

reader at 405nm absorbance.  

 

2.16 N staining of intracellular N by flow cytometry   

48 hours post-infection, cells were trypsinised with 150µl of trypsin for 5 minutes at 

37ºC. 150µl of 4% PFA was added and cells fixed for 30 minutes at RT. 300µl was 

then transferred to a round-bottom 96 well plate and the plate removed from CL3. 

Cells were centrifuged at 500g for 5 minutes. Supernatant was removed with a 

multichannel pipette in a TC hood, and 150µl of PBS 0.5% tritonX100 added for 10 

minutes at RT. Cells were centrifuged at 500g for 5 minutes and supernatant removed 

with a multichannel pipette. Cells were washed with 150µl PBS and centrifuged again 

as before. Supernatant was removed and 200µl of PBS with 5% FCS added for 20 

minutes. Cells were centrifuged and supernatant removed. 100µl of anti-N (human, 

CR3009, 1:1000) added for 30 minutes at RT. Cells were then centrifuged and 

supernatant removed. Cells were washed with 150µl of PBS and centrifuged. 

Supernatant was removed and 100µl of anti-mouse secondary antibody (1:750) added 

for 25 minutes at RT. Cells were again centrifuged and supernatant removed. Cells 

were washed with 150µl of PBS once more, centrifuged, and pellet resuspended in 

100µl of PBS for flow cytometry. Flow cytometry data was analysed using FlowJo.  
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2.17 Generation of PLVs  

293T-17 cells were split 1:4 into 10cm plates or plated at 3x105/ml in 6 well plates the 

day before transfection. 24h later cells were transfected with firefly luciferase-

expressing vector (CSXW), HIV gag-pol (8.91) and either HIV Envelope or SARS-

CoV-2 Spike at a ratio of 3:2:1 for HIV-1, or 3:2:2 for SARS-CoV-2, using 4x PEI-MAX 

per µg of DNA. Media was changed 6-16 hours later for fresh DMEM 10% FCS, and 

supernatant harvested and filtered through 0.45µm 48 hours after transfection. Viral 

supernatant was stored at -80ºC until use. PLVs were used to transduce each cell line 

of interest for 48h. Equal volumes of PLVs were used to infect the cell line of interest. 

 

2.18 IFN assays  

Cells were plated in the morning at the same confluency for infection and treated with 

IFNa (Invitrogen, 111001) IFNb (PBL Assay Science, 11415-1), IFNg (Peprotech, 300-

02) or IFNl (Peprotech, 300-02L) 6-8h later. IFN dilutions were made up in a five-fold 

series from 0.1 to 62.5ng/µl or U/ml in DMEM 10%FCS. Cells were treated with IFN 

for 16-24h and then media replaced for PLVs or infectious virus as previously 

described.  

 

2.19 Drug assays  

To determine route of SARS-CoV-2 viral entry, cells were treated with various drugs 

that inhibited TMPRSS-mediated (Camostat), Cathepsin B/L-mediated (E64d) or 

MMP2/MMP9-mediated (MMP2/MMP9 inhibitor II). Cells were plated at 1.5x105/ml the 

day prior, and treated with Camostat mesylate (Sigma, SML0057), E64d (Sigma, 

E8640), or MMP2/MMP9 inhibitor (444249 Merck MMP2/MMP9 inhibitor II) for 1h at 

37ºC. Cells were then transduced with SARS-CoV-2 PLVs, with the drug remaining 

on, for 48h and infection determined by luciferase activity as previously described. 

Infectivity was normalised to the DMSO control per cell line for these experiments.  
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2.20 RNA extractions and qPCR  

2.20.1 RNA extractions  

For infected cells, cells were lysed in 350µl of RLT lysis buffer (Qiagen) containing 

freshly added b-mercaptoethanol (Sigma) in the CL3. Samples were immediately 

processed or stored at -80ºC. RNA extractions were performed using the RNeasy Mini 

Kit (Qiagen) as per the manufacturer’s instructions in an RNA extraction hood. RNA 

was eluted in 30-50µl of RNase-free H20 which was subsequently used for cDNA 

synthesis or Fast-Virus qPCR.  

 

For infected supernatant, 140µl of viral supernatant was mixed with 560µl of buffer 

AVL with carrier RNA in the CL3 and samples subsequently removed to an RNA hood. 

The samples were processed with the QIAamp Viral RNA kit (Qiagen, 52904) as per 

the manufacturer’s instructions and described in section 2.12.2. RNA was used 

immediately or stored at -80ºC until use.  

 

2.20.2 cDNA synthesis  

After RNA extraction, cDNA was synthesised using the High Capacity cDNA Reverse 

Transcription Kit (ThermoFisher) as per the manufacturer’s instructions. 12.5µl of RNA 

was mixed with 12.5µl of the master mix (see below) and reaction placed inside a PCR 

machine for 2 hours at 37ºC. A negative control where water was used instead of RNA 

was also run in the same plate to check for contamination. cDNA was used 

immediately for qPCR or stored at -80ºC until qPCR.  

 

Table 2.14 cDNA master mix  
Reagent  Volume for 1x reaction  
10x reaction buffer 1.25µl 
10x primers 1.25µl 
dNTPs 1µl 
Reverse transcriptase 0.5µl 
Nuclease free water 8.5µl 

 

2.20.3 Regular qPCR  
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1µl of cDNA was used to perform qPCR for the SARS-CoV-2 E gene. A master mix of 

the TaqMan 2x PCR mix, water and primers for GAPDH (Hs99999905_m1 GAPDH 

Applied Biosystems) or E (IDT DNA Technologies) was prepared and 9ul added to 

each well of a 384 well plate. In a separate hood, 1µl of sample was added to each 

well and the plate sealed and placed in a qPCR machine (Quant studio 5).   

 

Table 2.15 qPCR cycle for cell  
 
Hold stage PCR stage  
50ºC 95ºC 95ºC 60ºC 
2min 10min 15sec 1min 
 40x cycles  

 

Table 2.16 qPCR cycle for supernatant  
 
Hold stage PCR stage  
50ºC 95ºC 95ºC 60ºC 
5min 20sec 3sec 30sec 
 40x cycles  

 
 

2.20.4 Fast virus qPCR  

Alternatively, Fast-Virus qPCR was used. 1µl of extracted RNA was used to perform 

one-step RT-qPCR using the TaqMan fast virus one-step master mix (Invitrogen), 

using the CDC qPCR probe assay (IDT DNA Technologies) against nucleocapsid (N1 

and N2). 

 

2.21 siRNA knockdown of IFITMs  

Cells were reverse transfected using 20pmol of nontargeting siRNA (Dharmacon 

catalog no. D-001206-13-20) or IFITM2 siRNA (Dharmacon catalog no. M-020103-02-

0010), or IFITM3 siRNA (Dharmacon catalog no. L-014116-01-0010) and 1 μl of RNAi 

Max (Invitrogen) diluted in Optimem. This was added to the bottom of plates while 

cells were trypsinising, and then 1x10^5 cells added on top of the transfection mix in 
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a 24-well plate. Cells were incubated for 24h and then treated to a second round of 

reverse transfection as before. 8h later, cells were treated with different doses of IFN 

as previously described.  

2.22 Western blotting   

To detect proteins of interest in cells, cells were lysed in 2x Laemelli buffer (20% 

glycerol, 4% SDS, 100mM Tris-HCL pH6.8, 200mM betamercaptoethanol, 0.2% 

bromophenol blue). The lysis mixture was then denatured at 100ºC for 10-15 minutes. 

To detect proteins of interest in viruses or vectors, filtered supernatant from viral 

transfections were layered on top of 20% sucrose in eppendorfs and centrifuged at 

18000 G for 60-120 minutes at 4ºC. After removal of sucrose, the pellets were 

resuspended in 50µl of 2x Laemelli buffer and boiled for 10 minutes at 96ºC. Samples 

were then run on 8-16% precast gels (Biorad), or homemade poured gels. For 

homemade gels, the resolving gel was poured between two western blotting glass 

plates held together using a BioRad casting frame. Isopropanol was immediately 

layered on top of the resolving gel to ensure a smooth transition from stacking gel to 

resolving gel. After the resolving gel had solidified, the isopropanol layer was poured 

off and the top of the gel was washed with double distilled water. The stacking gel was 

then prepared and poured on top of the resolving gel and a plastic comb (BioRad) 

inserted into the top of the stacking gel to create wells. Once the stacking gel had set, 

gels were wrapped in wet blue roll and kept at 4ºC until the gel was run. 10µl of sample 

was loaded into each well alongside 4µl of a pre-stained protein ladder (NEB), and 

gels were ran in the BioRad Protean Tetra Cell electrophoresis system with running 

buffer (0.1% SDS, 25mM Tris, 200mM glycine). Gels were run at 80-150v to separate 

proteins until the bottom of the ladder had reached the bottom of the gel.  

 

Separated proteins were then blotted onto a nitrocellulose membrane (Amersham 

Protran 0.45 NC) using Criterion Blotters from BioRad containing transfer buffer (20% 

ethanol, 25mM Tris, 200mM glycine). The transfer was run at 400mAmp for 1 hour on 

ice. Following transfer, membranes were blocked at room temperature with 1x PBS 

0.1% Tween 5% Milk (Marvel) with rolling or 1x PBS 0.1% Tween 3% BSA (A7906 

SIGMA). Membranes were then incubated in primary antibodies overnight at 4ºC with 

rolling. The next day, membranes were washed with 1x PBS 0.1% Tween 3x for 10 
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minutes and incubated with relevant secondary antibodies in 1x PBS 0.1% Tween 5% 

Milk or 3% BSA for 1 hour at room temperature with rolling. Membranes were then 

again washed with 1 PBS 0.1% Tween 3x for 10 minutes and analysed with either the 

LICOR odyssey infrared imaging system or the ImageQuant LAS 400 mini system or 

the Amersham Imagequant 800. Membranes that had been incubated with a 

horseradish peroxidase conjugated secondary antibody were incubated with Super 

Signal West Pico Chemiluminescent solutions (Thermofisher) or ECL Prime Western 

Blotting Reagent Amersham GE Healthcare (RPN2232) before visualisation. Band 

intensities were analysed with LICOR Lite imaging software.  

 

Table 2.17 Antibody list  
Primary Antibody  Species Source  Dilution 
Gp120 Rabbit NISBC ARP421 1:3000 
Gag Mouse Neil lab  1:100 
HSP90  Mouse sc-515081 

Santa Cruz  
1:3000 

HSP90 Rabbit GTX109753 
Genetex 

1:3000 

Beta actin  Mouse ab8226 
Abcam 

1:3000 

Beta actin  Rabbit 20536-1-AP 
Proteintech 

1:3000 

GAPDH Mouse 60004-1-Ig 
Proteintech 

1:3000 

GAPDH Rabbit WH139831 
Abclonal 

1:3000 

GAPDH Rabbit ab9485 
Abcam 

1:3000 

atubulin  Rabbit Ab15246 
Abcam 

1:3000 

IFITM1 Mouse 60073-I-Ig 
Proteintech  

1:2000 

IFITM2 Rabbit 12769-I-AP 
Proteintech  

1:2000 

IFITM3  Rabbit 11714-I-AP 
Proteintech  

1:2000 

ACE2 Rabbit ab108209 
Abcam 

1:2000 

SARS-CoV-2 spike Mouse GTX632604 
Genetex 

1:1000 

Strep tag II  Rabbit ab76950 
Abcam 

1:2000 

Phospho STAT1  Mouse 612133 
BD Transduction Laboratories  

1:2000 

STAT1  Rabbit 9172S  
Cell Signalling 

1:2000 

Secondary antibody  Species Source  Dilution 
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Anti-Rabbit 800 Goat LICOR 1:5000 
Anti-Mouse 680 Goat LICOR 1:5000 
Anti-Rabbit HRP Goat Cell signalling 1:5000 
Anti-Mouse HRP Goat Cell signalling 1:5000 
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Chapter 3: The sensitivity of the early wave Wuhan spike to 
IFITM2 can be modulated by the polybasic cleavage site 

 

Some of the data presented in this chapter have been published under the title “The 

Polybasic Cleavage Site in SARS-CoV-2 Spike Modulates Viral Sensitivity to Type I 

Interferon and IFITM2” [334] and “The P681H Mutation in the Spike Glycoprotein of 

the Alpha Variant of SARS-CoV-2 Escapes IFITM Restriction and Is Necessary for 

Type I Interferon Resistance” [30].  

 

3.1 Introduction  

 

In January of 2020 a novel coronavirus, SARS-CoV-2, was identified from patient 

samples following an outbreak of pneumonia cases in Wuhan, China. The spike 

sequence of this novel virus contained 67% homology to SARS-CoV-1, a coronavirus 

which caused an outbreak in the early 2000s [337]. The receptor for SARS-CoV-2 was 

identified as ACE2, which SARS-CoV-1 and NL63, a coronavirus which causes 

seasonal colds, also utilise for viral entry [10, 338]. One major distinction between the 

spikes of SARS-CoV-1 and SARS-CoV-2 however is the presence of four amino acids 

at the S1/S2 boundary of SARS-CoV-2 spike, 681PRRA684, which creates a polybasic 

cleavage site that can be cleaved by furin-like proteases [10]. Two cleavage events in 

spike are required in order to achieve viral entry, a priming cleavage at the S1/S2 

boundary, and a secondary triggering cleavage, presumed to be at the S2’ site 

(815RS816) which releases the fusion peptide. The PRRA in the SARS-CoV-2 spike 

means this site can be cleaved by furin-like proteases in the producer cell during virion 

assembly, meaning that only one proteolytic cleavage event, the S2’ cleavage, is 

required to mediate viral entry on the surface of the target cell. For SARS-CoV-1, the 

necessity of both cleavage events on the target cell may limit the tropism of this virus 

relative to SARS-CoV-2.  

 

Several papers early in the pandemic suggested that this polybasic cleavage site was 

key to entering lung cells which express high levels of TMPRSS2 and key to SARS-
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CoV-2 transmitting between ferrets in animal models which may explain the increased 

transmissibility of SARS-CoV-2 relative to SARS-CoV-1 [10, 150]. Blocking of the 

TMPRSS2-dependent pathway of entry with Camostat, a TMPRSS inhibitor, reduced 

SARS-CoV-2 infectivity. Inhibition of the cathepsins B/L with E64d was also found to 

inhibit SARS-CoV-2 entry, suggesting that in the absence of TMPRSS2 spike 

cleavage could be mediated by endosomal cathepsins [10]. Additionally, passage of 

SARS-CoV-2 in TMPRSS2-negative cells rapidly results in deletions in the polybasic 

cleavage site of spike [154]. However, infection of non-human primates with a 

polybasic cleavage site deleted virus results in the rapid re-emergence of the polybasic 

cleavage site, suggesting this site is important for in vivo infection [201].  

 

It has previously been found that SARS-CoV-1 is sensitive to IFITM-mediated 

inhibition [36, 37, 62]. Given the differences in the spike protein between SARS-CoV-

1 and SARS-CoV-2, especially the presence of a polybasic cleavage site, we were 

interested in whether the differences in the SARS-CoV-2 spike would result in changes 

in IFITM sensitivity. It has previously been found that more pathogenic influenza 

strains have mutations in their HA proteins which permit furin-mediated cleavage, 

suggesting a link between cleavage and altered pathogenicity [339]. In this chapter, I 

describe our initial work in understanding the sensitivity of the ancestral Wuhan spike 

and England-02 virus, an early Wave 1 isolate with an identical spike sequence to 

Wuhan, to IFITMs and IFNb in the A549-ACE2 system. Additionally, the role of the 

D614G mutation that became fixed in early 2020 and the role of cytoplasmic tail 

deletions on viral entry and IFITM sensitivity is examined. DCT spikes are commonly 

used in SARS-CoV-2 research because deletion of the suboptimal endoplasmic 

retention signal (ERRS) results in increased spike accumulation at the cell surface 

where it is packaged into PLVs, increasing PLV infectivity [94, 175]. However, it has 

been suggested that DCT spikes do not behave similarly as full-length spike and that 

this can mask the effects of individual mutations [175]. Coronavirus assembly usually 

happens in replication complexes near the endoplasmic reticulum, and the suboptimal 

ERRS keeps spike in the endoplasmic reticulum and the Golgi to ensure required post-

translational modifications and packaging into nascent virions [164, 340], however 

because of the inefficiency of this signal sequence some spike can leak to the surface 

and promote syncytia formation [169]. Therefore, ensuring sufficient spike remains in 
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the ER to be modified and incorporated onto coronavirus particles is an important 

aspect of coronavirus biology, that deletion of the cytoplasmic tail will alter. The impact 

of deleting the cytoplasmic tail on PLV viral entry and IFITM sensitivity is therefore 

also investigated in this chapter. For simplicity, the original SARS-CoV-2 spike 

described in this chapter will be referred to as Wuhan (for PLVs) and England-02 

(virus).  

 

3.2 Results  

 

3.2.1 The polybasic cleavage site in the SARS-CoV-2 Wuhan virus is 
detrimental for entry into TMPRSS2-negative cells, but beneficial for 
entry into TMPRSS2-positive cells   

 
The importance of ACE2 and TMPRSS2 was established early on in the pandemic as 

the receptor for SARS-CoV-2 infection and as a factor which can increase viral entry 

into cells respectively [10]. The polybasic cleavage site bridging the S1/S2 domains 

was suggested to improve titre on TMPRSS2+ cells, as being cleaved by furin-like 

proteases in the producer cell necessitates only the cleavage of the S2’ site on the 

target cell. To examine the role of the polybasic cleavage site in entry, pseudotyped 

lentiviral vectors (PLVs) were utilised due to their ease in incorporating mutations into 

the spike protein. PLVs were produced in 293T17s using the 3-plasmid system, with 

a Luciferase reporter, HIV 8.91, and the spike of interest. The polybasic cleavage site 

(PRRA) was deleted from the Wuhan spike and infectivity tested on 293T17s 

transiently transfected with ACE2 (Figure 3.2.1 A, B). Infectivity increased with ACE2 

expression as expected; However, surprisingly little ACE2 was sufficient to render 

these cells permissive to infection with viral entry 10-fold over background for Wuhan 

and 40-fold for the WuhanDPRRA PLVs with 5ng of ACE2. Also surprisingly, was the 

increased infectivity of the WuhanDPRRA relative to the Wuhan spike.  
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Next the infectivity of these PLVs was tested on a range of cell lines either 

endogenously or stably overexpressing ACE2 and TMPRSS2 (Figure 3.2.2 A – E). 

Both Calu-3 and Huh7.5 cells endogenously express ACE2, with Calu-3 cells being 

considered the most representative cell line of the airway epithelia which also 

endogenously express TMPRSS2 [160]. However, we also included A549 and Hela 

cells, stably overexpressing ACE2, due to these being much easier to manipulate than 

Calu-3. TMPRSS2 was also overexpressed on the A549-ACE2 cells, which are 

naturally TMPRSS2 negative. The WuhanDPRRA PLVs had higher infectivity in A549-

ACE2, Hela-ACE2 and Huh7.5, however comparable infectivity to Wuhan in the A549-

ACE2-TMPRSS2 and slightly lower infectivity than Wuhan in the Calu-3 cells. The 

higher infectivity of Wuhan in TMPRSS2+ cells suggests the polybasic cleavage site 

is beneficial in this context, however is detrimental in the absence of TMPRSS2 (A549-

ACE2, Hela-ACE2, Huh7.5).  

Cleavage of the S2’ site, at 815RS816 has been suggested to be essential for release of 

the fusion peptide in the S2 domain and the final step of viral entry. To test whether 

deletion of this site abolished viral infectivity, the S2’ site was deleted from both Wuhan 

and WuhanDPRRA spikes, and infectivity measured in A549-ACE2 cells and Huh7.5 

cells (Figure 3.2.3 A). The S2’ deletion in the Wuhan spike decreased infectivity 4-fold 

and by 100-fold in the double mutant WuhanDPRRADS2’, however surprisingly this 

did not totally abolish infection (Figure 3.2.3 B, C). This could suggest that there are 

other potential cleavage sites besides the S2’ site that can be cleaved by cathepsins. 

This is consistent with the recent suggestion of multiple cathepsin L cleavage sites 

being found in the SARS-CoV-2 spike, however whether this results in release of the 

fusion peptide is not yet clear [149]. These data do however suggest that if another 

site is being cleaved in WuhanDS2’, it is much less efficient than cleavage at the S2’ 

site.  
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Figure 3.2.1. Low amounts of ACE2 are sufficient to mediate entry for Wuhan 
PLVs. A, B) 293T17s were transfected with ACE2 for 18 hours and immunoblotted 
for ACE2 (A) or infected with Wuhan or WuhanDPRRA PLVs and infection quantified 
by luciferase activity 48 hours later. Infection is plotted as fold over background. 
N=3, Mean±SEM shown. 
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Figure 3.2.2. The polybasic cleavage site confers an advantage in TMPRSS2-
positive cells, but is detrimental in TMPRSS2-negative cells. A, B, C, D, E) Cells 
were infected with Wuhan or WuhanDPRRA PLVs and infection measured by 
luciferase activity 48 hours later. Relative Luminescence Units (RLUs) with 
background subtracted are plotted. N=3, Mean±SEM shown. 
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Figure 3.2.3. Deletion of the S2’ site reduces infectivity of Wuhan PLVs. A) 
Schematic of deletion mutations created in spike. NTD=N-terminal domain, 
RBD=receptor binding domain, HR=heptad repeat. Fusion peptide is shown in 
orange and transmembrane domain in yellow. B) A549-ACE2 (B) or Huh7.5 (C) 
were infected with Wuhan, WuhanDPRRA, WuhanDS2’, or WuhanDPRRADS2’ 
PLVs and infection quantified by luciferase activity 48 hours later. Raw RLUs with 
background subtracted are plotted. N=3, Mean±SEM shown. 
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3.2.2 Insertion of a polybasic cleavage site into SARS-CoV-1 spike 
permits furin-like protease cleavage and alters PLV infectivity  

 
As previously mentioned, SARS-CoV-1 spike does not contain a polybasic cleavage 

site and cannot be cleaved by furin in the producer cell. To test whether the insertion 

of a polybasic cleavage site into SARS-CoV-1 spike could alter the route of viral entry, 

a PRRA motif was inserted into the SARS-CoV-1 S1/S2 boundary (Figure 3.2.4 A). 

PLVs of SARS-CoV-1 and SARS-CoV-1-PRRA were Western blotted for spike and 

gag to confirm whether the addition of this site altered spike cleavage (Figure 3.2.4 

B). The SARS-CoV-1 PLVs spike was not cleaved into S2 on the purified virions, 

consistent with furin-like proteases not being able to cleave this site in the producer 

cell. However, addition of the PRRA site into SARS-CoV-1 resulted in some cleavage 

of the SARS-CoV-1 spike into S2, but not to quite the same extent as in the Wuhan 

spike. This could suggest the surrounding sequence of the SARS-CoV-1 S1/S2 

boundary does not permit as much accessibility to furin. As expected, deletion of the 

PRRA site from the Wuhan spike abolished cleavage to the level of the SARS-CoV-1 

spike.  

 

The titre of these mutants was tested on A549-ACE2-, A549-ACE2-TMPRSS2, 

Huh7.5 and Calu-3 cells as before (Figure 3.2.5 A – D). The SARS-CoV-1-PRRA 

mutant had lower infectivity than SARS-CoV-1 in all the cell lines tested, except Calu-

3s where it was comparable. This suggested that while the polybasic cleavage site 

was beneficial for entry into TMPRSS2+ cells, consistent with the literature and the 

previous data on the Wuhan spike, it was dispensable and even detrimental for entry 

into the TMPRSS2- cell lines [10, 150]. SARS-CoV-1 and 2 can also take an 

endosomal route of entry with the secondary cleavage step being triggered by 

cathepsins B/L.  
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Figure 3.2.4. The PRRA motif at the S1/S2 boundary modulates S1/S2 
processing in the producer cell. A) Alignment of SARS-CoV-1, SARS-CoV-2, and 
PRRA swap mutants generated. B) Cellular lysates and purified supernatant of 
PLVs generated in 293T17s were immunoblotted for spike and gag.  
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As the WuhanDPRRA spike was at a clear advantage for viral entry in TMPRSS2- 

cells relative to the Wuhan spike, we hypothesised that the WuhanDPRRA was 

utilising the cathepsin-dependent route of entry. To test this, A549-ACE2 and A549-

ACE2-TMPRSS2 cells were pre-treated with concanamycin, an inhibitor of the 

endosomal vATPase which prevents endosomal acidification and entry of a range of 

enveloped viruses which fuse in these compartments [341] [342]. In A549-ACE2 cells, 

SARS-CoV-1, SARS-CoV-1 PRRA and WuhanDPRRA PLVs were very sensitive to 

Concanamycin (Figure 3.2.6). For SARS-CoV-1 and SARS-CoV-1-PRRA, this could 

be rescued slightly by the presence of TMPRSS2, with SARS-CoV-1-PRRA being 

rescued to a similar level of inhibition as Wuhan. The WuhanDPRRA PLVs however 

did not demonstrate much rescue in the TMPRSS2+ cells, consistent with its inability 

 
 
Figure 3.2.5. The PRRA site reduces SARS-CoV-1 entry into TMPRSS2- cell 
lines. A-D) SARS-CoV-1, Wuhan, and PRRA mutant swaps were titrated onto 
A549-ACE2s (A), A549-ACE2-TMPRSS2 (B), Huh7.5 (C) or Calu-3 (D) cells and 
infection quantified by luciferase activity 48 hours later. Raw RLUs with background 
subtracted are plotted. N=3, Mean±SEM shown. 
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to utilise the pathway triggered by TMPRSS2-mediated cleavage. The Wuhan PLVs 

were the least sensitive in either TMPRSS2-negative or TMPRSS2-positive cells. This 

suggests that the presence of the polybasic cleavage site can decrease the level of 

endosomal usage of both SARS-CoV-1 and Wuhan PLVs for viral entry. 

 
Figure 3.2.6. TMPRSS2 rescues SARS-CoV-1 and SARS-CoV-1 PRRA PLVs 
from Concanamycin treatment. A549-ACE2 or A549-ACE2-TMPRSS2 cells were 
pre-treated with 100nM of Concanamycin for 1 hour prior to infection with PLVs. 
Data is plotted as infection in the presence of concanamycin as a percentage of the 
infection in the DMSO control (for each cell line). Experiment performed by Alisha 
Reid. #=P>0.05 and indicate statistical significance between cell line for each PLV 
determined by ANOVA. N=3, Mean±SEM shown. 

 

3.2.3 Deletion of the polybasic cleavage site forces Wuhan SARS-
CoV-2 to take the endosomal route of viral entry  

 

To further examine whether the WuhanDPRRA was indeed reliant on the cathepsin-

dependent “late pathway” of infection in TMPRSS2-negative cells, A549-ACE2 or 

A549-ACE2-TMPRSS2 cells were pre-treated with E64d (cathepsin B/L inhibitor) or 

Camostat (TMPRSS inhibitor) prior to infection with SARS-CoV-1, Wuhan, and the 

cleavage site swap mutant PLVs. It should be noted that Camostat is not entirely 

specific to TMPRSS2, and likely inhibits a broad range of serine proteases that could 

cleave the S2’ site. As expected, the WuhanDPRRA was much more sensitive to 



 128 

inhibition by E64d than the Wuhan PLVs. Conversely, Wuhan PLVs were more 

inhibited by Camostat on TMPRSS2-overexpression cells than WuhanDPRRA (Figure 

3.2.7 A – D), further implying that deletion of the polybasic cleavage site forces the 

spike to utilise the cathepsin-dependent route of entry. The reciprocal mutation in 

SARS-CoV-1 however, does not alter the route of viral entry to the same extent, with 

the SARS-CoV-1-PRRA mutant only becoming slightly more sensitive to Camostat in 

the A549-ACE2-TMPRSS2 cells (Figure 3.2.7 E – H). Both SARS-CoV-1 and SARS-

CoV-1-PRRA were similarly sensitive to E64d, in the absence and presence of 

TMPRSS2. Given that the SARS-CoV-1-PRRA spike was not as well cleaved as 

Wuhan when detected by Western blot, this is likely a factor in why differences in viral 

entry is minimal for SARS-CoV-1 and SARS-CoV-1-PRRA.  
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Figure 3.2.7. The presence or absence of a polybasic cleavage site dictates 
whether SARS PLVs can take a TMPRSS or cathepsin mediated route of entry. 
A, B, C, D) A549-ACE2 or A549-ACE2-TMPRSS2 were pre-treated with increasing 
concentrations of E64d or Camostat prior to infection with equal volumes of Wuhan 
or WuhanDPRRA PLVs. E, F, G, H) A549-ACE2 or A549-ACE2-TMPRSS2 were 
pre-treated with E64d or Camostat prior to infection with SARS-CoV-1 or SARS-
CoV-1-PRRA PLVs. N=3, Mean±SEM shown. 
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3.2.4 Differences in viral entry preference between Wuhan and 

WuhanDPRRA correlate with IFITM2 sensitivity 

 
It has previously been demonstrated that SARS-CoV-1 is sensitive to IFITM restriction 

tested by IFITM overexpression [36]. As SARS-CoV-1 lacks a polybasic cleavage site 

and the polybasic cleavage site in the Wuhan spike permits this virus to be less reliant 

on the cathepsin-mediated route of entry, we hypothesised that this may be an 

adaptation to escape IFITM2 restriction encountered in the “late pathway”. To test this, 

A549-ACE2 cells overexpressing each individual IFITM were generated (Figure 3.2.8 

A). Due to the high degree of homology between IFITM2 and IFITM3, there is 

significant cross-reactivity between the antibodies for these proteins when detected 

by Western blot. First, these cells were infected with Wuhan PLVs (Figure 3.2.8 B) or 

England-02 virus (Figure 3.2.8 C) at an MOI of 0.005, 0.05 or 0.01. Indeed, Wuhan 

appeared to show some sensitivity to IFITMs 1 and 2, but little sensitivity to IFITM3. 

Both PLVs and virus showed a similar extent of IFITM sensitivity, suggesting that the 

PLVs, with only spike, phenocopy native viral sensitivity to IFITMs in this system.  

 

Next, to confirm whether the IFITM sensitivity of SARS-CoV-1 PLVs could be 

recapitulated in this system, A549-ACE2-IFITM cells were infected with SARS-CoV-1 

or Wuhan PLVs (Figure 3.2.9 A). SARS-CoV-1 PLVs showed some sensitivity to 

IFITMs 1, 2 and 3. Additionally, SARS-CoV-1 PLVs were more sensitive to IFITM2 

than Wuhan PLVs, consistent with our hypothesis on the role of the presence of the 

polybasic cleavage site in determining sensitivity to IFITM2 in endosomal entry. Next, 

to establish whether the polybasic cleavage site could indeed modulate IFITM2 

sensitivity, the IFITM sensitivity of the SARS-CoV-1, SARS-CoV-1 PRRA, Wuhan, and 

WuhanDPRRA PLVs were tested. SARS-CoV-1 and WuhanDPRRA PLVs were the 

most sensitive to IFITM2 (Figure 3.2.9 B). SARS-CoV-1 PRRA PLVs were minimally 

less IFITM2 sensitive than SARS-CoV-1 PLVs, consistent with the similar E64d 

sensitivity of these PLVs and the incomplete cleavage of SARS-CoV-1-PRRA PLVs. 

However, WuhanDPRRA PLVs were 3-fold more restricted by IFITM2 than Wuhan 

PLVs (Figure 3.2.9 B). These data suggest that the polybasic cleavage site can 

modulate IFITM2 sensitivity by decreasing the dependence on the cathepsin-mediated 
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route of entry and likely encountering IFITM2 on endosomal membranes. Given that 

the SARS-CoV-1-PRRA spike was not rescued to the same extent as Wuhan in terms 

of cleavage, drug sensitivity or IFITM sensitivity, it was tested whether swapping a 

larger section of the Wuhan S1/S2 boundary into SARS-CoV-1 spike could further 

rescue this spike from IFITM2. This swap contained Y674–Y695 of the Wuhan spike 

inserted into the SARS-CoV-1 spike, termed the “Y2Y” mutant. However, the Y2Y 

mutant was similarly IFITM2 sensitive as SARS-CoV-1-PRRA PLVs (Figure 3.2.9 C), 

suggesting that a region outside of the S1/S2 boundary may be mediating the relative 

inaccessibility of the SARS-CoV-1 cleavage site.  

 

The polybasic cleavage site modulates the sensitivity of the Wuhan spike to IFITM2. 

Additionally, insertion of a polybasic cleavage site into SARS-CoV-1 spike mildly 

reduced the sensitivity of this to IFITM2. The pangolin Guangdong (GD) coronavirus, 

which has been found in Malayan pangolins, shares 91.2% spike homology with the 

Wuhan spike, but lacks a polybasic cleavage site at the S1/S2 boundary [343]. To test 

whether insertion of the PRRA motif into the pangolin GD spike could also alter IFITM2 

sensitivity, a pangolin-PRRA mutant was created. The relative cleavage of the 

pangolin-PRRA spike was assessed by Western blot (Figure 3.2.10 A). Again, the 

cleavage of the pangolin-PRRA spike did not appear to be as complete compared to 

the Wuhan spike, however was more cleaved than the parental pangolin spike. Next, 

the IFITM sensitivity of pangolin and pangolin-PRRA PLVs was tested. The pangolin 

GD PLVs appeared sensitive to all three IFITMs in A549-ACE2 cells (Figure 3.2.10 B). 

To test whether the PRRA could alleviate the IFITM sensitivity of the pangolin spike, 

this was inserted into the pangolin spike and the IFITM sensitivity tested (Figure 3.2.10 

A, B). Although there was not a significant change in IFITM2 sensitivity, the PRRA site 

rescued sensitivity to IFITMs 1 and 3. Although surprising that IFITM2 sensitivity was 

largely unaffected, this does confirm that S1/S2 cleavage in the producer cell can 

alleviate IFITM sensitivity. Which IFITM this specifically alters is likely dependent on 

other conformational attributes of the spike.   
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Figure 3.2.8. The England-02/Wuhan virus shows some sensitivity to IFITMs 1 
and 2. A) Immunoblot of A549-ACE2 cells expressing each individual IFITM. B) 
PLVs bearing Wuhan spike were used to infect A549-ACE2-IFITM cells and 
infection quantified by luciferase activity and normalised to infection in empty vector 
control cells. C) A549-ACE2-IFITM cells were infected with England-02 at MOI 
0.005, 0.01 or 0.05 for 48 hours and infection quantified by inoculating Vero-E6 cells 
with the infected supernatant and staining for N colorimetrically. *=P>0.05 and 
indicate statistical significance of each individual IFITM condition versus the control 
for each PLV determined by ANOVA. N=3, Mean±SEM shown. 
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Figure 3.2.9. The polybasic cleavage site alters IFITM sensitivity in A549-ACE2 
cells. A) A549-ACE2 cells were infected with equal volumes of SARS-CoV-1 or 
Wuhan PLVs and infection quantified by luciferase activity 48 hours later. B) A549-
ACE2 cells were infected with equal volumes of SARS-CoV-1, SARS-CoV-1-PRRA, 
Wuhan, or WuhanDPRRA PLVs and infection quantified by luciferase activity 48 
hours later. C) PLVs with mutant spikes of SARS-CoV-1 and SARS-CoV-2 were 
used to infect A549-ACE2-CONTROL or A549-ACE2-IFITM2 cells and % infection 
normalised to the control cells. *=P<0.05 and indicate statistical significance 
between each IFITM and the control cell line for each PLV determined by two-way 
ANOVA. # indicate statistical significance between different PLVs for the same 
IFITM condition determined by two-way ANOVA. N=3, Mean±SEM shown. 
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Figure 3.2.10. The polybasic cleavage site alters IFITM1 and 3 sensitivity of 
pangolin GD CoV PLVs in A549-ACE2 cells. A) PLVs bearing Wuhan, Pangolin 
Guangdong (GD), or Pangolin-PRRA GD spikes were purified through 20% sucrose 
and Western blotted for spike and gag. B) A549-ACE2 were infected with equal 
volumes of Wuhan, Pangolin GD, or Pangolin-PRRA GD PLVs. Infection was 
quantified by luciferase. *=P<0.05 and indicate statistical significance between each 
IFITM and the control cell line for each PLV determined by ANOVA. N=3, 
Mean±SEM shown. 
 



 135 

 

3.2.5 The Wuhan SARS-CoV-2 spike and virus is sensitive to the 

effects of IFNb in the A549-ACE2 system, which can be rescued by 
IFITM2 knockdown 

 

Several early reports in the pandemic demonstrated that SARS-CoV-2 was sensitive 

to pre-treatment with IFN, and that IFN-autoantibodies were correlated with poor 

prognosis for COVID-19 patients [33, 184, 344-346]. Given that SARS-CoV-2 virus 

and PLVs appeared IFITM sensitive in A549-ACE2s, whether SARS-CoV-2 was 

sensitive to IFN was next tested. To investigate the sensitivity of the Wuhan virus to 

IFNs in this system, A549-ACE2 cells were pre-treated with Type I, II and III IFNs: a 

(i), b (ii), l (iii) and g (iv) prior to infection. A549-ACE2 cells were infected with England-

02 virus 18 hours later and infection quantified by both intracellular N RNA 48 hours 

later (Figure 3.2.11 A), and by measuring N in the infected supernatant by inoculating 

Vero-E6 cells for 24 hours and staining these cells for N colorimetrically (Figure 3.2.11 

B). In both readouts of infection, IFNb and IFNg strongly inhibited England-02 infection 

(Figure 3.2.11 A, B, ii and iv). This confirmed that IFNb and g inhibited both intracellular 

RNA, and the release of infectious virus. Next, to confirm whether these results could 

be recapitulated with PLVs and viral entry only, the IFN sensitivity of Wuhan PLVs to 

IFN a, b, l and g was tested (Figure 3.2.11 C). Again, both IFNb and IFNg showed the 

strongest inhibition of Wuhan PLV infection, although to not the same extent as with 

native virus (IC50s shown in Figure 3.2.11 D – G). However, a similar trend of inhibition 

by IFNb was observed across viral infection, measured by qPCR and infectious virus 

release, and in the PLVs. This suggested that IFNb and IFNg were likely inhibiting an 

early entry step of infection.  
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Figure 3.2.11. The SARS-CoV-2 England-02 virus and Wuhan PLVs are 
inhibited by IFNb and IFNɣ. A, B) A549-ACE2 cells were pre-treated with IFN a, b, 
λ, or ɣ for 18 hours prior to infection with England-02 virus at an MOI of 0.005. 
Infection was quantified 48 hours later by intracellular N RNA and infection 
normalised to the no IFN condition. B) A549-ACE2 were pre-treated with IFN and 
infected as in (A) and infected supernatant harvested at 48 hours post infection. 
Supernatant was used to inoculate Vero-E6 cells and cells stained for N 
colorimetrically 24 hours later. C) Wuhan PLVs were used to infect A549-ACE2 cells 
that had been pre-treated with IFN as in A and B and infection quantified by 
luciferase activity 48 hours later. D) IC50 of N1 primer probe set. E) IC50 of N2 
primer probe set. F) IC50 of B (viral infectivity). G) IC50 of C (PLV infectivity). IC50s 
calculated in GraphPad Prism. N=3, Mean±SEM shown. 



 137 

IFNb upregulates an array of antiviral proteins, including IFITMs. To test whether the 

IFNb-mediated inhibition of Wuhan was linked to the previously observed IFITM2 

sensitivity, the relative upregulation of IFITMs 2 and 3 following IFNb and IFNg 

treatment in A549-ACE2s was first measured by Western blot (Figure 3.2.12 A). 

IFITM3 was upregulated similarly between IFNb and IFNg, however IFITM2 was more 

strongly upregulated by IFNb than IFNg. It should be noted however that the high 

homology between IFITM2 and 3 makes distinguishing these proteins by Western blot 

difficult. Importantly, ACE2 expression was not affected by IFNb or IFNg, confirming 

that the effect on infection we see is not due to receptor downregulation. Next, A549-

ACE2s were pre-treated with either siRNA against IFITM2 or a non-targeting control 

prior to IFNb  treatment. To confirm the efficiency of knockdown and whether this 

altered the expression of other ISGs or STAT1 signalling, both IFITM2 and viperin 

were immunoblotted for after siRNA knockdown (Figure 3.2.12 B). Even at the highest 

concentration of IFNb, IFITM2 could not be observed after knockdown whilst viperin 

was similarly expressed in the control and IFITM2 knockdown. Additionally, samples 

were taken 30 minutes and 2h after IFNb treatment, confirming that IFITM2 

knockdown did not alter STAT1 signalling by immunoblotting for pSTAT1 and STAT1 

(Figure 3.2.12 C, D).  

 

Next, A549-ACE2 cells knocked down for IFITM2 or the control and treated with IFNb 

were infected with England-02 virus and supernatant harvested 48 hours later. This 

was used to inoculate Vero-E6 cells for 24 hours and the Vero-E6 cells stained for 

intracellular N as before (Figure 3.2.13 A). This resulted in a substantial rescue of the 

IFNb sensitivity. Next, A549-ACE2 cells were knocked down for IFITM2 as before but 

this time pre-treated with IFNg prior to infection (Figure 3.2.13 B). While a 10-fold 

increase in IC50 was observed when IFITM2 was knocked down in the context of 

IFNb, IFITM2 knockdown did not yield a significant rescue from IFNg-mediated 

inhibition, suggesting that the inhibitory effect of IFNg on England-02 infectivity is 

independent of IFITM2 upregulation. Next, it was tested whether IFITM3, which did 

not exert much inhibition of SARS-CoV-2 when overexpressed alone, played any part 

in the IFNb-mediated inhibition of England-02 (Figure 3.2.13 C). IFITM3 was knocked 

down prior to IFNb treatment as before, and consistent with the overexpression data, 
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IFITM3 knockdown did not significantly rescue IFNb-mediated inhibition of England-

02 infection. Overall, these data suggest that a significant part of the IFNb-mediated 

inhibition of England-02 is due to IFITM2 upregulation, not IFITM3, and that IFNg 

inhibits England-02 infectivity through an independent mechanism (IC50s shown in 

Figure 3.2.13 D). Next, given that overexpression of TMPRSS2 can permit SARS-

CoV-2 to utilise the early entry pathway, IFITM2 was knocked down in the context of 

A549-ACE2-TMPRSS2 cells. Strikingly, the combination of IFITM2 knockdown and 

TMPRSS2 overexpression resulted in a full rescue of infectivity in the presence of 

IFNb (Figure 3.2.13 E). Interestingly, even the sensitivity of England-02 to IFNb in the 

presence of TMPRSS2 was reduced 2-fold compared to the TMPRSS2-negative cells. 

These data suggest that the presence of TMPRSS2 alone reduces the antiviral effects 

of IFNb, possibly through reducing the amount of entry via the late pathway where 

IFITM2 is present.  
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Figure 3.2.12. IFNb upregulates IFITM2 knockdown. IFITM2 knockdown does not 
alter STAT1 signalling. A) A549-ACE2 cells were treated with IFNb or IFNɣ for 18 
hours and immunoblotted for IFITMs 2 and 3. B) A549-ACE2 cells were transfected 
with control or IFITM2 siRNA and treated with IFNb as before. Samples were 
immunoblotted for IFITM2 and viperin to confirm knockdown efficiency. C, D) A549-
ACE2 cells were transfected with siRNAs and IFNb treated as in B, and samples 
taken for immunoblot 30 minutes (C) or 2h (D) after IFNb treatment and 
immunoblotted for pSTAT1 and STAT1.  
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Figure 3.2.13. IFITM2 knockdown rescues IFNb mediated inhibition of 
England-02. A, B) A549-ACE2 cells were transfected with a control or IFITM2 
targeting siRNA and treated with IFNb (A) or IFNɣ (B). 18 hours later, cells were 
infected with SARS-CoV-2 England-02 virus at an MOI of 0.005 and infection 
measured 48 hours later by inoculated of Vero-E6 cells with the infected supernatant 
and measuring for intracellular N. C) IC50s of A and B were calculated in GraphPad 
Prism. D) A549-ACE2-TMPRSS2 cells were transfected with a control or IFITM2 
targeting siRNA and treated with IFNb. 18 hours later cells were infected with SARS-
CoV-2 England-02 and infection quantified 48 hours later as in A. E) A549-ACE2 
cells were transfected with a control or IFITM3 targeting siRNA and treated with 
IFNb. 18 hours later cells were infected with England-02 and infection quantified 48 
hours later as in A. N=3, Mean±SEM shown. 
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3.2.6 The D614G mutation increases infectivity and spike processing  

 
The dominance of the D614G mutation early in the pandemic implied that this mutation 

altered viral infectivity or transmissibility. To establish whether there were any 

differences in single-round infectivity between Wuhan and D614G, the impact of this 

mutation was tested using PLVs on A549-ACE2 and A549-ACE2-TMPRSS2 cells 

(Figure 3.2.14 A and B). The D614G mutation resulted in a 2-fold increase in infectivity 

in the A549-ACE2 cells, and a 9-fold increase in infectivity in the A549-ACE2-

TMPRSS2 cells. This suggested the D614G mutation does increase infectivity, 

especially in the context of the TMPRSS2-dependent entry pathway. D614G could 

therefore represent an early adaptation of the virus to utilise the TMPRSS2 pathway 

more efficiently. Next, to characterise the effects of the D614G mutation on IFITM 

sensitivity, Wuhan and D614G PLVs were tested on A549-ACE2-IFITM cells as before 

(the interplay between TMPRSS2 and IFITMs are further explored in chapter 5). 

Despite the increased infectivity of D614G, the IFITM2 sensitivity of Wuhan and 

D614G PLVs were remarkably similar (Figure 3.2.14 C). Interestingly however, D614G 

did appear to be less sensitive to IFITM1 than the Wuhan spike. This could suggest 

that D614G is not only an early adaptation to TMPRSS2 usage, but also an early 

adaptation to escape IFITM1.  

 

An early report suggested that the D614G mutation increased spike incorporation and 

reduced S1 shedding [189]. To investigate the relative incorporation of spike, England-

02 or an early wave isolate which contained the D614G mutation, 3.20, were purified 

through sucrose and immunoblotted for spike and N (Figure 3.2.14 D). Using an anti-

S2 antibody, it was apparent that higher amounts of the cleaved S2 domain were 

present on D614G virions compared to England-02, despite comparable amounts of 

N. This may explain the increased infectivity of D614G into TMPRSS2+ cells, as 

relatively more of the S1/S2 priming cleavage has occurred prior to encountering the 

target cell. Additionally, total spike also appeared slightly higher in the D614G virus 

compared to England-02, consistent with this mutation resulting in increased spike 

incorporation, which could also be linked to D614G’s higher infectivity. These results 

were recapitulated using purified PLVs, and again there were higher quantities of both 

total S and S2 on the particle, to the extent that this made it difficult to even visualise 



 142 

the total S band of the Wuhan spike (Figure 3.2.14 E). Given the effect of the D614G 

mutation on spike processing and incorporation, we wondered whether there would 

be any difference in the sensitivity of Wuhan and D614G to the GBP family, an IFN-

upregulated antiviral protein that inhibits furin-mediated processing of the 

glycoproteins of several enveloped viruses [93]. This was briefly investigated by 

transfecting 293T17s with Wuhan and D614G spike and treating these cells with 

500U/ml of IFNb 6 hours later and subsequently Western blotting for the spike protein 

after 24 hours (Figure 3.2.14 F). While the Wuhan spike is less well processed in the 

presence of IFNb, the processing of the D614G spike did not appear to be affected by 

the presence of IFNb (quantified in 3.2.14 G). This was not however tested in terms of 

whether PLVs produced in the presence of IFNb showed any decreased infectivity. It 

has recently been suggested that the D614G mutation does indeed confer increased 

resistance to the effects of both GBP2 and GBP5 on spike by the Jolly lab relative to 

Wuhan [94]. In light of this preprint, this suggests that the effect of IFNb on Wuhan 

spike processing found here could indeed be mediated by GBP-family proteins. It is 

tempting to speculate whether the D614G mutation represented an early adaptation 

to human innate immunity in the form of IFITM1 and GBP2/5 in TMPRSS2-negative 

cells.  
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Figure 3.2.14. Characterising the differences of the D614G mutation on the 
Wuhan spike. A, B) Equal volumes of Wuhan and D614G PLVs were used to infect 
A549-ACE2 or A549-ACE2-TMPRSS2 cells. Infectivity was determined by 
luciferase activity 48 hours later. C) Wuhan or D614G PLVs were used to infect 
A549-ACE2-IFITM cells and infectivity determined by luciferase activity 48 hours 
later. *=P>0.05 and indicate statistical significance between control and individual 
IFITM for each PLV determined by two-way ANOVA. N=3, Mean±SEM shown. D) 
England-02 or a D614G isolate were purified through a 20% sucrose cushion for 1 
hour at 18000 g and Western blotted for spike and N. E) PLVs of Wuhan or D614G 
were purified and Western blotted for spike and gag. F) representative Western blot 
of 293T-17 which were pre-treated with 500U/ml of IFNb and transfected with spike 
prior to blotting for spike and actin. G) quantification of S2 relative to all spike of blot 
in E from three independent experiments.  
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3.2.7 Deletion of the cytoplasmic tail from spike results in increased 
E64d and IFITM2 sensitivity  

 
The cytoplasmic tail of spike contains an inefficient ERRS signal which results in some 

spike leaking to the surface where this can facilitate syncytia formation [175]. Deletion 

of the last 19 amino acids, which contains this sequence, boosts PLV titre because it 

results in increased leaking of spike to the plasma membrane where this can be picked 

up by budding PLVs. Consequently, it is common practice in many labs to use DCT 

spikes when preparing PLVs. In our hands, deleting the last 19 amino acids of spike 

results in a 28-fold boost in titre on A549-ACE2 cells (Figure 3.2.15 A). However, 

SARS-CoV-2 virions do not usually assemble at the plasma membrane in native virus 

production and retention in the endoplasmic reticulum is important for determining 

appropriate post-translational modifications and glycosylation [169]. Therefore, we 

wanted to confirm whether the DCT mutant behaved similarly to full-length spike on 

PLVs in terms of IFITM sensitivity. D614G and D614GDCT PLVs were generated and 

IFITM sensitivity tested in A549-ACE2s as before (Figure 3.2.15 B). The DCT PLVs 

had similar IFITM1 and IFITM3 resistance in these cells compared to the full-length 

spike counterpart. Surprisingly however, the DCT D614G PLVs were 2-fold more 

sensitive to IFITM2 than the full-length spike PLVs.  

 

Given what we knew so far about route of viral entry and IFITM2 sensitivity in this 

system, the sensitivity of the D614G and DCT PLVs to the cathepsin inhibitor E64d 

was tested next to determine if the increased IFITM2 sensitivity was due to increased 

cathepsin-dependence (Figure 3.2.15 C). As expected, the DCT was 2-fold more 

sensitive to E64d at both 2.5 and 10µM, with a 5-fold decrease in IC50 (Figure 3.2.15 

D). This suggests that the D614GDCT spike is more cathepsin-dependent than wild-

type full-length D614G. To determine if there were any differences in spike 

incorporation or processing, the PLVs were immunoblotted for spike and gag in both 

the producer cell lysates and purified supernatant (Figure 3.2.15 E). Intracellular spike 

expression was comparable between D614G and D614GDCT, however there was 10-

fold more S2 compared to S in the D614GDCT mutant than full-length D614G spike 

on purified PLVs (3.2.15 F). Although unexpected that more S2 on the surface would 
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result in increased IFITM2 sensitivity, overall this data could suggest that deletion of 

the cytoplasmic tail could have knock-on effects on spike conformation or 

glycosylation, altering the accessibility of the S2’ site. These data also suggest that 

interpreting the route of viral entry from DCT spikes should be done with caution.  
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Figure 3.2.15. Deleting the cytoplasmic tail of spike on PLVs increases IFITM2 
sensitivity by increasing cathepsin-dependent entry. A) A549-ACE2 cells were 
infected with equal volumes of D614G or D614GDCT PLVs and infection quantified 
by luciferase activity 48 hours later. *=P>0.05 indicating statistical significance 
between D614G and D614GDCT determined by two-tailed unpaired t test. B) A549-
ACE2-IFITM cells were infected with D614G or D614GDCT PLVs and infection 
quantified by luciferase activity. *=P>0.05 indicating statistical significance between 
the IFITM2 condition of D614G and D614GDCT determined by two-way ANOVA. C) 
A549-ACE2 cells were pre-treated with 2.5µM or 10µM of E64d for 1 hour and 
infected with D614G or D614GDCT PLVs and infection quantified by luciferase 
activity 48 hours later. *=P>0.05 and indicate statistical significance between D614G 
and D614GDCT at 2.5 and 10µM E64d determined by ANOVA. D) IC50 of C 
calculated in GraphPad Prism. *=P>0.05 indicating statistical significance between 
IC50s determined by two-tailed unpaired t test. E) Cellular lysates and purified 
supernatant of PLVs of D614G and D614GDCT were Western blotted for spike and 
gag. F) quantification of band intensity of S2 over total S from three independent 
experiments of F. N=3, Mean±SEM shown. 
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3.3 Discussion  

 
In this chapter, I discuss how removal of the polybasic cleavage site in the Wuhan 

spike skews viral entry towards the cathepsin-dependent late entry pathway, which 

cannot be rescued by TMPRSS2 overexpression. Comparatively, the polybasic 

cleavage site is beneficial to entering TMPRSS2-positive cells, however is detrimental 

in TMPRSS2-negative cells. This is consistent with the findings from several groups 

that the polybasic cleavage site is rapidly lost in culture of TMPRSS2-negative cells 

[233, 347]. Deletions of the polybasic cleavage site have also been reported in some 

clinical samples from COVID-19 patients, albeit at a low frequency [234]. Cleavage of 

the S1/S2 boundary has been reported to decrease the stability of the spike trimer 

[172]. It is possible that in the absence of TMPRSS2, it is advantageous for the S1/S2 

boundary to remain uncleaved until the target cell as this would confer increased 

stability of spike. The SARS-CoV-1 and pangolin GD PLVs are also more efficient at 

entering TMPRSS2-negative cells, and insertion of a polybasic cleavage site into the 

SARS-CoV-1 spike mildly reduces infectivity in the TMPRSS2-negative cells. The 

spikes tested here which lack a polybasic cleavage site, SARS-CoV-1, pangolin and 

WuhanDPRRA, are all very sensitive to IFITM2. Insertion or restoration of the 

polybasic cleavage site slightly alleviates the IFITM2 sensitivity for SARS-CoV-1 and 

Wuhan, however only rescues IFITM1 and IFITM3 sensitivity for the pangolin spike. It 

is therefore tempting to speculate whether the polybasic cleavage site is an adaptation 

to more efficient viral entry through the avoidance of endosomal antiviral proteins that 

inhibit entry. Additionally, the early emergence of the D614G mutation and the finding 

this decreases IFITM1 sensitivity in A549-ACE2 cells could further suggest an early 

adaptation of the virus to escape IFITM restriction. IFITMs are key antiviral proteins in 

the airways to protect against respiratory infection and have been found to be highly 

upregulated in the airways relative to the nasal cavity of mice. Additionally, the rs2155c 

mutant of IFITM3, which results in decreased antiviral activity of IFITM3, has 

previously been found to be associated with increased severity of influenza infections 

in humans, demonstrating the importance of IFITMs in controlling viral infection in vivo 

[35, 348, 349].  
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It is however surprising that IFITM3 does not inhibit the Wuhan or DPRRA spike to the 

same extent as IFITM2, considering these proteins only have ten amino acids different 

between them. This could imply that in these cell lines at least, stably overexpressed 

IFITM2 and IFITM3 are occupying distinct subcellular compartments and pathways of 

viral entry. IFITM2 is thought to localise to late endosomes coexpressing rab5, while 

IFITM3 localises to early endosomes expressing rab7 [62, 350]. Analysis of the 

subcellular localisation of IFITMs in these cells and whether this differs to other 

commonly used cell lines in SARS-CoV-2 research, such as Calu-3 and Caco-2 cells, 

would aid in understanding the relative restriction of IFITMs 2 and 3 shown here. Under 

IFN-stimulated conditions, IFITMs have been shown to interact with each other 

heterologously and cycle through multiple cellular compartments [351]. By 

overexpressing these individually, it could also be that we are missing an aspect of 

IFITM biology that would be seen when all IFITMs are expressed at once. That said, 

the knockdown of IFITM2 prior to IFNb treatment does seem to suggest that of all the 

IFITMs, IFITM2 is having the most significant effect on viral infection by SARS-CoV-2 

in A549 cells. When we knock down IFITM3, we find that this does not rescue England-

02 from IFNb mediated inhibition. There do appear to be multiple mechanisms 

inhibiting SARS-CoV-2 entry however, as IFNg inhibits both England-02 and Wuhan 

PLVs in an IFITM-independent manner. It has previously been suggested that IFNg 

can inhibit viral entry through downregulation of hepatitis and HIV-1 receptors [352, 

353]; however we did not observe any decreases in ACE2 by Western blot following 

48 hours of IFNg treatment. This suggests that IFNg is inhibiting SARS-CoV-2 entry 

through another mechanism. Alternatively, there could be other antiviral proteins 

upregulated by IFNg inhibiting entry. it has recently been reported that LY6E can inhibit 

the coronaviruses 229E, OC43, MERS-CoV, SARS-CoV-1 and SARS-CoV-2 by 

blocking membrane fusion [95, 96]. Zhao et al show that LY6E inhibition of SARS-

CoV-2 cannot be overcome by TMPRSS2 overexpression, meanwhile IFITM-

mediated inhibition of SARS-CoV-2 could be overcome by TMPRSS2, suggesting 

these are distinct mechanisms of entry restriction [95]. Additionally, CH25H has been 

suggested to also inhibit an early step of SARS-CoV-2 replication through an 

incompletely understood mechanism [102].  
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The data in this chapter also characterise the IFITM sensitivity of the first known 

mutation to become fixed in spike, D614G. Compared to the Wuhan spike, the D614G 

is similarly IFITM2 sensitive, but less sensitive to IFITM1. This could suggest that the 

D614G spike is taking a slightly different route of viral entry to evade IFITM1 relative 

to the Wuhan spike. Additionally, the D614G spike is less sensitive to the effects of 

IFNb on S1/S2 cleavage. This is consistent with the findings from the Jolly lab that the 

D614G spike is less sensitive to restriction by GBP2 and 5, an IFN-upregulated 

inhibitor of furin-mediated cleavage [94]. It is possible that the enhanced cleavage of 

the D614G mutation represents an early adaptation to escaping two independent 

forms of innate immunity, IFTIM1 and GBP2/5; this could suggest that inhibition of 

furin cleavage by GBP2/5 could sensitise a spike to IFITM-mediated inhibition. 

However, GBP5-induced sensitisation to IFITM restriction has been ruled out by the 

Jolly group in Caco-2 cells [94]. Caco-2 cells do express TMPRSS2 endogenously, 

and whether GBP2/5 induced sensitisation to IFITMs occurs in TMPRSS2-negative 

cells remains to examined. However, it is worth noting that in the context of viral 

infection with native virus, many of the viruses non-structural proteins counteract IFN 

signalling. The relevance of GBP5 and IFITM inhibition in vivo could therefore 

potentially be smaller than in the context of spike-only PLVs without the viral nsps, in 

single round infections [354]. Nevertheless, it would be interesting to further 

investigate the interplay between GBP5 and IFITM restriction.  

I also demonstrate in this chapter that deletion of the cytoplasmic tail of D614G 

increases IFITM2 sensitivity and sensitivity to E64d. Cytoplasmic tail deletion also 

increases the S2/S ratio on the particle of D614G PLVs. Another group has also 

reported that deletion of the cytoplasmic tail can mask the interpretation of differential 

spike properties when examining the D614G mutation [175]. The increased sensitivity 

of DCT PLVs to IFITM2, but also increased spike cleavage, indicates that the 

relationship between cleavage and IFITM sensitivity is not as clear cut as implied by 

the initial data presented in this chapter with the Wuhan virus. Because the spike of 

DCT PLVs will have prematurely leaked to the cell surface due to the deletion of the 

ERRS, it could be that consequently these spikes are improperly glycosylated or adopt 

a different conformation. It has been suggested that a “glycan gate” at the N343 site 

of spike can modulate spike adopting the open conformation, suggesting that 

glycosylation can have an important role in spike dynamics [176]. It would be 
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interesting to test if the increased sensitivity to IFITMs of DCT mutants can be 

overcome by TMPRSS2 overexpression or exogenous protease treatment. Overall, 

these data suggest that interpreting certain phenotypes from DCT spikes should be 

done with caution.  

 

Altogether, the data in this chapter confirm that the polybasic cleavage site can alter 

the route of viral entry which SARS-CoV-2 can take.  Deletion of the polybasic 

cleavage site results in increased IFITM2 sensitivity, and may therefore be an 

adaptation to avoid antiviral restriction late endosomes. However, this has only been 

explored in the context of TMPRSS2-negative cells in this chapter. Given what is now 

known about the role of TMPRSS2 in reducing cathepsin-dependent entry, it is 

reasonable to ask whether TMPRSS2 affects IFITM sensitivity. The role of 

TMPRSS2+ on IFITM-mediated inhibition will be further explored in Chapter 5.  
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Chapter 4: SARS-CoV-2 variants of concern vary in route of 
viral entry and IFITM sensitivity  

 
Some of the data presented in this chapter have been published under the title “The 

P681H Mutation in the Spike Glycoprotein of the Alpha Variant of SARS-CoV-2 

Escapes IFITM Restriction and Is Necessary for Type I Interferon Resistance” [30]. 

 

4.1 Introduction  

 

Many RNA viruses lack effective proofreading capacity in their polymerase proteins, 

resulting in the accumulation of mutations that may then be selected for due to being 

advantageous for replication or transmission. The nsp14 exonuclease protein of 

SARS-CoV-2 has error-correcting capacity, which was expected to result in a low 

mutational rate of SARS-CoV-2; thus it was initially considered that this virus would 

not exhibit a high rate of mutation [178]. However, the first documented positively 

selected mutation in SARS-CoV-2 spike, D614G, became fixed relatively early in the 

pandemic [185]. Early reports suggested this may reduce S1 shedding, improving 

virion stability, and thereby increase transmissibility [186, 187, 189]. This mutation is 

present in every variant of concern (VOC) tested to date.  

 

In late 2020, the alpha variant was identified in the UK. The first mutation in the NTD 

of alpha, the D69/70 mutation, happened to be in the probe binding site of the spike 

primer/probe set used in RT-qPCR diagnostics, leading to positive N and Orf1b 

samples but “drop out” for spike. This resulted in the rapid identification of the alpha 

variant, which has seven mutations and two deletions in the spike gene. Over the next 

two years of the pandemic, several other VOCs emerged across the globe, with the 

beta variant in South Africa, gamma in Brazil, kappa and delta in India, and omicron 

again in South Africa. More recently, several sub-variants of omicron have emerged, 

with up to 30 mutations in the spike protein [355] (Figure 4.1.1). BA.4 and BA.5 have 

been excluded because they are not examined in this thesis due to becoming 

dominant after this thesis was written. Several of the mutations present in these spikes 
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have arisen independently in distinct lineages, suggesting that they provide a 

fundamentally adaptive advantage to virus replication or transmission [356]. A major 

concern is whether the number of spike changes across multiple VOCs alters vaccine 

efficacy. The spike protein is the most important target of neutralisation by antibodies 

and the sole viral component of most vaccines used worldwide. Importantly it appears 

that many of these mutations, especially in the RBD, have been linked to evading the 

antibody response [357]. Additionally, many mutations in the RBD have been found to 

increase or decrease ACE2 affinity, for example the N501Y mutation - which increases 

ACE2 affinity - is found in the alpha, gamma, kappa and delta VOCs [358].  

 

Several mutations have also emerged in spike which improve spike incorporation or 

compensate for fitness costs associated with antibody escape mutations. The D69/70 

mutation, which is present in alpha and omicron, has been suggested to increase spike 

incorporation into the virus particle [190]. It has also been suggested that in the alpha 

variant, this mutation arose to compensate for the reduction in infectivity mediated by 

the D796H mutation in the S2 domain which reduces antibody neutralisation [227]. 

Many mutations have arisen in the RBD which are likely to mediate antibody escape, 

as the RBD is a hotspot for neutralising antibodies [205]. An “antibody supersite” has 

also been identified in the NTD which is recognised by all known NTD-targeting 

antibodies [142]. This likely explains the number of NTD mutations present in VOCs 

to date. Additionally, mutations near and in the polybasic cleavage site have arisen in 

multiple lineages which have been shown to improve S1/S2 processing, which has 

been suggested to be an adaptation to better utilisation of TMPRSS2 [159, 203, 359]. 

Given the number of changes in spike across these variants, in this chapter I 

investigate whether any of the VOCs tested to date have a different IFITM sensitivity 

compared with the wave 1 virus due to the presence of spike mutations, with a focus 

on the polybasic cleavage site. In particular, I focus on the first VOC to emerge, the 

alpha variant. The D614G mutation is present in every VOC to date, and as such, for 

the rest of this thesis will be used as the control spike for comparison. 
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Figure 4.1.1. Schematic of major variants of concern 2020-2022 tested in this 
chapter. Spike sequences of variants of concern with N-terminal domain (NTD) 
highlighted in purple, receptor binding domain (RBD) highlighted in pink, fusion 
peptides in orange, heptad repeats in blue, and transmembrane domain in yellow. 
Spikes have been ordered chronologically by emergence. For simplicity, only the 
sequence of VOCs that have been tested in this chapter have been included in this 
schematic. 
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4.2 Results  

4.2.1 The alpha variant is type I IFN resistant in A549-ACE2 and Calu-
3 cells   

The alpha variant was identified in late 2020 in the UK, and with seven mutations and 

two deletions in the spike protein there were early concerns that this virus may be 

more transmissible. To test if any of the changes in spike in the alpha variant impacted 

IFN sensitivity, A549-ACE2 cells were pre-treated with increasing doses of IFNb, as 

before (Figure 3.2.12) and infected with England-02 (an early wave isolate in the UK) 

or an isolate of alpha (Figure 4.2.1 A). Infectivity was measured by the number of E 

copies in the supernatant 48 hours later. Interestingly, alpha was much less sensitive 

to pre-treatment with IFNb than the England-02 virus. To confirm if this could be 

recapitulated in another cell line, this was tested in Calu-3 cells, which are considered 

to be a more relevant lung epithelial cell line for SARS-CoV-2 and endogenously 

express ACE2 (Figure 4.2.1 B). Again, alpha was less inhibited by IFNb than England-

02 when measuring the viral RNA present in the supernatant of infected cells, 

confirming that the alpha isolate is more IFNb resistant in two different cell lines.  

 

However, measuring viral RNA in the supernatant does not necessarily confirm 

whether there has been a reduction of infectivity. To investigate this, Calu-3 cells that 

had been pre-treated with IFNb were again infected with England-02 or alpha virus 

and the supernatant taken after 48 hours. This was used to inoculate Vero-E6-

TMPRSS2 cells and infectivity measured by plaque assay (Figure 4.2.1 C). 

Surprisingly, when measured by plaque assay we observed an increase in infectivity 

for both England-02 and alpha with 0.1 and 0.5 U/ML of IFN. However, at higher 

concentrations of IFN this confirmed there were more plaque forming units/ml from the 

alpha virus than England-02 following IFNb pre-treatment and that alpha is indeed 

resistant to the effects of IFNb on viral infectivity.  

 

Next, to confirm whether this was a spike-dependent phenotype, we utilised reverse 

genetics-engineered viruses based on Wuhan-1, in which the spike gene was 

exchanged for that of the alpha virus (designated Wuhan(alpha), kindly provided by 
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the Palmarini and Patel groups in Glasgow) (Figure 4.2.1 D). This virus contains an 

entirely Wuhan-1 background except for the spike protein. Indeed, the Wuhan(alpha) 

virus phenocopied the alpha isolate, demonstrating significant resistance to pre-

treatment with IFNb. This established that the IFNb resistance of alpha is determined 

by the spike protein. This suggests that the mutations within the alpha virus spike alter 

IFNb sensitivity.  
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Figure 4.2.1. The alpha virus is IFNb resistant in A549-ACE2 and Calu-3 cells 
in a spike-dependent manner. A) A549-ACE2 were pre-treated with IFNb for 18 
hours prior to infection with 500 copies/cell England-02 or alpha virus. Infection was 
quantified 48 hours later by E mRNA copies in the supernatant using a standard 
curve. B) Calu-3 cells were pre-treated with IFNb for 18 hours prior to infection with 
5000 copies/cell England-02 or alpha virus. Infection was quantified 48 hours later 
by E mRNA copies in the supernatant. C) Calu-3 cells were IFNb treated and 
infected as in A and B but infection quantified by plaque assay of infected 
supernatant on Vero-E6-TMPRSS2 cells. D) A549-ACE2 were IFNb pre-treated and 
infected with England-02, alpha or Wuhan(alpha spike) viruses and infection 
quantified 48 hours later by E mRNA copies in the supernatant. *=P>0.05 and 
indicate statistical significance between the viruses at each IFNb concentration 
determined by two-tailed unpaired t test. N=3, Mean±SEM shown. 
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4.2.2 The alpha variant is IFITM resistant in A549-ACE2 cells  

 

As the alpha virus was less sensitive to the effects of IFNb, we reasoned that it may 

also be less sensitive to restriction by IFITMs based on our previous work linking the 

IFNb sensitivity of the England-02 virus to IFITM2-mediated restriction. To test this, 

A549-ACE2-IFITM cells were infected with England-02, virus 3.20, and alpha. Virus 

3.20 is an early wave 1 isolate containing the D614G mutation. Infection was 

measured by percentage of intracellular N by flow cytometry (Figure 4.2.2 A). Both 

England-02 and the D614G isolate retained IFITM2 sensitivity, consistent with the 

previous PLV data. However, the alpha virus was entirely resistant to IFITMs 1, 2 and 

3, with a surprising but marked enhancement of infection in the presence of IFITM3. 

To confirm whether the IFITM resistance of alpha could be recapitulated using PLVs, 

PLVs of D614G or alpha were used to transduce A549-ACE2-IFITM cells and infection 

measured by luciferase as before (Figure 4.2.2 B). Again, the alpha PLVs were IFITM 

resistant with a 3-fold increase in the presence of IFITM3. This demonstrates that the 

alpha virus is resistant to both IFNb and IFITMs in A549-ACE2s, and that the IFITM 

resistance of alpha is spike-dependent. Surprisingly, IFITM1 also enhanced infection 

by the alpha virus, suggesting that other IFITMs can enhance entry by alpha. However, 

this could not be recapitulated by PLV infection while IFITM3 enhancement was clear 

in both native viral infection and PLV infection. This suggests there is perhaps a subtle 

but important difference in the entry of alpha virus and PLVs.    

 

4.2.3 Deletion of the cytoplasmic tail overcomes the IFITM resistance 
of the alpha spike in A549-ACE2s  

 
Having established in the previous chapter that deletion of the cytoplasmic tail of spike 

increased the IFITM2 sensitivity of D614G, the effect of the cytoplasmic tail on the 

IFITM resistance of the alpha spike was also tested. Both D614G DCT and alpha DCT 

PLVs were used to transduce A549-ACE2-IFITM cells as before along with their full-
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length spike controls (Figure 4.2.3). In accordance with the D614GDCT data in the 

previous chapter, D614GDCT was more sensitive to IFITM2 than its full-length 

counterpart. Additionally, the alpha spike was now rendered IFITM2 sensitive by the 

cytoplasmic tail deletion and also no longer enhanced by IFITM3. This suggests that 

the DCT mutation not only confers IFITM2 sensitivity, but also overcomes factors 

involved in IFITM3 enhancement. The DCT mutation has been suggested previously 

to mask the effects of the D614G mutation in PLVs [175], and these data here confirm 

that the DCT mutation can also mask the IFITM resistance of the alpha spike in PLVs. 

Overall, these data suggest that use of DCT spikes when investigating IFITM 

sensitivity can result in differing phenotypes, likely due to altering the route of viral 

entry or potentially due to altered spike conformation. This makes it difficult to 

differentiate viral entry phenotypes, which has consequences for antiviral proteins that 

target the entry step.  

 

 

 

 
 
Figure 4.2.2. The alpha virus is IFITM resistant in A549-ACE2 cells. A) A549-
ACE2-IFITM cells were infected with England-02, 3.20(D614G), or alpha virus and 
infection quantified by % intracellular N 48 hours later by flow cytometry. B) A549-
ACE2-IFITM cells were infected with PLVs of D614G or alpha and infection 
quantified by luciferase activity 48 hours later. *=P>0.05 and indicate statistical 
significance between control and individual IFITM conditions determined by one-
way ANOVA. N=3, Mean±SEM shown. 
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4.2.4 Mutations in the NTD or RBD of alpha do not affect IFITM 
sensitivity  

 

Having confirmed that the alpha spike is IFITM resistant, determining which mutations 

are important in this phenotype was next investigated. The alpha spike contains seven 

mutations and two deletions (both in the NTD). The D69/70 mutation has been 

suggested to increase spike incorporation, while the D144 mutation has been found to 

reduce antibody neutralisation [143, 190]. The RBD of alpha also contains the N501Y 

mutation, which increases the affinity for ACE2 [360]. Additionally, the alpha variant 

contains a P681H mutation which has been suggested to increase the efficiency of 

the polybasic cleavage site [192, 361]. There are three other mutations in the alpha 

spike S2 domain that were not investigated here, namely the T716I, S982A and 

P1118H mutations.  

 

 
 
Figure 4.2.3. Deleting the spike cytoplasmic tail of spike on alpha PLVs masks 
the effect of IFITM2 resistance and IFITM3 enhancement. A549-ACE2-IFITM 
cells were infected with equal volumes of D614G, D614GDCT, alpha, or alpha DCT 
PLVs and infection was quantified by luciferase activity 48 hours later. Infection is 
normalised to infection in the empty vector control cells for each PLV. * indicates 
statistical significance between IFITMs of each PLV and control, and # indicate 
statistical significance between IFITM conditions of different PLVs determined by 
two-way ANOVA. N=3, Mean±SEM shown. 
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Figure 4.2.4. Neither the alpha NTD or RBD mutations alter IFITM sensitivity in 
the D614G spike. A-F) PLVs bearing each mutant spike were used to infect A549-
ACE2-IFITM cells and infection was quantified by luciferase activity 48 hours later. 
*=P>0.05 and indicate statistical significance between the control and individual 
IFITM conditions determined by one-way ANOVA. N=3, Mean±SEM shown. Panels 
A and B have been reproduced for ease of reading. 
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To test the impact of the individual mutations in the NTD and RBD on IFITM sensitivity, 

spikes were generated with D69/70, D144, D69/70 D144, or N501Y alone in the D614G 

background. Additionally, the effect of the E484K mutation in D614G and in alpha were 

tested, as this mutation arose in some alpha isolates at the time. PLVs of these spikes 

were used to infect A549-ACE2-IFITM cells (Figure 4.2.4 A – F). Neither of the NTD 

mutations alone, or in combination appeared to impact IFITM2 sensitivity with IFITM2 

still inhibiting transduction 2-2.5-fold. Additionally, neither N501Y or E484K appeared 

to enhance or reduce IFITM2 sensitivity of D614G. Lastly, the E484K mutation in the 

alpha context had no impact on the IFITM resistance of alpha, suggesting the 

emergence of this mutation in some alpha lineages was unrelated to IFITM evasion 

and likely due to other selection pressures, including antibody evasion.  

 

 

4.2.5 The P681H mutation confers IFITM resistance in PLVs and 

alters IFNb sensitivity of the alpha virus 

 

Having confirmed that none of the NTD or RBD alpha-defining mutations reduced the 

IFITM sensitivity of D614G, the role of the P681H mutation in the polybasic cleavage 

site was investigated. First, the polybasic cleavage sites of D614G and alpha were 

deleted (DPRRA and DHRRA respectively) to confirm that total ablation of the alpha 

polybasic cleavage site rendered the spike IFITM2 sensitive (Figure 4.2.5 A), as 

previously demonstrated for the Wuhan spike (Figure 3.2.9 B). Indeed, DPRRA/HRRA 

conferred even more IFITM2 sensitivity to D614G, and conferred IFITM2 sensitivity to 

the previously resistant alpha PLVs. Next, to test whether reverting the P681H 

mutation alone in the alpha spike could reduce the IFITM resistance, an alpha H681P 

spike was generated. Although not as sensitive as the DHRRA mutant, this conferred 

some IFITM2 sensitivity to alpha. Interestingly, both the DHRRA and H681P mutations 

also abolished the IFITM3 enhancement of alpha, suggesting the P681H mutation is 

necessary for IFITM3 enhancement of the alpha PLVs. Finally, whether the P681H 

mutation alone could confer IFITM resistance to a D614G spike was tested. Indeed, 

the P681H mutation reduced IFITM2 sensitivity for the D614G spike, with transduction 
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in the presence of IFITM2 being indistinguishable from the empty vector control cells. 

However, this mutation did not confer IFITM3 enhancement to the same extent as 

alpha, suggesting that the IFITM3 enhancement of alpha is dependent on other 

contextual mutations in the spike. Thus, the P681H mutation is necessary for IFITM 

resistance in A549-ACE2 cells, but not sufficient to confer IFITM3 enhancement alone.  

 
We hypothesised that the P681H mutation may be reducing the dependency on 

cathepsin-dependent entry and thereby reducing IFITM2 sensitivity, the inverse of 

what we had observed so far with the DPRRA and DCT mutations. To test this, A549-

ACE2 cells were pre-treated with the cathepsin inhibitor E64d and the mutants 

described above used to infect these cells. Consistent with what we have previously 

shown, the D614G-DPRRA was extremely sensitive to E64d-mediated inhibition, 

consistent with its increased restriction by IFITM2 (Figure 4.2.5 B). The alpha PLVs 

were less sensitive to E64d than D614G, however alpha DHRRA and H681P alpha 

were significantly sensitised to inhibition by E64d. Lastly, the D614G P681H mutation 

reduced the inhibition of E64d relative to D614G 2-fold. These data suggest that the 

P681H mutation can reduce the cathepsin dependence in D614G in A549-ACE2 cells 

and reversion of this mutation in alpha can increase its cathepsin dependence. This is 

likely a factor in determining alpha’s resistance to IFITMs in this system. This does not 

however shed any light on the mechanism behind the IFITM3 enhancement of alpha. 

Additionally, as described earlier alpha and D614G are similarly Camostat sensitive, 

yet here alpha is less sensitive to E64d than D614G. This suggests other proteases 

are involved in the priming S2’ cleavage besides cathepsins and TMPRSS2. 
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Figure 4.2.5. The P681H mutation reduces IFITM sensitivity by reducing 
cathepsin dependence. A) A549-ACE2-IFITM cells were infected with equal 
volumes of D614G, D614GDPRRA, alpha, alphaDHRRA, P681H or alpha H681P 
PLVs and infection quantified by luciferase 48 hours later. * indicate statistical 
significance between the IFITM and the control condition for each PLV, # indicate 
statistical significance between different PLV conditions determined by two-way 
ANOVA. B) A549-ACE2 cells were pre-treated with 10µM E64d prior to infection 
with PLVs and infection quantified by luciferase 48 hours later. #=P>0.05 and 
indicate statistical significance between the E64d condition of each PLV and other 
PLVs determined by two-way ANOVA. N=3, Mean±SEM shown. 
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To investigate whether the P681H mutation could also contribute to the overall IFNb 

resistance of alpha, we again utilised viruses kindly gifted from the University of 

Glasgow engineered to contain only the spike of the alpha variant in the background 

of the Wuhan-1 virus. Palmarini and colleagues generated an H681P mutant of the 

alpha spike in the Wuhan background, and this was used to infect A549-ACE2 cells 

as before that had been pre-treated with IFNb (Figure 4.2.6 A). It has now been 

identified that the alpha virus antagonises IFNb production through Orf6 and Orf9b 

[193]. Therefore, in this assay we ensured that we were measuring the effects of IFNb 

on alpha prior to any antagonism of IFN by providing exogenous IFN before infection. 

The H681P mutant virus was much more sensitive to IFNb pre-treatment than the 

Wuhan(alpha) virus, confirming that the P681H did indeed confer IFNb resistance to 

alpha. Finally, to link this to IFITM2, we performed RNAi by transfecting siRNAs of 

either a non-targeting control or against IFITM2 prior to IFNb treatment and infection. 

While the Wuhan(alpha) virus was virtually unaffected by IFITM2 knockdown, the 

Wuhan (alpha H681P) virus was rescued by IFITM2 knockdown (Figure 4.2.6 B). This 

suggests that IFITM2 mediates a significant portion of the IFNb-mediated inhibition of 

the Wuhan (alpha H681P virus), while the Wuhan(alpha) virus is insensitive to IFITM2 

in the context of IFNb. Interestingly, when viral stocks of England-02, alpha, 

Wuhan(alpha), and Wuhan (alpha H681P) were immunoblotted for spike and N, the 

H681P reversion did not alter the cleavage phenotype of Wuhan(alpha) (Figure 4.2.6 

C). Adding to the finding that the D614GDCT spike is better cleaved, but this does not 

correlate with IFITM resistance, this further exemplifies that increased S1/S2 

processing may not necessarily be the determinant of IFITM resistance.  
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Figure 4.2.6. The H681P mutation confers IFNb sensitivity to the Wuhan(alpha) 
virus in an IFITM2-dependent manner. A) Calu-3 cells were pre-treated with IFNb 
for 18 hours prior to infection with Wuhan-alpha or Wuhan-alpha H681P virus for 48 
hours. Infection was quantified by relative E mRNA copies in the supernatant. B) 
A549-ACE2 cells were transfected with non-targeting or IFITM2 siRNAs and treated 
with IFNb for 18 hours prior to infection with Wuhan-alpha or Wuhan-alpha H681P 
viruses for 48 hours. Infection was quantified by intracellular E mRNA. N=3, 
Mean±SEM shown. C) Three independent Western blots of viral stocks of England-
02, alpha, Wuhan-alpha and Wuhan-alpha H681P. Viral stocks were purified 
through a 20% sucrose cushion for 1 hour before Western blotting for spike and N.  
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4.2.6 Other VOCs to date are not IFITM resistant in A549-ACE2s  

 
Since the emergence of the alpha variant in late 2020, a multitude of other variants 

have emerged, all with significant changes in the spike protein. Interestingly, the 

kappa, delta, and omicron VOCs all have polybasic cleavage site mutations, with 

P681R in kappa and delta, and P681H in omicron. Given that the P681H mutation 

conferred IFITM resistance to alpha in A549-ACE2 cells, whether other VOCs to date 

had any differential IFITM sensitivity was tested next. The IFITM phenotypes of the 

VOCs beta, gamma, kappa, delta, and omicron BA.1 and BA.2 were assessed as 

PLVs on A549-ACE2s as before, with Wuhan, D614G and alpha as controls (Figure 

4.2.7 A – I). As before, Wuhan was IFITM1 and 2 sensitive, while D614G was only 

sensitive to IFITM2. The alpha PLVs were the only PLVs tested that exhibited IFITM 

resistance, however interestingly the delta PLVs also showed some mild IFITM3 

enhancement. However, the kappa, delta and omicron PLVs retained some sensitivity 

to IFITM2 and some sensitivity to IFITM1. This suggested that perhaps a P681H/R 

mutation can only confer IFITM resistance in the context of a D614G or alpha spike, 

and that other mutations within the spike can overcome the effects of this mutation.  

 

To confirm that delta and omicron were truly IFITM sensitive, authentic virus infection 

in A549-ACE2-IFITM cells was quantified by qPCR or flow cytometry (Figure 4.2.7 J, 

K). Measured by E mRNA copies intracellularly 48 hours after infection, the delta virus 

was still sensitive to IFITMs 1, 2, and 3 in A549-ACE2 cells. The delta PLVs displayed 

a small degree of IFITM3 enhancement as PLVs, however this was not observed when 

measuring native viral infection. Additionally, omicron infectivity measured by 

percentage of intracellular N showed that this virus is still IFITM2 sensitive. The finding 

that the omicron virus appeared entirely IFITM1 resistant while the omicron PLVs 

showed a small degree of sensitivity further shows that there can be discrepancies 

between native virus and PLV sensitivity to IFITMs. Nevertheless, these data 

demonstrate that in A549-ACE2 cells neither delta nor omicron virus are IFITM 

resistant despite their polybasic cleavage site mutations. 
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Figure 4.2.7. Of the VOCs tested to date, only the alpha variant is IFITM 
resistant in A549-ACE2 cells. A - I) A549-ACE2-IFITM cells were infected with 
equal volumes of PLVs bearing spikes of Wuhan, D614G, alpha, beta, gamma, 
kappa, delta, omicron (BA.1) and omicron (BA.2). Infection was quantified by 
luciferase activity 48 hours later. J) A549-ACE2-IFITM cells were infected with delta 
virus for 48 hours and infection quantified by intracellular E mRNA levels. K) A549-
ACE2-IFITM cells were infected with omicron BA.1 virus for 48 hours and infection 
quantified by % N infected cells by flow cytometry. *=P<0.05 indicating statistical 
significance between the control and each IFITM determined by one-way ANOVA. 
N=3, Mean±SEM shown. 
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4.2.7 Delta and omicron differ in their cathepsin dependency  

 
The majority of this work was carried out prior to the emergence and dominance of 

delta and omicron. The advent of these two variants containing P681R and P681H 

mutations, but retaining IFITM sensitivity, added some perplexity to exactly how the 

P681H mutation can alter IFITM sensitivity in a D614G background. It has been 

suggested that the omicron variant is cathepsin dependent and that this may be due 

to the constellation of mutations in the RBD of omicron conferring a more closed 

conformation of spike [204]. Whether the delta and omicron spikes are still somehow 

cathepsin dependent would explain their lack of IFITM resistance. To investigate this, 

A549-ACE2s or A549-ACE2-TMPRSS2 cells were pre-treated with E64d and infected 

with D614G,  D614GDPRRA, alpha, delta, or omicron PLVs (Figure 4.2.8). D614G 

PLVs were reasonably sensitive to E64d, but this could be rescued to a degree by 

TMPRSS2 overexpression. As expected, the D614G DPRRA PLVs were very 

sensitive to E64d in A549-ACE2 cells, which could not be rescued by TMPRSS2. 

However, the sensitivity of both alpha and delta to E64d was comparable in both A549-

ACE2 and A549-ACE2-TMPRSS2 cells.  

 

While this does not explain why delta is IFITM2 sensitive, the fact that both alpha and 

delta are E64d-resistant in the absence of TMPRSS2 does suggest that other 

proteases besides TMPRSS2 and cathepsins can cleave these spikes. Finally, the 

omicron PLVs were moderately sensitive to E64d inhibition in both A549-ACE2 and 

A549-ACE2-TMPRSS2 cells, with the difference between alpha/delta and omicron 

nearing but not reaching statistical significance. These data confirm, as shown by 

others, that omicron is more cathepsin dependent than the alpha and delta variants 

[204].  
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Figure 4.2.8. Alpha and delta are less sensitive to inhibition by E64d in both 
A549-ACE2 and A549-ACE2-TMPRSS2 cells. A549-ACE2 (-TMP) A549-ACE2-
TMPRSS2 (+TMP) cells were pre-treated with 2.5µM E64d for 1 hour prior to 
infection with PLVs and infection quantified by luciferase activity 48 hours later. 
Infection is normalised to the DMSO control for each cell line and each PLV. 
#=P>0.05 indicating statistical significance between conditions determined by one-
way ANOVA. N=3, Mean±SEM shown. 

 

To delve further into this, the role of the P681R mutation (found in delta) was compared 

to the P681H mutation (found in alpha and omicron) in a D614G spike. PLVs were 

used to infect A549-ACE2-IFITM cells as before (Figure 4.2.9 A). The P681H mutation, 

as before, reduced IFITM sensitivity. The P681R mutation however was essentially 

indistinguishable from the wild-type D614G PLVs. Furthermore, while the H681P 

reversion conferred some IFITM2 sensitivity to the alpha spike previously (Figure 4.2.5 

A), the R681P mutation in the delta spike did not significantly alter IFITM2 sensitivity 

(Figure 4.2.9 B). The R681P mutation did however reduce any IFITM3 enhancement 

by delta, suggesting that other amino acids besides a proline at this position can alter 

IFITM3 enhancement. The H681P mutation in omicron also did not affect the IFITM2 

sensitivity of this spike, suggesting that the P681R and P681H in delta and omicron 

are not the main determinants of IFITM2 sensitivity in these spikes.  

 

Finally, to test whether the P681R mutation affected cathepsin dependence, cells were 

pre-treated with E64d and infected with D614G, P681H or P681R PLVs (Figure 4.2.9 

C). In both A549-ACE2 and A549-ACE2-TMPRSS2 cells, the P681H was the least 

sensitive to E64d. However, the P681R mutation was similarly sensitive to E64d as 

D614G. This suggests a differential use of protease pathways between P681R and 

P681H.  
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Figure 4.2.9. The P681R mutation does not significantly reduce endosomal-
mediated entry. A) A549-ACE2-IFITM cells were infected with equal volumes of 
D614G, P681H, P681R PLVs and infection quantified by luciferase activity 48 hours 
later.  B) A549-ACE2-IFITM cells were infected with delta, delta R681P, omicron, or 
omicron H681P PLVs and infection measured by luciferase 48 hours later. #= 
P>0.05 and indicates statistical significance between delta IFITM3 and delta R681P 
IFITM3 determined by two-way ANOVA. C) Either A549-ACE2 (-TMP) or A549-
ACE2-TMPRSS2 (+TMP) cells were pre-treated with 10µM E64d for 1 hour prior to 
infection with D614G, P681H or P681R PLVs and infection measured by luciferase 
activity 48 hours later. Infection is normalised to the untreated control for each PLV 
for each cell line. #= P>0.05 and indicates statistical significance between each PLV 
in the -TMP condition and other PLVs determined by one-way ANOVA. N=3, 
Mean±SEM shown. 
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4.2.8 IFITM2 sensitivity in A549-ACE2 cells is generally predicted by 
E64d sensitivity  

 

In the spikes tested so far, there appeared to be a relationship between IFITM2 

sensitivity and E64d sensitivity. This makes logical sense in terms of cellular 

organisation: IFITM2 and cathepsins are all endosomal proteins, and the propensity 

of a spike to utilise cathepsins to mediate viral fusion should in theory correlate with 

the sensitivity of a spike to inhibition by IFITM2. Indeed, when IFITM2 and E64d 

sensitivity are plotted against each other for the VOC and mutant spikes tested so far, 

a correlation between IFITM2 and E64d sensitivity is apparent for most of the spikes 

tested, with an R2 of 0.66 and a slope of 0.74 (Figure 4.2.10). The alpha and P681H 

PLVs are IFITM2 and E64d insensitive, while the DPRRA, gamma, and DCT spikes 

are the most IFITM2 and E64d sensitive. It is worth noting that the gamma PLVs were 

as sensitive to E64d as D614GDPRRA, consistent with data suggesting that the 

H655Y mutation, which is present in the gamma and omicron spikes, promotes 

cathepsin dependence [203]. Omicron has the same H655Y mutation but is less E64d 

sensitive than gamma, further exemplifying the complex interplay between multiple 

mutations in spike. However, when the data are visualised in this manner it is clear 

that the delta spike is the only one tested so far that bucks this trend, retaining some 

IFITM2 sensitivity whilst being insensitive to inhibition by E64d. As A549-ACE2 cells 

do not express TMPRSS2, the insensitivity of delta to E64d in these cells begs the 

question of which protease is delta using to mediate entry, and how is this spike still 

restricted by IFITM2?   
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Figure 4.2.10. E64d sensitivity correlates with IFITM2 sensitivity for most of 
the SARS-CoV-2 spike PLVs tested to date. Graph shows E64d sensitivity plotted 
against IFITM2 sensitivity, both of which are plotted as percentage of inhibition 
relative to the empty vector control cell line for IFITM2, and as a percentage of 
infection of the DMSO control for E64d sensitivity. Line plotted using simple linear 
regression in GraphPad Prism. Slope=0.74. R2=0.66. The outlier delta is highlighted 
in blue. 

 
4.2.9 The delta spike is more sensitive to inhibition of MMP2/MMP9 that alpha or 
omicron  
 
The second cleavage event in the SARS-CoV-2 spike triggers the release of the fusion 

peptide and is essential for the fusion of the cellular and viral membranes. The S2’ site 

is postulated to be at R815-S816, however other potential cleavage sites have also 

been identified in the protein, and it is possible other cleavage sites could compensate 

for the R815-S816 site [149]. It has also been shown that the S2’ site can be cleaved 

by other TMPRSS proteins besides TMPRSS2, and also by other proteinases 

including members of the MMP family [128, 129]. The delta spike has been shown to 

utilise the MMP2/MMP9 pathway to mediate entry independent of TMPRSS2 [129]. 

We hypothesised that perhaps the utilisation of the MMP2/MMP9-mediated pathway 

could assist in understanding why the delta spike is sensitive to IFITM2 in TMPRSS2-

negative cells, despite its lack of dependence on cathepsins. To test this, A549-ACE2 

and A549-ACE2-TMPRSS2 cells were treated with an MMP2/9 inhibitor for 1 hour 

prior to infection with D614G, D614GDPRRA, alpha, delta and omicron PLVs and the 

effect on infectivity measured (Figure 4.2.11). Consistent with the literature [128, 129], 
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the delta PLVs were more sensitive to inhibition of entry by MMP2/MMP9 inhibitor 

treatment than alpha, and indeed omicron, PLVs. This is consistent with delta being 

able to preferentially use this pathway relative to alpha and omicron. The presence of 

TMPRSS2 did not really alter the sensitivity of any of the PLVs tested to MMP2/9 

inhibition. It is however likely that this inhibitor does not only inhibit MMP2/9, and likely 

inhibits other MMPs, or indeed other proteinases, as well. Interestingly, the 

D614GDPRRA and D614G spikes were similarly sensitive to MMP2/9 inhibition as the 

delta spike. This could suggest that D614G and D614GDPRRA can utilise either the 

cathepsin or MMP pathway in these cells, however delta cannot utilise the cathepsin 

pathway but can utilise the MMP pathway. Alpha is therefore the only spike tested so 

far which is insensitive to cathepsin and MMP inhibition, while delta and omicron retain 

sensitivity to inhibition of at least one of these proteinases. Altogether, these data 

could suggest that usage of the cathepsin or MMP pathway for viral entry results in 

exposure to IFITM2 compartments. However, this does not answer the question of 

which proteinase the alpha spike is using for viral entry in TMPRSS2-negative cells, 

as it appears to only use cathepsins or MMPs to a small extent. 

 

 
Figure 4.2.11. Delta is more sensitive to an MMP2/9 inhibitor than alpha or 
omicron. A549-ACE2 (-TMP) A549-ACE2-TMPRSS2 (+TMP) cells were pre-
treated with 20µM MMP2/MMP9 inhibitor II for 1 hour prior to infection with PLVs 
and infection quantified by luciferase activity 48 hours later. Infection is plotted as 
percentage infectivity as a percentage of the DMSO control for each PLV. #=P>0.05 
indicating statistical significance between conditions determined by one-way 
ANOVA. N=3, Mean±SEM shown. 
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4.2.10 Inhibition of MMP2/MMP9 confers alpha-like properties to 
delta in A549-ACE2 cells  

 

Having established that delta can utilise the MMP pathway, it was next tested whether 

this had any consequences for IFITM-mediated restriction. A549-ACE2-IFITM cells 

were pre-treated with the MMP2/MMP9 Inhibitor II again for 1 hour prior to infection 

with D614G, D614GDPRRA, alpha, delta and omicron PLVs (Figure 4.2.12 A-E). 

Inhibition of the MMP pathway mildly reduced IFITM1 and 2 inhibition of D614G, and 

conferred a small degree of IFITM3 enhancement. The D614GDPRRA mutant showed 

a small degree of IFITM3 enhancement in the presence of the inhibitor. Additionally, 

although alpha was already IFITM resistant, the inhibitor increased the IFITM2 and 

IFITM3 enhancement of the alpha PLVs. Most intriguingly, the MMP2/MMP9 inhibition 

resulted in the delta spike becoming more “alpha like”, with enhancement by IFITM2 

and IFITM3 to a similar extent as the alpha spike. Finally, the omicron PLVs were 

ultimately unaffected by MMP2/MMP9 inhibition, further suggesting these PLVs do not 

utilise this pathway. This could suggest that MMP-based cleavage of spike is distinct 

from cathepsin-based cleavage, however confers a less favourable pathway in terms 

of exposure to IFITMs.   
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Figure 4.2.12. Inhibition of MMP2/MMP9 in A549-ACE2 cells confers alpha-like 
properties to delta. A-E) A549-ACE2-IFITM were pre-treated with 20µM of 
MMP2/MMP9 inhibitor II for 1 hour prior to infection with PLVs and infection 
quantified by luciferase activity 48 hours later. Infection is plotted as percentage 
infectivity as a percentage of the DMSO control for each PLV #=P>0.05 indicating 
statistical significance between conditions determined by one-way ANOVA.  N=3, 
Mean±SEM shown. 
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4.2.11 Polybasic cleavage site mutations alter spike processing but 
not in all cell types   

 

The location of the P681H and P681R mutations led to the suggestion that these 

mutations could increase the efficiency of S1/S2 cleavage and contribute to the 

increased transmissibility of alpha and delta. Indeed, several groups have shown that 

alpha and delta are better cleaved at the S1/S2 compared to an ancestral virus [157, 

359, 361] [129]. Whether this contributes to the increased transmissibility of omicron 

is open to debate and there are conflicting results in the literature as to whether a 

P681H or a P681R enhances cleavage more than the other. To test this, Vero-E6-

TMPRSS2 cells were infected with England-02, D614G, alpha, delta and omicron 

viruses and immunoblotted for the cellular and purified supernatants 30 hours post 

infection (Figure 4.2.13 A). In our hands, we found that the alpha, delta and omicron 

were all more cleaved in the cellular lysates and supernatant compared to England-

02 and D614G. As discussed in the previous chapter, the D614G isolate was more 

cleaved than the England-02 spike, suggesting that this mutation alone, which is 

outside of the polybasic cleavage site, has knock-on effects on increasing S1/S2 

cleavage.  

 

Additionally, the alpha variant appeared more cleaved than delta or omicron in the 

viral supernatant, suggesting that in this cell type at least, this spike is more efficiently 

cleaved at the S1/S2 boundary. We tried to recapitulate these findings with PLVs, and 

to our surprise found that we could not discern differential cleavage in the purified 

supernatant of PLVs made in 293T-17 cells for alpha, delta and omicron (Figure 4.2.13 

D). Probing the omicron PLVs for spike proved difficult, and we had to expose this 

sample for much longer than the others. We concluded from these data that effects 

on S1/S2 cleavage are likely to be highly dependent on the cell type the virus or PLVs 

are produced in, and that this may facilitate understanding why there are differential 

results on cleavage in the literature. Additionally, despite all of the VOCs, including 

D614G, being better cleaved than the England-02 virus at the S1/S2 boundary, this 

does not correlate with IFITM2 sensitivity. This further suggests that there is not a 

simple relationship between the degree of S1/S2 cleavage and IFITM sensitivity.  
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Figure 4.2.13. Virus produced in Vero-E6-TMPRSS2 and PLVs produced in 
293T17s differentially process spike. A) England-02, D614G, alpha, delta and 
omicron viruses were used to infect Vero-E6-TMPRSS2 for 30 hours. Cellular 
lysates were harvested and supernatant purified through a 20% sucrose cushion at 
18 000 g prior to lysis. Samples were Western blotted for spike and N. B) 
Quantification of spike in cell lysates of infected Vero-E6-TMPRSS2 cells after 30h. 
Graph shows ratio of S2 over total S, and ratio of S2 and total S over N. C) 
Quantification of spike in purified supernatant from infected Vero-E6-TMPRSS2 
cells after 30h. Graph shows ratio of S2 over total S, and ratio of S2 and total S over 
N. D) PLVs were produced in 293T17s and cellular lysates harvested after 48 hours 
and supernatant purified as in A. Samples were immunoblotted for spike and gag. 
Blots are representative of three independent experiments. E) Quantification of 
spike in cell lysates of 293T/17 cells used to produce PLVs. Graph shows ratio of 
S2 over total S, and ratio of S2 and total S over p55. F) Quantification of spike in 
purified PLVs produced in 293T/17 cells. Graph shows ratio of S2 over total S, and 
ratio of S2 and total S over p24. 
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4.3 Discussion  

 

In this chapter I show that the alpha variant is IFNb resistant in A549 and Calu-3 cells, 

and that this tracks to the spike protein and specifically to the P681H mutation. 

Additionally, reversion of this mutation can confer IFNb sensitivity to the alpha virus, 

and IFITM sensitivity to alpha PLVs. Furthermore, I show that, of the alpha, beta, 

gamma, kappa, delta and omicron variants BA.1 and BA.2 VOCs, only the alpha 

variant is IFITM resistant in A549-ACE2s with the remaining VOCs demonstrating 

varying IFITM sensitivity. Interestingly, there is also a 3-6-fold enhancement of 

infection by IFITM3 for the alpha virus, in both viral and PLV infection. An element of 

IFITM3 enhancement is also seen with delta PLVs, however this cannot be 

recapitulated with native viral infection. This could suggest that while the spike of delta 

can be enhanced by IFITM3, there are other factors in full viral infection which 

overcome any enhancing effects of the spike. For instance, the delta variant has a 

mutation in the intramembrane domain of the M protein, I82T. The role of this mutation 

on M has not been investigated to date, but given that M and spike interact it is possible 

that this could alter some properties of spike in viral entry. It could also be that either 

more or less spike is packaged onto pseudotyped lentiviral vectors relative to native 

virus, resulting in an artefact of IFITM3 enhancement on some PLVs.  

 

However, the IFITM3 enhancement of alpha is a consistent phenotype between both 

PLVs and viral infection in A549-ACE2s. There is also some enhancement of alpha 

by IFITM1 or IFITM2 in some experiments, suggesting that perhaps these IFITMs can 

also enhance infection under certain circumstances. The P681H mutation in the alpha 

spike appears to be necessary for this IFITM3 enhancement phenotype, as when we 

revert this mutation the IFITM3 enhancement is abolished. Addition of a P681H 

mutation into a D614G spike does not however confer IFITM3 enhancement, 

suggesting that other contextual mutations are required to confer this enhancement. 

Deletion of the cytoplasmic tail from alpha also abolishes IFITM3 enhancement, as 

well as reducing the resistance of alpha to IFITM2. The deletion of the cytoplasmic tail 

reducing IFITM3 enhancement suggests that there is a favourable conformation of 

spike required for IFITM3 enhancement and may assist in determining the mechanism 

of IFITM3 enhancement. Although surprising that an antiviral protein can enhance 
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rather than restrict infection, IFITM enhancement has previously been shown for the 

coronavirus OC43 [336]. Additionally, the Yount group has reported that mutations 

that alter the endocytic recycling of IFITMs 2 and 3, thereby retaining them at the 

plasma membrane, can turn them into enhancers of SARS-CoV-2 rather than 

restrictors [40]. The Kirchhoff lab has also suggested that in Calu-3 cells IFITMs 2 and 

3 can enhance SARS-CoV-2 infection, and that knocking IFITMs down in this cell line 

inhibits infection [335]. Overall, this suggest that IFITMs can enhance infection under 

certain conditions which remain to be fully elucidated.  

 

The P681H mutation appears to be key in the IFITM and IFNb resistance of the alpha 

variant, and the fact that this mutation alone reduces E64d and IFITM2 sensitivity of 

D614G in A549-ACE2s demonstrates this singular mutation can alter the route of viral 

entry and thereby exposure to antiviral proteins. However, the omicron variant, which 

also has a P681H mutation, is still dependent on cathepsins for entry and sensitive to 

IFITM restriction. It has been suggested that the omicron spike adopts a more closed 

conformation than other variants to date which reduces its ability to utilise TMPRSS2, 

and that this maps to the RBD and S2 domain of omicron [94, 362]. The closed 

conformation of omicron could override the benefits of the P681H mutation, and it 

would be interesting to investigate if generating chimeras of alpha and omicron is 

sufficient to switch the IFITM sensitivity of these two spikes. Additionally, the omicron 

variant contains the H655Y mutation which has been demonstrated to confer 

endosomal entry [203]. This mutation is also present in the gamma variant, which as 

shown here has similar E64d sensitivity to the DPRRA mutant, further confirming the 

role of this mutation in directing endosomal entry.  

 

Given that the P681R mutation has been shown to enhance S1/S2 cleavage, the 

question arises of why this mutation does not confer IFITM resistance? The delta 

variant has a similar E64d insensitivity to the alpha variant, however the P681R 

mutation alone does not significantly alter the cathepsin dependence of a D614G 

spike. This indicates that there are other factors involved in the preference of the delta 

spike for cathepsin independent entry. The insensitivity of delta to E64d is at odds with 

the fact it is restricted by IFITM2, unlike the rest of the spikes tested so far which 

demonstrate a clear correlation between IFITM2 sensitivity and E64d sensitivity. It has 
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recently been suggested that MMPs can also mediate the S2’ cleavage for the delta 

spike and permit an additional route of entry [129]. Indeed, consistent with recent 

literature, I demonstrate here that delta is more sensitive to the inhibition of MMPs 

than alpha or omicron, and that inhibition of this pathway rescues the IFITM2 

sensitivity of the delta PLVs in TMPRSS2-negative cells. This suggests that sensitivity 

to either E64d, MMP inhibitors, or both, is a determinant for IFITM2 sensitivity in 

TMPRSS2-negative cells; alpha is fairly insensitive to both E64d and the MMP2/9 

inhibitor. Meanwhile, delta is insensitive to E64d but sensitive to MMP inhibition, and 

omicron shows sensitivity to E64d but insensitivity to MMP inhibition. These data also 

suggest that D614G and the D614GDPRRA spikes can also utilise the MMP pathway. 

It would be interesting to investigate whether the P681H of alpha and omicron dictates 

the decreased usage of the MMP pathway by these spikes.   

 

There may also be other unknown proteases that can mediate this cleavage process 

that remain to be examined. The data presented here suggest that the MMP pathway 

is utilised by VOCs to a varying extent, however that this may be an “unfavourable” 

pathway in terms of escaping IFITM restriction, as inhibition of MMP2/MMP9 resulted 

in reduced IFITM sensitivity. It cannot be ruled out that the MMP2/MMP9 inhibitor used 

here may not be specific, and likely inhibits other MMPs and potentially other 

proteinases outside of this family. Yamamato and colleagues reported that there was 

much variability amongst MMP9 inhibitors, which again could be due to unknown 

effects on other proteinases or non-specific effects of these inhibitors [128]. They also 

suggest that furin cleavage was a pre-requisite for mediating MMP-dependent entry, 

however in the data presented here the D614GDPRRA PLVs were also inhibited by 

the MMP2/MMP9 inhibitor, suggesting that MMPs can mediate the S1/S2 cleavage 

[128]. It has also recently been shown that SARS-CoV-2 entry requires more of an 

acidic pH component than previously appreciated [19]. These findings suggest that 

there is still an acidic pH requirement, even in the context of TMPRSS2-mediated S2’ 

cleavage in a cell-type dependent manner.  

 

It is also becoming apparent that there may be more potential cleavage sites in spike 

than simply the S1/S2 boundary and the S2’ site. Two additional sites which could be 

cleaved by cathepsin L (at positions 259 and 636 of spike) have been identified [149]. 
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If these additional sites are used during infection, this could further explain why viruses 

can so rapidly lose the polybasic cleavage site in culture and become less TMPRSS2-

dependent [154].Furthermore, with many reports suggesting that alpha and delta 

prefer a cell-surface adjacent route of viral entry via TMPRSS2 mediated cleavage, 

testing IFITM sensitivity in TMPRSS2-negative cells may be different to the 

phenotypes observed in the presence of TMPRSS2. The impact of TMPRSS2, and 

other factors proteinases which may be involved in SARS-CoV-2 entry will be 

discussed further in Chapter 5.  

 

The data presented here also demonstrate differential cleavage efficiency between 

native virus grown in Vero-E6-TMPRSS2 cells, and in PLVs produced in 293T-17s, 

whereby virus grown in Vero-E6-TMPRSS2 cells shows disparity in cleavage between 

variants, whereas variant-dependent cleavage is fairly indistinguishable in PLVs 

produced in 293T-17s. This is in contrast to a report showing that delta is better 

cleaved than alpha in Vero-E6-TMPRSS2 cells [157], and another demonstrating that 

omicron is less well cleaved than delta in hNEC and Calu-3 cells [204]. Additionally, it 

has been shown that the P681H mutation alone increases spike cleavage [231]. Given 

the disparity between the data shown here and the literature over which spikes are 

better cleaved, it is likely that the cell type used to produce virus or lentiviral vectors 

has a large impact on the cleavage efficiency of the spike. It would be interesting to 

compare if growing virus in TMPRSS2-negative cell lines, or other ACE2+ TMPRSS2+ 

cell lines like Caco-2, has any impact on differential spike processing.  

 

The fact that the H681P reversion of alpha in the real virus does not revert the 

cleavage phenotype further suggests that the IFITM resistance from a P681H mutation 

may be separate from cleavage efficiency per se. Based on the data presented in 

Chapter 3, it is clear that some S1/S2 cleavage is required in order to reduce the 

impact of IFITM2 on entry. However, it may be that actually a small amount of cleavage 

at the S1/S2 site is enough and the P681H mutation is conferring IFITM resistance 

through a distinct mechanism separated from cleavage. Additionally, increased 

cleavage of DCT spike but increased IFITM sensitivity also suggests that the 

relationship between cleavage and IFITM sensitivity may not be quite so clear cut. 

This further suggests that increased cleavage may not always necessitate increased 
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IFITM resistance, and that the P681H is conferring IFITM resistance through a 

different mechanism to S1/S2 processing. PLVs are produced in a system where virion 

assembly is not at the site it would be in the context of native virus production and it 

has previously been shown that producing VLPs in the presence of M, E, and N affects 

the processing and glycosylation of spike [170]. Overall, these data suggest that 

inferring spike biology from a single cell-type may be misleading, and studying spike 

cleavage in multiple cell-types will be informative for further understanding factors that 

affect cleavage.  
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Chapter 5: TMPRSS2 expression and altering IFITM 
localisation affects IFITM-mediated restriction   

 

5.1 Introduction  

Other groups have suggested that IFITMs can enhance, rather than restrict, the entry 

of SARS-CoV-2 spike: a variety of systems suggest that IFITMs enhance SARS-CoV-

2 infection in Calu-3 cells, and that the Y20A mutation in IFITM3 also results in the 

enhancement of infection in 293T-17s  [40, 94, 335]. Additionally, another report 

suggests that IFITM1 is more restrictive than IFITM2 or 3 in Caco-2 cells [94]. The 

contradictions in the literature regarding the antiviral effects of IFITMs on SARS-CoV-

2 is likely a function of IFITMs behaving differently in different cell types. Additionally, 

as both Calu-3 and Caco-2 cells endogenously express TMPRSS2, in contrast to 

A549s which do not endogenously express, the presence or absence of TMPRSS2 

likely plays a role in the antiviral properties of IFITMs.  

 

The role of TMPRSS2, which we know can alter routes of viral entry, has been 

suggested to be able to overcome IFITM3-mediated restriction of SARS-CoV-1, 

MERS and SARS-CoV-2 [96]. TMPRSS2 has been focussed on as the main serine 

protease capable of cleaving the S2’ site to mediate viral entry near the cell surface 

[10, 188]. However, several other TMPRSS proteins [127] and other proteinases [128, 

129] have been found to cleave this step and may provide an alternative route of viral 

entry. TMPRSS11D and 13 have been reported to cleave the S2’ site and are 

expressed in the airways, especially in the nasal passageways [127]. Finally, it has 

recently been shown that even after TMPRSS2 cleavage, a majority of SARS-CoV-2 

entry still requires acidic pH, which may explain why ability to use TMPRSS does not 

always track with IFITM sensitivity [19]. Both the current literature and data presented 

in the previous chapter suggest that the omicron variant utilises cathepsins to mediate 

viral entry to a greater extent than the previous variants alpha or delta. This 

demonstrates a shift away from TMPRSS2 usage for the most recent SARS-CoV-2 

variants and underlines the importance of investigating viral entry phenotypes in 

different cell types. However, given what we know about TMPRSS2 in providing an 
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alternate route of viral entry, in this chapter I investigate the impact of TMPRSS2 

overexpression on the IFITM sensitivity of alpha, delta, and omicron. Additionally, I 

also explore the role of mutations which mislocalise IFITMs on the sensitivity of the 

major VOCs to IFITMs in both TMPRSS2-negative and TMPRSS2-positive cells.  

 

SARS-CoV-2 PLVs only contain the spike protein, despite the fact that in native SARS-

CoV-2 virions, the lipid bilayer is also studded with Membrane (M) and Envelope (E). 

M and E are involved in viral assembly, and M in particular is involved in both trafficking 

and post-translational modifications of spike. Unsurprisingly, inclusion of these 

proteins during VLP production has been found to alter spike properties, including 

virion shape [170]. It has also been suggested from in silico analyses that the M protein 

may also function as a sugar transporter, which in turn has been hypothesised to alter 

spike glycosylation [123]. Mutations in the E and M proteins have not been as frequent 

as those in spike, however several mutations in M have emerged in the kappa, delta 

and omicron variants. In this chapter, I also investigate the role of producing PLVs in 

the presence of the Wuhan M protein on PLV infectivity and IFITM sensitivity in A549-

ACE2 cells.  
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5.2 Results  

5.2.1 Overexpression of TMPRSS2 rescues spike from IFITM2 
mediated inhibition  

 
Overexpression of the TMPRSS2 protease, as previously demonstrated, can confer 

decreased dependence on cathepsin-mediated cleavage and entry [334]. Additionally, 

we had previously observed that over-expression of TMPRSS2 in conjunction with 

IFITM2 knockdown resulted in almost total rescue of IFNb-mediated inhibition of 

Wuhan virus in Chapter 3 (Figure 3.2.13 D). To test whether overexpression of 

TMPRSS2 alone could also therefore rescue Wuhan from IFITM2-mediated inhibition, 

A549-ACE2-TMPRSS2-IFITM cells were generated and the IFITM sensitivity of 

Wuhan and WuhanDPRRA PLVs tested (Figure 5.2.1 A, B).  In A549-ACE2s, the 

Wuhan PLVs were mildly sensitive to IFITM1 and most sensitive to IFITM2 (Figure 

3.2.8 B, C). However, in the context of TMPRSS2, Wuhan PLVs were now completely 

insensitive to IFITMs 1, 2 and 3, suggesting that TMPRSS2 over-expression could 

rescue both IFITM1 and IFITM2 sensitivity for this spike. The insensitivity to IFITM1 

was intriguing, as this IFITM predominantly localises to the plasma membrane and an 

increased use of cell-surface fusion would perhaps logically result in increased IFITM1 

sensitivity. This could therefore suggest that in these cells IFITM1 and TMPRSS2 

occupy distinct areas of the membrane, and TMPRSS2-mediated cleavage does not 

direct viral infection towards IFITM1 compartments. However, the WuhanDPRRA 

PLVs, which are even more sensitive to IFITM2 than Wuhan PLVs in A549-ACE2s 

(Figure 3.2.9 B), were still very sensitive to the presence of IFITM2 when TMPRSS2 

was overexpressed. This is consistent with the fact that the WuhanDPRRA PLVs do 

not exhibit reduced sensitivity to E64d in the presence of TMPRSS2, and most likely 

cannot utilise this pathway. Overall, this suggests that TMPRSS2 can rescue IFITM-

inhibition dependent on whether the spike can utilise this protease spike cleavage, 

however it remains unclear whether this is S1/S2 cleavage, S2’ cleavage, or another 

currently unknown site.  

 
These observations were extended to the D614G, alpha, delta and omicron PLVs 

(Figure 5.2.2 A-D). Similarly to the Wuhan PLVs, the D614G and delta PLVs were no 

longer sensitive to IFITM2 in the presence of TMRPSS2. The omicron PLVs still 
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exhibited a degree of sensitivity to all three IFITMs, however not to statistical 

significance (Figure 5.2.2 D). Interestingly, for D614G, alpha and delta, the 

overexpression of TMPRSS2 opened up IFITM1 sensitivity, when D614G and alpha 

had previously been insensitive to IFITM1. This is contrary to what was observed with 

the Wuhan PLVs, however it could be that TMPRSS2 can alter IFITM1 sensitivity in a 

D614G-dependent manner. Additionally, although TMPRSS2 rescued all of the spikes 

except omicron and D614GDPRRA from IFITMs 2 and 3, the overexpression of 

TMPRSS2 did reduce the IFITM3 enhancement exhibited by the alpha PLVs 

previously.  

 
 
 

 
 
 

 
 
Figure 5.2.1. Overexpression of TMPRSS2 rescues the Wuhan spike from 
IFITM-mediated inhibition. A) Representative immunoblot of A549-ACE2-
TMPRSS2 cells stably expressing the individual IFITMs. B) A549-ACE2-TMPRSS2 
cells were infected with PLVs and infection measured by luciferase activity 48 hours 
later. *=P>0.05 indicating statistical significance between control and IFITM for each 
PLV determined by ANOVA. N=3, Mean±SEM shown. 
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Figure 5.2.2. Overexpression of TMPRSS2 rescues D614G and delta spikes 
from restriction by IFITM2. A-D) A549-ACE2 or A549-ACE2-TMPRSS2 cells 
expressing the individual IFITMs were infected with equal volumes of PLVs and 
infection measured by luciferase activity 48 hours later. *=P>0.05 indicating 
statistical significance between control and IFITM for each PLV, #=P>0.05 indicating 
statistical significance between the -/+ TMPRSS2 conditions for each PLV 
determined by two-way ANOVA. N=3, Mean±SEM shown. 

 
 

5.2.2 IFITM mutants can enhance or restrict infection in a TMPRSS2-
dependent manner  

Thus far, the alpha spike was the only spike tested that exhibited significant IFITM3 

enhancement in A549-ACE2s as both a PLV and native virus. However, IFITM 

enhancement in the context of coronaviruses is not novel, as the coronavirus OC43 

hijacks IFITM2 and IFITM3 to enter cells [336]. Additionally, mislocalising IFITMs by 

mutating the endocytic YxxF motif which should result in increased accumulation at 

the plasma membrane had also been shown to result in IFITM enhancement of 

infection [40]. To further examine factors that dictate enhancing versus restrictive 
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abilities of IFITMs, the mutant IFITM2 Y19F was generated, as in the A549-ACE2 

system this IFITM appeared to have the most restrictive effect on SARS-CoV-2 entry 

(Figure 5.2.3 A). The Y19F mutant was similarly expressed compared to the wild-type, 

and the effect of this mutant on Wuhan PLVs and native virus was tested next (Figure 

5.2.3 B, C). In accordance with the Yount groups findings, IFITM2 Y19F converted 

IFITM2 into an enhancer of infection for both the Wuhan PLVs and virus by 2-fold. 

These data suggest that the localisation of IFITM2 to endosomal membranes is 

essential for its restriction of the England-02/Wuhan SARS-CoV-2, and further 

confirms the results to date suggesting SARS-CoV-2 can be enhanced by IFITMs 

under certain conditions.  

 

 

 
 

 

 
Figure 5.2.3. IFITM2 Y19F rescues restriction of Wuhan and England-02 SARS-
CoV-2. A) representative Western blot of A549-ACE2 cells stably expressing 
IFITM2 or IFITM2 Y19F. B) PLVs of Wuhan were used to infect A549-ACE2 control, 
IFITM2, or IFITM2 Y19F cells and infectivity quantified by luciferase activity 48 hours 
later. Infection was normalised to control. C) England-02 virus was used to infect 
A549-ACE2 control, IFITM2, or IFITM2 Y19F cells at an MOI of 0.005 for 48 hours. 
Infection was quantified by using the infected supernatant to inoculate Vero-E6 cells 
and measuring intracellular N colorimetrically 24 hours later. *= P<0.05, indicating 
statistical significance between control and each IFITM condition determined by 
ANOVA. N=3, Mean±SEM shown.   
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Given that the IFITM2 Y19F mutation can rescue inhibition of the previously IFITM2-

sensitive Wuhan spike and TMPRSS2 rescued IFITM2 restriction, whether IFITM2 

Y19F behaved differently in the presence of TMPRSS2 was tested next. The N-

terminal of IFITM3 also contains a YxxF motif, and an IFITM3 Y20F mutant was also 

generated. IFITM3 has shown minimal restriction of the spikes tested in this thesis, 

however this mutant was generated to assess whether mislocalisation of IFITM3 could 

alter the IFITM3 enhancement phenotype observed with the alpha variant. 

Additionally, the C-terminal of IFITM1 has previously been shown to regulate its 

antiviral properties in the context of certain coronaviruses and HIV-1 by altering its 

subcellular localisation [66, 363]. Based on this, a C-terminal deletion mutant of 

IFITM1 was also created to test whether altering the localisation of IFITM1 could also 

affect antiviral properties in the context of SARS-CoV-2. A549-ACE2 and A549-ACE2-

TMPRSS2 cells stably expressing these mutants were generated to confirm 

expression of the IFITM mutants (Figure 5.2.4). The IFITM1D117-125 mutant 

appeared to express slightly less well than the wild-type, however IFITM2 Y19F and 

IFITM3 Y20F appeared similarly well expressed.  

 

 

 
Figure 5.2.4. Expression of IFITM mutants in A549-ACE2 cells. A) Western blot 
of cell lysates from A549-ACE2 cells stably expressing individual IFITMs and 
mutants thereof.    
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Next, the IFITM sensitivity of D614G, alpha, delta and omicron was tested in these 

cells (Figure 5.2.5 A-D). Surprisingly, in the A549-ACE2 cells, the IFITM1D117-125 

mutant enhanced infection 5-8-fold for D614G, alpha and delta PLVs. This mutant had 

less of an effect on omicron, with at most a 2-fold enhancement. Consistent with the 

previous results for Wuhan, the IFITM2 Y19F mutant also enhanced infection, from 4-

6-fold for D614G, alpha and delta. Again, this mutant did not enhance the infection of 

omicron significantly. IFITM3 still enhanced the alpha PLVs 3-fold, and interestingly 

this was reduced by the Y20F mutation in A549-ACE2 cells. This suggests that the 

localisation of IFITM3 is imperative to its ability to enhance alpha infection under 

steady-state conditions.  

 

Conversely, in the A549-ACE2-TMPRSS2 cells, the IFITM1D117-125 mutation 

rescued IFITM1 inhibition, but did not enhance infection like it did in the TMPRSS2-

negative cells. The IFITM2 Y19F mutation in the TMPRSS2-positive context no longer 

enhanced infection, and interestingly actually conferred a small amount of restriction 

on D614G, alpha and delta. This suggests that localising IFITM2 to the plasma 

membrane in the context of TMPRSS2 confers restrictive capacity to IFITM2, and that 

SARS-CoV-2 restriction by IFITM2 is essentially a function of its localisation. Lastly, 

the Y20F mutation in IFITM3 now had little to no effect on infection, with only a slight 

rescue in restriction for the omicron variant. These data suggest that the enhancing 

capacity of an IFITM is highly dependent on its subcellular localisation, and also 

demonstrates that the Y19F IFITM2 mutant can restrict SARS-CoV-2 infection in the 

context of TMPRSS2-positive cells. This suggests that this mutant is likely in the same 

pathway as that conferred by TMPRSS2 cleavage, while IFITM2, IFITM1D117-125 

and IFITM3 Y20F are not.  Additionally, this suggest IFITM2 Y19F, IFITM3 Y20F and 

IFITM1 behave differently even in the same subcellular compartment; as IFITM1 and 

IFITM2 Y19F restrict infection in the presence of TMPRSS2, while IFITM3 Y20F does 

not. Overall, these data suggest that the conflict in the literature regarding which 

IFITMs restrict infection is in part due to the presence or absence of TMPRSS2.  
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Figure 5.2.5. IFITM mutations that enhance in A549-ACE2 cells can restrict in 
A549-ACE2-TMPRSS2 cells.  A-D) PLVs were used to infect A549-ACE2 (-TMP) 
or A549-ACE2-TMPRSS2 (+TMP) cells stably expressing IFITMs or mutant IFITMs 
and infection quantified by luciferase activity 48 hours later. Infection is normalised 
to the empty vector control (in each cell line). *=P>0.05 indicating statistical 
significance between different IFITMs relative to the control of each PLV, and § 
indicates P=>0.05 statistical significance between an IFITM and the mutant of that 
IFITM determined by two-way ANOVA. N=3, Mean±SEM shown. 
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5.2.3 Inhibition of MMP2/MMP9 in the presence of TMPRSS2 confers 
IFITM2 and IFITM3 enhancement  

 

TMPRSS2 overexpression rescues D614G and delta spikes from IFITM2 inhibition but 

cannot rescue D614GDPRRA or omicron which are more dependent on the cathepsin 

pathway (Figure 3.2.7). In the previous chapter I demonstrated how inhibition of 

MMP2/MMP9 rescued delta PLVs from IFITM2 inhibition in A549-ACE2 cells. To test 

whether inhibition of MMP2/MMP9 in TMPRSS2+ cells could rescue the IFITM1 

sensitivity of D614G, alpha and delta, A549-ACE2-TMPRSS2 IFITM cells were pre-

treated with the MMP2/MMP9 inhibitor II prior to infection as before (Figure 5.2.6 A-

D). Although not reaching statistical significance, MMP2/MMP9 inhibitor treatment 

reduced the IFITM1 sensitivity of all the spikes except omicron. Additionally, 

MMP2/MMP9 inhibition resulted in IFITM2 and IFITM3 enhancement up to 3-fold for 

the alpha and delta PLVs. Consistent with the data in the previous chapter, this could 

suggest that utilisation of the MMP pathway is not conducive to IFITM enhancement. 

This also suggests that even in the presence of TMPRSS2, the MMP pathway can be 

used for viral entry. 
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Figure 5.2.6. Inhibition of MMP2/MMP9 protease in A549-ACE2-TMPRSS2 
IFITM cells confers enhancement by IFITM2 and IFITM3 to D614G, alpha and 
delta.  A-E) A549-ACE2-TMPRSS2-IFITM cells pre-treated with 20µM of 
MMP2/MMP9 inhibitor II for 1 hour prior to infection with PLVs and infection 
quantified 48 hours later by luciferase activity. #=P>0.05 indicating statistical 
significance between different IFITM conditions determined by ANOVA. N=3, 
Mean±SEM shown. 
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5.2.4 Overexpression of M during PLV production results in 
increased S1/S2 processing in a cytoplasmic tail-dependent manner  

 
Generation of SARS-CoV-2 PLVs usually only utilises the spike protein, despite the 

fact that in native virions coronaviruses lipid bilayers also contain M and E. M and E 

interact with spike during native viral assembly, and it has been reported that M and E 

induce specific maturation of N-linked glycans in spike [170, 230]. Analysis of SARS-

CoV-1 M has found there are two functionally distinct forms of M when producing virus-

like particles of just the coronavirus structural proteins [364]. Formation of a particle 

with uniform curvature and a rigid membrane is associated with one of these forms of 

M (MLONG) rather than the other, and interestingly also associated with spike 

incorporation and clustering [364]. Additionally, coronavirus M proteins have 

previously been reported to interact with each other which can exclude host proteins 

from the viral envelope [230]. Until now, we had observed IFITM3 mediated 

enhancement of alpha entry, and enhancement of CoV PLV entry when IFITMs 1 and 

2 were mislocalised. Separately, the clustering of HIV-1 Env has been found to be 

important for HIV-1 infectivity [294]. The mechanism of IFITM enhancement for OC43 

and SARS-CoV-2 has not yet been elucidated and given that a link between M and 

altered VLP properties has been found, I wanted to test whether overexpression of M 

had any impact on the effects of IFITMs on SARS-CoV-2 entry. To test this, 293T17s 

expressing the Wuhan M protein C-terminally tagged with a strep ii tag were generated 

and expression of M confirmed (Figure 5.2.7 A).  

 

To confirm whether overexpression of M resulted in incorporation into PLVs, D614G 

PLVs were generated in 293T17s, or in 293T17s stably overexpressing M and 

supernatant purified and Western blotted for spike, gag and strep tag ii. Indeed, M was 

incorporated into PLVs (5.2.7 B). Interestingly, the proportion of S2 on the D614G-M 

particles was approximately 2-fold higher (quantified in 5.2.7 C) than in the D614G 

PLVs without M, despite a similar expression of M in the cell lysates. It has been 

suggested that the cytoplasmic tail of spike interacts with M and that this retains spike 

in the ERGIC compartment [170]. To test whether the D614GDCT spike, which lacks 

the ERRS, is altered in the quantity of spike on the particle, these PLVs were also 



 196 

generated in 293T-17-M cells and S1/S2 processing quantified. D614GDCT spike was 

increased relative to full length D614G spike on the PLVs as previously found. 

However, there did not appear to be any differences in spike incorporation in the 

presence or absence of M (Figure 5.2.7 C). This is consistent with M interacting with 

the cytoplasmic tail of spike and suggests that the increased incorporation of spike in 

293T17s stably overexpressing M is due to a direct interaction between spike and M. 

However, the lack of increased spike incorporation in the +M condition for the 

D614GDCT spike could also be an artefact due to the amount of spike incorporated 

onto a DCT PLV already being at the maximal incorporation.  

 

 

 
Figure 5.2.7. Overexpression of M in 293T17s when producing D614G PLVs 
results in increased S1/S2 processing in a cytoplasmic tail dependent manner. 
A) Representative immunoblot of 293T17 and 293T17 cells stably overexpressing 
the Wuhan M C-terminally tagged with strep tag ii blotted for actin and the strep tag 
II of M. B) Representative immunoblot of PLVs generated in 293T17s (-M) or in 
293T17s stably overexpressing Wuhan M (+M). Supernatant was purified through a 
20% sucrose cushion prior to lysis. C) Quantification of S2 (293T17-M) over S2 
(293T17). *=P>0.05 indicating statistical significance between D614G and 
D614GDCT S2 quantification.  
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5.2.5 Overexpression of M during PLV production results in IFITM3 
enhancement  

Next, having confirmed that overexpression of M results in M incorporation and may 

also impact on spike properties in a cytoplasmic tail dependent manner, whether this 

affect viral titre and IFITM sensitivity was next tested. PLVs of Wuhan, D614G, alpha, 

beta, gamma, delta, omicron (BA.1) and the pangolin Guangdong (GD), were 

produced in 293T17 or 293T17-M cells and used to infect A549-ACE2 cells. There 

was no noticeable effect on baseline infectivity when PLVs were produced in the 

presence of M (Figure 5.2.8). However, when these PLVs were used to infect A549-

ACE2-IFITM cells as before, all PLVs demonstrated a statistically significant increase 

in IFITM3 enhancement when produced in the presence of M (Figure 5.2.9). This 

ranged from 2-3-fold, with the pangolin and omicron PLVs showing the least IFITM3 

enhancement in the presence of M. Additionally, the alpha variant which is already 

enhanced by IFITM3 only showed a small increase in IFITM3 enhancement.  There 

was little impact of M on IFITM1 sensitivity, and only a small decrease in IFITM2 

sensitivity for some of the PLVs. Overall, this suggests that the overexpression of M 

in the producing cell can affect PLV biology in some way that confers IFITM3 

enhancement to PLVs that were previously not enhanced by IFITM3 in TMPRSS2-

negative cells. Whether this alters IFITM3 enhancement in the context of TMPRSS2-

positive cells remains to be tested. 

 

 
Figure 5.2.8. Producing PLVs in the presence of M does not significantly alter 
infectivity. PLVs produced in 293T17s (-M) or 293T17s stably overexpressing M 
(+M) were used to infect A549-ACE2s and infection measured by luciferase activity 
48 hours later. Infection is plotted as RLUs with background subtracted. GD= 
Guangdong. N=3, Mean±SEM shown.  



 198 

 
Figure 5.2.9. PLVs produced in M overexpression cells are enhanced by 
IFITM3. A, B, C, D, E, F, G, H) PLVs were generated in 293T17s (-M) or in 293T17s 
stably overexpressing Wuhan M C-terminally tagged with a strep tag II (+M) and 
were used to infect A549-ACE2-IFITM cells and infection quantified by luciferase 
activity 48 hours later. Infection is normalised to empty control for PLV or PLV-M. 
GD=Guangdong. †=P>0.05 and indicate statistical significance between PLV and 
PLV-M for IFITM3 determined by ANOVA. N=3, Mean±SEM shown. 
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5.2.6 Overexpression of M during PLV production does not alter 
E64d sensitivity  

Having established that M overexpression alters IFITM3 enhancement whether this 

altered cathepsin-dependence was next tested. Given that there is a correlation 

broadly between E64d sensitivity and IFITM2 sensitivity (Figure 4.2.10), we 

hypothesised that perhaps there was also a link between IFITM3 enhancement and 

route of viral entry. To test this, A549-ACE2 cells were pre-treated with E64d prior to 

infection with -/+ M PLVs as before (Figure 5.2.10). Surprisingly, given the slight 

reduction in IFITM2 sensitivity for some of the spikes tested and significant IFITM3 

enhancement, there was no statistically significant difference in cathepsin-

dependence of -M or +M PLVs following E64d treatment. This implies that although 

there is a correlation between IFITM2 sensitivity and E64d sensitivity, E64d sensitivity 

does not appear to be linked to IFITM3 enhancement. Nevertheless, with further study 

this may assist in understanding the determinants of IFITM3 enhancement.  

 

 
Figure 5.2.10. PLVs produced in M overexpression cells do not display altered 
dependence on cathepsin-mediated entry. A) PLVs were generated in 293T17s 
(-M) or in 293T17s stably overexpressing Wuhan M C-terminally tagged with a strep 
tag II (+M). PLVs were used to infect A549-ACE2 that had been pre-treated with 
10µM E64d prior to infection. Infection was quantified 48 hours by luciferase activity. 
Infection is plotted as percentage of infection in the DMSO control for each PLV. 
N=3, Mean+/-SEM. 
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5.3 Discussion  

In this chapter I explore the role of TMPRSS2 in altering IFITM sensitivity and 

demonstrate that TMPRSS2 can overcome IFITM-mediated restriction to a certain 

extent. For Wuhan PLVs, TMPRSS2 overexpression can overcome inhibition by 

IFITMs 1 and 2. For D614G, TMPRSS2 overexpression overcomes IFITM2 restriction 

but actually confers IFITM1 restriction. TMPRSS2 overexpression however cannot 

overcome the IFITM2 sensitivity of the DPRRA mutant. This further demonstrates the 

role of the polybasic cleavage site in evading IFITM restriction and could suggest that 

the presence of the polybasic cleavage site is an important adaptation to escape 

restriction by IFITM2. It has been suggested that TMPRSS2 can also accelerate 

syncytia formation, suggesting that the adaptation to utilise TMPRSS2 has multiple 

roles for escaping innate and adaptive immunity [76]. While TMPRSS2 can alter the 

effects of IFITM2/3 for D614G, alpha and delta, TMPRSS2 overexpression cannot 

overcome the IFITM sensitivity of omicron, again furthering the evidence that omicron 

has adapted away from TMPRSS2 usage and perhaps represents a trade-off between 

escaping adaptive immunity at the cost of being more sensitive to innate immunity.   

 

In a previous chapter, I showed that Wuhan was partially IFITM1 sensitive, while 

D614G loses almost all IFITM1 sensitivity in A549-ACE2 cells. The fact that Wuhan 

loses IFITM1 sensitivity in the context of TMPRSS2, but that D614G now becomes 

IFITM1 sensitive, suggests that even the D614G mutation confers a subtle change in 

viral entry, and perhaps a trade-off in terms of IFITM1 sensitivity versus RBD 

conformation and fusion efficiency [179]. The delta variant shows some IFITM1 and 

IFITM2 sensitivity in A549-ACE2s, however TMPRSS2 overexpression results in the 

delta variant losing IFITM2 sensitivity. The moderate IFITM1 sensitivity of the delta 

variant when the D614G spike was previously resistant again indicates the context-

dependency of other mutations in spike, suggesting other mutations in delta mask the 

IFITM1 resistance of the D614G mutation. Further to this, despite previously showing 

that the P681H mutation can reduce cathepsin-dependence in either A549-ACE2 or 

A549-ACE2-TMPRSS2 cells, omicron is similarly cathepsin-dependent in both, 

suggesting that other mutations can mask the effect of P681H. It has been suggested 

that the H655Y mutation is a key determinant in omicron’s endosomal entry 
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preference, a mutation which is shared with the gamma spike which is very E64d 

sensitive [203].  

 

The role of TMPRSS2 in determining the restrictive capacity of IFITMs 2 and 3 may 

partially explain some of the discrepancies in the literature regarding IFITM restriction 

of SARS-CoV-2. It has been reported that in Calu-3 and Caco-2 cells, which both 

express high levels of TMPRSS2, that IFITMs 2 and 3 do not restrict SARS-CoV-2 

spike or variants thereof, but can even enhance infection [94, 335]. This is consistent 

with the data presented here showing that in A549-ACE2-TMPRSS2 cells, only 

IFITM1 can restrict D614G, alpha and delta, whilst IFITM2 and IFITM3 do not inhibit 

infectivity. Meanwhile, in A549-ACE2 cells without TMPRSS2, IFITM2 does restrict all 

variants except alpha. The interplay between TMPRSS2 and IFITMs highlights the 

need to study IFITM-mediated restriction in multiple cell types and to acknowledge 

cell-type dependent effects. The lung epithelium is not homogenous and TMPRSS2 

expression is not constant across the varying cell types in the airways [365]. 

Additionally, the emergence of VOCs which are less reliant on TMPRSS2-mediated 

viral entry, such as the omicron variants, highlights the need to study antiviral proteins 

in the context of TMPRSS2-negative cells as well as TMPRSS2-positive cells. 

Moreover, multiple serine proteases including TMPRSS11D and TMPRSS13 have 

been shown to be able to mediate spike cleavage and whether these TMPRSS 

proteins have the same impact on IFITM sensitivity remains to be examined [127].  

 

IFITMs 2 and 3 cycle through the plasma membrane despite their predominant 

retention on endosomal membranes. As SARS-CoV-2 can mediate membrane fusion 

at both the plasma and endosomal membranes, understanding differential properties 

of IFITMs at the plasma membrane is therefore of importance. Additionally, the 

rs12252c SNP in IFITM3, which results in an N-terminally truncated version, has been 

found in patients and tentatively linked to COVID-19 severity [79] [82]. Here, I show 

that mutations in IFITMs that affect their localisation have differential effects on IFITMs 

in viral entry in TMPRSS2-negative and TMPRSS2-positive cells. The IFITM1D117-

125 mutant does not inhibit SARS-CoV-2 PLVs in the presence or absence of 

TMPRSS2, and is the only mutant to reduce the antiviral effects of the IFITM in both 

TMPRSS2-negative and TMPRSS2-positive cells. This mutation also results in 
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significant enhancement of entry for the D614G, alpha and delta PLVs. I also show 

that the Y19F IFITM2 mutation rescues Wuhan, D614G, and delta from restriction in 

TMPRSS2- cells. Additionally, this mutant results in 3-6-fold enhancement for Wuhan, 

D614G, alpha and delta. In the context of TMPRSS2 however, the IFITM2 Y19F 

mutant restricts D614G, D614GDPRRA, delta and omicron. Alpha exhibits the least 

restriction by Y19F. This suggests that when the TMPRSS2 pathway is available and 

IFITM2 is at the plasma membrane, this can now restrict viral entry. This furthers the 

evidence for IFITM2 sensitivity and resistance simply being a function of access to 

IFITM2-containing compartments. However, it is surprising that this mutant still 

restricts D614GDPRRA and omicron, which do not utilise TMPRSS2 for S2’ cleavage. 

It could be that some IFITM2 Y19F is still cycling through endosomes and sufficient to 

still restrict these spikes. Additionally, it could be that Y19F is still recruited to the 

endocytic pits that D614GDPRRA and omicron bypass the plasma membrane via.  

 

It is worth noting that the omicron variant is still IFITM restricted even in the presence 

of TMPRSS2, unlike the other spikes tested where IFITM2 sensitivity can be rescued 

by TMPRSS2 overexpression. Additionally, IFITM mutants such as IFITM1D117-125 

and IFITM2 Y19F which enhance the other VOCs tested, cannot enhance the omicron 

variant. This suggests there is something fundamentally different about the omicron 

spike which warrants further investigation, especially considering the dominance of 

the omicron subvariants globally as of summer 2022. Which regions of the omicron 

spike determine its IFITM sensitivity remain to be elucidated. The effects of mutations 

in the S2 domain of spike have not been tested here, however given the effects some 

of these mutations can have on spike conformation, it is possible that investigating 

these mutations could assist understanding what is different about omicron.  

In this chapter I also explore how the overexpression of M in PLV production can result 

in IFITM3 enhancement. This is concordant with an increase in S1/S2 processing on 

the virion for the D614G spike, however whether this is the case for all of the VOC 

spikes remains to be tested. Additionally, increased S1/S2 processing in 293T17-M 

produced PLVs may not be the direct cause of IFITM3 enhancement. As M is present 

in the native virus, yet the native virus of alpha phenocopies spike only PLVs, this 

suggests that M itself is not the determinant of IFITM3 enhancement. Additionally, 

England-02 and D614G were certainly not IFITM3 enhanced when native virus was 
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tested on IFITM overexpression cells in the previous chapter, yet become IFITM3 

enhanced when M is overexpressed in PLV production. However, the M protein may 

not function in the same when overexpressed alone in 293T-17s as it does during 

native viral infection. Whether the amount of M present in the 293T-17 overexpression 

cells used here is similar to that of an infected Vero-E6-TMPRSS2 cell, and whether 

this results in a similar amount of M incorporation, was not established here and 

remains to be tested. Nevertheless, overexpression of M in this system appears to 

have effects on spike that result in IFITM3 enhancement and further investigation of 

this may assist in shedding light on the mechanism behind IFITM3 enhancement of 

SARS-CoV-2. It would be interesting to investigate if M impacts IFITM phenotypes at 

all in the context of TMPRSS2+ cells, as TMPRSS2 overexpression appears to reduce 

the magnitude of IFITM enhancement. Additionally, whether co-expression of E, or 

expression of E alone, sheds any light on the IFITM3 enhancement phenotype has 

not yet been tested. Several mutations in M have been documented in the kappa, delta 

and omicron variants. As M-targeted antibodies are directed against the N-terminal of 

M, it is possible that two of the mutations in the M of the omicron variant are antibody 

escape mutations [137]. However, the kappa, delta, and omicron variants all have M 

mutations in the transmembrane region of M, and whether this has any implications 

on viral biology has not yet been tested.  
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Chapter 6: The V1/V2 loop regulates IFITM sensitivity in a 
closely related pair of HIV-1 Envs  

6.1 Introduction  

The speed and mutation-prone nature of HIV-1 replication results in many viral 

quasispecies of HIV-1 being present in a single patient [316]. These quasispecies can 

vary immensely in the Env protein due to the competing selective pressures of escape 

from humoral and innate immunity. HIV-1 transmission however is a relatively 

inefficient process with 80% of heterosexual and 60% of MSM sexual transmissions 

being established by just one HIV-1 virion [325]. This implies that there are significant 

constraints on which HIV-1 virions can successfully transmit, or which HIV-1 virions 

get rapidly selected for in the new host, and it has previously been demonstrated that 

evading the antiviral consequences of type I IFNs is a major factor in HIV-1 

transmission. Specifically, whether HIV-1 is type I IFN resistant has been shown to be 

the key determinant of whether an HIV-1 quasispecies can transmit to another host 

[27]. Our lab has previously demonstrated that one of the IFN-mediated constraints 

on the HIV-1 Env is evasion of IFITM proteins. Transmitted/founder Envs (T/Fs) have 

been found to be more resistant to restriction by IFITM1, IFITM2, and IFITM3 than 

Envs constructed from six-month consensus sequences [67]. By reverting the nAb 

escape mutations in the 6 month Envs, the IFITM sensitivity could be rescued, 

suggesting that escape from neutralising antibodies became the driving selection 

pressure in chronic infection [67]. Furthermore, Envs from acute and chronic infection 

differ in their IFITM3 sensitivity with T/F Envs being resistant to IFITM3, and Envs from 

chronic infection becoming sensitive to IFITM3 [91]. Interestingly, viruses that rebound 

after ART withdrawal during chronic infection have also been found to be interferon 

resistant, suggesting continual interplay between innate immunity and viral evolution 

during chronic infection [28].  

 

Env is a dynamic structure which varies in its propensity to sample the “open” 

conformation prior to receptor binding and viral entry. The “open” and “closed” nature 

of the trimer can impact on IFN and IFITM sensitivity, with several studies suggesting 

that the propensity of an Env trimer to sample the open conformation of Env is linked 
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to its sensitivity to IFITM3 [91, 333]. Additionally, adopting the more closed 

conformation of Env may be an escape from ADCC-mediated inhibition, as exposure 

of ADCC epitopes requires the transition from the unliganded closed conformation to 

the CD4-bound open state [292]. This suggests that there are multiple advantages 

and selection pressures that could confer adoption of a more closed conformation. It 

has also been suggested that the more IFITM3 resistant Envs are more highly 

processed in the producer cell, which could have knock-on effects on Env 

conformation and open conformation sampling [333]. 

 

Determining which regions of Env dictate IFITM resistance or sensitivity is an 

important question in further understanding the constraints on HIV-1 transmission, and 

due to their high tolerance for mutation, the hypervariable V1/V2 and V3 loops of Env 

are prime candidates. It has previously been suggested that the V3 loop can govern 

IFITM sensitivity [333]. However, mutations outside of the variable regions of Env may 

also contribute to determining IFITM resistance and sensitivity. For example, NL4.3 is 

sensitive to restriction by the IFITM1 D117-125 mutant which localises differently to 

wild-type IFITM1, but after passage in culture has been shown to obtain a mutation in 

gp41 that decreases its sensitivity to inhibition by this mutant [58]. Gp41 has also been 

implicated in determining restriction by other antiviral proteins that affect entry, with 

the Jolly lab demonstrating that the cytoplasmic tail of T/F Envs is key to their 

resistance to SERINC5 [90]. They report that deletion of the cytoplasmic tail of T/F 

Envs renders them more sensitive to SERINC5 restriction, again indicating that 

regions outside of the variable loops of Env can impact the interaction of Env with 

antiviral proteins.  

 

In this chapter, the molecular determinants of HIV-1 Env resistance and sensitivity to 

IFITMs are investigated through the use of a panel of Envs isolated from one HIV-

infected patient sequentially over nine years of chronic infection. These Envs were 

isolated from Patient 29/SUT036022 of the SPARTAC trial by Dr Luke Granger (Luke 

Granger thesis, 2019; [315], (Figure 6.1.1). 24 CCR5-tropic Envs from this patient, that 

were considered representative from each timepoint, were selected for the 

investigation of IFNa and IFITM sensitivity as PLVs. This chapter explores the IFITM 
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sensitivity of these 24 Envs and aims to identify which region of Env determines IFITM 

sensitivity and resistance.  

6.2 Results  

6.2.1 HIV-1 Envs derived from a chronically infected patient vary in 

IFITM and IFNa sensitivity   

Over 80 Envs were previously isolated from the SUT036022 patient of the control arm 

of the SPARTAC trial by Luke Granger. The SPARTAC trial (Short Pulse Anti-

Retroviral Therapy at SeroConversion trial) was a randomised controlled trial that 

aimed to test whether a short period of ART in the early stages of HIV-1 infection 

delayed the need for longer-term ART treatment [366]. As part of the control arm of 

the trial, plasma samples were banked longitudinally for each patient. As part of Luke 

Granger’s thesis, 84 Env sequences were isolated from patient SUT036022 (also 

known as patient 29). SUT036022 was infected with a clade B virus, and samples 

were isolated from 9 different timepoints spanning 247 weeks: Week 3, 26, 57, 113, 

142, 172, 185, 213 and 250. It should be noted that Week 3 samples are not true T/F 

viruses, and were isolated from approximately 10 weeks after estimated 

seroconversion. Amongst other patients from the trial, Dr Granger investigated 

resistance of PLVs bearing the Envs from patient SUT036022 to broadly neutralising 

antibodies and autologous serum, demonstrating that this patient followed a classic 

model of sequential escape to the previous autologous serum, and also documented 

the emergence of escape from antibodies targeting the N332 site. 24 of the 

SUT036022 Envs that were deemed fairly representative of each timepoint were 

selected for investigation of IFITM and type I IFN sensitivity (Figure 6.1.1).  

 

To investigate the IFITM sensitivity of these Envs, U87-CD4-CCR5 cells stably 

expressing the individual IFITMs or empty vector control were generated and IFITM 

expression confirmed by Western blot (Figure 6.2.1 A). Next, PLVs bearing each Env 

were generated and used to infect the U87-CD4-CCR5 cells, and infectivity measured 

by luciferase activity 48 hours later. The infectivity in each IFITM condition was 

normalised to cells transduced with the empty vector control, shown as percentage of 

infection relative to control cells (Figure 6.2.1 B–Y). Although the Envs demonstrated 
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differential sensitivity to IFITMs 1, 2, and 3, interestingly there were Envs that were 

isolated from the same week exhibiting markedly different sensitivity to IFITMs. For 

example, the Envs from week 113 included two Envs that were sensitive to all 3 IFITMs 

(6.2.1 J, L), an Env with intermediate sensitivity (6.2.1 M) which exhibited resistance 

to IFITM1, and 113_S8D (6.2.1 K), which was entirely resistant to all three IFITMs. 

This is despite these Envs clustering closely together on the phylogenetic tree, 

suggesting that small differences in Env sequence can impact IFITM sensitivity. 

Interestingly, out of all 24 Envs assayed, only two appeared to be completely resistant 

to IFITM overexpression: 113_S8D (6.2.1 K) and 185_S5G (Figure 6.2.1 S). Envs 

57_S9H (6.2.1 H) and 113_S8D (6.2.1 K) are highlighted in blue and red because 

these Envs were chosen for further analysis later in the Chapter.   
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Figure 6.1.1 Phylogenetic tree of all Envs isolated from SUT036022. A rooted 
uncorrected pairwise distances phylogenetic tree of isolated Env orf HxB2 (6225-
8795). Colours correlate to Week of sample as per the key. Week 3 refers to week 
number of the study, estimated to 10 weeks post seroconversion. Sequences were 
aligned using DNAstar MegAlign Pro running MUSCLE and rooted to the MRCA 
which was determined through analysis of Week 3 sample sequences. Phylogenetic 
tree provided by Dr Luke Granger (Luke Granger thesis, 2019). Sequences used in 
this chapter are highlighted with pink stars. Key specifies week of sample.  
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Figure 6.2.1. IFITM sensitivity of Envs from SUT036022. PLVs pseudotyped with 
each Env were generated in 293T-17s and used to infect U87-CD4-CCR5 stably 
expressing the individual IFITMs (A). Infectivity was measured by luciferase activity 
48 hours later. Infection was normalised to infection levels in the empty vector 
control. *= P<0.05 using a two-way ANOVA indicating statistical significance 
between cells transduced with empty vector control and IFITM cells. 57_S9H (blue 
and 113_S8D (red) are highlighted as these were chosen for further analysis later. 
N=3, Mean+/-SEM shown. 
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Next, the sensitivity of the 24 Envs to IFNa was assayed to investigate whether this 

correlated with IFITM sensitivity, as IFITMs are upregulated by type I IFNs (Figure 

6.2.2 A). U87-CD4-CCR5 were pre-treated with increasing doses of IFNa for 18 hours, 

IFNa removed, and infected with PLVs as before (Figure 6.2.2 B-Y). Again, there 

appeared to be variability in IFNa sensitivity even from the same timepoint, however 

to a lesser extent than observed with IFITM overexpression. IC50s were calculated for 

each Env and ranked in order of sensitivity to IFNa (Figure 6.2.3). This demonstrated 

that while the IFITM sensitivity of these Envs only varied by 2-fold when investigated 

by IFITM overexpression in Figure 6.2.1, the IC50 of each Env varied over a 20-fold 

range. This could suggest that other antiviral proteins that inhibit entry are contributing 

to the increased inhibition of these Envs after IFNa treatment. Additionally, as IFITMs 

interact with each other it is likely that IFITM-mediated inhibition is stronger following 

IFN-mediated upregulation rather than single IFITM overexpression.  
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Figure 6.2.2. IFNα sensitivity of SUT036022 Envs. A) U87-CD4-CCR5 were pre-
treated with increasing concentrations of IFNa for 18 hours prior to infection with 
PLVs. Infectivity was measured by luciferase activity 48 hours later. Infection is 
normalised as a percentage of infection in mock-treated cells. N=3, Mean+/-SEM 
shown. 
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6.2.2 Envs from SUT036022 vary in cold inactivation  

The propensity to adopt the open conformation has previously been linked to IFITM 

and IFN sensitivity of Env [333]. Therefore, it was next tested whether the Envs from 

patient SUT036022 varied in their sensitivity to cold inactivation. The cold inactivation 

assay is a surrogate for testing the open/closed conformation of Env. PLVs are 

incubated at 4°C on ice for different amounts of time and then frozen at -80°C. PLVs 

are then thawed, along with a control vial that was not subjected to cold incubation, 

and used to infect cells. If an Env samples the open conformation frequently, water 

will be able to get inside the Env which then forms ice crystals when stored at -80°C, 

which can crack open the Env and result in a loss of infectivity when then used to 

infect target cells after the second thawing. When these 24 Envs were tested, some 

Envs appeared essentially insensitive to even 48 hours incubation on ice, whilst others 

already lost 50% infectivity by 6 hours incubation (Figure 6.2.4 A-X). Again, even at 

the same timepoint there appeared to be little consensus on similarities between cold 

inactivation of the Envs tested, however cold inactivation varied over a 0-3-fold range. 

This could suggest differences in the propensity to sample the CD4-bound open 

conformation of Env.  

 
Figure 6.2.3. SUT036022 Envs ranked by IFNa IC50.  A) U87-CD4-CCR5 were 
pre-treated with increasing concentrations of IFNα for 18 hours prior to infection with 
PLVs. Infectivity was measured by luciferase activity 48 hours later. IC50s were 
calculated in GraphPad Prism. N=3, Mean+/-SEM. 
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Figure 6.2.4. Cold inactivation of Envs from SUT036022 varies. A-X) PLVs were 
produced in 293T-17s and stored at -80ºC. PLVs were thawed and incubated at 4oC 
on ice for 6, 24 or 48 hours before being refrozen at -80ºC. Samples were thawed, 
along with an aliquot that had not been incubated on ice, and used to infect U87-
CD4-CCR5 cells for 48 hours. Infectivity was measured by luciferase activity and 
normalised to the sample that had not been incubated on ice. N=3, Mean+/-SEM. 
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6.2.3 IFITM3 correlates with IFN sensitivity, however timepoint of 
sample or cold inactivation do not  

 
Thus far the IFITM sensitivity, IFNa sensitivity, and the cold inactivation of the 24 Env 

samples from patient SUT036022 had been tested. However, the IFNa sensitivity of 

Envs did not appear to correlate with either the timepoint of the samples, with large 

variability in IC50 between Envs that were isolated in the same week and would very 

likely have been circulating at the same time, or cold inactivation (Figure 6.2.5 A, B).  

 

Multiple species circulating at the same time with differing sensitivity to IFN further 

suggests that multiple selection pressures from not just adaptive but also innate 

immunity pervade during chronic infection. Additionally, the lack of correlation between 

IFN sensitivity and cold inactivation suggests that for these Envs at least, the 

propensity to sample the open conformation is not the main determinant of IFN 

resistance, with some Envs having high IC50s but still being sensitive to cold 

inactivation and vice versa. There also appeared to be no correlation between cold 

inactivation and IFITM3 sensitivity, with the most and least IFITM3 sensitive Envs 

having similar sensitivity to cold inactivation (Figure 6.2.5 C).  

 

Interestingly, when plotting IFITM3 sensitivity against cold inactivation, Envs formed 

clusters that had similar sensitivity to IFITM3 and cold inactivation, with one cluster 

being IFITM3 and cold inactivation sensitive and a second cluster that was also IFITM3 

sensitive but cold inactivation insensitive. This suggests than an open conformation 

can result in IFITM3 sensitivity for some Envs, but is certainly not the case for all the 

Envs tested here.  
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Next, we wanted to investigate the determinants of IFITM sensitivity and resistance in 

Env utilising this set of closely related Envs. Two Envs that were the most differentially 

sensitive to both IFNa and IFITM3, but the most closely related, were selected 

(57_S9H highlighted in blue and 113_S8D highlighted in red in Figure 6.2.5 D). IFNa 

and IFITM3 sensitivity broadly correlated with each other, however there were some 

Envs that did not fit the trend, suggesting that there may be another IFN-upregulated 

protein active in the target cell inhibiting the entry of these Envs. Additionally, this could 

also be a product of the interaction of IFITMs with each other versus single IFITM 

overexpression.  

 

 
Figure 6.2.5. Timepoint and cold inactivation do not correlate with IFNa 
sensitivity. A) IC50 plotted against the week of sample. B) IC50 plotted against % 
infectivity of PLVs at 24 hours of cold inactivation. C) % infectivity at 24 hours of cold 
inactivation plotted against IFITM3 sensitivity (% of empty vector control). D) IC50 
plotted against IFITM3 sensitivity (% of empty vector control). 57_S9H (blue) and 
113_S8D (red) are highlighted. N=3, Mean+/-SEM. 



 216 

6.2.4 57_S9H and 113_S8D are differentially processed in producer 
cells   

To further examine which regions of Env determine relative sensitivity to IFITMs, the 

two Envs that were most differentially sensitive to IFNa and IFITMs but most closely 

related on the phylogenetic tree were selected for further characterisation. 57_S9H 

and 113_S8D differ in their IFNa sensitivity (Figure 6.2.6 A) and IFITM sensitivity 

(Figure 6.2.6 B), with 113_S8D being significantly less sensitive to all three IFITMs. 

This could suggest these Envs utilise distinct routes of viral entry, where 113_S8D can 

evade the presence of IFITMs and 57_S9H cannot.  

 

Next, cell lysates of producer cells and purified PLVs of 57_S9H and 113_S8D PLVs 

were Western blotted for relative incorporation of Env to test if this was a factor in their 

differential IFITM sensitivity (Figure 6.2.6 C). Similar amounts of gp120 were 

incorporated onto both 57_S9H and 113_S8D PLVs. Interestingly however, in the 

producer cells 57_S9H appeared to be less efficiently processed from gp160 to gp120 

than 113_S8D. Although this did not appear to affect the incorporation of gp120 into 

57_S9H PLVs, this could potentially have knock on effects on Env conformation or 

glycosylation.   
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Figure 6.2.6. 57_S9H and 113_S8D have differential IFNa and IFITM sensitivity. 
A) U87-CD4-CCR5 cells were pre-treated with IFNa for 18 hours prior to infection 
with PLVs and infection quantified by luciferase 48 hours later. B) 57_s9H and 
113_S8D PLVs were used to infect U87-CD4-CCR5-IFITM cells and infectivity 
measured by luciferase activity 48 hours later. #= P=>0.05 and indicate statistical 
significance between PLVs of the same IFITM condition determined by two-way 
ANOVA. C) Representative Western blot of cellular lysates and purified supernatant 
of 57_S9H and 113_S8D PLVs produced in 293T-17s. N=3, Mean+/-SEM shown. 
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6.2.5 IFITM overexpression in producer cells has a small impact on 
57_S9H infectivity  

It has previously been suggested that IFITMs can inhibit Env through their 

incorporation into viral particles in the producer cell. This has been suggested to impair 

viral infectivity through IFITMs directly targeting Env, and through negative imprinting 

due to their incorporation into particles [57-59]. To test whether IFN was having any 

effect in the producer cell on 57_S9H and 113_S8D, 293T-17s were treated with IFNb 

6h after transfection and these PLVs used to infect U87-CD4-CCR5 cells as before 

and % of infected cells measured by flow cytometry (Figure 6.2.7 A). The addition of 

IFNb mildly reduced the viral infectivity of 57_S9H by 1.5-fold, however not to as great 

an extent as pre-treatment of the target cells with IFN. 113_S8D remained unaffected 

by the presence of IFNb in the producer cells. The cell lysates were immunoblotted for 

IFITM1, and a significant amount of IFITM1 upregulation observed, suggesting that 

any diminished inhibition was not due to a lack of IFITM upregulation (Figure 6.2.7 B). 

Although not all 24 Envs were screened for inhibition by IFN in the producer cell, given 

that there was not a strong phenotype with 57_S9H and 113_S8D the effects of IFN 

and IFITMs were focused upon in the target cell.  

 

 

 

 

Figure 6.2.7. IFNb added at transfection does not reduce infectivity of 57_S9H 
and 113_S8D.  A) 500U/ML of IFNb was added 6h after transfection of 293T-17s 
and infectivity of PLVs measured by flow cytometry 48 hours post infection of U87-
CD4-CCR5. B) Cell lysates of the 293T-17s from A were Western blotted for IFITM1 
and actin. N=3, Mean+/-SEM shown. 
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6.2.6 The V1/V2 loop of 57_S9H and 113_S8D confers their relative 
IFITM sensitivities   

There are 37 amino acid differences between 57_S9H and 113_S8D in total across 

the V1/V2 region, V3, and gp41. To narrow down the region of interest in terms of 

determining IFITM phenotypes, chimeras were generated of 57_S9H containing the 

V1/V2 loop onwards, V3 loop onwards, the transmembrane domain onwards, or just 

the cytoplasmic tail of 113_S8D (Figure 6.2.8 A). PLVs of these chimeras were 

produced and both the cell lysates and purified supernatant Western blotted for Env 

(Figure 6.2.8 B). Interestingly, the decreased processing phenotype of 57_S9H was 

rescued by both the V1/V2-CT and V3-CT chimeras, but not the TM-CT or CT alone. 

This suggests that V3 loop confers the enhanced processing phenotype to 113_S8D. 

Next, these chimeras were tested for IFITM sensitivity as before on U87-CD4-CCR5 

cells (Figure 6.2.9 A). The V1/V2-CT swap fully rescued the IFITM sensitivity of 

57_S9H. The V3-CT swap did not rescue any IFITM sensitivity of 57_S9H, and both 

the TM-CT and CT swaps rescued IFITM2/3 sensitivity, but not IFITM1 sensitivity. This 

suggests that the V1/V2 loop of 113_S8D is key to its IFITM resistance. However, it 

appears that some properties of the cytoplasmic tail are also able to regulate IFITM 2 

and 3 resistance to some degree. However, despite rescuing a degree of IFITM2 and 

3 sensitivity, the TM-CT and CT only chimeras were reduced in infectivity (not shown), 

suggesting this came at a fitness cost for the Env.  

 

Interestingly, the V1/V2-CT and V3-CT chimeras had differing phenotypes when 

tested for IFITM sensitivity and for IFN sensitivity. U87-CD4-CCR5 cells were pre-

treated with IFN and infected with the chimera PLVs (Figure 6.2.9 B). The V1/V2-CT 

chimera rescued the IFN sensitivity of 57_S9H, suggesting this region dictates both 

the IFITM only and IFN resistance of 113_S8D. However, whilst the V3-CT chimera 

could not rescue IFITM sensitivity, this could rescue the IFN sensitivity of 57_S9H. 

This could suggest that the V3-CT chimera can overcome some level of IFN-

upregulated antiviral proteins, however somehow cannot overcome individual IFITM-

mediated restriction. Additionally, despite the TM-CT and CT chimeras being able to 

overcome IFITM2/3 restriction, both of these chimeras could not rescue the IFN 

sensitivity of 57_S9H.  
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Figure 6.2.8. Chimeric Envs with the V1/V2 loop onwards of 113_S8D confer 
processing phenotype to 57_S9H.  A) Schematic of chimeras generated of 
57_S9H (blue) and 113_S8D (red). B) Representative Western blot of cell lysates 
and purified supernatant of PLVs as described in A produced in 293T-17s. N=3, 
Mean+/-SEM. 
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Figure 6.2.9. The transmembrane domain and cytoplasmic tail of 113_S8D 
cannot fully confer IFITM resistance to 57_S9H.  A) PLVs bearing chimeric Envs 
were used to infect U87-CD4-CCR5-IFITM as before. #= P<0.05 using a two-way 
ANOVA indicating statistical significance between the PLVs for the same IFITM 
condition. B) U87-CD4-CCR5 cells were pre-treated with IFNb for 18 hours and then 
infected with PLVs as in A. Infectivity was measured 48 hours later and normalised 
to mock treated cells. N=3, Mean+/-SEM. 
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There are six differences in the sequence of the V1/V2 loop of 57_S9H and 113_S8D 

(Figure 6.2.10 A), and only one in the V3 loop, the presence or absence of the N332 

glycan site (Figure 6.2.10 B). 57_S9H possesses the N332, while 113_S8D has lost 

this potential glycan site. To ascertain whether the V1/V2 loop alone could confer 

IFITM resistance to 57_S9H, V1/V2 loop swaps between 57_S9H and 113_S8D were 

generated (Figure 6.2.10 C). As the V3-CT chimera rescued the IFN sensitivity but not 

IFITM sensitivity of 57_S9H, single swaps of just the V3 loop between 57_S9H and 

113_S8D were also generated. This comprised of mutating just the N332 residue, to 

N332S in 57_S9H and S332N in 113_S8D.  

 

These V1/V2 loop and V3 loop swaps were tested for IFITM sensitivity as before 

(Figure 6.2.10 D). Confirming the previous result, the V1/V2 loop of 113_S8D in the 

57_S9H background was sufficient to rescue this Env and confer IFITM resistance. 

Conversely, the V1/V2 loop of 57_S9H into 113_S8D conferred IFITM sensitivity to 

the previously resistant 113_S8D. Consistent with the previous experiments, this 

suggests that the V1/V2 loop of 113_S8D confers its IFITM resistance, and conversely 

that this is also the determinant of 57_S9H’s IFITM sensitivity. However, the V3 loop 

swaps did not confer relative IFITM sensitivity/resistance in both directions. 

Surprisingly, the V3 loop of 113_S8D into 57_S9H did rescue IFITM sensitivity and 

make 57_S9H resistant to IFITMs. However, the reciprocal swap did not confer IFITM 

sensitivity to 113_S8D. This suggests that, consistent with the literature, the V3 loop 

can govern IFITM sensitivity, but in a context-specific manner. In this pair of Envs 

however, the V1/V2 domain appears to be the main determinant of IFITM sensitivity 

and resistance.   
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Figure 6.2.10. The V1/V2 loop confers IFITM resistance and sensitivity for 
57_S9H and 113_S8D. A) Alignment of the V1/V2 loop of 57_S9H and 113_S8D, 
numbered according to HxB2. B) Alignment of the V3 loop of 57_S9H and 113_S8D, 
numbered according to HxB2. C) Schematic describing V1/V2 and V3 loop swaps 
between 57_S9H (blue) and 113_S8D (red). D) 57_S9H, 113_S8D andV1/V2 loop 
and V3 loop swap PLVs were used to infect U87-CD4-CCR5-IFITM cells and 
infectivity measured by luciferase activity 48 hours later. *= P<0.05 using a two-way 
ANOVA indicating statistical significance between the IFITM condition and control 
for each PLV, #=P>0.05 indicating statistical significance using a two-way ANOVA 
between different PLVs for the same IFITM condition. N=3, Mean+/-SEM. 
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6.2.7 Altering V1/V2 loop length alters IFITM sensitivity in 57_S9H 
and 113_S8D  

As previously mentioned, there are six amino acid differences in the V1/V2 loop 

between 57_S9H and 113_S8D. One of these is a difference in loop length by two 

amino acids caused by the presence or absence of two asparagines at positions 186 

and 187 (relative to HxB2). 57_S9H is lacking two amino acids here relative to 

113_S8D. To investigate if this change in loop length could contribute to 

conformational changes that alter IFITM sensitivity, mutants swapping these residues 

at N186/187 only were generated (Figure 6.2.11 A). These were tested for IFITM 

sensitivity and again a one-way rescue was observed, with the 57_S9H being rescued 

by the addition of these two asparagines and becoming IFITM resistant. However, 

deletion of these two amino acids did not confer sensitivity to the 113_S8D Env. These 

data suggest that this mutation in the V1/V2 loop of 57_S9H is sufficient to rescue 

IFITM sensitivity. Meanwhile, to reduce the IFITM resistance of 113_S8D, swapping 

the whole V1/V2 loop of 57_S9H is required, perhaps suggesting interplay between 

mutations upstream.  

 
Figure 6.2.11. Altering V1/V2 loop length between 57_S9H and 113_S8D 
confers IFITM resistance to 57_S9H but does not confer sensitivity to 
113_S8D. A) PLVs of 57_S9H and 113_S8D where two additional asparagines were 
added into 57_S9H at position 186, or were deleted from the corresponding position 
in 113_S8D were generated and used to infect U87-CD4-CCR5-IFITM as before. 
#= P<0.05 using a two-way ANOVA indicating statistical significance between the 
PLVs for the same IFITM condition. N=3, Mean+/-SEM. 
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6.2.8 Opening up the conformation of the 113_S8D Env confers IFITM 
sensitivity  

Along with V3 loop mutations, mutations that alter the “openness” of Env have 

previously been suggested to alter IFITM sensitivity (Dr Toshana Foster, unpublished 

data). We hypothesised that the conformation of 113_S8D may be more closed than 

that of 57_S9H, conferring reduced sensitivity to IFITMs. To test this, a mutation that 

has previously been shown to open up the conformation of Env, L193R, and two 

mutations shown to close the conformation of Env, A582T and L587A, were introduced 

into the 113_S8D Env. The L193R mutation is located at the end of the V1/V2 loop, 

and the A582T/L587A mutations in gp41 (Figure 6.2.12 A). The IFITM sensitivity of 

these mutants was then tested (Figure 6.2.12 B). The L193R mutation did indeed 

increase the sensitivity of 113_S8D to IFITMs 1, 2 and 3, while the A582T/L587A 

mutations did not increase IFITM sensitivity. Interestingly, the A582T/L587A mutations 

did result in a small but significant degree of IFITM3 enhancement by 2-fold. It should 

be noted that these mutations did reduce 113_S8D infectivity, and reduced the 

infectivity of 57_S9H to the extent that the reciprocal experiment could not be 

interpreted. This does however suggest that opening up the conformation of 113_S8D 

confers IFITM sensitivity on this Env, and taken together, that the swapping of the 

V1/V2 loops between 57_S9H and 113_S8D may be altering conformational dynamics 

which alters IFITM sensitivity.  

 

This is at a slight disparity with the cold inactivation data which suggested that both 

57_S9H and 113_S8D were similarly likely to sample the CD4-bound conformation of 

Env, however 57_S9H is IFITM sensitive. Additionally, there were other Envs which 

were entirely resistant to cold inactivation, however were IFITM sensitive. It would be 

interesting to test if introducing the L193R and A582T/L587A mutations into other Envs 

from this panel and testing IFITM sensitivity correlates with the cold inactivation data.   
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Figure 6.2.12. The opening L193R mutation in 113_S8D can confer IFITM 
sensitivity. A) Structure of Env (PDB:5ACO) with L193R (blue) and A582T/L587A 
(cyan) highlighted. B) PLVs of 113_S8D with the L193R or A582T/L587A mutations 
were used to infect U87-CD4-CCR5-IFITM cells and infectivity measured by 
luciferase activity 48 hours later.  #= P<0.05 using ANOVA indicating statistical 
significance between the PLVs for the same IFITM condition. N=3, Mean±SEM. 
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6.2.9 IFITM3 Y20F restricts both 57_S9H and 113_S8D    

Finally, the impacts of mislocalising IFITM3 on the IFITM sensitivity of 57_S9H and 

113_S8D was briefly investigated. The Y20F mutation in IFITM3 alters the endocytic 

trafficking of this protein, effectively mislocalising it to the plasma membrane. 

However, these mutants appear to adopt distinct patterns of viral restriction at the 

plasma membrane, as viruses with intermediate IFITM1 sensitivity can still be highly 

sensitive to IFITM3 Y20A/F restriction [69]. To test whether this mutant could therefore 

still inhibit 113_S8D despite its general IFITM resistance, IFITM3 Y20F U87-CD4-

CCR5 cells were generated. PLVs of 57_S9H and 113_S8D were used to infect U87-

CD4-CCR5-IFITM or U87-CD4-CCR5 IFITM3 Y20F cells (Figure 6.2.13). As 

expected, 57_S9H was sensitive to IFITMs 1 2 and 3 as before, and indeed even more 

sensitive to IFITM3 Y20F restriction. However, surprisingly the 113_S8D PLVs were 

equally sensitive to IFITM3 Y20F, despite this Env being resistant to the three wild-

type IFITMs. This demonstrates that although 113_S8D is insensitive to IFITM1 

usually, introduction of the Y20F mutation into IFITM3 localises IFITM3 such that it 

can now restrict 113_S8D. Further investigation of this may yield further insights into 

the mechanism of 113_S8D’s IFITM resistance.  

 
 

 
Figure 6.2.13. The Y20F mutation in IFITM3 restricts both 57_S9H and 
113_S8D. A) 57_S9H and 113_S8D PLVs were used to infect U87-CD4-CCR5-
IFITM cells and infectivity measured by luciferase activity 48 hours later. *=P>0.05 
indicating statistical significance between control and each IFITM. N=3, Mean+/-
SEM. 
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6.3 Discussion  

In this chapter I discuss the IFITM sensitivity of a panel of Envs isolated from a single 

HIV-1 infected patient over chronic infection and the role of the V1/V2 and V3 loops in 

determining these phenotypes. It has previously been reported that the Envs of T/F 

viruses have thus far been found to be more resistant to the effects of type I IFNs and 

IFITMs than consensus viruses from six months into chronic infection [27, 67]. 

Additionally, withdrawal of ART has been found to result in rebound of viruses that are 

IFN-resistant [28]. Patient SUT036022 was not on ART therapy at any of the 

timepoints samples were taken; across all nine time points examined here there 

appeared to be Envs circulating at the same time in chronic infection with varying 

sensitivity to both IFN and IFITMs. This further suggests that innate immunity is a 

continuing selection pressure during chronic infection. For example at week 113, the 

113_S8D Env is present which is IFITM resistant, however the other three Envs tested 

from this week exhibit moderate IFITM sensitivity. This suggests that although the 

majority of chronic Envs display IFITM sensitivity, IFITM-resistant viruses can still 

circulate during chronic infection. However, of over 80 sequences from patient 

SUT036022, only 24 were tested here. This could be under or overrepresenting the 

relative balance of IFITM-sensitive and IFITM-resistant Envs.  

 

Several of the Envs investigated here were IFITM sensitive but had relatively high 

IC50s, suggestive of these Envs being resistant to or enhanced by other IFN-

upregulated proteins that could apply a selective pressure during chronic infection. 

This patient exhibited an N332-escape response around week 113, where the N332 

potential glycan site is lost from all Envs of that Week except 113_S10F [315]. Within 

the samples from the same week where this antibody escape mutation is present 

however, several still exhibit high IC50s and 113_S8D is IFITM resistant. This 

demonstrates that there is still a relative balance of selective pressures of both innate 

and adaptive immunity at this time point. Additionally, mutations to escape antibody 

neutralisation could perhaps sometimes confer beneficial structural changes that also 

impact IFITM sensitivity. 

 

 It would be interesting to determine what causes the relatively high IC50s of some of 

these Envs that is not IFITM resistance. There are also other antiviral proteins that can 
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inhibit entry through their effects or incorporation in the producer cell, such as the 

SERINC and GBP families, as well as LY6E and CH25H. SERINC3/5 also inhibit viral 

entry through their incorporation into viral particles during production [84, 85]. This 

panel of Envs would provide an interesting resource to further interrogate the 

mechanism of SERINC3/5 resistance, especially due to the differences in gp41 across 

these Envs and the fact that SERINC resistance in T/F viruses has thus far been 

ascribed to the cytoplasmic tail of Env [90]. Swapping of the cytoplasmic tail of 

113_S8D into 57_S9H conferred IFITM2 and IFITM3 resistance. Additionally, the 

A582T/L587A mutations in 113_S8D conferred a small amount of IFITM3 

enhancement. These data suggest there could be a role for the cytoplasmic tail 

determining sensitivity to antiviral proteins that block entry for this panel of Envs. 

Recently, cholesterol-25-hydroxylase (CH25H) has also been demonstrated to inhibit 

the entry of a broad range of enveloped viruses by blocking membrane fusion [101]. 

LY6E has recently been implicated to inhibit SARS-CoV-2 viral entry through an 

independent mechanism to IFITM3, however has also been suggested to enhance, 

rather than restrict HIV-1 infection [95, 367]. Whether these findings also apply to 

primary isolates, and could contribute to the IFN resistance of some of the Envs tested 

here, remains to be elucidated.  

 

Only CCR5-tropic Envs were tested here, with IFITM2 and 3 generally exhibiting the 

most inhibition. Some Envs were sensitive to all three IFITMs, and some were IFITM1 

resistant while still being sensitive to IFITMs 2 and 3. It is disputed whether IFITMs 

block HIV-1 entry in a coreceptor dependent manner, with some reports suggesting 

that IFITM1 blocks CCR5-tropic viruses and IFITMs 2 and 3 inhibit CXCR4-tropic 

viruses, and others proposing that IFITM-mediated inhibition is independent of 

coreceptor usage [67, 68]. There is likely a component of cell-type dependency, 

however this panel of Envs demonstrates that at least in this cell type, several of these 

CCR5-tropic Envs are sensitive to restriction by IFITMs 2 and 3. Whether this 

correlates with utilisation of the endocytic route of entry in these cells, or whether 

IFITM2 and 3 localise differently in these cells, has not been tested yet. HIV-1 does 

not require acidic pH to mediate viral fusion, however it has been documented to adopt 

the endocytic pathway in some cell types [13]. Further exploration of the Y20F mutant 

may assist in shedding some light on the differential sensitivity of these Envs to IFITMs 

as well, as both 57_S9H and 113_S8D were sensitive to inhibition by IFITM3 Y20F, 
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despite 113_S8D being IFITM1 resistant. It could be that despite the Y20F mutation 

mislocalising IFITM3 away from endosomes, this does not localise IFITM3 to the same 

subcellular location as IFITM1. Additionally, it has previously been shown for a CCR5-

tropic lab strain which is IFITM3 resistant, that the IFITM3 Y20F mutation renders this 

isolate IFITM3 sensitive [67]. Taken together, this further suggests that “IFITM 

resistant” Envs can be rendered sensitive through IFITM mislocalisation. It is also 

worth noting that the effect of IFITMs on HIV-1 entry here has only been tested in the 

context of cell-free infection, and this may be irrelevant in the context of cell-cell 

transmission which constitutes 60% of infection in vivo for HIV-1 and can overcome 

tetherin-mediated inhibition of infection [71, 368]. It has been suggested that cell-cell 

transmission can overcome the inhibitory effects of IFITM1, and therefore measuring 

IFITM1 sensitivity in cell-free infection may be misleading [369]. Additionally, these 

experiments have all been conducted with pseudotyped lentiviral vectors, and whether 

these can be recapitulated with full length virus in spreading infection needs to be 

confirmed. Only the Envs of these viruses from patient 29 were isolated, and it is 

therefore unknown whether mutations in other HIV-1 proteins would also affect IFN 

resistance.  

 

The V3 loop has previously been suggested to play a role in determining the IFITM 

resistance or sensitivity of lab isolates AD8 and NL43, likely through affecting the 

conformation of Env [333]. For the 57_S9H and 113_S8D pair of Envs studied here, 

the V3 loop swap confers a one-way rescue where the N332S mutation in 57_S9H 

can rescue this Env from IFITM restriction. However, the S332N mutation in 113_S8D 

does not confer IFITM sensitivity to this Env. This suggests that the V3 loop can alter 

IFITM sensitivity in a context-dependent manner. Only switching the entire V1/V2 loop 

of 57_S9H and 113_S8D fully switched their relative IFITM sensitivities, while the 

N186/N187 switch rescued 57_S9H but did not confer sensitivity to 113_S8D. The 

N186/N187 residues are only a few amino acids upstream of the L193 site which when 

mutated to an arginine can open up the IFITM sensitivity of 113_S8D. It would be 

interesting to confirm if the A582T/L587A mutation in the 57_S9H can rescue the 

IFITM sensitivity of this Env and further solidify the link between open/closed 

conformation and IFITM sensitivity, however the L193R and A582T/L587A mutations 

in 57_S9H significantly reduce viral infectivity, making interpretation of these 

experiments difficult. The L193R mutation, which opens up the conformation of Env, 
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sensitises 113_S8D to IFITM restriction. However, the cold inactivation data suggest 

that both 57_S9H and 113_S8D are amongst the most sensitive Envs to cold 

inactivation, losing approximately 2-fold infectivity by 24 hours, and therefore more 

likely to sample the CD4-bound open state. The general lack of correlation between 

cold inactivation and IFITM sensitivity could suggest that there is a certain tolerance 

of open sampling by these Envs, and that fully opening the Env with the L193R 

mutation would be required to open up an IFITM resistant Env to the point of IFITM 

sensitisation. Whether the V1/V2 swaps demonstrate altered cold inactivation, or 

sensitivity to a CD4-mimetic, remains to be tested.  

 

It has previously been suggested that the overexpression of IFITMs in the producer 

cell can affect gp160 processing and that this can impact infectivity [333]. No impact 

of IFN on gp160 processing in the producer cell was observed here, however 57_S9H 

did appear to be processed less efficiently than 113_S8D at steady state. This 

processing phenotype was conferred to 57_S9H by generating chimeras from the 

V1/V2 loop onwards or V3 loop onwards, suggesting that the V3 loop is the 

determinant of this change in accessibility of the furin cleavage site. It would be 

interesting to assess whether the V1/V2 loop and N332 swaps between 57_S9H and 

113_S8D also correlate with changes any changes in gp160 processing and if this 

may explain why the S332N mutation in 113_S8D does not alter IFITM sensitivity. It 

has previously been shown that uncleaved Envs are more able to sample the 

downstream open conformations of Env and it could be that the differences in gp160 

processing between 57_S9H and 113_S8D correlate with conformational changes 

[292]. However, the amount of gp120 incorporated onto virions is similar for 57_S9H 

and 113_S8D, and there does not appear to be a significant difference in cold 

inactivation between the 57_S9H and 113_S8D Envs. Further investigating 

differences in Env conformation between 57_S9H and 113_S8D using more sensitive 

techniques than cold inactivation are likely required. Additionally, it would be 

interesting to further investigate the relevance of this differential processing to IFITM 

sensitivity for some of the other mutants generated, and the other Envs in this panel. 
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Chapter 7: Final discussion  

 
The HIV-1 and SARS-CoV-2 pandemics have both spurred significant advances in 

virology. In particular, the SARS-CoV-2 pandemic resulted in rapid advances in 

diagnostic testing, development and rollout of vaccines, and understanding of the 

virus’ molecular biology in the span of two years. While our knowledge of the molecular 

biology of these viruses has developed immensely, there are still many unanswered 

questions surrounding the relationship between SARS-CoV-2 and evasion of innate 

immunity. There is much necessary focus on how mutations in spike and Env allow 

evasion of the antibody response. However, there are multiple selection pressures in 

vivo that also play a role in viral evolution and it has been shown in HIV-1 that the 

innate immune system can enforce significant constraints on viral transmission and 

impose a selective pressure following ART interruption  [27, 28]. It has also been 

demonstrated that the emerging SARS-CoV-2 VOCs B.1, alpha and beta strains are 

more IFN resistant than the ancestral Wuhan strain [29]. Understanding the impact of 

innate antiviral proteins that target early viral replication not only informs our 

understanding of viral entry, but has consequences for our understanding of intra-host 

viral evolution.  

 

HIV-1 and SARS-CoV-2 are completely unrelated viruses. However, these viruses 

have similarities in the structure of their entry proteins, require priming of their 

glycoproteins by furin, and demonstrate significant glycoprotein-dependent 

differences in IFN and IFITM sensitivity. The regions of these glycoproteins that dictate 

their relative IFITM sensitivity differs. The polybasic cleavage site confers IFITM 

sensitivity for SARS-CoV-2, while the V1/V2 loop is responsible for IFITM sensitivity 

of the HIV-1 Envs studied here. Despite these differences, altering the cytoplasmic tail 

of either virus has consequences for IFITM sensitivity, in particular IFITM3 

enhancement. Deletion of the cytoplasmic tail of both SARS-CoV-2 and HIV-1 has 

been found to improve PLV titre [175, 285], and deletion of the HIV-1 Env cytoplasmic 

tail has also been found to overcome SERINC restriction [90]. The SARS-CoV-2 alpha 

virus and PLVs are both enhanced by IFITM3. This enhancement can be abolished 

by the H681P mutation or ablation of the polybasic cleavage site, demonstrating the 

polybasic cleavage site is necessary for IFITM3 enhancement. Deletion of the 
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cytoplasmic tail also reduces IFITM3 enhancement for the alpha spike in PLVs. 

Additionally, deletion of the cytoplasmic tail increases IFITM2 sensitivity for both 

D614G and alpha PLVs. In HIV-1, the introduction of the A582T/L587A mutation in 

gp41 of the 113_S8D Env results in a small but significant enhancement by IFITM3, 

and inserting the 113_S8D cytoplasmic tail into the 57_S9H Env rescues IFITM2 and 

IFITM3 sensitivity. This suggests that the cytoplasmic tail can alter the level of 

enhancement by IFITM3 in completely unrelated viruses, which could suggest a 

common mechanism of IFITM3 enhancement. This is however at odds with the finding 

that deletion of the cytoplasmic tail of Env rescues Env from restriction by SERINC5, 

suggesting that the relationship between cytoplasmic tails of glycoproteins and 

sensitivity to antiviral proteins may not be clear cut [90]. It has been proposed that 

IFITMs and SERINCs exert a block on viral entry through distinct mechanisms, which 

could explain the differential relevance of the cytoplasmic tail in resistance and 

sensitivity to these antiviral proteins [91]. SARS-CoV-2 PLVs of several VOCs with 

deleted cytoplasmic tails have been found to be similarly sensitive to SERINC5 [92]. 

Whether increased differences in sensitivity are observed with full-length spikes 

remains to be elucidated. Overall, these data suggest interplay between glycoprotein 

cytoplasmic tails and IFITM restriction, and that the use of DCT SARS-CoV-2 spikes 

to investigate viral entry should be interpreted with caution. Additionally, further 

understanding of how deletion of the SARS-CoV-2 spike cytoplasmic tail 

mechanistically results in an altered conformation of spike that increases E64d 

sensitivity warrants further examination.  

 

Another similarity between SARS-CoV-2 and HIV-1 IFITM sensitivities is that both 

viruses have distinct routes of viral entry implicated in patterns of IFITM restriction (see 

Figure 7.1.1. for a model of SARS-CoV-2 entry pathways and IFITM-mediated 

inhibition). 57_S9H is IFITM1 sensitive while 113_S8D is IFITM1 resistant, yet both 

are sensitive to IFITM3 Y20F. This is suggestive of differential routes of viral entry. In 

the VOCs of SARS-CoV-2 tested thus far, there are disparities in the sensitivity to 

TMPRSS, cathepsin, and MMP2/9 inhibitors. For the VOC spikes tested in this thesis, 

the sensitivity to IFITM2 and E64d correlate, with the exception of the delta spike. The 

delta spike retains IFITM2 sensitivity despite being insensitive to the effects of E64d. 

The delta spike is however sensitive to inhibition by the MMP2/9 inhibitor, implying 
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that perhaps the delta spike is IFITM2 sensitive because the MMP pathway results in 

access to IFITM2-encompassing endosomes. Meanwhile, the alpha variant is not 

sensitive to either E64d or MMP inhibition. The data here suggest that viral entry and 

susceptibility to IFITMs is not simply a function of early or late entry but in fact a 

function of multiple proteases. This, combined with the recent findings that a majority 

of SARS-CoV-2 viral entry requires an acidic pH component, regardless of the 

protease used for viral entry, suggests much more complex requirements of viral entry 

for SARS-CoV-2 than appreciated in the early stages of the pandemic [19].  

 

The mechanism of IFITM3 enhancement itself, and of the enhancing features of 

IFITM2 Y19F and IFITM1D117-125 in TMPRSS2-negative cells, also warrants further 

investigation. It could be that the presence of IFITM3 somehow creates an 

environment that permits viral fusion, despite increasing membrane curvature as per 

the current model of IFITM-mediated inhibition. The recurrent theme of IFITM 

enhancement under certain conditions for coronaviruses is not new; OC43 has been 

reported to be enhanced by IFITMs 2 and 3, and has been found for SARS-CoV-2 in 

Calu-3 cells [335, 336]. Additionally, mislocalisation of IFITM3 has been shown to also 

enhance SARS-CoV-2 infection [40]. The deletion of the C terminal of IFITM1 has also 

been found to result in the enhancement of SARS-CoV-1, MERS-CoV, and OC43 

[363]. To date, the exact mechanism of IFITM enhancement has not yet been 

elucidated. The N-terminal of IFITMs 2 and 3 fine tune their localisation and restrictive 

capacity in the cell, and during IFITM biosynthesis the IFITM will traffic via the plasma 

membrane [57]. Understanding how IFITMs have differential antiviral effects in 

different subcellular compartments is therefore still important in the context of in vivo 

infection. The IFITM mutants made here are artificial, however the SNP rs12252-C 

has been suggested to result in a truncated form of IFITM3 lacking its Yxxf domain 

that would localise to the plasma membrane [79]. It has also previously been reported 

that N-terminal mutants of IFITM3 are present in old world monkeys and that these 

mutations alter their viral restriction capacity [370]. In addition to the existence of 

mislocalisation SNPs, IFITMs cycle through multiple cellular compartments and 

understanding the variable effects of these proteins at different subcellular 

localisations is important to further understanding of how viruses can hijack and 

bypass IFITM restriction.  
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Mislocalisation of IFITM1 resulted in the largest enhancement phenotype in 

TMPRSS2-negative cells for all except the omicron variant, which was not 

considerably enhanced by IFITMs under any of the conditions tested so far. The fact 

that the D117-125 mutation in IFITM1 does not enhance infection to the same degree 

in TMPRSS2+ cells further infers a complex interplay between proteases and IFITMs. 

The D117-125 mutant has previously been found to restrict the NL4.3 strain of HIV-1, 

which was previously insensitive to IFITM1 [66]. Understanding how exactly the D117-

125 mutant toggles IFITM1’s restrictive capacity will help understand the differences 

in viral entry for these viruses, and the relationship between membrane properties and 

viral entry.  

  

IFITMs may localise differently in different cell-types, and it is entirely reasonable to 

consider that discrepancies in the literature about which IFITMs inhibit both SARS-

CoV-2 and HIV-1 depend on the cell-type used. A common factor thus far appears to 

be the presence of TMPRSS2, which abolishes the restrictive capacity of IFITM2 and 

IFITM3. Results from A549-ACE2-TMPRSS2-IFITM cells shown in Chapter 5 display 

similar trends (although not magnitude) consistent with data from the Kirchhoff lab in 

Calu-3 IFITM knockdown cells [335]. Additionally, the finding that TMPRSS2 confers 

IFITM1 sensitivity is consistent with findings from other labs using cells that 

endogenously express TMPRSS2, such as Caco-2 cells [94]. The Calu-3 cell line is 

considered the gold standard cell line in SARS-CoV-2 research which is TMPRSS2-

positive [160]. It is, however, becoming clearer that SARS-CoV-2 infection is not 

restricted to only TMPRSS2+ lung epithelia; The most recent variants that were 

studied in this thesis, BA.1 and BA.2,  are less dependent on TMPRSS2 than its 

predecessors alpha or delta [26]. This further reinforces the need to study SARS-CoV-

2 and its interactions with antiviral proteins that could influence transmission and 

pathology in multiple cell types. Additionally, SARS-CoV-2 infection is clearly not 

limited to the lung tissue itself, having been found in the trachea, brain, cardiac tissue, 

intestines, male genitals, and the kidneys [371].  
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There are also discrepancies in the literature regarding which VOC spikes are better 

or worse cleaved at the S1/S2 boundary [157, 159, 188, 192]. It is shown here in 

Chapter 4 that spike cleavage in virus grown in Vero-E6-TMPRSS2 exhibits differential 

processing at the S1/S2 boundary to PLVs produced in 293T17, suggesting that the 

cell type SARS-CoV-2 is grown in, or in which PLVs are produced, has a large impact 

on spike processing. It has also been shown that serum concentration can impact 

cleavage of SARS-CoV-2, with higher concentrations mimicking trypsin-like effects in 

Vero-E6 cells [161]. In Chapter 4, whether spike processing of PLVs was altered when 

2% FCS rather than 10% FCS was not tested, and the higher serum concentration in 

PLV preparation may be a factor in the differential cleavage observed. The myriad of 

factors that can alter spike processing highlights the need for comparisons between 

cell types and culture conditions. In terms of cleavage and IFITM phenotypes, it is 

clear that the presence or absence of a polybasic cleavage site can modulate IFITM2 

sensitivity. However, the emerging mutations in VOCs which alter cleavage do not 

necessarily correlate with IFITM phenotypes. Despite differences in relative cleavage 

between native virus and PLVs, IFITM sensitivity is comparable, suggesting that 

cleavage itself may not be mediating the difference in IFITM sensitivity between alpha 

and other VOCs. This implies that the mechanism through which the P681H mutation 

confers IFITM resistance may be via a pathway entirely unrelated to cleavage. With 

that said, the GBP family has been shown to inhibit furin-mediated cleavage for SARS-

CoV-2 spikes [94]. The Wuhan spike is sensitive to GBP5, however it appears that the 

D614G mutation alone confers GBP5 resistance [94]. It would be interesting to test 

the effects of the GBP family in other cell lines in the absence of TMPRSS2 and 

determine whether this can impact IFITM sensitivity. There is likely a limit to the trade-

off between S1/S2 cleavage and spike stability, and it will be intriguing to see if any 

future VOCs beyond alpha, delta, and omicron have increased S1/S2 cleavage or if 

this is the upper limit of S1/S2 cleavage without a total loss of stability.  

 

It has been suggested that incorporation of IFITMs into virions in the producer cells 

can subsequently impact viral infectivity and that IFITMs can exert antiviral effects 

during viral production [57, 58]. Here, testing the antiviral effects of IFITMs in the target 

cells was tested rather than the in context of producer cells. When 293T17s were pre-

treated with IFNb during HIV-1 PLV production, there appeared to be a small impact 
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on viral infectivity for 57_S9H, and no impact at all for 113_S8D. Meanwhile, IFN pre-

treatment of target cells resulted in much greater decreases in viral infectivity, and 

although small, IFITM overexpression consistently resulted in 2-fold inhibition of 

IFITM-sensitive Envs. This suggests that for these Envs tested, the effects of IFITM 

on infectivity are larger in the target cell than the producer cell. In the context of SARS-

CoV-2, expression of IFNb at transfection during PLV production was only tested to 

assess effects of IFNb on spike S1/S2 cleavage, and not on infectivity. Measuring if 

IFITM overexpression in producer cells altered infectivity of PLVs or native virus would 

rule out whether IFITMs impact infectivity in the producer cell. Data presented here 

suggest that evasion of IFITMs, especially by SARS-CoV-2, is implicit with route of 

viral entry; as shown by the use of TMPRSS and cathepsin inhibitors. However, it 

cannot be ruled out that the IFNb pre-treatment of A549 and Calu-3 prior to infection 

with replicative SARS-CoV-2 encompasses the effects of IFITMs on the producer cell 

and negative imprinting of SARS-CoV-2 virions. Furthermore, in the context of IFN-

treated cells there are multiple antiviral proteins that can impact infectivity of the viral 

particle in addition to IFITMs, including the already mentioned GBP5 and SERINC3/5 

[92, 94]. The effects of GBP5 and SERINC5 on SARS-CoV-2 spike and HIV-1 Env 

have not been explored here, and it is important to not rule out the impact these 

antiviral proteins may have in the context of IFN or in vivo.  

 

In summary, the data presented here highlight the complexity of the relationship 

between viral entry and sensitivity to IFITMs. Route of viral entry is an important factor 

in determining IFITM sensitivity, however, for SARS-CoV-2 it is becoming apparent 

that there is more complexity than an early or late pathway, and more proteases and 

entry factors involved than initially thought. The relationship between spike cleavage 

and IFITM restriction is also not clear cut. The presence of a polybasic cleavage site 

does reduce sensitivity to IFITM2 in both TMPRSS2-negative and positive cells. 

However, the increased S1/S2 cleavage of the alpha variant does not appear to be 

the determinant of the IFITM resistance of this variant in TMPRSS2-negative cells, but 

is in fact the P681H mutation itself. Exactly how the P681H mutation mediates IFITM 

resistance independent of S1/S2 cleavage remains to be understood. While the 

regions of HIV-1 Env that dictate IFITM resistance and sensitivity are different to those 

of SARS-CoV-2 spike, there are commonalities in the relationships between these 
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glycoproteins and IFITM restriction. For both spike and Env, the cytoplasmic tail of the 

glycoprotein appears to play a role in IFITM2 sensitivity. Deletion of the cytoplasmic 

tail of spike sensitises the previously IFITM resistant alpha spike to IFITM2. Swapping 

of the cytoplasmic tail of the IFITM resistant 113_S8D Env rescues the previously 

IFITM2 and 3 sensitivity of the 57_S9H Env. Lastly, IFITMs can enhance the entry of 

both of these glycoproteins through mechanisms that are not currently understood and 

require further exploration.    
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Figure 7.1.1. Model of SARS-CoV-2 viral entry and IFITM-mediated inhibition 

in TMPRSS2-negative and TMPRSS2-positive cells.  
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Figures from this thesis which support the presented model are referenced 

throughout. A) In A549-ACE2 cells, SARS-CoV-2 entry can be mediated at the cell 

surface by ACE2 binding and cleavage by either trace amounts of TMPRSS proteins 

or a currently unknown protease (1) (Figure 3.2.7). For some SARS-CoV-2 variants 

such as the ancestral Wuhan, delta and kappa, using this route results in a degree 

of IFITM1-mediated inhibition (2) (Figures 3.2.8, 4.2.7). The more prevalent entry 

pathway in the A549-ACE2 system involves ACE2 binding followed by endocytosis 

and cleavage at the S2’ site by cathepsins B/L (3, 4) (Figure 3.2.7). However, usage 

of this entry pathway renders SARS-CoV-2 more susceptible to IFITM2-mediated 

inhibition due to accessing IFITM2 containing compartments (4) (Figures 3.2.8, 

3.2.13, 3.2.15, 4.2.10). Spikes lacking the polybasic cleavage site such as SARS-

CoV-1, pangolin GD, and the Wuhan/D614GDPRRA are the most sensitive to 

IFITM2 due to being entirely reliant on this pathway for entry (Figures 3.2.7. 3.2.9, 

3.2.10). Meanwhile, a majority of the VOCs exhibit at least a degree of IFITM2 

sensitivity and demonstrate partial utilisation of this pathway in A549-ACE2s, 

however can also use the early pathway depending on bioavailability (Figure 4.2.7). 

The alpha and delta variants are the least dependent on cathepsins B/L for S2’ 

cleavage, consistent with these spikes utilising other proteases for this cleavage 

(Figure 4.2.8). IFITM3 does not significantly inhibit any of the SARS-CoV-2 VOCs, 

suggesting that SARS-CoV-2 virions do not tend to access IFITM3-containing 

endosomes in this system (Figures 4.2.2, 4.2.7). However, the alpha variant is 

actively enhanced by the presence of IFITM3, suggesting that for the alpha variant 

accessing these compartments may increase viral entry (5) (Figure 4.2.2, 4.2.5). In 

addition to TMPRSS and cathepsins B/L, viral entry can also be achieved by utilising 

MMPs, and in particular the delta variant appears to use this pathway more relative 
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to the alpha and omicron variants (6) (Figure 4.2.11). Utilisation of the MMP pathway 

however appears to result in access to IFITM2-containing endosomes and a block 

to viral entry (Figure 4.2.12). B) In A549-ACE2-TMPRSS2 cells, the presence of 

TMPRSS2 permits more viral entry near the plasma membrane due to TMPRSS2 

cleaving the S2’ site (Figures 3.2.6, 3.2.7). This results in viral entry near the plasma 

membrane, rather than in IFITM2-containing endosomes, and rescues the Wuhan, 

D614G, and delta variants from IFITM2-mediated restriction (7) (Figures 3.2.13, 

5.2.1, 5.2.2). However, utilisation of the TMPRSS2 pathway does sensitise D614G, 

alpha and delta to inhibition by IFITM1 which is present at/near the plasma 

membrane (Figure 5.2.2) (8). Additionally, spikes which require both the S1/S2 and 

S2’ cleavages to occur on the target cell, such as WuhanDPRRA, are still sensitive 

to IFITM2 in A549-ACE2-TMPRSS2 cells because these spikes are still dependent 

on cathepsins B/L for spike cleavage (9) (Figure 5.2.1). Additionally, the omicron 

BA.1 variant also retains IFITM2 sensitivity in the presence of TMPRSS2 due to its 

preference for cleavage by cathepsins B/L in endosomes (Figure 5.2.2, Figure 

4.2.8). Overall, the relative availability of and dependence on these entry pathways 

for each variant appears to determine its relative sensitivity to the different IFITMs. 

Figure created in BioRender.  
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The Polybasic Cleavage Site in SARS-CoV-2 Spike Modulates
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ABSTRACT The cellular entry of severe acute respiratory syndrome-associated coro-
naviruses types 1 and 2 (SARS-CoV-1 and -2) requires sequential protease processing
of the viral spike glycoprotein. The presence of a polybasic cleavage site in SARS-
CoV-2 spike at the S1/S2 boundary has been suggested to be a factor in the
increased transmissibility of SARS-CoV-2 compared to SARS-CoV-1 by facilitating mat-
uration of the spike precursor by furin-like proteases in the producer cells rather
than endosomal cathepsins in the target. We investigate the relevance of the poly-
basic cleavage site in the route of entry of SARS-CoV-2 and the consequences this
has for sensitivity to interferons (IFNs) and, more specifically, the IFN-induced trans-
membrane (IFITM) protein family that inhibit entry of diverse enveloped viruses. We
found that SARS-CoV-2 is restricted predominantly by IFITM2, rather than IFITM3,
and the degree of this restriction is governed by route of viral entry. Importantly, re-
moval of the cleavage site in the spike protein renders SARS-CoV-2 entry highly pH
and cathepsin dependent in late endosomes, where, like SARS-CoV-1 spike, it is
more sensitive to IFITM2 restriction. Furthermore, we found that potent inhibition of
SARS-CoV-2 replication by type I but not type II IFNs is alleviated by targeted deple-
tion of IFITM2 expression. We propose that the polybasic cleavage site allows SARS-
CoV-2 to mediate viral entry in a pH-independent manner, in part to mitigate against
IFITM-mediated restriction and promote replication and transmission. This suggests
that therapeutic strategies that target furin-mediated cleavage of SARS-CoV-2 spike
may reduce viral replication through the activity of type I IFNs.

IMPORTANCE The furin cleavage site in the spike protein is a distinguishing feature
of SARS-CoV-2 and has been proposed to be a determinant for the higher transmis-
sibility between individuals, compared to SARS-CoV-1. One explanation for this is
that it permits more efficient activation of fusion at or near the cell surface rather
than requiring processing in the endosome of the target cell. Here, we show that
SARS-CoV-2 is inhibited by antiviral membrane protein IFITM2 and that the sensitiv-
ity is exacerbated by deletion of the furin cleavage site, which restricts viral entry to
low pH compartments. Furthermore, we find that IFITM2 is a significant effector of
the antiviral activity of type I interferons against SARS-CoV-2 replication. We suggest
that one role of the furin cleavage site is to reduce SARS-CoV-2 sensitivity to innate
immune restriction, and thus, it may represent a potential therapeutic target for
COVID-19 treatment development.

KEYWORDS furin cleavage, IFITM2, innate immunity, SARS-CoV-2, spike, type 1
interferon

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus
that was identified in early 2020 (1). Entry of SARS-CoV-2 into the target cell is
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initiated by the spike glycoprotein binding to its receptor, angiotensin-converting
enzyme 2 (ACE2) (2). Spike is a type I transmembrane protein that is synthesized as a
polyprotein precursor and requires two steps of proteolytic cleavage at the S1/S2
boundary and at the S29 site in order to mediate fusion of the viral and cell mem-
branes. Due to the insertion of four amino acids (in bold) at the S1/S2 boundary of
SARS-CoV-2 spike, with the sequence 681PRRAR/SV687, SARS-CoV-2 spike contains a
canonical furin-like protease cleavage site (2). This allows the SARS-CoV-2 spike to
be cleaved by furin-like proteases intracellularly prior to virion release. TMPRSS2 on
the target cell surface and cathepsins B and L in endosomes may then cleave the
S29 site and activate the fusion machinery, depending on the relative availability of
these enzymes.

The presence of the furin cleavage site has been suggested to be important for
determining viral tropism and transmission of SARS-CoV-2 (3–5). However, the neces-
sity for this site is cell type dependent. It has been shown that this site can be lost after
several passages in TMPRSS2-negative Vero E6 cells (6). Nevertheless, similar mutations
have only been found rarely in a small number of patients (7, 8). This suggests a selec-
tive pressure to conserve the polybasic cleavage site for in vivo transmission but not
necessarily in vitro, depending on the cell line used (5–8). Structural data for SARS-CoV-
2 spike indicates that cleavage at the S1/S2 boundary results in exposure of the recep-
tor-binding domain (RBD) of spike (9). It has been suggested that this exposure of the
RBD facilitates binding to ACE2 and the secondary cleavage of the S29 site of spike,
facilitating membrane fusion.

Interferons (IFNs) upregulate the expression of a range of antiviral proteins,
encoded by genes termed IFN-stimulated genes (ISGs), that inhibit various aspects of
viral life cycles, including entry (10). One of these protein families, IFN-induced trans-
membrane proteins (IFITMs), are membrane-spanning proteins that inhibit the entry of
several viruses, including HIV-1, influenza virus, Ebola virus, and SARS-CoV-1, through
blocking the fusion of the cellular and viral membranes, possibly by decreasing mem-
brane fluidity or affecting membrane curvature (11, 12). Three IFITMs demonstrate anti-
viral activity in humans: IFITM1, which localizes to the plasma membrane, and IFITM2
and -3, which localize to late and early endosomes, respectively (13, 14). Previous
research has shown that the route of entry correlates with the restriction of both influ-
enza virus and HIV-1 by IFITMs. Mislocalizing IFITM3 to the cell surface abrogates
IFITM3 restriction of influenza virus (15). CCR5-tropic HIV-1 viruses that fuse at the
plasma membrane are more restricted by IFITM1, while CXCR4-tropic viruses that uti-
lize the endosomal route are more restricted by IFITM2 and -3 (13). It has been
reported that SARS-CoV-2 is highly sensitive to type I and III IFNs and, more specifically,
to IFITM3 (5, 16–18). Conversely, other authors have suggested that expression of
IFITMs can enhance entry of SARS-CoV-2 (19). Given that entry is the first key step in vi-
ral transmission and IFITMs have been shown to be expressed in lung tissue, the inter-
play between IFITM restriction and the route of SARS-CoV-2 entry is likely to be funda-
mental to the ability of SARS-CoV-2 to infect and to be transmitted (20, 21). Here, we
show the differential sensitivity of SARS-CoV-2 to IFITMs and how the presence of a
polybasic cleavage site may affect entry in the context of IFITM restriction.

RESULTS
Sensitivity of SARS-CoV-2 and pseudotyped lentiviral vectors (PLVs) with

SARS-CoV-2 spike to human type I, type II, and type III interferons in A549-ACE2
cells. In order to examine the restriction of SARS-CoV-2 replication by human antiviral
proteins, we first sought to confirm the sensitivity of replication-competent SARS-CoV-
2 (SARS-CoV-2 strain England 2) to type I (a and b), type II (g), and type III (l) IFNs in
human A549 lung cancer cells stably expressing ACE2. We pretreated the cells with dif-
ferent doses of recombinant human IFN-a2, -b , -l4, and -g overnight and then chal-
lenged them with SARS-CoV-2 (multiplicity of infection [MOI] of 0.005 based on Vero
E6 cells). Then, 48 h later we measured the levels of viral RNA by reverse transcription-
quantitative PCR (RT-qPCR) using the N1 and N2 primer probe sets from Centers for
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Disease Control N1 and N2 primer probe sets (Fig. 1A and D). We found that SARS-
CoV-2 is highly sensitive to IFN-b and IFN-g, with very low half-maximal inhibitory con-
centrations (IC50s), and is less sensitive but nonetheless still restricted by IFN-a and
IFN-l . In addition to measuring intracellular viral RNA abundance in the IFN-treated
cells, we infected Vero E6 cells with the supernatant harvested from IFN-treated and

FIG 1 Entry of replication-competent SARS-CoV-2 and PLVs of SARS-CoV-2 is inhibited by IFN-b and IFN-g. (A) A549-ACE2 cells were pretreated for 18 h
with IFN-a, -b , -l , or -g and subsequently infected with replication-competent SARS-CoV-2 at an MOI of 0.005. Viral RNA was extracted 48 h later, detected
with two sets of primers (N1 and N2) against nucleocapsid mRNA, and normalized to infection in mock-treated cells. (B) Supernatant from infected A549-
ACE2 used for panel A was used to infect Vero E6 cells for 24 h. Vero E6 cells were then stained for nucleocapsid protein and normalized to mock-treated
conditions. RU, relative units. (C) A549-ACE2 cells were pretreated for 18 h with IFN-a, -b , -l , or -g and transduced with PLVs of SARS-CoV-2 for 48 h.
Infection was quantified by luciferase activity and normalized to mock-treated conditions. RLU, relative luminescence units. (D to F) IC50s for panels A to C
were calculated in Prism. All data are means and standard errors of the means (SEM) (n = 3).
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infected A549-ACE2 cells and quantified the expression of nucleocapsid (N) protein 24
h later. This assay measures the amount of infectious virus produced by the mock or
IFN-treated cells and showed similar results (Fig. 1B and E), thus confirming previous
studies showing that the virus is highly IFN sensitive, particularly to IFN-b and IFN-g,
and indicating that a number of ISGs have direct antiviral effects against SARS-CoV-2
(16, 18).

In order to address the activities of ISGs directed against spike-mediated entry, we
first determined whether we could recapitulate the IFN phenotypes observed above
using pseudotyped lentiviral vectors (PLVs). We generated PLVs containing SARS-CoV-
2 spike bearing a luciferase reporter gene and tested them for sensitivity to IFNs on
A549-ACE2. Similar to full-length SARS-CoV-2, we found that PLVs with SARS-CoV-2
spike are also highly sensitive to IFN-b and IFN-g (Fig. 1C and F). While the early events
of HIV-1 are known targets of IFN treatment in some cell lines, these data suggest that
when we isolated the entry stage of SARS-CoV-2 infection, we observed inhibition by
IFN-b and IFN-g (22).

SARS-CoV-2 is sensitive to IFITM2, but not IFITM3, in A549-ACE2 cells. IFITMs
are a family of ISGs that predominantly inhibit fusion of viral and cellular membranes
(11, 14). Considering that our PLVs with SARS-CoV-2 spike demonstrated an extent of
inhibition by IFNs similar to that of the full-length virus, we suspected that IFITMs,
which have previously been reported to inhibit SARS-CoV-1 and more recently sug-
gested to inhibit SARS-CoV-2, may contribute to this inhibition (5, 12, 19, 23).

To test the impact of each individual IFITM on SARS-CoV-2 infection, we generated sta-
ble A549-ACE2 cell lines expressing each human antiviral IFITM (Fig. 2A). Of note, cross-reac-
tivity between antibodies targeting IFITM2 and IFITM3 is inevitable due to high homology
between these proteins. We infected these cells with influenza A virus (IAV) and confirmed
that, consistent with previous findings, overexpression of IFITM2 and IFITM3 inhibited IAV
infection (Fig. 2B) (24, 25). Next, we infected these cells with PLVs and found that SARS-
CoV-2 showed a small but significant sensitivity to IFITM1 and a greater sensitivity to IFITM2
(Fig. 2C). We recapitulated these phenotypes by challenging the A549-ACE2-IFITM cells
with SARS-CoV-2 at MOI of 0.005, 0.01, and 0.05. We used the supernatants from these cells
48 h later to infect Vero E6 cells and measured viral infectivity by staining for N protein (Fig.
2D). At low MOI, SARS-CoV-2 was particularly sensitive to IFITM2 but not IFITM3, with an in-
hibitory effect seen with IFITM1, and these sensitivities were ameliorated at high viral
inputs. As both single-round PLVs and the full-length virus essentially displayed similar phe-
notypic sensitivity to IFITM2, these results suggest that a predominant antiviral effect is
mediated at cellular entry.

Both IFITM2 and IFITM3 predominantly localize to endosomal compartments but
reach them via endocytosis from the cell surface, through the recruitment of the cla-
thrin adaptor AP2 to a tyrosine-based endocytic signal (YXXU) in the IFITM2/3 cytoplas-
mic tail. We and others have previously demonstrated that mutating Y19 and Y20 to a
phenylalanine in IFITM2 and IFITM3, respectively, results in their accumulation at the
plasma membrane (13, 26). To test this, we stably expressed IFITM2 Y19F A549-ACE2
(Fig. 2E) and infected these cells with IAV (Fig. 2F). We found that infection of IFITM2-
Y19F cells was slightly enhanced compared to that of IFITM2 cells. Similarly, infection
of these cells with PLVs and replication-competent SARS-CoV-2 at an MOI of 0.005
revealed that infection was not inhibited but rather was enhanced by the presence of
IFITM2-Y19F (Fig. 2G and H). Although it was surprising that mislocalization of IFITM2
resulted in enhancement of infection rather than simply an absence of restriction,
these data are consistent with a recent report suggesting that similar mutants of
IFITM3 enhance SARS-CoV-2 infection (27). These data suggest that the localization of
IFITM2 to endosomes or its recruitment to clathrin-coated pits at the plasma mem-
brane is key to its inhibition of SARS-CoV-2 entry.

The polybasic cleavage site determines sensitivity to IFITM2 in the presence or
absence of TMPRSS2. A major difference between the spike protein of SARS-CoV-2
and that of the majority of the phylogenetically related bat sarbecoviruses, including
SARS-CoV-1, is the presence of the polybasic cleavage site at the S1/S2 boundary (Fig.
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FIG 2 Replication-competent SARS-CoV-2 and PLVs of SARS-CoV-2 are inhibited by IFITM2 in A549-ACE2 cells. (A) Representative
immunoblot of A549-ACE2 cells stably expressing IFITM1, IFITM2, and IFITM3. Of note, the antibody to IFITM2 and IFITM3 recognizes
both proteins. (B) A549-ACE2-IFITM cells were infected with influenza A virus (IAV), and infection was quantified by luciferase activity
24 h later. (C) A549-ACE2-IFITM cells were transduced with SARS-CoV-2 PLVs for 48 h, and infection was quantified by luciferase
activity. (D) A549-ACE2-IFITM cells were infected with replication-competent SARS-CoV-2 for 48 h at MOI of 0.005, 0.01, and 0.05.
Supernatant was then used to infect Vero E6 cells for 24 h, and cells were stained for nucleocapsid protein. (E) Representative
immunoblot of A549-ACE2 cells stably expressing IFITM2 and IFITM2 Y19F. (F) A549-ACE2 IFITM cells used for panel E were infected
with IAV, and infection was quantified by luciferase activity 24 h later. (G) SARS-CoV-2 PLVs were used to transduce A549-ACE2-
IFITM2 and the Y19F mutant, and infection was quantified 48 h later by luciferase activity. (H) Replication-competent SARS-CoV-2 was
used to infect A549-ACE2-IFITM2 cells or A549-ACE2 cells stably expressing IFITM2 or IFITM2 Y19F at an MOI of 0.005. Supernatant
was used to infect Vero E6 cells for 24 h, and cells were N stained as for panel C. RU, relative units; RLU, relative luminescence units.
All data are means and SEM (n = 3). *, P , 0.05 (unpaired t test, calculated in Prism).
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FIG 3 The presence or absence of a polybasic cleavage site determines sensitivity to IFITM2. (A) Alignment of the S1/S2 boundary in SARS-CoV-1 and
SARS-CoV-2 with mutants where PRRA has been inserted/deleted. Alignment was created in Clustal Omega. (B) Representative immunoblot of PLVs of
SARS-CoV-1, SARS-CoV-1 PRRA, SARS-CoV-2, and SARS-CoV-2DPRRA. (C) PLVs of SARS-CoV-1, SARS-CoV-1 PRRA, SARS-CoV-2, and SARS-CoV-2DPRRA were
titrated on A549-ACE2 or A549-ACE2-TMPRSS2 cells, and infectivity was measured by luciferase assay 48 h later. (D and E) PLVs of SARS, as described for
panels B and C, were used to transduce A549-ACE2-IFITM cells (D) or A549-ACE2-TMPRSS2-IFITM cells (E) for 48 h, and infection was measured by luciferase
activity. Infection was normalized to empty vector cells. RLU, relative luminescence units. All data are means and SEM (n = 3). *, P , 0.05 (unpaired t test,
calculated in Prism).
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3A). This facilitates the processing of spike to S1/S2 during viral assembly in the pro-
ducer cell rather than during entry into the target cell. As this feature has been pro-
posed to be associated with the increased transmissibility of SARS-CoV-2, we hypothe-
sized that it might affect the sensitivity of the virus to IFITM2. To investigate this, we
deleted the polybasic cleavage site from SARS-CoV-2 (while preserving the adjacent RS
serine protease cleavage site) and swapped the corresponding region from (P681-A684)
SARS-CoV-2 into SARS-CoV-1, generating SARS-CoV-2DPRRA and SARS-CoV-1 PRRA,
respectively (Fig. 3A). We made PLVs of these mutants and analyzed spike expression
and virion incorporation by Western blotting using a polyclonal antibody against
SARS-CoV-1/2 S2 (Fig. 3B). We found that all spike proteins were equivalently
expressed in the transfected producer 293T-17 cells. As expected, the SARS-CoV-1
spike existed predominantly as the S1/2 precursor on pelleted virions in the superna-
tant. In contrast, processed S2 was the predominant species found on virions pseudo-
typed with SARS-CoV-2 spike, indicating furin-mediated cleavage during virion assem-
bly. As expected, SARS-CoV-2DPRRA was not cleaved. Insertion of the SARS-CoV-2
cleavage site into SARS-CoV-1 was sufficient to lead to processed spike; however, this
was not as efficient as in SARS-CoV-2, with virions incorporating both cleaved and
uncleaved spike (Fig. 3B). In keeping with results from others in Vero E6 cells, in A549
cells SARS-CoV-2DPRRA PLVs had a marked increase in infectivity of approximately 50-
fold in A549-ACE2 cells compared to the wild-type spike, approaching the infectivity of
SARS-CoV-1 (Fig. 3C) (4). Addition of the PRRA site to SARS-CoV-1 slightly reduced
titers. Since SARS-CoV-2 requires TMPRSS2 in the target cells to activate spike for entry,
we overexpressed TMPRSS2 in A549-ACE2 cells by retroviral transduction. This specifi-
cally enhanced infection of SARS-CoV-2 PLVs, indicating that, in the absence of
TMPRSS2 expression, much of the SARS-CoV-2 inoculum is not infectious in these cells.

We then tested IFITM sensitivity of these PLVs in A549-ACE2 cells with and without
TMPRSS2 overexpression (Fig. 3D and E). As expected, SARS-CoV-2 PLVs were sensitive
to both IFITM1 and IFITM2 in A549-ACE2 cells (Fig. 3D). SARS-CoV-1 PLVs were signifi-
cantly more sensitive to IFITM2 but displayed no restriction by IFITM1, suggestive of
distinct subcellular site of entry between SARS-CoV-1 and SARS-CoV-2. Interestingly,
deletion of PRRA in SARS-CoV-2 rendered this spike as sensitive as SARS-CoV-1 to
IFITM2 and slightly reduced the IFITM1 sensitivity. In contrast, the addition of a cleav-
age site to SARS-CoV-1 significantly reduced IFITM2 sensitivity, albeit not to the levels
of the fully cleaved SARS-CoV-2 spike. When we overexpressed TMPRSS2, we found
that while IFITM1 sensitivity of SARS-CoV-2 could be abolished, this was not sufficient
to rescue SARS-CoV-2 or SARS-CoV-2DPRRA from IFITM2 (Fig. 3D). Thus, the presence
of the polybasic cleavage site markedly reduces the sensitivity of SARS-CoV-2 S-medi-
ated entry to IFITM2, suggesting that it affects the route of entry into the cell and dis-
tinguishes this virus from SARS-CoV-1.

To address the effects of spike cleavage on route of entry, we first determined the
pH sensitivity of the spike cleavage mutants using concanamycin A (ConA), an inhibitor
of the vacuolar ATPase in late endosomes (Fig. 4A). As expected, SARS-CoV-1 PLVs
were exquisitely sensitive (1,000-fold) to ConA inhibition in A549-ACE2, indicating that
entry occurred exclusively in a low-pH endosomal compartment. In the presence of
TMPRSS2, SARS-CoV-1 pH sensitivity was reduced, but entry still remained 20- to 50-
fold lower, suggesting that any enhanced S29 processing was not sufficient to abolish
pH-dependent entry. Similarly, while insertion of a partially processed polybasic cleav-
age site in SARS-CoV-1 reduced but did not abolish pH-dependent entry in either cell
type. In contrast, entry of SARS CoV-2 PLVs was only mildly affected (2- to 3-fold) by
ConA treatment irrespective of TMPRSS2 overexpression, indicating that most viral
entry occurred at neutral pH and that TMPRSS2 enhanced entry at this point rather
than elsewhere in the cell. Similar to SARS-CoV-1, deletion of the PRRA site from SARS-
CoV-2 rendered PLVs strictly pH dependent without affecting titers. In keeping with
these data, unlike SARS-CoV-2-, SARS-CoV-1-, and SARS-CoV-2DPRRA-mediated entry
was inhibited by the endosomal cathepsin inhibitor E64D but not the TMPRSS inhibitor
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FIG 4 SARS-CoV-2 and SARS-CoV-2DPRRA differ in preferential route of entry. (A) A549-ACE2 and A549-ACE2-TMPRSS2 cells were treated
with 100 nM concanamycin for 1 h and transduced with SARS PLVs. Infection was determined by luciferase activity 48 h later. Black,

(Continued on next page)
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camostat (Fig. 4B to I). In contrast, SARS-CoV-2 was sensitive to E64D only in TMPRSS2-
overexpressing cells. Together, these data suggest that S1/S2 cleavage by furin in the
producer cell promotes TMPRSS2-mediated entry at the plasma membrane, or soon af-
ter internalization, and abolishes the requirement for cathepsin-mediated processing
in the acidic endosomal compartments. The data further suggest that in the absence
of abundant TMPRSS2 at the cell surface, the processed SARS-CoV-2 cannot efficiently
enter through a low-pH compartment. Thus, the PRRA site dictates the route of entry
into the cell and therefore its sensitivity to IFITM proteins that occupy different cellular
locations.

IFITM2 contributes to the antiviral restriction of SARS-CoV-2 by IFN-b. Having
established that IFITM2 can restrict SARS-CoV-2 depending on its mechanism of entry,
we wanted to determine how much of the inhibition of replication-competent SARS-
CoV-2 by IFN-b and IFN-g could be attributed to IFITM2. We examined the expression
of IFITM2 and IFITM3 in IFN-treated A549-ACE2 and observed a robust upregulation of
both IFITM2 and IFITM3 following treatment with IFN-b . In contrast, while IFITM3 was
also robustly induced by IFN-g, IFITM2 was weakly induced (Fig. 5A). Using small inter-
fering RNAs (siRNAs) against IFITM2 that rescued SARS-CoV-2 replication in A549-ACE2-
IFITM2 cells (Fig. 5B and C), we then knocked down IFITM2 in the context of pretreating
A549-ACE2 cells with IFN-b or IFN-g and challenged the cells with SARS-CoV-2, meas-
uring infectious virus output on Vero E6 cells 48 h later (Fig. 5D and E). IFITM2 depletion
substantially relieved the inhibition of viral replication by IFN-b treatment, whereas that
induced by IFN-gwas only modestly alleviated. This was reflected in the 20-fold increase in
the IC50 of IFN-b , but only a 2-fold increase in IFN-g, indicating that in these cells IFITM2 is
a major component of the type I IFN-antiviral state protecting cells from SARS-CoV-2 (Fig.
5F). Furthermore, in A549-ACE2 cells overexpressing TMPRSS2, the knockdown of IFITM2
essentially abolished all the antiviral activity of pretreating the cells with IFN-b (Fig. 5G).
Thus, IFITM2-mediated entry restriction is a major type I IFN activity that constitutes an
antiviral state, blocking the replication of SARS CoV-2.

DISCUSSION

In this study, we provide evidence that IFITM2 has potent inhibitory activity against
SARS-CoV-2 entry and constitutes at least part of the antiviral activity conferred by
treatment of target cells with IFN-b . Furthermore, we find that the presence or ab-
sence of the polybasic cleavage site, which facilitates pH-independent entry of SARS-
CoV-2, modulates the sensitivity of the virus to IFITM2. In contrast to SARS-CoV-1 and
other related SARS-like CoVs in bats, SARS-CoV-2 is distinguished by the presence of a
furin cleavage site at the S1/S2 boundary (4). This leads to the spike on SARS-CoV-2 vi-
rions being predominantly cleaved in the producer cell rather than by cathepsins dur-
ing endocytic entry into the target cell and renders its entry pH independent, suggest-
ing that fusion occurs at, or near, the cell surface. Recent evidence further indicates
that furin cleavage generates a C-terminal ligand on S1 that interacts with neuropilin-1
(NRP-1) on the surface of target cells in the lung (28, 29). The role of NRP-1 is not com-
pletely clear, but there is some suggestion that it may stabilize the attachment of
SARS-CoV-2 at the cell surface to facilitate either ACE2 interaction or processing of the
S29 site by TMPRSS2. Structural analyses of the SARS-CoV-2 spike trimer further show
that furin-mediated cleavage facilitates at least one RBD to adopt an erect conforma-
tion that would further promote ACE2 interaction (9). Interestingly, deletion of the
PRRA is not detrimental to SARS-CoV-2 entry in all cell types in culture, and in
TMPRSS2-low Vero E6 cells, the furin cleavage site is rapidly lost upon passage, sug-
gesting that it can actively hinder infection (6). Herein, we show that while wild-type

FIG 4 Legend (Continued)
nontreated; gray, concanamycin. (B to E) A549-ACE2 and A549-ACE2-TMPRSS2 cells were treated for 1 h with E64d or camostat and
subsequently transduced with PLVs of SARS-CoV-2 or SARS-CoV-2DPRRA, and infection was detected by luciferase activity 48 h later. (F to I)
A549-ACE2 or A549-ACE2-TMPRSS2 cells were treated with E64d or camostat for 1 h and transduced with PLVs of SARS-CoV-1 or SARS-CoV-
1 PRRA, and infection was detected by luciferase activity 48 h later. RLU, relative luminescence units. All data are means and SEM (n = 3).
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spike-mediated entry is insensitive to inhibition of endosomal pH, the cleavage mutant
is strictly dependent on endosome acidification and cathepsins.

Interestingly, for efficient entry, SARS-CoV-2 requires high TMPRSS2 expression to acti-
vate the fusion mechanism by cleaving S29. However, in cells where TMPRSS2 is limiting,

FIG 5 siRNA of IFITM2 rescues IFN-b-mediated restriction of replication competent SARS-CoV-2. (A) Representative immunoblot of A549-ACE2 treated with
different amounts of IFN-b or IFN-g for 18 h. (B and C) A549-ACE2 cells were transfected with siRNAs against nontargeting control or IFITM2; supernatants
were used to infect Vero E6 cells for 24 h, and cells were stained for nucleocapsid protein. (D and E) A549-ACE2 cells were pretreated with IFN-b and IFN-g
for 18 h and infected with replication-competent SARS-CoV-2 at an MOI of 0.005. Infected supernatant was used to infect Vero E6 cells for 24 h, and cells
were stained for N protein. (F) IC50s for panels D and E were calculated in Prism. (G) A549-ACE2-TMPRSS2 were transfected with siRNAs against
nontargeting control or IFITM2 when seeding and prior to IFN treatment. Cells were treated with IFN-b and infected with replication-competent SARS-CoV-
2 at an MOI of 0.005 18 h later. Infected supernatant was used to infect Vero E6 cells for 24 h, and cells were stained for N protein. RU, relative units. All
data are means and SEM (n = 3).
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SARS-CoV-1 and SARS-CoV-2DPRRA entry is far more efficient. Thus, in its uncleaved form,
SARS-CoV-2 spike can mediate entry in endosomes, but in its mature form, entry cannot
be rescued in low-pH compartments of TMPRSS2-low cells. This implies that the cleaved
spike is unstable at endosomal pH, and, interestingly, recent studies from the Kwong
group indicate that conformational dynamics of the RBD are also pH sensitive (30). Despite
this potential greater fragility of the SARS-CoV-2 trimer, the furin cleavage site appears to
be essential for replication in primary airway epithelium and for transmission in ferret mod-
els (5). We suggest that one of the reasons pH-independent fusion at or near the cell sur-
face is maintained is to mitigate the antiviral activity of IFITM proteins, particularly IFITM2.
We note that insertion of the PRRA site into SARS-CoV-1 does not result in cleavage of
spike to the same extent as in SARS-CoV-2 or fully rescue sensitivity to IFITM2. We expect
that this is due to other differences in the structure of these spikes besides the S1/S2
boundary, such as in the RBD.

The localization of IFITMs largely defines which viruses they restrict. While they can
be incorporated into nascent virion membranes and exert an antiviral effect there,
their best-studied mechanism of action is to prevent fusion of an incoming virus at the
target cell membrane (14). IFITM1 is predominantly found at the plasma membrane,
whereas IFITM2 and IFITM3 occupy endosomal compartments by virtue of a conserved
endocytic signal. Palmitoylation of the intracellular loop of the IFITM stabilizes their
conformation in the membrane and promotes their homo- and heterotypic interac-
tions (31). The current model for their action is that IFITM-IFITM interactions exert a
level of positive curvature to the target membrane that arrests enveloped viral entry at
the hemi-fusion stage (32). IFITM3 is particularly potent against influenza viruses, and
its redistribution away from early endosomes by mutating the endocytic site in the
cytoplasmic tail abolishes its antiviral activity (24, 33). Less is known about IFITM2,
although it has been shown to inhibit a number of other enveloped viruses that enter
in later endosomes (13, 23). Of note, human IFITM2 and -3 differ from each other by
only 10 amino acids, and yet their restriction patterns are not interchangeable. While
IFITM2 and -3 are localized in endosomal compartments, they traffic via the cell sur-
face, and their recruitment into clathrin-coated pits would imply that they may have
some activity at viral entry sites at the plasma membrane as well. However, our obser-
vations that IFITM2, but not IFITM3, in the A549 system inhibits SARS-CoV-1 and -CoV-
2 suggests that neither virus fuses significantly in a cellular compartment occupied by
IFITM3 in this cell type. It is not yet clear which cell type most accurately models the
interactions of SARS-CoV-2 and IFITMs in the lung; however, it is likely that the choice
of cell and whether overexpression of IFITMs is transient or stable affect the pattern of
IFITM restriction of SARS-CoV-2. Furthermore, cell type specificity in IFITM localization
(due to endocytic rate, etc.) and heterotypic interactions between IFITMs suggest that
when all are coexpressed, they may form a more complex barrier to enveloped virus
fusion than an individual IFITM alone.

Studies on SARS-CoV-1 and recent papers and preprints on SARS-CoV-2 have shown
a variety of phenotypes with different IFITMs on both viral entry and cell-to-cell fusion
mediated by the spike protein (5, 19, 34). IFITM1 appears to block syncytium formation
between infected and uninfected cells, and this is overcome by TMPRSS2 expression,
which is consistent with our observations that in stably expressing cells, small effects
of IFITM1 on SARS-CoV-2 entry in A549-ACE2 cells can be abolished similarly (35).
Other data have implicated IFITM3 and demonstrated that it can be enhancing if its
expression is restricted to the cell surface (19). Most of these experiments were per-
formed in transiently transfected 293T cells with PLVs, and while the known determi-
nants of IFITM3 function are required, whether transient overexpression faithfully rep-
resents the localization and potency of IFITM2 and IFITM3 natural expression is
unclear. Furthermore, in mouse embryo fibroblasts, murine IFITM3 was shown to
impart an IFN-regulated block to SARS-CoV-2 infection. However, it should be borne in
mind that human IFITM2 and IFITM3 are more closely related to each other than either
of them is to mouse IFITM3. Given the amount of positive selection that has occurred
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in the mammalian IFITM locus, species-specific differences in the spectrum of viruses
restricted by mammalian IFITM orthologues should be expected (36).

Here, we find that stable ectopic expression of IFITM2 and to some extent IFITM1
restricts both the entry of PLVs and the replication of the SARS-CoV-2 virus itself in
A549-ACE2 cells. The enhanced sensitivity of the PRRA mutant of SARS-CoV-2 and
SARS-CoV-1 to IFITM2 is entirely consistent with their dependence on low-pH compart-
ments for cathepsin cleavage. By restricting IFITM2 to the plasma membrane and the
outside of clathrin-coated pits by abolishing AP2 interaction, we see enhancement
effects similar to those seen by the Yount group with IFITM3 (34). Why this happens is
not known, but given the effects that IFITMs have on membrane fluidity, this may be
an indirect effect on the surface levels and distribution of entry cofactors at the plasma
membrane. It also suggests why there may be an association of the rs12252-C poly-
morphism that expresses an N-terminally truncated IFITM3 with COVID-19 severity
(37). Restriction by IFITM2 but not IFITM3 is surprising. This would suggest not only
that IFITM2 localization is limited to later endosomes than IFITM3 but also that it may
reside in distinct localizations at or near the plasma membrane dependent on its AP2-
binding site.

In addition to examining the sensitivity of SARS-CoV-2 to individual IFITM proteins,
we also showed that IFITM2 knockdown is sufficient to alleviate much of the antiviral
effect of pretreating A549 cells with type I, but not type II, IFN. Studies from many
groups have shown that while SARS-CoV-2 is a poor inducer of IFN responses in
infected cells early in the replication cycle, it is highly sensitive to pretreatment of tar-
get cells by type I, II, and III IFNs (17, 18, 38). This suggests the potential for multiple
ISGs to restrict SARS-CoV-2 replication and has raised the possibility of IFNs as possible
treatments for COVID-19 (39). The role of IFNs in SARS-CoV-2 pathogenesis is complex.
Genetic lesions in pattern recognition and IFN signaling as well as serum autoantibod-
ies that neutralize type I IFNs are associated with risk of severe coronavirus disease
2019 (COVID-19) (40). However, dysregulated or delayed IFN responses driving sys-
temic inflammation may underlie some of the pathology in COVID-19 (41).
Understanding which aspects of the IFN response are antiviral against SARS-CoV-2 is
thus of very high importance.

In A549-ACE2 cells, IFITM2 is more potently induced by IFN-b than IFN-g, and its
knockdown substantially reduces the sensitivity of the virus to IFN-b-induced restric-
tion. The sequence similarity between IFITM2 and IFITM3 means that it is difficult to
knock down one without affecting the other. The lack of IFITM3 restriction when
expressed alone and its potent expression after both IFN-b and IFN-g treatment would
argue against IFITM3 playing the major role. However, given that IFITMs can interact
with each other, we cannot rule out the possibility that IFITM1 or IFITM3 plays a role in
potentiating IFITM2’s antiviral activity after IFN induction. The former is a distinct possi-
bility, as IFITM2 knockdown fully rescues SARS-CoV-2 from IFN-b treatment in cells
overexpressing TMPRSS2. Since we found that the minor restriction conferred by IFITM1
alone is abolished by TMPRSS2 expression, a plausible explanation is that more robust S29
activation of SARS-CoV-2 spike at the cell surface overcomes IFITM1inhibition by saturating
its activity (42). While it is surprising that IFN-b has no effect in these cells when IFITM2 is
knocked down, we would caution against interpreting that IFITM2 is the only ISG targeting
SARS-CoV-2 replication. The rapidity and burst size of SARS-CoV-2 replication in culture may
render other relevant antiviral proteins difficult to measure. Furthermore, the virus encodes
a number of antagonists of antiviral pathways (43). As shown clearly by the IFN-g phenotype,
expression of other ISGs or their differential regulation may make a given antiviral more or
less potent. Of note, the IFN-g-mediated inhibition of SARS-CoV-2 has been demonstrated to
be in part mediated through the zinc-finger antiviral protein (ZAP) (38).

Despite the sensitivity of SARS-CoV-2 to IFITM2, deletion of the PRRA cleavage site
in spike substantially potentiates its antiviral activity. In most cells in culture expressing
low levels of TMPRSS2, furin cleavage is detrimental to entry, and in A549 cells, this can
be rescued to mutant levels of entry by ectopic expression of TMPRSS2. In primary
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lung epithelial cells, however, the wild-type spike is clearly superior and outcompetes
the mutant as well as being more transmissible in ferret models (5). Epithelial barrier
tissues constitutively express a level of ISGs through the tonic activity of type I IFNs
(44). Therefore, it is tempting to speculate that the selection pressure for maintaining
this attribute in SARS-CoV-2 spike is in part to promote cell surface fusion in target
cells that already express IFITM2. Interestingly, Peacock et al. have shown that an
equivalent PRRA mutant virus can be rescued in lung epithelial cells by the antifungal
drug amphotericin B, known to disrupt IFITM function (5). Addition of a partially
active PRRA cleavage site is not sufficient to reduce the IFITM2 restriction of SARS-
CoV-1 S to that of SARS-CoV-2, and thus, other determinants in spike are likely to
modulate sensitivity.

In summary, we show that IFITM2 is a key antiviral protein targeting SARS-CoV-2
entry and its activity is modulated by the furin cleavage site in spike. These data there-
fore suggest that therapeutic strategies which upregulate IFITM2 in epithelial tissues
or inhibit furin-mediated cleavage of spike may render the virus more sensitive to
innate-immune mediated control.

MATERIALS ANDMETHODS
Cell lines and plasmids. 293T-17 (ATCC), A549-ACE2, A549-ACE2-TMPRSS2, Calu3 (ATCC), Vero E6, and

A549-ACE2 cells expressing the individual IFITM proteins were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Gibco) with 10% fetal bovine serum (FBS) (Invitrogen) and 200mg/ml gentamicin (Sigma) and incu-
bated at 37°C and 5% CO2. Codon-optimized SARS-CoV-1 spike was synthesized by GeneArt, and codon-opti-
mized SARS-CoV-2 spike and ACE2 were kindly provided by Nigel Temperton. Plasmid containing the
TMPRSS2 gene was kindly provided by Caroline Goujon. The following mutants of spike or IFITMs
were generated with a Q5 site-directed mutagenesis kit (E0554) following the manufacturer’s instruc-
tions: SARS-CoV-2 spike DPRRA (AGAAGCGTGGCCAGCCAG, GCTATTGGTCTGGGTCTGGTAG), SARS-
CoV-1 spike PRRA (AGAGCCCGGAGCACCAGCCAGAAA, TCTAGGCAGCAGAGACACGGTGTG), IFITM2
Y19A (GCCTCCCAACgctGAGATGCTCAAGGAGGAG, TGGCCGCTGTTGACAGGA), and IFITM2 Y19F
(GCCTCCCAACtttGAGATGCTCAAGGAG, TGGCCGCTGTTGACAGGA).

A549 stable cell lines expressing ACE2 (pMIGR1-puro), TMPRSS2 (IRES-neoWPRE), and IFITMs (pLHCX)
were generated through transducing cells with lentiviral or retroviral vectors packaged with HIV Gag-Pol
(8.91) or murine leukemia virus (MLV) Gag-Pol and vesicular stomatitis virus G protein (VSV-G). Cells
were incubated with lentiviral or retroviral vectors for 4 h. Corresponding antibiotic selection was added
24 h after transduction.

Production of PLVs and infection. 293T-17 cells were transfected with firefly luciferase-expressing
vector (CSXW), HIV Gag-Pol (8.91), and spike at a ratio of 1.5:1:0.9mg using 35ml of PEI-MAX as previ-
ously described (45). Medium was changed 18 h later, and vectors were harvested through a 0.45-mm fil-
ter 48 h after transfection. Viral supernatant was then used to transduce each cell line of interest for 48
h, and readout was measured with a Promega Steady-Glo luciferase assay system (E2550).

Passage and titration of SARS-CoV-2. PHE England strain 02/2020 was propagated in Vero E6 cells,
and titers were determined by plaque assay (46). Vero E6 cells were infected with serial dilutions of
SARS-CoV-2 for 1 h. Subsequently, 2� overlay (DMEM, 2% FBS, and 0.1% agarose) medium was added,
and infected cells were fixed and stained with crystal violet at room temperature 72 h later. Plaques
were counted, and MOI was calculated for subsequent experiments.

Infection with replication-competent SARS-CoV-2. A549-ACE2 cells (1.5� 105) were infected for 1
h at 37°C with replication-competent SARS-CoV-2 at an MOI of 0.005. Medium was replaced, and cells
were incubated for 48 h at 37°C. Forty-eight hours later, cells were harvest for RNA extraction or protein
analysis, and the supernatant was used to infect Vero E6 cells to measure virus infectivity.

Interferon assays. Cells were treated with different doses of IFN-a (Invitrogen; 111001) IFN-b (PBL
Assay Science; 11415-1), IFN-g (Peprotech; 300-02), or IFN-l (Peprotech; 300-02L) for 18 h prior to infec-
tion. Medium was changed for virus or PLVs the following day, and the infection was measured by
Steady-Glo assay, qPCR, or N staining 48 h later.

siRNA knockdown of IFITM2. A549-ACE2 cells (1� 105) were reverse transfected using 20 pmol of
nontargeting siRNA (Dharmacon catalog no. D-001206-13-20) or IFITM2 siRNA (Dharmacon catalog no.
M-020103-02-0010) and 1 ml of RNAi Max (Invitrogen). Cells were incubated for 24 h prior to a second
round of reverse transfection. Eight hours later, cells were treated with different doses of IFN-b or IFN-g
as described above.

Following 16 h of IFN treatment, cells were infected with replication-competent SARS-CoV-2 at an
MOI of 0.005, as described above. Forty-eight hours after infection, cells were harvested for protein anal-
ysis, and the supernatant was used to measure virus infectivity by N staining.

RT-qPCR. RNA from infected cells was extracted using Qiagen RNeasy (Qiagen RNeasy minikit;
74106) following the manufacturer’s instructions. One microliter of each extracted RNA was used to per-
formed one-step RT-qPCR using TaqMan fast virus one-step master mix (Invitrogen). The relative quanti-
ties of nucleocapsid (N) gene were measured using a SARS-CoV-2 (2019-nCoV) CDC qPCR probe assay
(IDT DNA Technologies).
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SARS-CoV-2 N staining. Vero E6 cells (2� 104) were infected for 1 h with 50 ml of undiluted or 1/10-
diluted virus supernatant. Following infection, 50 ml of 2� overlay (DMEM, 2% FBS, and 0.1% agarose)
medium was added to infected cells. Twenty-four hours later, cells were fixed using 4% paraformalde-
hyde for 30 min at room temperature. Fixed cells were permeabilized with 0.1% Triton for 15 min,
blocked using 3% milk, and incubated for 45 min with anti-human anti-SARS-CoV-2 N (CR3009).
Following incubation, cells were washed with 1� phosphate-buffered saline (PBS) and incubated with
secondary antibody, goat anti-human IgG (Fc) peroxidase conjugate (Sigma A0170), for 45 min. Finally,
the presence of N protein was determined using 1-Step Ultra TMB-ELISA substrate solution (Thermo
Fisher).

Drug assays. Cells were pretreated with camostat mesylate (Sigma; SML0057), E64D (Sigma; E8640),
or concanamycin (Cayman Chemicals; 80890-47-7) for 1 h at 37°C prior to transduction. Cells were then
transduced with PLVs for 48 h, and infection was determined by luciferase activity.

Influenza A virus multicycle replication assay. Cells were infected with a NanoLuc luciferase-
tagged influenza A virus (A/WSN/33), WSN-PASTN, a kind gift from Andrew Mehle (University of
Wisconsin–Madison, Madison, WI, USA) (47). The inoculum was prepared in serum-free DMEM, and cells
were inoculated at an MOI of 0.001 for 1 h at 37°C. After inoculation, cells were washed in PBS and
grown in Opti-MEM (Gibco). NanoLuc expression was measured at 24 h postinfection using the Nano-
Glo luciferase assay system (Promega) according to the manufacturer’s instructions.

SDS-PAGE and Western blotting. Cellular samples were lysed in reducing Laemmli buffer at 95°C
for 10 min. Supernatant samples were centrifuged at a relative centrifugal force (RCF) of 18,000 through
a 20% sucrose cushion for 1 h at 4°C prior to lysis in reducing Laemmli buffer. Samples were separated
on 8 to 16% Mini-Protean TGX precast gels (Bio-Rad) and transferred onto nitrocellulose membranes.
Membranes were blocked in milk prior to detection with the following antibodies: 1:1,000 rabbit anti-
ACE2 (Abcam; Ab108209), 1:1,000 rabbit anti-TMPRSS2 (Abcam; Ab92323), 1:2,000 mouse anti-actin
(Abcam; Ab6276), 1:5,000 rabbit anti-GAPDH (Abcam; Ab9485), 1:5,000 mouse anti-HSP90 (Genetex;
Gtx109753), 1:50 mouse anti-HIV-1 p24Gag (48), 1:1,000 mouse anti-spike (Genetex; Gtx632604), 1:3,000
mouse anti-IFITM1 (Proteintech; 60074-1-Ig), 1:3,000 rabbit anti-IFITM2 (Proteintech; 12769-1AP), and
1:3,000 rabbit anti-IFITM3 (Proteintech; 11714-1-AP). Proteins were detected using Li-Cor and ImageQuant LAS
4000 cameras.
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ABSTRACT The appearance of new dominant variants of concern (VOC) of severe
acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) threatens the global
response to the coronavirus disease 2019 (COVID-19) pandemic. Of these, the
alpha variant (also known as B.1.1.7), which appeared initially in the United
Kingdom, became the dominant variant in much of Europe and North America in
the first half of 2021. The spike (S) glycoprotein of alpha acquired seven mutations
and two deletions compared to the ancestral virus, including the P681H mutation
adjacent to the polybasic cleavage site, which has been suggested to enhance S
cleavage. Here, we show that the alpha spike protein confers a level of resistance
to beta interferon (IFN-b) in human lung epithelial cells. This correlates with re-
sistance to an entry restriction mediated by interferon-induced transmembrane
protein 2 (IFITM2) and a pronounced infection enhancement by IFITM3. Furthermore,
the P681H mutation is essential for resistance to IFN-b and context-dependent resist-
ance to IFITMs in the alpha S. P681H reduces dependence on endosomal cathepsins,
consistent with enhanced cell surface entry. However, reversion of H681 does not
reduce cleaved spike incorporation into particles, indicating that it exerts its effect on
entry and IFN-b downstream of furin cleavage. Overall, we suggest that, in addition to
adaptive immune escape, mutations associated with VOC may well also confer a repli-
cation and/or transmission advantage through adaptation to resist innate immune
mechanisms.

IMPORTANCE Accumulating evidence suggests that variants of concern (VOC) of
SARS-CoV-2 evolve to evade the human immune response, with much interest
focused on mutations in the spike protein that escape from antibodies. However, re-
sistance to the innate immune response is essential for efficient viral replication and
transmission. Here, we show that the alpha (B.1.1.7) VOC of SARS-CoV-2 is substan-
tially more resistant to type I interferons than the parental Wuhan-like virus. This cor-
relates with resistance to the antiviral protein IFITM2 and enhancement by its
paralogue IFITM3. The key determinant of this is a proline-to-histidine change at posi-
tion 681 in S adjacent to the furin cleavage site, which in the context of the alpha
spike modulates cell entry pathways of SARS-CoV-2. Reversion of the mutation is suffi-
cient to restore interferon and IFITM2 sensitivity, highlighting the dynamic nature of
the SARS CoV-2 as it adapts to both innate and adaptive immunity in the humans.
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Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

Copyright © 2022 Lista et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Stuart J. D. Neil,
stuart.neil@kcl.ac.uk.

The authors declare no conflict of interest.

Received 10 August 2022
Accepted 10 October 2022
Published 9 November 2022

December 2022 Volume 96 Issue 23 10.1128/jvi.01250-22 1

PATHOGENESIS AND IMMUNITY

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
16

 J
an

ua
ry

 2
02

3 
by

 1
93

.6
1.

76
.3

7.

https://orcid.org/0000-0002-3185-1073
https://orcid.org/0000-0002-2736-8740
https://orcid.org/0000-0003-4600-2047
https://orcid.org/0000-0002-6263-9497
https://orcid.org/0000-0002-6650-3634
https://orcid.org/0000-0003-3306-5831
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/jvi.01250-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01250-22&domain=pdf&date_stamp=2022-11-9


Both severe acute respiratory syndrome coronavirus type 1 (SARS-CoV-1) and SARS-
CoV-2 enter target cells through the interaction of their S proteins with the angioten-

sin-converting enzyme 2 (ACE2) cell surface receptor. Upon attachment and uptake, the S
glycoprotein trimer is cleaved by cellular proteases such as cathepsins and TMPRSS (trans-
membrane proteases serine subfamily) members at two positions—the S1/S2 junction and
the S29 site—to facilitate the activation of the fusion mechanism. Similar to more distantly
related beta-CoVs, but so far unique in known sarbecoviruses, the SARS-CoV-2 glycoprotein
contains a polybasic furin cleavage site (FCS) with a 681-PRRAR*S-685 sequence at the S1/
S2 junction. This allows the S precursor to be additionally processed to the S1 and S2 subu-
nits by furin-like proteases before viral release from the previously infected cell (1). This
leads to a proportion of processed S being present on the virion before engagement with
the target cell, allowing rapid activation and fusion at or near the cell surface by TMPRSS2.
The importance of the FCS is highlighted by the observations that it enhances SARS-CoV-2
replication specifically in airway epithelial cells and that it is essential for efficient transmis-
sion in animal models (2).

The alpha variant of SARS-CoV-2 arose in the southeast of England in autumn 2020
and rapidly spread across the world in the first months of 2021. Various studies sug-
gested that alpha had an increased transmissibility between individuals (3–5). Alpha
contains nine amino acid residue changes in S, including a deletion of amino acid resi-
dues H and V in the N-terminal domain (NTD) at position 69/70 (thought to increase S
incorporation into virions), a single amino acid deletion of Y144 (thought to assist NTD
antibody neutralization escape), and an N501Y mutation in the receptor-binding do-
main (RBD), which enhances ACE2 binding affinity (6, 7). Together, these changes have
been shown to reduce efficiency of neutralization by some antibodies (8), but com-
pared to the later variants of concern (VOC) delta and omicron, it is not thought to be
a major adaptive immune escape variant. Alpha also acquired a P681H change in the
FCS, which has been proposed to increase the accessibility of the site by furin, leading
to enhanced cleavage as well as more efficient cell-to-cell fusion and syncytium forma-
tion (9–12). Since early 2021, several other VOC have emerged with mutations in the
FCS, including kappa, delta, and omicron (12, 13). Both kappa and delta contained the
P681R mutation; however, only delta superseded alpha and became a globally domi-
nant variant in the summer of 2021. In late 2021, the delta variant was in turn displaced
by the omicron variant, which contains the P681H mutation in its FCS.

We and others have previously demonstrated that the ancestral SARS-CoV-2 is variably
sensitive to entry inhibition by the interferon-regulated interferon-induced transmembrane
protein (IFITM) family and that this can be modulated by the FCS (2, 14, 15). IFITM1, -2, and
-3 are transmembrane proteins that exert antiviral activity against diverse enveloped
viruses by blocking fusion of the viral and cellular membranes (16, 17). While IFITM1 local-
izes primarily to the plasma membrane, IFITM2 and IFITM3 are internalized via a conserved
YxxU endocytic motif to occupy both distinct and overlapping endosomal compartments.
However, it was demonstrated previously that the IFITM proteins can oligomerize with
each other in heterologous complexes (18, 19). The sensitivity of a given virus to individual
IFITM proteins is largely determined by its route of cellular entry. We showed previously
that for a prototypic Wuhan-like SARS-CoV-2 isolate from early 2020, IFITM2 reduced viral
entry and contributed to type I interferon (IFN-I)-induced inhibition in human cells (14).
Sensitivity to IFITM2 could be markedly enhanced by deletion of the FCS, suggesting that
furin processing ameliorated SARS-CoV-2 sensitivity to IFITM2 restriction at least to some
extent. We therefore postulated that the altered cleavage site of VOC with mutations in
the FCS may have consequences for their sensitivity to IFN-I and IFITMs. Here, we demon-
strate that of the alpha, beta, gamma, kappa, delta, and omicron variants, only the S of the
alpha variant is resistant to IFITM restriction in A549-ACE2-IFITM cells. We also demonstrate
that the DCT (cytoplasmic tail) mutation commonly used in improving SARS-CoV-2 pseu-
dotyped lentiviral vector (PLV) infectivity masks the IFITM resistance of alpha PLVs by con-
ferring increased cathepsin dependence. Furthermore, we show that the alpha variant is
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resistant to IFN-b in both A549-ACE2 and Calu-3 cells, and this resistance can be abolished
by reversion of the P681H mutation.

RESULTS
The S proteins of currently circulating variants display different sensitivities to

IFITMs in A549-ACE2 cells. Over 2020 and 2021, several major VOC arose—alpha
(B.1.1.7) in the United Kingdom, beta (B.1.351) in South Africa, gamma (P1) in Brazil,
delta (B.1.617.2) in India, and most recently the omicron family (B.1.1.529) in South
Africa (13). All of these variants have multiple changes in the S protein that could
potentially affect the entry process (Fig. 1). Of particular interest, the alpha, delta and
omicron variants contain mutations in the polybasic cleavage site which have been postu-
lated to enhance S cleavage: P681H in alpha and omicron and P681R in delta (20–22). We
therefore compared the sensitivity of PLVs bearing full-length, untruncated SARS-CoV-2

FIG 1 SARS-CoV-2 variants of concern spike sequences. Schematic of spike protein domains of the different variants of concern relative to the original
Wuhan spike sequence: alpha, beta, gamma, delta, and omicron. The different mutations between the variants are represented in red.
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spike proteins of these VOC to entry inhibition the presence of IFITM proteins. As
expected, all VOC PLVs produced were infectious on A549-ACE2 cells, although effi-
ciency was variable (see Fig. S1A in the supplemental material). We then used these
PLVs to infect A549-ACE2 cells stably expressing the individual IFITMs (Fig. S1B; Fig. 2A
to I). The spike protein with the D614G mutation, which became dominant early in the
first wave of the pandemic, displayed a sensitivity to IFITM2 similar to that of the previ-
ously characterized Wuhan-1 S but was resistant to both IFITM1 and IFITM3 (Fig. 2A
and B) (14, 23). We then compared the IFITM sensitivities of alpha, beta, gamma, kappa,
delta, and omicron (BA.1 and BA.2) as PLVs (Fig. 2C to I). The alpha S (Fig. 2C) appeared
completely insensitive to IFITM1, -2, and -3, while beta, gamma, kappa, delta, and both
omicron spikes retained some sensitivity to IFITMs 1 and/or 2. We noted that kappa
and delta (Fig. 2F and G), which both contain the P681R mutation, retained some sensi-
tivity to both IFITM1 and -2. Interestingly the alpha variant, and to some extent delta,
also appeared to be significantly enhanced by IFITM3. Such enhancement by IFITMs
has been previously documented in the human seasonal CoV OC43 and in SARS-CoV-2
under specific assay conditions when IFITM2 is knocked down postinfection in IFN-
treated cells (24, 25). To confirm the enhancement we observed with alpha was due to
IFITM3, we pretreated A549-ACE2-IFITM3 cells with cyclosporine H, a compound
known to drive IFITM3 to ubiquitin-dependent degradation (9, 25, 26). We found that
overnight treatment with CSH was able to reduce expression levels of all three IFITMs
and led to specific abolishment of IFITM3 enhancement of alpha PLVs while having no
effect on D614G PLVs (Fig. S1C to E).

The DCT mutation increases PLV infectivity but confers greater cathepsin de-
pendence and IFITM2 sensitivity to D614G and alpha PLVs. Deleting the last 19
amino acids of SARS-CoV-2 spike increases spike incorporation and infectivity of PLVs and
is common practice among many groups studying SARS CoV-2 (27, 28). Truncation of the
cytoplasmic tail results in the deletion of a suboptimal endoplasmic reticulum retention
signal (ERRS) and increased accumulation of the spike at the surface, where it is incorpo-
rated into PLVs. However, the site of coronavirus assembly is not at the plasma membrane,
and the spike goes through considerable posttranslational modifications in the ER-Golgi
apparatus intermediate compartment (ERGIC) (29). To test whether deletion of the last 19
amino acids affected IFITM phenotypes, we generated a D614GDCT mutant and tested
infectivity in A549-ACE2 cells of these PLVs relative to the full-length D614G spike as PLVs
(Fig. 3A). The DCT mutant exhibited a 28-fold boost in infectivity (Fig. 3A). However, the
D614GDCT PLVs were 2-fold more sensitive to IFITM2 (Fig. 3B). This was consistent with an
increase in sensitivity of these PLVs to E64d, an inhibitor of cathepsins B/L at both 2.5 mM
and 10 mM (Fig. 3C). Next, to confirm if there were phenotypic differences in the spike of
D614GDCT spikes during PLV production, D614G and D614GDCT PLVs were immuno-
blotted for spike and Gag in both the cell lysates and purified supernatant of PLV produc-
tion (Fig. 3D). Intriguingly, the D614GDCT mutant showed a 10-fold increase in S1/S2 proc-
essing (Fig. 3E). Although increased spike processing was surprising given an increased
dependence on cathepsins B and L, it could be that, although it was more processed, the
D614GDCT spike is in a conformation where the second cleavage site is less accessible,
resulting in increased cathepsin dependence. Finally, to confirm whether the DCT mutation
is sufficient to overcome the IFITM2 resistance observed with the alpha spike, alphaDCT
was generated and its IFITM sensitivity was tested (Fig. 3F). Strikingly, the DCT mutation
rendered the previously resistant alpha spike highly sensitive to IFITM2. Additionally, the 3-
fold enhancement we previously found with alpha in this system was abolished by the
DCT mutation. Overall, these data suggest that the ERRS plays a significant role in the post-
translational modifications of spike, and in turn, this has consequences for the route of viral
entry and sensitivity to antiviral proteins. Given the significant effect of this mutation on
IFITM sensitivity and route of entry of D614G and alpha viruses, we advise caution in inter-
preting data of phenotypes involving differential viral entry utilizing DCT spikes.

SARS-CoV-2 alpha variant is IFITM resistant. Next, we sought to confirm that the
native alpha virus demonstrated a phenotype on our IFITM-expressing cells similar to that
of the PLVs. We infected A549-ACE2 cells stably expressing the individual IFITMs with
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England-02, D614G, or alpha isolates and measured the percentage of N-positive cells by
flow cytometry (Fig. 4A and B) and the level of intracellular E RNA by quantitative PCR
(qPCR) (Fig. 4C) at 48 h postinfection. We found that England-02 and D614G isolates were
IFITM2 sensitive, while alpha was insensitive to inhibitory effects of all three IFITMs. Also,

FIG 2 IFITM sensitivity of SARS-CoV-2 variants of concern. IFITM sensitivity of PLVs bearing full-length Wuhan, D614G, alpha, beta, gamma, kappa, delta,
and omicron spike in A549-ACE2 cells stably expressing the individual IFITMs. PLV entry was quantified by luciferase activity 48 h after infection and
normalized to control (CONT) cells. Data are means and standard errors of the means (SEM; n = 3). Statistics were calculated in Prism using analysis of
variance (ANOVA). *, P = 0.05 relative to control values.
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we again noted significant enhancement of infection in the presence of IFITM3, consistent
with our PLV experiments. However, while alpha PLV is weakly enhanced by IFITM2, the
native virus was enhanced by IFITM1. We concluded that IFITM1 and -2 can enhance alpha
infection, but in a variable manner that may be due to the ability of IFITMs to cycle through
multiple cell compartments. Furthermore, both delta and omicron viruses displayed sensi-
tivity to both IFITM2 and IFITM3 (Fig. S2). Thus, the alpha variant of SARS CoV-2, unique
among the current VOC, is fully IFITM resistant in A549-ACE2s. Furthermore, the IFITM3
enhancement of alpha infection is reproducible between PLVs and native virus.

The alpha variant is less sensitive to IFN-b than an early pandemic isolate.
While previous data have indicated that the original Wuhan-like SARS-CoV-2 virus can delay
pattern recognition of viral RNA in target cells, its replication is highly sensitive to exogenous
IFN-I treatment in culture, in part determined by IFITM2 (30). Having confirmed that the

FIG 3 The DCT mutation in the D614G and alpha viruses confers IFITM2 sensitivity by increasing cathepsin dependence. (A) D614G or
D614GDCT PLVs were used to infect A549-ACE2 cells, and infectivity was measured by luciferase activity 48 h later. Raw relative light units
(RLU) are shown. (B) D614G or D614GDCT PLVs were used to infect A549-ACE2-IFITM cells, and infectivity was measured by luciferase activity
48 h later. Percent infection normalized to control values without IFITM is shown. (C) A549-ACE2 cells were pretreated with 2.5 mM or 10 mM
E64d prior to infection with D614G or D614GDCT PLVs for 48 h. Infection was measured by luciferase activity, and infection was normalized
to mock-treated cells. (D) Representative immunoblot of cell lysates and supernatant from PLV production. Supernatant was purified through
a 20% sucrose cushion for 1 h at 18,000 � g prior to lysis. (E) Quantification of the S2/S ratio in 3 independent immunoblots of the purified
supernatant used for panel D. (F) D614G, DCT, alpha, or alpha DCT PLVs were used to infect A549-ACE2-IFITM cells for 48 h, and infection
was quantified by luciferase activity. Infection is normalized to control values. Data are means and SEM (n = 3). Statistics were calculated in
Prism using ANOVA. Asterisks and daggers indicate significance (P , 0.05) between control cells and cells expressing individual IFITMs and
between different IFITM/drug conditions, respectively.

P618H Confers IFN Resistance to SARS-CoV-2 Alpha S Journal of Virology

December 2022 Volume 96 Issue 23 10.1128/jvi.01250-22 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
16

 J
an

ua
ry

 2
02

3 
by

 1
93

.6
1.

76
.3

7.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01250-22


alpha variant is resistant to IFITM expression when ectopically expressed, we then tested if
alpha was also more resistant to the effects of IFN-b , as suggested by others (31, 32).
Indeed, we found from measuring supernatant viral RNA 48 h after infection of A549-ACE2
cells that alpha is more resistant than England-02 to pretreatment with increasing doses of
IFN-b (Fig. 5A). Additionally, this was recapitulated in lung epithelial Calu-3 cells, which natu-
rally express ACE2 and TMPRSS2 (Fig. 5B). We further extended these observations to two

FIG 4 The alpha variant of SARS-CoV-2 is resistant to IFITMs. (A) Representative fluorescence-activated cell sorting plots of intracellular N
staining of infected A549-ACE2-IFITM cells. NI, noninfected; SSC, side scatter. (B) Quantification of intracellular N staining by flow cytometry
of A549-ACE2 IFITM cells infected with England-02, Wuhan D614G, and alpha. A549-ACE2 cells expressing the individual IFITMs were infected
with England-02, D614G, or alpha isolates for 48 h. Infection was measured by determining the percentage of N-positive cells by flow
cytometry. Data were analyzed in FlowJo. (C) Infection of A549-ACE2 stably expressing the individual IFITMs with England-02 and alpha
viruses at an MOI of 0.01. Infection was quantified by RT-qPCR of E gene relative to GAPDH 48 h later; values are E mRNA levels relative to
GAPDH. Data are means and SEM (n = 3). Statistics were calculated in Prism using ANOVA. Asterisks and daggers indicate significance (P ,
0.05) between control cells and individual IFITMs and between different IFITM/drug conditions, respectively.
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clinical isolates of alpha (clinical isolates 10 and 28) (Fig. 5C) and measured viral RNA in cell
lysates. This confirmed that two further clinical isolates of alpha grown from patient swabs
are also resistant to pretreatment with IFN-b . Finally, we showed that the alpha isolate is re-
sistant to exogenous IFN-b pretreatment by taking the supernatant from infected Calu-3
cells pretreated with IFN-b and measuring the viral infectivity by plaque assay on Vero-E6-
TMPRSS2 cells, confirming that the alpha variant still actively replicates in the presence of
IFN-b to produce infectious virions (Fig. 5D). Thus, in comparison to a representative exam-
ple of Wuhan-1-like SARS-CoV-2, the alpha variant has a marked resistance to IFN-I.

Discordance between the incorporation of furin-processed spike proteins into
lentiviral particles and native virions. It has been postulated that the P681R and
P681H mutations that have emerged in the delta, alpha, and omicron variants enhance
spike processing, which facilitates a more cell surface-based route of entry (33). However,
whether the P681R or P681H mutations confer a greater degree of S processing has been
debated (20, 34). We had previously identified cleavage at the S1/S2 boundary in the
Wuhan-1 virus as a factor in reduced IFITM2 sensitivity and therefore postulated that the
P681H mutation may lead to increased S1/S2 cleavage and explain why alpha is IFITM re-
sistant in A549-ACE2s. PLV particles assemble and bud at the plasma membrane (35) and

FIG 5 The alpha variant is resistant to IFN-b . (A) England-02 and alpha virus infection in A549-ACE2 cells pretreated
with IFN-b . Cells were pretreated with increasing concentrations of IFN-b for 18 h prior to infection with either
virus at 500 E mRNA copies/cell. Infection was quantified by RT-qPCR of E mRNA from the supernatant 48 h later
and normalized to the untreated control. (B) England-02 and alpha virus infection in Calu-3 cells pretreated with
IFN-b . Cells were pretreated with increasing concentrations of IFN-b for 18 h prior infection with either virus at
5,000 E copies/cell. Infection was quantified by RT-qPCR of E mRNA from the supernatant 48 h later and normalized
to the untreated control. (C) England-02 and clinical isolates of alpha virus infection in Calu-3 cells pretreated with
IFN-b and harvested as for panels A and B. Cells were pretreated with increasing concentrations of IFN-b for 18 h
prior to infection with either virus at 5,000 E copies/cell. Infection was quantified by RT-qPCR of cellular E mRNA
relative to GAPDH 48 h later and normalized to the untreated control. (D) Calu-3 cells were infected with England-
02 or alpha as for panel B, and supernatant from infected cells was used to infect Vero-E6-TMPRSS2 cells for 72 h.
The number of PFU per milliliter was determined by plaque assay. Data are means and SEM (n = 3). Statistics were
calculated in Prism using a t test. *, P , 0.05 for the different viruses at individual IFN concentrations.
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incorporate SARS-CoV-2 spike into virions, which reaches the cell surface by bulk antero-
grade transport because it escapes coatomer protein I (COPI)-mediated ER/Golgi retention
(29), and this process is enhanced by removal of the C-terminal 19 amino acid (aa) of spike
(36). In contrast, native CoV virions assemble at, and bud into, intracellular Golgi-derived
membranes and are then secreted.

While most studies have compared the incorporation of furin-cleaved spike in PLVs
to that of spike in lysates of SARS-CoV-2-infected cells, we compared S cleavage and
incorporation into sucrose-pelleted virions for sequence-verified isolates of the major
VOC and lentiviral pseudotypes made with the same spike (Fig. 6A to F). In contrast to
the HEK293T cells producing PLVs, Vero-E6-TMPRSS2 cells infected with fixed doses of
the Wuhan-1-like England-02, D614G, alpha, delta, and omicron isolates displayed
marked differences in cleaved spike content in both cells and pelleted virions. Lysates
of 30-h-infected Vero-E6-TMPRSS2 cells displayed markedly larger amounts of the S2
cleavage product as a proportion of uncleaved spike for the D614G mutant and the
VOC than the England-02 isolate. While incorporation of spike into harvested virions (S
levels in pelleted virions relative to N) was equivalent (Fig. 6A and C), virions produced
from Vero-E6-TMPRSS2 reflected the cell lysate well, with alpha and omicron showing
much higher relative cleaved spike incorporation than delta or D614G variants, which
in turn was more pronounced than that of England-02 (Fig. 6A and B).

That these results contrast with data from other groups producing virus in other sys-
tems highlights the idea that the relative proportion of cleaved spike on SARS-CoV-2 viri-
ons is likely to be highly dependent on the cell line in which the virus is grown. In contrast,
PLVs displayed clear differences with the native virus: while all spikes were similarly
expressed in the cell lysates, there were clear differences in the level of PLV incorporation
of between PLVs (6D-6F), indicating that PLVs may not give a true reflection of the spike
incorporation or processed conformation on native virions. Discrepancies between lentivi-
ral vectors and virus spike processing was also recently suggested by the Côté group (22),
and it is likely that the cell type in which the viruses and PLVs are produced influences the
observed spike processing and may explain some of the differences in the literature (22,
37). Given that the structural proteins E, M, and N are known to regulate S retention, as-
sembly, and glycosylation (38), we suggest that differences in spike cleavage based solely
on assays using spike-only PLVs be interpreted with caution. Furthermore, as demonstrated
in Fig. 3, PLVs with a DCT result in both differential S1/S2 cleavage and cathepsin depend-
ence, further confirming that this needs to be taken into account when determining conse-
quences for spike cleavage.

Next, we tested if the alpha, delta, and omicron variants used the same route of
entry given the polybasic cleavage site mutations. Other groups have suggested that
the omicron variant, despite containing a P681H mutation, is more dependent on the
endosomal route of entry because the receptor binding domain is more likely to be in
the “down” conformation (27). This change in entry route may account for our observa-
tion that omicron retains IFITM2 sensitivity. We thus hypothesized that despite the
P681H mutation, omicron, unlike alpha, would still require endosomal cathepsins for
entry. To test this, we pretreated A549-ACE2 cells with the endosomal cathepsin inhibi-
tor E64d and infected them with D614G, alpha, delta, and omicron PLVs. We found
that, in line with what others have described, omicron displayed E64d sensitivity similar
to that of the D614G mutant (Fig. 6G). The alpha or delta variants essentially showed
no significant dependence on cathepsin-mediated S cleavage relative to the D614G
variant. Overall, these results suggest that S1/S2 cleavage is highly cell-type dependent
and does not necessarily correlate with viral entry route.

The P681H mutation is necessary for conferring IFITM and IFN-b resistance in
alpha by promoting a cell surface route of viral entry. Our previous data indicated
that IFITM sensitivity of SARS-CoV-2 spike can be increased by deletion of the polybasic
cleavage site (14). Given that the alpha spike acquired the P681H mutation and we
demonstrated that it is relatively insensitive to an inhibitor of endosomal entry (Fig.
6G), we hypothesized that P681H might be a determinant of resistance to IFN and
IFITMs for the alpha spike. Using PLVs on A549-ACE2-IFITM cells, we first confirmed
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FIG 6 Spike is differentially cleaved across the major variants but not in PLVs. (A) Representative Western blot of spike protein in cell lysates
and purified supernatants of infected Vero-E6-TMPRSS2 cells. Cells were infected with Wuhan, D614G, alpha, delta, or omicron isolates at an

(Continued on next page)
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that ablation of the entire polybasic cleavage site increases IFITM2 sensitivity of the
D614G mutant, as we have previously demonstrated for the Wuhan-1 spike (14). As
expected, D614GDPRRA is highly sensitive to IFITM2 and is not cleaved on PLV particles
(Fig. 7A; Fig. S3C to E). Next, we tested if the same polybasic cleavage site deletion sen-
sitized alpha to the IFITMs. Not only was the DHRRA mutant sensitive to IFITM2, but
also, we abolished the IFITM3 enhancement phenotype observed with the alpha PLV
(Fig. 7A; additional statistics are provided in Fig. S3A and B), suggesting that prior S1/
S2 cleavage was essential for both of these phenotypes.

Having confirmed that alpha spike could be sensitized to IFITM2 by deletion of the
HRRA site, we next tested whether the P681H mutation alone could confer IFITM resist-
ance to D614G S, and vice versa. We found that the P681H mutation in the D614G
background was sufficient to abolish IFITM2 sensitivity but was not able to confer the
level of IFITM3-mediated enhancement that we observe with alpha. However, the
H681P mutation in alpha sensitized the alpha PLV to IFITM2, although not to the same
extent as the DHRRA mutation, and also reduced the IFITM3 enhancement of alpha.
We noted that the H681P mutation did not revert the cleavage of the alpha spike in
the context of PLVs (Fig. S3C to E); however, as suggested in Fig. 5, conclusions regard-
ing spike cleavage drawn from observations with PLVs may not represent the real virus.
We concluded that although the P681H mutation is necessary for IFITM resistance, it is
likely that other contextual mutations in the alpha spike are required for this to be suf-
ficient for IFITM3 enhancement. Next, we tested whether the P681R mutation in the
D614G background alters IFITM sensitivity (Fig. S3F). Unlike the P681H mutation, the
P681R mutation did not alter the IFITM sensitivity of the D614G virus. Additionally,
reverting R861 to a P in the delta S had little impact on IFITM sensitivity (Fig. S3G), fur-
ther suggesting that the P681R mutation itself cannot confer IFITM resistance.

We then wanted to confirm whether the P681H mutation confers IFITM resistance by
reducing the dependence on endosomal entry in the A549-ACE2 system. Previously, we
demonstrated that the alpha spike is relatively insensitive to the effects of the cathepsin in-
hibitor E64d. To test whether the increased IFITM sensitivity of the DHRRA and H681P
mutants correlated with increased endosomal entry and therefore exposure to IFITM2, we
pretreated cells with the cathepsin inhibitor E64d as before and infected them with PLVs
(Fig. 7D). As expected, we found that the proteins with D614G and alpha polybasic cleav-
age site deletions were highly sensitive to E64d. Additionally, the H681P mutation con-
ferred increased E64d sensitivity to alpha, suggesting that this mutant is more reliant on
cathepsin-dependent entry and therefore more likely to encounter IFITM2 (Fig. 7B). As
expected, the inverse P681H mutation in the context of D614G conferred decreased E64d
sensitivity to the wild-type spike. This suggests that the P681H mutation alone is sufficient
to confer increased preference for cell surface entry to a D614G-bearing PLV. In the context
of the alpha spike, we further suggest that the P681H mutation is a determinant of route
of viral entry and therefore of sensitivity to antiviral proteins that occupy endosomal com-
partments. Having established that the P681R mutation did not alter IFITM sensitivity, we
hypothesized that this mutation alone would not reduce E64d sensitivity to a wild-type
spike. Indeed, while the P681H mutation reduces cathepsin-dependence, the P681R muta-
tion is indistinguishable from D614G in terms of E64d sensitivity (Fig. S3H). This suggests
that the P681R mutation does not confer cell surface-mediated entry in the A549-ACE2
cells. Finally, to determine whether any of the other defining mutations in the alpha spike
altered IFITM sensitivity, we generated single mutants with the D69/70 (Fig. 7C), D144

FIG 6 Legend (Continued)
MOI of 1 for 30 h. Virions were purified through a 20% sucrose gradient. (B) Quantification of spike in cell lysates of infected Vero-E6-
TMPRSS2 cells after 30 h. (C) Quantification of spike in purified supernatant from infected Vero-E6-TMPRSS2 cells after 30 h. (D)
Representative Western blot of spike protein in cell lysates and purified supernatants from PLVs. PLVs were produced in 293T/17 cells and
immunoblotted 48 h after transfection. Virions were purified through a 20% sucrose gradient. (E) Quantification of spike in cell lysates of
293T/17 cells used to produce PLVs. (F) Quantification of spike in purified PLVs produced in 293T/17 cells. (G) E64d sensitivity of D614G,
alpha, delta, and omicron PLVs. A549-ACE2 cells were pretreated with 10 mM E64d for 1 h prior to transduction, and infection was quantified
on the basis of luciferase activity 48 h later. Data are means and SEM (n = 3). Statistics were calculated in Prism using a t test. *, P , 0.05
between control and drug.
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FIG 7 The P681H mutation confers IFITM resistance to a wild-type spike and a reduced dependence on E64d. (A) D614G, D614GDPRRA, alpha, alpha-
DHRRA, D614G P681H, and alpha H681P and PLV infection in A549-ACE2 cells stably expressing the individual IFITMs. PLV entry was quantified on the
basis of luciferase activity 48 h later and normalized to control values. (B) E64d treatment of A549-ACE2 cells infected with PLVs. A549-ACE2s were
pretreated with 10 mM E64d prior to transduction with D614G, alpha, delta, or omicron PLVs, and infection was quantified on the basis of luciferase activity
48 h later. (C to F) PLVs of individual mutations from alpha in the D614G background were used to infect A549-ACE2-IFITM cells, and infection was
quantified on the basis of luciferase activity 48 h later. Infection normalized to control values from cells with no IFITM is shown. Data are means and SEM
(n = 3). Statistics were calculated in Prism using ANOVA. Asterisks and daggers indicate significance (P , 0.05) between control cells and individual IFITMs
or drug and between different IFITM/drug conditions.
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(Fig. 7D), N501Y (Fig. 7E), and E484K (Fig. 7F) mutations, which emerged in several subli-
neages. None of these mutations significantly altered IFITM resistance.

Reversion of the P681Hmutation sensitizes the alpha variant to IFN-b and IFITM2.
Finally, we tested if the H681P reversion was sufficient to revert the overall IFN-b resistance
phenotype of alpha. We constructed a recombinant molecular clone of SARS-CoV-2
Wuhan-1 encoding spike from the alpha variant. This virus essentially mimicked the resist-
ance of the alpha variant itself to IFN-b in comparison to England-02, demonstrating that
the alpha spike alone is sufficient to confer a level of IFN-I resistance in A549-ACE2 cells
(Fig. 8A). Then, we reverted the amino acid residue H681 in this recombinant virus to a pro-
line. Importantly, this single point mutation was sufficient to confer a significant sensitivity
to IFN-b in Calu-3 cells, indicating that it was a major determinant of IFN resistance in
alpha spike (Fig. 8B). Furthermore, we wanted to confirm whether small interfering RNA
(siRNA) knockdown of IFITM2 was sufficient to rescue the Wuhan(B.1.1.7 spike H681P) virus
from IFN-b-mediated inhibition. We confirmed that IFITM2 knockdown had no effect on
expression of other interferon-stimulated genes (ISGs) and IFN-b signaling, measured by
STAT1 phosphorylation and viperin expression (Fig. 8C). We showed that the H681P-
reverted virus was rescued from IFN-b restriction by IFITM2 knockdown, while the Wuhan
(B.1.1.7 spike) virus was unaffected, consistent with this virus being resistant to IFITM
restriction (Fig. 8D). Thus, this confirmed that the S protein of the alpha variant of SARS-
CoV-2 is a determinant of type-I IFN resistance, which is primarily modulated by IFITM2.
Most importantly, the P681H mutation is necessary for this. Interestingly, when we immu-
noblotted purified virions of the Wuhan(B.1.1.7 spike) and Wuhan(B.1.1.7 spike-H681P), we
found that, similar to the PLVs (Fig. 6B and C), the H681P reversion did not affect the cleav-
age of the alpha S (Fig. 8E). Thus, P681H adaptive mutation is a determinant of IFN type I
resistance acquired in the alpha variant that evades IFITM2 restriction. It further appears to
exert its activity independently of S1/S2 cleavage by altering the route of viral cell entry.

DISCUSSION

Here, we show that the spike protein of the alpha variant of SARS-CoV-2 is a deter-
minant of viral resistance to IFN-I. This maps to the histidine residue adjacent to the
polybasic cleavage site that has been mutated from the parental proline. While this
has been shown to enhance spike cleavage at the S1/S2 boundary in a context-de-
pendent manner (39), the H at this position in alpha rather than the cleavage itself
appears to confer the IFN resistance phenotype. This is reinforced by the finding that
deleting the last 19 amino acids of D614G spike results in enhanced S1/S2 cleavage
but not enhanced IFITM resistance, further suggesting that cleavage per se is not the
determining factor of the alpha variant’s IFITM resistance. The P681H mutation corre-
lates with the abolition of the residual sensitivity to endosomal cathepsin inhibitors,
implying a change in viral entry route that distinguishes alpha from delta. This residue
is also necessary to confer both resistance to IFITM2 and enhancement by IFITM3 and,
as we demonstrated in our previous study (14), confirms that the polybasic cleavage
site can modulate IFITM entry restriction. Furthermore, we demonstrate that this muta-
tion alone in a wild-type D614G spike is sufficient to promote reduced IFITM sensitivity,
while the delta P681R mutation is not. Furthermore, we note that infection by alpha is
enhanced in the presence of IFITM3, and this is abolished by cyclosporine H, cytoplas-
mic tail deletion, and the H681P mutation. IFITM3 was reported previously to enhance
the entry of the coronavirus OC43 and more recently was suggested to enhance the
entry of hepatitis B and D viruses (24, 40). Although it is surprising that an antiviral pro-
tein can enhance infection, this phenotype in multiple viruses suggests a common
mechanism of hijacking host factors for viral entry. We also saw enhancement by
IFITM1 or IFITM2 a factor of 1 or 2 with the alpha virus and PLVs to a variable degree.
We suggest that this may be a factor of the trafficking of IFITMs through multiple com-
partments and the occasional presence of IFITM1 and -2 in the compartment where
IFITM3 usually resides. Enhancement of coronavirus entry by the mutant IFITM1D117-
125 has been documented, suggesting that IFITM1 can enhance viral entry depending
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FIG 8 The P681H mutation is necessary and sufficient for IFN-b resistance. (A) England-02, alpha, and Wuhan(alpha spike) virus infection in A549-ACE2
cells pretreated with IFN-b . Cells were pretreated with increasing concentrations of IFN-b for 18 h prior to infection with either virus at 500 E copies/cell.

(Continued on next page)
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on localization (41). We also showed previously that the Y19F mutation in IFITM2
results in enhancement of Wuhan entry, further suggesting that IFITM localization can
alter its capacity to enhance coronavirus infection (14).

We suggest that the P681H change in alpha changes the site of viral fusion, thus avoid-
ing the endosomal compartment where IFITM2 predominantly resides. Consistent with
this, we showed that the alpha spike in a PLV is less sensitive to the cathepsin inhibitor
E64d. Thus, we propose that these changes in the alpha spike have, in part, arisen to resist
innate immunity. At least two studies suggest that variants of SARS-CoV-2 have begun to
evolve further resistance to interferon-induced innate immunity (31, 42, 43). In one, viral
isolates obtained over the course of the pandemic showed a reduced sensitivity to type I
interferons in culture (42); in a second, the alpha variant showed a significantly reduced
propensity to trigger pattern recognition in epithelial cells by cytoplasmic RNA sensors (31,
43). In contrast, another study found no difference in IFN sensitivity of the new variants in
African green monkey Vero-E6 cells (11), although species specificity in viral sensitivity to
ISGs is a well-characterized trait that could explain this discrepancy (44). The SARS-CoV-2
genome contains multiple mechanisms to counteract host innate immune responses, and
much remains to be learned about the mechanisms deployed by this virus and its relatives.
While many reports on SARS-CoV-2 evolution have naturally focused on the pressing con-
cern of the potential for vaccine escape, it is very unlikely that all selective adaptations that
we see arising in VOC can be due solely to escape from adaptive immunity. The alpha
spike, for example, displays only a minor reduction in sensitivity to neutralizing antibodies
(NAbs) (8, 45–47). However, this VOC had a considerable transmission advantage, giving
rise to the suspicion that it may have arisen in an immunocompromised individual with a
persistent infection, providing ample time for changes to be selected that further evade
innate immunity, including those that target viral entry (48, 49).

In terms of IFITM resistance of VOC spike proteins, so far, we have seen a marked
change in phenotype only in the alpha variant. This is despite the fact that both delta and
omicron, variants that superseded alpha, also showed an adaptation for enhanced S1/S2
cleavage with a P681R and P681H change, respectively (20, 39). This suggests that cleavage
of S1/S2 is necessary but not sufficient for IFITM resistance and that other mutations in
each cognate spike act in concert to determine relative IFITM sensitivity. Despite the
increased cleavage of a D614G-containing isolate in delta and omicron relative to England-
02, these viruses are not IFITM resistant. This suggests that the P681H mutation confers
IFITM resistance through a mechanism distinct from S1/S2 cleavage itself. We and others
show that omicron is sensitive to E64d inhibition, and we suggest that this preference for
endosomal entry correlates with omicron’s IFITM sensitivity (27).

The spike of omicron contains 30 mutations, 12 of which are in the RBD and have been
suggested to increase the affinity for ACE2 (50). The constellation of mutations in the RBD
of omicron also promotes an “RBD down” closed conformation, which necessitates cathep-
sin-mediated cleavage in the endosome rather than surface TMPRSS2-mediated cleavage
(27). This suggests that the up conformation of the RBD is required for H681 to exert its
IFN resistance phenotype (27). Furthermore, omicron contains an H655Y mutation, which
has been suggested to enhance endosomal entry (51). Despite delta containing a P681R
mutation, we report that this spike is not IFITM resistant, nor is the kappa variant, which
also bears a P681R mutation and was relatively short-lived as a variant. Despite the delta

FIG 8 Legend (Continued)
Infection was quantified by RT-qPCR of E mRNA in the supernatant 48 h later and normalized to the value for the mock-treated control. (B) Wuhan(alpha
spike) and Wuhan(alpha spike H681P) virus infection in Calu-3 cells pretreated with IFN-b . Cells were pretreated with increasing concentrations of IFN-b
for 18 h prior to infection with either virus at 5,000 E copies/cell. Infection was quantified by RT-qPCR of E mRNA in the supernatant 48 h later and
normalized to the value for the mock-treated control. (C) Representative immunoblot of pSTAT1 and STAT1 in cell lysates with IFITM2 knocked down or a
nontargeting control and subsequently treated with IFN-b . A549-ACE2 cells were transfected with siRNAs against nontargeting control or IFITM2 and
then either treated with IFN-b for 30 min or 2 h and immunoblotted for pSTAT1 and STAT1 or treated for 24 h and blotted for viperin and IFITM2. (D)
A549-ACE2 cells were transfected with siRNAs against nontargeting control or IFITM2 for 24 h and then treated with IFN-b for 18 h prior to infection
with Wuhan(alpha spike) or Wuhan(alpha spike H681P) at 500 copies/cell. Infection was quantified by RT-qPCR of E gene relative to GAPDH 48 h later.
Data are means and SEM (n = 3). Statistics were calculated in Prism using a t test. *, P , 0.05 for differences between the different viruses. (E)
Representative immunoblot of England-02, alpha, Wuhan(alpha spike), and Wuhan(alpha spike) H681P viral stocks. England-02, alpha, Wuhan(alpha spike),
and Wuhan(alpha spike H681P) viruses were purified through 20% sucrose and immunoblotted for spike and N proteins.
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spike demonstrating E64d insensitivity, the P681R mutation alone does not result in
reduced IFITM sensitivity or decreased E64d sensitivity to a D614G spike. This implies that
there are other factors besides the P681R mutation governing delta’s route of viral entry.
Two recent papers have suggested that certain matrix metalloproteinases (MMPs) can
mediate an alternative route of entry to TMPRSS2, and that this can be utilized by the delta
variant (22, 52). It is possible that a combination of these viral entry routes is variably pres-
ent in different cell types and may therefore explain differential IFITM sensitivities of VOC.

Finally, the delta variant also contains different RBD mutations than alpha, in particular
the T478K and L452R mutations, which may also affect the RBD conformation and be a fac-
tor in delta’s relative sensitivity to IFITMs. The mutations in the RBDs of delta and omicron
have led to hypotheses that both of these variants were driven by antibody escape, sug-
gesting that selection pressures on the alpha variant may have been more due to innate
immunity. It is important to note that the discordance between virion-incorporated spike
species in the native SARS-CoV-2 particle and lentiviral pseudotypes imply a degree of cell
type dependency as well as cellular location of viral assembly in the relative presence of
cleaved spike. We also demonstrate that this issue is of particular concern for those using
C-terminal deletions of the COPI retention signal in spike. We would hesitate to ascribe
some of the phenotypes associated with VOC spike protein simply to differences in furin
cleavage efficiency or phenotypes observed with D19aa PLVs when the route of viral entry
is implicit to the phenotype.

Viral glycoproteins are dynamic structures that shift through large-scale conforma-
tional changes while interacting with their cognate receptors mediating viral mem-
brane fusion (53). Such context dependency is therefore likely to be complex and will
arise under competing selective pressures. Indeed, we showed previously that the HIV-
1 envelope glycoprotein of transmitted viruses is IFITM insensitive and that this con-
tributes to their overall type I IFN resistance (54). As HIV-1 infection progresses over
the first 6 months in an infected person, the circulating variants increase in IFN/IFITM
sensitivity, and this is determined by adaptive changes in Env that resist the early neu-
tralizing antibody response (55). Such escape has structural and functional implications
for such dynamic proteins that may impact receptor interactions and route of entry
into the target cell.

The mapping of IFN-I resistance to P681H to the polybasic cleavage site of alpha,
combined with the observation of reversion of IFN-I sensitivity by the restoration of
the P without affecting the cleavage of virion-associated spike, suggests that H681
exerts its effects on viral entry and IFITM/IFN-I sensitivity downstream of cleavage itself.
While it is possible that this could be simply related to stability of the cleaved form, it
is intriguing that the C-terminal RRAR of S1 has also been proposed as a ligand for neu-
ropilin-1 (NRP-1), a receptor for furin-processed growth factors like vascular endothelial
growth receptor A (VEGF-A). NRP-1 was found to promote the entry and replication of
SARS-CoV-2 in an FCS-dependent manner (56, 57). Given the accumulating evidence
that interprotomer interactions in the S trimer affect the accessibility of cleavage sites
in spike (58), future studies will determine whether a role for NRP-1 in entry also gov-
erns sensitivity to IFITM restriction and IFN sensitivity.

While the polybasic cleavage site of the SARS-CoV-2 S reduces its IFITM sensitivity, other
interferon-induced proteins may contribute to this phenotype. The guanylate binding pro-
tein family, and particularly GBP2 and GBP5, has been shown to have a general antiviral ac-
tivity against enveloped viruses by dysregulating furin processing of diverse viral and cellu-
lar proteins (59). Similarly, IFITM overexpression in HIV-infected cells can lead to their
incorporation into virions and in some cases promote defects in glycoprotein incorporation
(60). Future studies will confirm whether either of these mechanisms is involved in the IFN
resistance associated with the P681H mutation in alpha (27).

In summary, the spike protein of SARS-CoV-2 alpha increases resistance to IFN-I,
and this correlates with the P681H mutation. Furthermore, it also correlates with IFITM
resistance, as IFITM2 knockdown rescues the IFN-sensitive alpha H681P virus, but not
alpha. Despite also containing P681R/P681H mutations, the delta and omicron variants
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are not IFITM resistant in the A549-ACE2 system. We suggest that factors such as spike
conformation and alternate routes of viral entry all act in concert to determine the rela-
tive sensitivities of spike proteins to antiviral proteins that affect viral entry.

MATERIALS ANDMETHODS
Cells and plasmids. HEK293T-17 (ATCC; CRL-11268), Calu-3 (ATCC; HTB-55), A549-ACE2, Vero-E6,

Vero-E6-TMPRSS2, and A549-ACE2 cells expressing the individual IFITM proteins were cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco) with 10% fetal bovine serum (FBS; Invitrogen) and
200 mg/mL gentamicin (Sigma), and incubated at 37°C and 5% CO2. Cells stably overexpressing ACE2,
TMPRSS2, and IFITM were generated as previously described (14).

Codon-optimized SARS-CoV-2 Wuhan spike and ACE2 were kindly provided by Nigel Temperton.
Codon-optimized variant spikes (alpha and beta) were kindly provided by Katie Doores. Codon opti-
mized variant spikes (gamma, kappa, delta) were kindly provided by Wendy Barclay. Plasmid containing
the TMPRSS2 gene was kindly provided by Caroline Goujon. Spike mutants were generated with Q5 site-
directed mutagenesis kit (E0554) following the manufacturer’s instructions and using the following forward
and reverse primers: D614G (GCTGTACCAGGGCGTGAATTGCA, ACGGCCACCTGATTGCTG), B.1.351. D242-244
(ATTTCATATCTTACACCAGGC, ATGCAGGGTCTGGAATCTG), D614G P681H (GACCAATAGCCACAGAAGAGCC
AGAAGC, TGGGTCTGGTAGCTGGCG), B117 DHRRA (AGAAGCGTGGCCAGCCAG, GCTATTGGTCTGGGTCTG
GTAG), B117 H681P (GACCAATAGCcccAGAAGAGCCAG, TGGGTCTGGTAGCTGGCG), D69/70 (AGCGGCACC
AATGGCACC, GATGGCGTGGAACCAGGTC), Y144 (CATAAGAACAACAAGAGC, ATAAACACCCAGGAAAGG), E484K
(TAATGGCGTGAAGGGCTTCAATTGCTACTT, CACGGTGTGCTGCCGGCC), N501Y (CCAGCCTACCTACGGCGTGGGCT,
AAGCCGTAGCTCTGCAGAG), and DCT (GTCCTGCTGCTGATGAGACGAGGACGACAGCG, CCACACGAACAACACCCT).

Stable A549 cell lines expressing ACE2 (pMIGR1-puro) and IFITMs (pLHCX) were generated and
selected as described previously (14).

Production of PLVs and infection. HEK293T-17 cells were transfected with firefly luciferase-express-
ing vector (CSXW), HIV gag-pol (8.91), and spike plasmid with PEI-max as previously described (14). One
hundred microliters of viral supernatant was then used to transduce each cell line of interest, and read-
out was measured as luciferase activity 48 h later (Promega Steady-Glo [E2550]).

Cyclosporin H assay. Cells were pretreated with 30 mM cyclosporine H (Sigma; SML1575) for 18 h.
Cells were then infected with PLVs as described above, and viral entry was quantified on the basis of lu-
ciferase activity 48 h later.

E64d assay. A549-ACE2 cells were pretreated with 10 mM E64d (Sigma; E8640) for 1 h at 37°C prior
to infection. Cells were transduced with PLVs, and infection was determined on the basis of luciferase ac-
tivity 48 h later.

Passage and titration of SARS-CoV-2. PHE England strain 02/2020 and D614G isolate were propa-
gated in Vero-E6-TMPRSS2 cells, and titer was determined by plaque assay (14). Plaque assays were per-
formed by infecting Vero-E6-TMPRSS2 cells with serial dilutions of SARS-CoV-2 for 1 h. Subsequently, 2�
overlay medium (DMEM with 2% FBS and 0.1% agarose) was added, and infected cells were fixed with
4% paraformaldehyde (PFA) 72 h after infection and stained with crystal violet. Plaques were counted
and multiplicity of infection calculated for subsequent experiments. A replication-competent alpha vari-
ant was kindly provided by Wendy Barclay (Imperial College London) (61). The spike gene sequences of
all virus stocks were confirmed at each passage to ensure no loss of the polybasic cleavage site.

Generation of recombinant full-length viruses. We used the previously described method of
transformation-associated recombination (TAR) in yeast (62), with some modifications, to generate the
mutant viruses described in this study. Briefly, a set of overlapping cDNA fragments representing the
entire genomes of SARS-CoV-2 Wuhan isolate (GenBank accession no. MN908947.3) and the B.1.1.7
alpha variant were chemically synthesized and cloned into pUC57-Kan (Bio Basic Canada Inc. and
Genewiz, respectively). The cDNA fragment representing the 59 terminus of the viral genome contained
the bacteriophage T7 RNA polymerase promoter preceded by a short sequence stretch homologous to
the XhoI-cut end of the TAR-in-yeast vector pEB2 (63). The fragment representing the 39 terminus con-
tained the T7 RNA polymerase termination sequences followed by a short segment homologous to the
BamHI-cut end of pEB2.

To generate Wuhan virus carrying the alpha variant spike, a mixture of the relevant synthetic cDNA
fragments of the Wuhan and alpha variants was cotransformed with XhoI-BamHI-cut pEB2 into the
Saccharomyces cerevisiae strain TYC1 (MATa ura3-52 leu2D1 cyh2r, containing a knockout of DNA Ligase
4) (63) that had been made competent for DNA uptake using the LiCl2-based yeast transformation kit
(YEAST1-1KT; Merck). The transformed cells were plated on minimal synthetic defined (SD) agar medium
lacking uracil (Ura) but containing 0.002% (wt/vol) cycloheximide to prevent selection of cells carrying
the empty vector. Following incubation at 30°C for 4 to 5 days, colonies of the yeast transformants were
screened by PCR using specific primers to identify those carrying plasmids with fully assembled
genomes. Selected positive colonies were then expanded to grow in 200 mL SD-Ura dropout medium,
and the plasmid was extracted. Approximately 4 mg of the extracted material was then used as the tem-
plate to synthesize viral genomic RNA transcripts in vitro using the Ribomax T7 RNA transcription kit
(Promega) and Ribo m7G cap analogue (Promega) as per the manufacturer’s protocol. Approximately
2.5 mg of the in vitro-synthesized RNA was used to transfect ;6 �105 BHK-hACE2-N cells stably express-
ing the SARS-CoV-2 N and the human ACE2 genes (64) using the MessengerMax lipofection kit (Thermo
Scientific) as per the manufacturer’s instructions. Cells were then incubated until signs of viral replication
(syncytium formation) became visible (usually after 2 to 3 days), at which time the medium was collected
(P0 stock) and used further as a source of rescued virus to infect Vero-E6 cells to generate P1 and P2
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stocks. Full genome sequences of viruses collected from P0 and P1 stocks were obtained in order to con-
firm the presence of the desired mutations and exclude the presence of other spurious mutations.
Viruses were sequenced using Oxford Nanopore Technologies as previously described (65).

To generate Wuhan virus carrying the alpha spike gene with the H681P mutation, we first introduced
this mutation into the relevant alpha variant cDNA fragment by site-directed mutagenesis. This fragment
was combined with those described above, and the mixture was then used to generate plasmid pEB2
carrying the cDNA genome of Wuhan encoding the H681P alpha spike by the TAR-in-yeast procedure.
The virus rescue and subsequent characterization were performed as described above.

Isolation and propagation of clinical viral isolates. Viruses were isolated on Vero-E6 cells (ATCC;
CRL 1586) from combined naso-oropharyngeal swabs submitted for routine diagnostic testing by real-
time reverse transcription-PCR (RT-PCR) and shown to be from the B.1.1.7 (alpha) variant by on-site
whole-genome sequencing (Oxford Nanopore Technologies, Oxford, UK) (66). Infected cells were cul-
tured at 37°C and 5% CO2 in DMEM (Gibco, Thermo Fisher, UK) supplemented with 2% FBS (Merck,
Germany), penicillin-streptomycin, and amphotericin B.

All work performed with full-length SARS-CoV-2 preparations, as well as isolation and propagation of
viral isolates from swabs, was conducted inside a class II microbiological safety cabinet in a biosafety
level 3 (BSL3) facility at King’s College London.

Infection with replication competent SARS-CoV-2. A549-ACE2 cells (1.5 � 105) were infected for 1 h
at 37°C with SARS-CoV-2 replication-competent viruses at a multiplicity of infection (MOI) of 0.01 or 500 E
gene mRNA copies/cell. Calu-3 cells (2 � 105) were infected for 1 h at 37°C with SARS-CoV-2 replication-com-
petent viruses at 5,000 E gene mRNA copies/cell. Medium was replaced, and cells were incubated for 48 h at
37°C, after which cells or supernatant was harvested for RNA extraction or protein analysis.

Intracellular N staining. A549-ACE2 IFITM cells (1.5 � 105) were infected for 1 h at 37°C with SARS-
CoV-2 replication-competent VOC to achieve the same percentage of infected cells as under the mock-infec-
tion condition. After 24 h infection, cells were trypsinized and fixed with 4% PFA during 30 min at room tem-
perature. Cells were permeabilized with 1� phosphate-buffered saline (PBS) plus 0.5% Triton during 10 min
following blocking with 5% FBS in 1� PBS for 20 min. After blocking, cells were stained with anti-N antibody
(CR3009, mouse) for 45 min at room temperature and washed once with 1� PBS. Next, cells were incubated
with secondary anti-mouse immunoglobulin conjugated to Alexa Fluor 488 for 25 min. Finally, cells were
washed with 1� PBS and analyzed on a BD FACSCanto II flow cytometer using FlowJo software.

Interferon assays. Cells were treated with different doses of IFN-b (PBL Assay Science; 11415-1) for 18 h
prior to infection. The following day, medium was replaced, and the infection was performed as described
above. Viral RNA levels in cells or supernatants were measured 48 h after infection by RT-qPCR.

siRNA knockdown of IFITM2. A549-ACE2 cells were reverse transfected using 20 pmol of nontarget-
ing siRNA (D-001206-13-20) or IFITM2 siRNA (M-020103-02-0010) with 1 mL of RNAiMax (Invitrogen).
Cells were incubated for 24 h prior to a second round of reverse transfection. Eight hours later, cells
were treated with different doses of IFN-b . Following 18 h of IFN treatment, cells were infected with full-
length viruses as previously described.

RT-qPCR. RNA from infected cells was extracted using a Qiagen RNeasy minikit (Qiagen; 74106) fol-
lowing the manufacturer’s instructions. One microliter of each extracted RNA was used to performed
one-step RT-qPCR using TaqMan Fast Virus one-step master mix (Invitrogen). The relative quantities of
envelope (E) gene were measured using a SARS-CoV-2 (2019-nCoV) CDC qPCR probe assay (Integrated
DNA Technologies [IDT]). Relative quantities of E gene were normalized to GAPDH mRNA levels (Applied
Bioscience; Hs99999905_m1).

Supernatant RNA was extracted using RNAdvance viral XP (Beckman) following the manufacturer’s
instructions. Five microliters of each RNA was used for one-step RT-qPCR (TaqMan Fast Virus one-step
master mix) to measured relative quantities of E and calibrated to a standard curve of E kindly provided
by Wendy Barclay.

SDS-PAGE and Western blotting. Cellular samples were lysed in reducing Laemmli buffer at 95°C
for 10 min. Supernatant or viral stock samples were centrifuged at a relative centrifugal force (RCF) of
18,000 through a 20% sucrose cushion for 1 h at 4°C prior to lysis in reducing Laemmli buffer. Samples
were separated on 8 to 16% Mini-Protean TGX precast gels (Bio-Rad) and transferred onto nitrocellulose
membranes. Membranes were blocked in milk or Bovine serum albumin (BSA) prior to detection with
specific antibodies: 1:1,000 ACE2 rabbit (Abcam; Ab108209), 1:5,000 GAPDH rabbit (Abcam; Ab9485),
1:2,000 anti-GAPDH mouse (Proteintech; 60004-1-Ig), 1:5,000 HSP90 mouse (GeneTex; Gtx109753), 1:50
HIV-1 p24Gag mouse (67), 1:1,000 spike mouse (GeneTex; Gtx632604), 1:1,000 anti-SARS-CoV-2 N rabbit
(GeneTex; GTX135357), 1:1,00 anti-pSTAT1 mouse (BD Transduction Laboratories; 612133), 1:1,000 anti-
STAT1 rabbit (Cell Signaling; 9172S), and 1:1,000 anti-viperin mouse (Millipore; MABF106). Proteins were
detected using LI-COR and ImageQuant LAS 4000 cameras.

Ethics. Clinical samples were retrieved by the direct care team in the Directorate of Infection, at St
Thomas Hospital, London, United Kingdom, and anonymized before being sent to the King’s College
London laboratories for virus isolation and propagation. Sample collection and studies were performed
in accordance with the UK Policy Framework for Health and Social Care Research and with specific
Research Ethics Committee approval (REC 20/SC/0310).
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