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Abstract 

Vaccines are a critical public health intervention and have substantially reduced human 

suffering. The importance of vaccination was demonstrated during the COVID-19 pandemic, 

where the rapid introduction of safe and efficacious vaccines substantially reduced mortality 

and morbidity. Innovation is still required to further enhance the speed of vaccine production 

for protection against newly arising pathogens with pandemic potential.  In the 21st century, 

three lethal zoonotic coronavirus outbreaks (SARS-CoV, MERS-CoV, and SARS-CoV-2) have 

already been recorded and several zoonotic coronaviruses have been recognized as future 

threats. In this thesis, I develop a vaccine technology that elicits a broadly protective immune 

response against a group of coronaviruses to enable proactive vaccine development. I use 

SpyTag to facilitate the purification and nanoassembly of a panel of receptor-binding domains 

(RBDs) from different coronaviruses. I examine patient-derived monoclonal antibodies raised 

against SARS-CoV-2 and identify cross-reactive antibodies that target evolutionarily 

conserved regions. I then produce a Quartet of tandemly linked coronavirus RBDs as a single 

polyprotein. I show that immunization with these Quartets as soluble proteins or displayed 

multivalently on the SpyCatcher003-mi3 Nanocage (Quartet Nanocages) elicits a potent 

immune response across a group of evolutionarily related coronaviruses. This response 

includes raising neutralizing antibodies against viruses absent from the vaccine. I demonstrate 

that Quartet Nanocages raise a broad immune response in mice that have been pre-biased 

towards a specific virus. I create a Quartet Nanocage vaccine that induces neutralizing 

antibodies against newly arisen viral variants with potent immune evasion. I produce a Quartet 

using coronaviruses identified prior to the COVID-19 pandemic and demonstrate that this 

vaccine raises a potent immune response against SARS-CoV-2. These results highlight the 

potential of the Quartet Nanocage strategy as a tool for proactive vaccinology, where vaccines 

are developed against zoonotic pathogens before human transmission has even occurred.  
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Chapter 1 – Introduction 

1.1 Vaccines 

The implementation of protective vaccines against an array of communicable diseases has 

substantially decreased human mortality and morbidity. Vaccine development has been 

compared with the introduction of sanitation and access to clean water as a cornerstone of 

public health (Greenwood, 2014; Rodrigues & Plotkin, 2020). Smallpox is an illustrative 

example of vaccine impact. This contagious and lethal disease, caused by the variola virus, has 

devastated human populations for centuries. In the 20th century alone, smallpox was 

responsible for an estimated 300 million deaths (Berche, 2022; Moore et al., 2006). 

Beginning in 1966, a concerted global health campaign of surveillance and containment was 

undertaken. This effort was made possible by the introduction of a heat-stable, freeze dryable 

and highly effective vaccine. The last naturally occurring case of smallpox was recorded in 

1977 and the World Health Assembly officially declared the disease eradicated in 1980 

(Henderson, 1987, 2011). Smallpox and rinderpest (also known as cattle plague) remain the 

only diseases to be completely eradicated through vaccination campaigns (Morens et al., 2011). 

However, vaccination efforts are responsible for a substantial decline in deaths related to 

measles, pertussis, polio, typhoid, yellow fever, diphtheria, and various other diseases 

(Greenwood, 2014).  

Vaccines work by stimulating the immune system in a manner that mimics infection by a 

specific pathogen (Iwasaki & Omer, 2020; Vetter et al., 2018). In some cases, vaccines provoke 

a strong T cell response in order to induce cell-mediated immunity. Evidence suggests that this 

response is especially important in vaccines meant to protect against chronic replicating viruses 

such as human immunodeficiency virus (HIV-1) and hepatitis C virus (HCV). However, the 

major focus of prophylactic vaccines has commonly been the induction of a strong antibody 

response (S. C. Gilbert, 2012; Panagioti et al., 2018).  
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Immunization stimulates B cells to produce antibodies that target the vaccine as well as the 

pathogen that the vaccine mimics (Elsner & Shlomchik, 2020). Antibody adherence to a 

pathogen stimulates a broader immune response through recruitment of effector cells and 

complement factors (Dunkelberger & Song, 2010; Goldberg & Ackerman, 2020; L. L. Lu et 

al., 2018). Antibodies can also directly neutralize pathogen infection. Neutralization can be 

achieved by sterically preventing docking with a host cell receptor or any other function that 

prevents replication of the pathogen (Klasse, 2014). Vaccine induction of neutralizing 

antibodies is often well correlated with vaccine protection (Cromer et al., 2022; del Moral-

Sánchez & Sliepen, 2019; Khoury et al., 2021; Klasse, 2014).  

This adaptive immune response allows for immunological memory to be established. Persistent 

antibodies and memory cells are produced which can more rapidly act upon re-exposure to the 

antigen (Palm & Henry, 2019). Adaptive immunity forms the basis of the long-term protection 

which is the goal of vaccination (Corti & Lanzavecchia, 2013). 

1.2 Multimeric Plug-and-Display 

Vaccination using a whole pathogen administered in an inactivated or attenuated form has been 

the standard approach for much of the history of vaccinology. More recently developed 

vaccines often focus on raising a response to specific antigens that are known to convey 

protection against the pathogen. These antigens may be delivered in a soluble form, presented 

on a nanoparticle, or encoded as genetic material (Pollard & Bijker, 2021a). When administered 

as a gene, the antigen may be encoded as RNA or DNA and delivery mechanisms include lipid 

nanoparticles and viral vectors (Chaudhary et al., 2021; Shafaati et al., 2022; Travieso et al., 

2022). 

The viral antigens selected for vaccine development are frequently proteins (Pollard & Bijker, 

2021a). However, recombinant proteins vaccines administered on their own are often poorly 

immunogenic. Efforts to directly enhance the immunogenicity of a recombinant protein can 
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lead to an increase in reactogenicity where a vaccine induces inflammatory response symptoms 

(Bachmann & Jennings, 2010; Hervé et al., 2019). An effective strategy to increase the 

immunogenicity of a recombinant protein antigen is multimeric display on a virus-like particle 

(VLP). This display method allows for an antigen to be presented in a structured, highly 

repetitive manner that mimics most viral surfaces and facilitates efficient cross-linking by B 

cell receptors (BCRs). Additionally, VLP presentation increases the size of the antigen, 

facilitating efficient uptake by antigen-presenting cells (APCs) (Bachmann & Jennings, 2010) 

and delivery to draining lymph nodes (Moyer et al., 2016), while remaining small enough to 

retain access to the lymphatic system (Bachmann & Jennings, 2010). 

One method to mediate antigen presentation on a VLP is to directly fuse the antigen to the 

particle sub-unit (Joyce et al., 2021; Ober Shepherd et al., 2024). However, even small changes 

to a VLP can cause interference to the pathway of assembly meaning that genetic fusion often 

requires substantial optimization (K. D. Brune & Howarth, 2018; Mateu, 2011). The 

cooperative assembly of a VLP exacerbates this challenge. If a relatively small percentage of a 

monomeric protein is misfolded it can often be removed through the purification process. If 

that same percentage of VLP subunit is misfolded, it has the potential to join an assembling 

particle and prevent proper formation. Even a small number of sub-units which undergo 

misfolding induced by antigen-fusion can thwart proper VLP formation by of a large number 

of properly folded protein sub-units. The optimal expression system and conditions for a viral 

antigen and VLP are often poorly matched, requiring sacrifices to be made to the production 

efficiency for one of the components (K. D. Brune & Howarth, 2018).  

To address these issues an alternative approach is to express the antigen and the VLP separately 

and assemble them together post-purification. This strategy can be achieved using high affinity 

non-covalent interactions such as those between monovalent streptavidin and biotin (Thrane et 

al., 2015) or histidine and nickel chelates (Chung et al., 2023; Koho et al., 2015). Non-covalent 
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interactions also form the basis of the two-component computationally-designed I53-50 

nanoparticle. In this system the trimeric I53-50A is genetically fused to an antigen and 

expressed separately from pentameric I53-50B. It is only when the two components are mixed 

together that they assembly a VLP (Marcandalli et al., 2019; Walls et al., 2021).   

Antigens can be linked covalently to a VLP using chemical crosslinking (Cavelti-Weder et al., 

2016). For example, a chemical crosslinker can attach one arm to amino groups in lysines or 

N-termini of VLP sub-units using the N-hydroxy succinimide (NHS). The second arm of the 

linker can then be attached via maleimide coupling to a surface-exposed cysteine. If a surface-

exposed cysteine does not occur naturally in the antigen the residue can be introduced via site 

directed mutagenesis. This chemical crosslinking leads to non-uniform and somewhat 

unpredictable display of the antigen on the nanoparticle surface (K. D. Brune & Howarth, 

2018). Unnatural amino acids can also be introduced into VLPs to facilitate more predictable 

coupling to an antigen (K. G. Patel & Swartz, 2011). 

Antigens can be covalently linked to particles through a variety of protein interactions 

including split-inteins (Muik et al., 2017), sortase (S. Tang et al., 2016), and isopeptide bond 

formation (K. D. Brune et al., 2016). Catcher/Tag technology has been developed to facilitate 

spontaneous intramolecular isopeptide bond formation (Zakeri et al., 2012) and has been shown 

to couple antigens to a VLP at an efficiency greater than 99% with a moderate 1.5-fold excess 

of antigen (K. D. Brune et al., 2016).  

This strategy was first applied through the fusion of AP205 coat protein to an N-terminally 

truncated version of SpyCatcher. The AP205 phage coat protein spontaneously forms a 

nanoparticle (K. D. Brune et al., 2016; Thrane et al., 2016). SpyCatcher is derived from the 

fibronectin binding protein (FbaB) of Streptococcus pyogenes, which naturally forms at least 

one internal isopeptide bond. When the second immunoglobulin-like collagen adhesin domain 
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(CnaB2) of FbaB was split into a peptide (Tag) and protein (Catcher) component, reconstitution 

of the pair would lead to spontaneous covalent bond formation between the lysine on the 

Catcher and aspartate on the Tag (Figure 1.1). Fusion of the tag to one protein and catcher to 

another allows for post-translational covalent linkage of the pair. Through rational design, 

mutations improved the efficiency of the interaction and produced the first-generation 

SpyTag/SpyCatcher pair  (Zakeri et al., 2012). 

Figure 1.1: Reaction of SpyCatcher and SpyTag. The lysine on SpyCatcher (dark blue) 

spontaneously forms a covalent isopeptide bond with the aspartic acid on SpyTag (cyan). The 

reactive lysine and aspartic acid are shown in red in the final SpyTag:SpyCatcher structure. 

The representation is based on PDB 4MLI.   

 

This approach allows for modular, plug-and-display presentation of different antigens. 

SpyCatcher functionalized nanoparticles can be produced independently from the SpyTagged 

antigens that they display. The strategy allows for production of the antigen and nanoparticle 

scaffold using different expression systems, at different times and locations and could facilitate 
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stockpiling of nanoparticles separately from the antigens (K. D. Brune & Howarth, 2018). 

Furthermore, SpyTag is a short (13-residue) peptide that is unlikely to require optimization for 

genetic fusion to a larger antigen (Zakeri et al., 2012). 

An updated nanoparticle based on the Tag/Catcher system has since been introduced, known 

as SpyCatcher003-mi3, which is a genetic fusion of SpyCatcher003 and mi3 (Rahikainen et 

al., 2021). SpyCatcher003 is an upgraded version of SpyCatcher, that has undergone further 

modifications through rational design and phage display evolution to further improve reaction 

rate. SpyCatcher003 reacts spontaneously and covalently with SpyTag003 at a rate that 

approaches the diffusion limit. SpyCatcher003 retains back compatibility with SpyTag and, in 

fact, has an improved reaction rate with SpyTag relative to SpyCatcher (Keeble et al., 2019). 

mi3 is a 60-mer porous and hollow protein nanocage that forms the scaffold of the nanoparticle 

(T. U. J. Bruun et al., 2018). The computationally designed nanoparticle I3-01 served as the 

template for the development of mi3. Two cysteine to alanine mutations were introduced to 

improve yield and reduce aggregation (T. U. J. Bruun et al., 2018).. I3-01 itself was based on 

a trimeric 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase with four computationally 

derived non-polar residues introduced to generate a new interface between the trimers (Hsia et 

al., 2016). mi3 is a stable scaffold remaining robust to heating (1 hr at 80 °C), freeze-thaw 

cycling, and lyophilization (T. U. J. Bruun et al., 2018).  

SpyCatcher003-mi3 has been used to display a variety of antigens, including monomers like 

mpox M1 (B. Moss et al., 2023), dimers like Borrelia burgdorferi OspC and Newcastle Disease 

Virus Hemagglutinin-Neuraminidase, trimers like Influenza Hemagglutinin (Rahikainen et al., 

2021) and HIV-1 Env (Gristick et al., 2023), and tetramers like Influenza Neuraminidase 

(Rahikainen et al., 2021) (Figure 1.2). Early in the COVID-19 pandemic, a vaccine candidate 

was developed that used SpyCatcher003-mi3 to display the receptor-binding domain of SARS-
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CoV-2 that elicited strong neutralizing antibodies in pre-clinical animal models (T. K. Tan et 

al., 2021).  

 

Figure 1.2: Cartoon of SpyCatcher functionalized plug-and-display. A protein (orange) is 

genetically fused to any generation of SpyTag (cyan) and mixed with the SpyCatcher003-mi3 

nanoparticle. This technology facilitates covalent bond (red) formation between SpyTag and 

SpyCatcher003 (blue) and allows as many as 60 copies of the protein to be displayed per 

protein nanoparticle formed by mi3 (purple). 

 

1.2.1 Nanoparticle Terminology 

Nanoparticles are a broad class of materials which demonstrate diversity in composition, 

morphology, surface charge, and chemical interaction (I. Khan et al., 2019). The group includes 

both particles engineered for a specific function and those that occur naturally, including 

viruses and nanobacteria (Jeevanandam et al., 2018). The defining feature which ties this 

disparate group together is their size. As defined by the International Union of Pure and Applied 

Chemistry (IUPAC), a nanoparticle can have any shape as long as its dimensions are in the 1 

to 100 nanometre range. This upper limit was chosen as it defines a rough boundary where 

particles begin to demonstrate novel properties which differentiate them from bulk material 

(Vert et al., 2012). One of these key properties is their large surface area to volume ratio which 

can provide more reactive sites than bulk material (Sharma et al., 2018). Nanocages are a 
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specific form of nanoparticle that have hollow interiors and porous walls (Skrabalak et al., 

2008). 

Virus-like particle is a somewhat amorphous term and refers to particles that resemble the 

structure, size, and symmetry of viruses (Mohsen & Bachmann, 2022). These particles can be 

made from virus structural proteins but also from other naturally occurring proteins or even 

engineered proteins that have been designed to mimic the structural features of a virus (Heddle 

et al., 2017). The term can further be applied to enveloped virus-like particles (eVLPs) that 

mimic enveloped viruses and, typically, display viral glycoproteins on an outer lipid membrane 

(Tariq et al., 2022). Critically, VLPs lack a genome and replicases, making them non-infectious 

(Mohsen & Bachmann, 2022). 

Considering these definitions, SpyCatcher003-mi3 can be considered a VLP, a nanoparticle, 

and a nanocage (Rahikainen et al., 2021).  

1.3 Induction of Broadly Neutralizing Antibodies 

During adaptive immune response development, B cells are selected based on their ability to 

bind an antigen. There is no evidence that a neutralizing antibody will be selected preferentially 

relative to an antibody that binds as tightly to the antigen but has no neutralization capacity. 

Therefore, only a fraction of memory B cells specific to a virus will produce antibodies capable 

of neutralizing that virus (Bhiman & Lynch, 2017). A subset of non-neutralizing antibodies can 

still produce an effective response in vivo by recruiting other immune system elements. 

However, other non-neutralizing antibodies will target denatured or internal proteins without 

therapeutic value. Enhancing the fraction of memory B cells that produce neutralizing 

antibodies is potential means of increasing the efficiency and effectiveness of vaccines 

(Bhiman & Lynch, 2017; Corti & Lanzavecchia, 2013). 
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The protective action of vaccine-induced neutralizing antibodies can be stymied by antigenic 

drift. Over time, pathogens accumulate mutations which modify their constituent proteins. 

These modifications can be sufficient to prevent the binding of antibodies that had effectively 

neutralized an ancestral form of the pathogen (Crespo-Bellido & Duffy, 2023). This effect 

presents a substantial problem for the production of vaccines that remain effective against 

rapidly evolving pathogens such as influenza and HIV-1 (Boni, 2008; Carrat & Flahault, 2007; 

Johnston & Fauci, 2008). 

One strategy to address this issue is the elicitation of broadly neutralizing antibodies. These 

antibodies bind to highly conserved targets on a pathogen and have been identified in 

convalescent patients (Sok et al., 2013). Some regions of a protein will be more capable of 

accepting a mutation than others, meaning that there tends to be both conserved and variable 

regions within a protein. The elicitation of antibodies against conserved regions on a pathogen 

protein, can allow for a response to a broad range of related pathogens. Broadly neutralizing 

antibodies are also less susceptible to antigenic variation than traditional antibodies (Bhiman 

& Lynch, 2017; Corti & Lanzavecchia, 2013). 

Broadly neutralizing antibodies have garnered considerable interest for their potential 

application in vaccines targeting influenza (Corti et al., 2017). Traditional influenza vaccines 

are widely used and are generally based on whole viruses that have either been inactivated or 

attenuated (Fiore et al., 2009; Harding & Heaton, 2018). These conventional vaccines primarily 

elicit an antibody response against the immunodominant head of hemagglutinin. 

Hemagglutinin is a surface protein essential for invasion of a host cell and is composed of a 

head and stalk (sometimes called stem) region. The hemagglutinin head is highly variable, 

meaning that antibodies raised against the heads of one strain are often ineffective against 

another strain (C.-J. Wei et al., 2020). Because of this restriction, current influenza vaccines 

induce immunity that wanes in efficacy against newly circulating strains. These vaccines also 
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rely on constant surveillance of influenza antigenic traits to produce a vaccine that is predicted 

to be effective. Mismatches can occur when these predictions are incorrect and the vaccine is 

left ineffective against a prevalent strain (G. Dos Santos et al., 2016; Heikkinen et al., 2014). 

Furthermore, in the event of newly arisen pandemic influenza strain, a matched vaccine would 

need to be produced in a process that would take four to six months for preliminary doses 

(Sparrow et al., 2021). The development of a novel flu vaccine that elicits broadly neutralizing 

antibodies could solve both of these problems (R. Du et al., 2021; Nachbagauer et al., 2021a; 

Sok et al., 2013). 

The majority of broadly neutralizing antibodies targeting hemagglutinin have been identified 

as binding the stalk. However, a minor population has also been identified which recognizes 

the sialic acid binding site on the head. The hemagglutinin stalk is immunoquiescent meaning 

that after influenza infection antibodies raised against the stalk tend to be substantially less 

abundant than those raised against the head (Altman et al., 2018). It has been theorized that the 

lack of anti-stalk antibodies is due to the tight packing of hemagglutinin on a virus reducing 

stalk accessibility. These anti-stalk antibodies tend to induce less potent neutralization than 

anti-head antibodies but retain their efficacy across a broad range of influenza strains (Corti & 

Lanzavecchia, 2013).  

Broadly neutralizing antibodies have also drawn interest in the context of HIV-1 (Y. Liu et al., 

2020). HIV-1 primarily infects CD4-positive immune cells, causing progressive immune 

degradation and eventually leading to acquired immunodeficiency syndrome (AIDS) (Deeks 

et al., 2015). Potent immune evasion strategies and rapid evolution has made HIV-1 a 

remarkably difficult vaccine target (Letvin, 2005). No viable HIV-1 vaccine has been 

introduced clinically (Shapiro, 2019). Sustained administration of combination antiretroviral 

therapy (cART) supresses viral replication, arrests the onset of AIDS, and can prevent 

transmission of the disease. The introduction of cART has therefore had a monumental impact 
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on HIV-1 treatment. However, the viral reservoir of HIV-1 is maintained and will reassert itself 

if the therapy is interrupted or discontinued (Y. Liu et al., 2020). 

Broadly neutralizing antibodies against HIV-1 have been identified using a variety of 

techniques, including high throughput neutralization assays and single-cell antibody cloning. 

These antibodies target a variety of different conserved regions of the HIV-1 envelope (Y. Liu 

et al., 2020). Direct administration of broadly neutralizing antibodies against HIV-1 have 

shown promising preclinical results. Several questions remain unanswered, including whether 

the antibodies are capable of preventing HIV-1 transmission and progression (Bar-On et al., 

2018; Y. Liu et al., 2020; Mahomed et al., 2021).  

The existence of broadly neutralizing antibodies raises the possibility that a vaccine can be 

developed to induce these antibodies (Haynes et al., 2023). Such a vaccine could be a potent 

therapeutic or prophylactic intervention. The HIV-1 broadly neutralizing antibodies that have 

been identified to date have undergone extensive affinity maturation in geminal centres. These 

antibodies have a number of unusual traits including high levels of somatic hypermutation and 

precursors with especially short or long antigen-binding loops. An HIV-1 vaccine based on this 

strategy would therefore need to reliably induce these unconventional antibodies (Landais & 

Moore, 2018; Y. Liu et al., 2020; Sok et al., 2013). 

The examples of influenza and HIV-1 highlight the potential of vaccine-induced broadly 

neutralizing antibodies. This innovative approach could allow for production of vaccines that 

are less susceptible to evolutionary changes and target a larger range of pathogens. The strategy 

could additionally allow vaccines to be developed against pathogens that have eluded these 

efforts to date. Effective elicitation of broadly neutralizing through immunization requires 

strategies to tailor the immune response towards specific antigenic regions (Corti & 

Lanzavecchia, 2013). 
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1.4 Strategies to Achieve Immunofocusing  

There are a variety of strategies that have been developed to produce vaccines that elicit 

antibodies binding specific regions of an antigen. This specificity can produce antibodies that 

target areas associated with viral neutralization or evolutionary conservation. When these 

vaccines raise a response to regions of antigen that are both conserved and neutralizing, they 

can effectively tailor the immune response to be dominated by broadly neutralizing antibodies 

(Bedi et al., 2023; Cankat et al., 2024; D. Gupta & Mohan, 2023a). This section will explore 

some of the strategies that have been implemented by a variety of research groups to achieve 

this immunofocusing.  

1.4.1 Antigen Truncation 

Pathogenic proteins expressed recombinantly can be administered as subunit vaccines. In 

contrast to deriving the proteins directly from a pathogen source, recombinant expression 

removes pathogenicity risk, allows for vaccines that have a defined composition, and facilitates 

engineering of the antigen (Hansson et al., 2000). One common modification to a recombinant 

protein antigen is truncation, where a section of the protein is removed. Truncation can be used 

to allow for prokaryotic expression (J.-F. Han et al., 2017), facilitate purification without 

detergents (Flach et al., 2011), attenuate features in the antigen that can cause host damage 

(Sandini et al., 2011), remove sections that may induce host-reactive antibodies (Humbert & 

Christodoulides, 2018), and stabilize the antigen (B. S. Graham et al., 2019; Pallesen et al., 

2017). 

Antigen truncation has also been applied as a general strategy to focus the immune response 

raised by a subunit vaccine. A common approach is to remove an immunodominant, but 

evolutionarily variable, portion of the protein. This modification can allow for a more robust 

immune response to be raised against a conserved region that would otherwise be 
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immunoquiescent (Behrouzi et al., 2017; L. Du et al., 2013; Hallengärd et al., 2013; Peak et 

al., 2013; To et al., 2010). 

An illustrative example of this approach can be found in the truncation of hemagglutinin. 

Multiple studies have explored removal of the immunodominant hemagglutinin head while 

retaining the proper folding and overall structure of the stalk. The head is generally replaced 

with a flexible linker that has been optimized to facilitate protein expression (Mallajosyula et 

al., 2014; van der Lubbe et al., 2018; Yassine et al., 2015). Different ‘headless’ hemagglutinin 

antigens have been expressed as soluble trimers (van der Lubbe et al., 2018) and on ferritin 

nanoparticles (Yassine et al., 2015). In animal immunizations these strategies have been able 

to elicit neutralizing antibodies with enhanced breadth across influenza evolutionary diversity 

(Impagliazzo et al., 2015; Mallajosyula et al., 2014; van der Lubbe et al., 2018; Yassine et al., 

2015). Phase I human clinical trials with a stabilized headless hemagglutinin presented on 

ferritin nanoparticles showed that the vaccine was safe and well tolerated while eliciting 

durable, cross-reactive neutralizing antibodies (Widge et al., 2023).  

1.4.2 Epitope Mimicry 

In the epitope mimicry strategy, immunofocusing narrows from a conserved region to a specific 

epitope (Palma, 2023). Peptides that bind tightly to antibodies can be identified and produced 

independently of the complete antigenic protein. These peptides can be identified through a 

variety of display methods and are most frequently selected through phage display. This process 

has been called reverse vaccinology and the peptides are often called mimotopes, a name 

derived from the fact that they mimic epitopes. The mimotope term has also been applied more 

broadly to peptides mimicking any binding site (Geysen et al., 1986; J. Huang et al., 2012; 

Palma, 2023). A collection of known mimotopes has been collected in the Biopanning Data 

Bank (B. He et al., 2016) previously known as MimoDB 2.0 database (J. Huang et al., 2012). 
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On their own mimotopes tend to be too small and unstructured to induce an immune response 

and can even induce tolerance. This limitation means that a carrier strategy often needs to be 

employed (Knittelfelder et al., 2009; Leung et al., 2019). Examples of such carrier systems 

includes fusion to a larger protein that also induces an immune response (Latzka et al., 2011), 

producing the peptide as several fused repeats (Brämswig et al., 2007), or presentation of the 

peptide on a VLP (Cuevas‐Juárez et al., 2023; O’Rourke et al., 2014).  

Some general advantages of using mimotopes are their ability to induce highly specific, often 

long-lasting, humoral responses as well as their ease of identification, production, and storage. 

Some disadvantages include the aforementioned lack of immunogenicity, their lack of 

induction of a T cell mediated response, and the lower affinity of mimotope-induced antibodies 

compared with those raised against the wild-type antigen (Knittelfelder et al., 2009). It is also 

important to note that mimotopes are linear epitopes, while many broadly neutralizing 

antibodies have more complex interactions with their targets that often rely on three-

dimensional conformation (K. Y. A. Huang et al., 2023; Y. Liu et al., 2020). 

Epitope mimicry has been applied to develop vaccine candidates against a variety of pathogens 

including respiratory syncytial virus (Chargelegue et al., 1997; Correia et al., 2014; Sesterhenn 

et al., 2019), Mycobacterium tuberculosis (Shah et al., 2018; Shin et al., 2017), HIV-1 (Bianchi 

et al., 2010; Moseri et al., 2017), and Measles morbillivirus (Olszewska et al., 2000). The 

strategy has also drawn interest in the treatment of cancer where the ability to raise highly 

specific antibodies is an attractive feature for targeting specific mutant proteins (Riemer & 

Jensen-Jarolim, 2007; Wen et al., 2016). In an illustrative example of this approach, phage 

display was used to identify peptides that structurally mimicked the epitope of cetuximab. 

Cetuximab is a chimeric monoclonal antibody which is known to inhibit epidermal growth 

factor receptor (EGFR) and is used to treat colon cancer. When mice were immunized with the 
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identified peptide, the induced antibodies were found to recognize EGFR and elicit cytotoxic 

effects (Riemer et al., 2005). 

1.4.3 Glycosylation 

Glycosylation is a common post-translational protein modification, where the addition of a 

sugar or sugars produces a glycoprotein. In O-linked glycosylation the sugar is attached to a 

side chain hydroxyl of a serine or threonine and in N-linked glycosylation a sugar is attached 

to the nitrogen atom in the side chain of asparagine. The initial sugar attachment occurs early 

in protein synthesis. This attachment is followed by a complex maturation process that includes 

the trimming and remodelling of the oligosaccharide as the glycoprotein travels through the 

Golgi and endoplasmic reticulum. This process can produce different carbohydrate patterns on 

two proteins with identical amino acid sequences meaning that glycosylation produces variance 

within the population of a protein (B. Lin et al., 2020; Nardy et al., 2016; Vigerust & Shepherd, 

2007).  

A key feature of viruses is their ability to commandeer host biosynthetic pathways. For viruses 

that replicate in mammalian cells this process commonly includes the use of glycosylation 

machinery to produce viral glycoproteins. Through the incorporation of the same sugars that 

are present on host proteins, a virus is better able to shield itself from host immune recognition. 

This camouflage is made possible by the potent negative selection undergone by B and T cells 

that recognize sugars used in host glycosylation. Consequently, proteins covered in these host 

sugars are rarely immunogenic. Several viruses, such as HIV-1, HCV, and Lassa virus, produce 

a robust glycan shield that greatly hinders immune recognition (Hariharan & Kane, 2020; Lavie 

et al., 2018).  

This natural immune evasion mechanism has been mimicked as an immunofocusing strategy. 

In this approach glycosylation is increased on immunodominant regions that do not provoke 

an effective immune response and the response is, consequently, focused to the desired 



31 

 

antigenic regions (Hariharan & Kane, 2020). This strategy has been applied to develop vaccine 

candidates for several viruses including HIV-1 (Andrabi et al., 2017), influenza (Eggink et al., 

2014; S.-C. Lin et al., 2014), Zika virus (Tai et al., 2019), SARS-CoV2 (Carnell et al., 2023; 

Guo et al., 2021), and RSV (Frey et al., 2021).  

An illustrative example of glycosylation for immunofocusing is demonstrated in the 

development of a vaccine candidate targeting the receptor-binding domain of the SARS-CoV2 

spike protein. This domain contains a number of neutralizing epitopes. Recombinant 

expression of RBD exposes epitopes that would normally be occluded by the rest of the Spike 

protein. Mutations in the RBD sequence were used to introduce four new glycans in order to 

block recognition of these cryptic epitopes. Mice immunization experiments were performed 

with the newly glycosylated and wild-type RBDs. RBDs with these engineered glycosylation 

sites induced an enhanced neutralizing antisera response when administer as either a DNA or 

protein subunit vaccine (Guo et al., 2021).  

Glycosylation has also been used to develop a broad influenza vaccine candidate. Using site-

directed mutagenesis seven new N-linked glycosylation sites were introduced into the 

hemagglutinin head of an influenza strain known to have minimal native glycosylation. The 

large number of engineered sites led this approach to be termed hyperglycosylation. The 

glycosylation sites were chosen strategically to block known antigenic sites. Immunization 

with this hyperglycosylated hemagglutinin provided weaker protection against matched 

influenza viruses but substantially enhanced immune protection against mismatched influenza 

viruses. The hyperglycosylated hemagglutinin provided protection against challenge with a 

lethal dose of an influenza virus that contained an exotic head but the same stalk as the vaccine 

(Eggink et al., 2014).  
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The inverse of this strategy has also been applied, with immunofocusing being achieved 

through the removal of existing glycans. Since many viruses are already protected by a glycan 

shield, the removal of a few native glycans can produce a targeted immunogenic response 

against the newly revealed region. This approach has been used to elicit an antibody response 

to the envelope trimer of HIV-1. The CD4-receptor binding site present in this trimer is a highly 

conserved epitope which is known to produce a broad antibody response. However, the site is 

blocked by several glycans which inhibit the binding of some antibodies. It has been shown 

that glycan removal around the CD4-receptor binding site exponentially increases the site-

specific immunogenic response. Animal immunization experiments with glycan-hole 

containing envelope trimers induced high titres of neutralizing antibodies that were not present 

after vaccination with the wild-type protein. However, antibodies raised against the glycan hole 

containing envelope timers were not sufficient to neutralize the wild-type virus (T. Zhou et al., 

2017). 

1.4.4 PEGylation and Related Strategies 

The attachment of polyethylene glycol (PEG) to a protein or peptide is a common strategy to 

reduce immunogenicity. PEG is a general term for polymers of ethylene glycol and PEG 

molecules demonstrate diversity in chain length and branching. Differences in these properties 

can lead to varying physical characteristics among different PEGs, although all tend to be 

extremely soluble in water. The attachment of PEG to another molecule is known as 

PEGylation and PEGylated proteins have demonstrated reduced antibody binding (Gulati et 

al., 2018; Yadav & Dewangan, 2021).  

PEGylation of protein-based therapeutics has been widely applied in order to reduce clearance 

and increase circulation time (J. M. Harris & Chess, 2003; Y. Xu et al., 2017). There are several 

techniques that allow for the attachment of PEG to a protein substrate, most of which involved 

a functionalized PEG variant. For example, a PEG can be modified to incorporate maleimide. 
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This maleimide will form a covalent bond to a thiol, allowing for the PEGylation of a protein 

at any free cysteine residues. The choice of functional group is highly dependent on the nature 

of the protein and the desired coverage (M. J. Roberts et al., 2002). 

An important consideration in the use of PEG is the rise of anti-PEG Immunoglobulin M (IgM) 

and Immunoglobulin G (IgG) antibodies. In 1984, a sampling of healthy blood donors found 

that 0.2% of the population had anti-PEG antibodies (Richter & Åkerblom, 1984). In 2009, a 

similar sampling of a healthy population found that over 25% of individuals had anti-PEG 

antibodies (Armstrong, 2009). This increase may be due to improved limits of analytical 

detection or greater population exposure to PEG through its presence in cosmetics, 

pharmaceuticals, and processed foods. Regardless of whether this is a new trend, the prevalence 

of anti-PEG antibodies can lead to accelerated clearance of PEGylated substrates as well as the 

instigation of severe reactogenic symptoms (Garay et al., 2012; Kozma et al., 2020).  

An alternative to PEGylation is the incorporation of a polypeptide designed to mimic the 

features of PEG. For example, XTEN is composed of proline, alanine, serine, threonine, 

glycine, and glutamine in a non-repetitive manner. The chemical or genetic incorporation of 

XTEN, known as XTENylation, can allow for the benefits of PEGylation without the need for 

chemical coupling or lack of biodegradability (Haeckel et al., 2016). PAS is polypeptide 

composed of proline, alanine and serine which is another PEG alternative that can be 

chemically or genetically incorporated into a protein with a similar effect to XTEN (Schlapschy 

et al., 2013). Unlike PEG, both XTEN and PAS have a defined molecular mass which can make 

their interactions easier to predict. They are also less likely than PEG to have a pre-existing 

antibody response raised against them (Haeckel et al., 2016; Schlapschy et al., 2013; Zinsli et 

al., 2021). 
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An illustrative application of PEGylation for immunofocusing was implemented to elicit 

broadly neutralizing antibodies against the gp41 subunit of the HIV-1 envelope glycoprotein. 

Immunizations were performed with the epitope of a known neutralizing antibody. In order to 

maintain the epitope structure, the antigen was produced as a fusion to a protein scaffold. 

However, immunization experiments with this chimeric protein elicited a high titre of 

antibodies against the scaffold. A coat of small molecular weight PEG molecules was added at 

strategic locations on the scaffold in order to reduce the humoral response raised against it. 

This reduced the anti-scaffold response while retaining a robust antibody binding to the 

neutralizing epitope (Bianchi et al., 2009). 

A more complex PEG-based immunofocusing approach is nanopatterning. In nanopatterning, 

the non-canonical amino acid p-azido-L-phenylalanine (F*) is incorporated near the region of 

the antigen that requires shielding. A PEG derivative incorporating dibenzocyclooctyne 

(DBCO) is then used to PEGylate the antigen. The shielded region of the antigen can be tuned 

through the manipulation of the F* location and the modification of the size of PEG added, 

(Arsiwala et al., 2019).  

Nanopatterning has been applied to the malaria vaccine candidate MSP119 which is a terminal 

fragment of the Merozoite surface protein (MSP1) (Arsiwala et al., 2019). MSP1 is an abundant 

surface protein on the blood-stage malaria parasite that interact with human blood cell surface 

proteins and are essential for parasite development. Neutralizing antibodies against MSP1 can 

prevent invasion of red blood cells by the parasite. However, non-neutralizing antibodies can 

outcompete neutralizing antibodies prevent the activity of neutralizing antibodies (P. N. Patel 

et al., 2022). Nanopatterning was applied to occlude the binding epitope of non-neutralizing 

antibodies that were known to block neutralizing antibodies (Arsiwala et al., 2019). 
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1.4.5 Antibody Blocking 

Monoclonal antibodies have been used to block specific parts of an antigen as an 

immunofocusing strategy. Since antibodies reliably target a specific epitope, this strategy can 

allow for a precise portion of the antigen to be blocked from immune recognition (Hioe et al., 

2009; Tsouchnikas et al., 2015; Williams et al., 2006). As an added benefit, this antigen-

antibody complex can help to induce an immune response against the antigen through Fc-

mediated adjuvant activity (Rawool et al., 2008; D.-Z. Xu et al., 2008). 

As an example, antibody blocking has been explored as an immunofocusing strategy in the 

context of HIV-1. These experiments used a monoclonal antibody called 654-D that targets the 

CD4 binding site of gp120. An immune complex of 654-D and gp120 was used to immunize 

mice. The presence of 654-D enhanced the immune response raised against regions of gp120 

outside the binding site, including the V3 region which contains broadly neutralizing epitopes. 

Immunization with 654-D:gp120 immune complexes led to a more cross-reactive response than 

gp120 on its own. However, this immune response was still not effective at neutralizing the 

majority of the tested HIV-1 isolates (Hioe et al., 2009). 

Another immunofocusing strategy incorporates both antibody blocking and PEGylation. This 

approach has three steps: protect, modify, and deprotect which gives it the name PMD. First, a 

monoclonal antibody is bound to the antigen at the region that an immune response is desired.  

Second, the antigen is modified to shield unprotected regions. For example, a PEG derivative 

that incorporates N-hydroxysuccinimide (NHS) can PEGylate accessible amines on the 

protein. Amines occluded by antibody binding will not be accessible for PEGylation. Finally, 

the monoclonal antibody is removed from the antigen which can be achieved using low pH or 

potassium thiocyanate. At the end of this procedure the antigen is coated in PEG but a hole is 

present where the monoclonal antibody had previously been bound (Bruun et al., 2024; 

Weidenbacher & Kim, 2019). 
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This technique has been validated using hemagglutinin as an antigen. Hemagglutinin was first 

protected using a known broadly neutralizing antibody raised against the stalk. There was 

insufficient natural lysine content in the hemagglutinin head for efficient NHS PEGylation and 

so deep mutational scanning data was used to identify nine locations in the hemagglutinin head 

where existing residues could be replaced with lysines. To facilitate elution at a neutral pH, the 

broadly neutralizing antibody was mutated to weaken its interaction with the epitope and allow 

for removal using potassium thiocyanate. Bio-layer interferometry was used to assess the 

interaction with known antibodies against hemagglutinin. These results showed that PMD 

decreased, but did not completely prevent, the binding of anti-head antibodies but did not affect 

binding of anti-stalk antibodies. The retained binding to the head was attributed to holes in the 

PEGylation shield. Animal immunization with the PMD hemagglutinin elicited antisera that 

produced a slightly weaker response against an influenza virus matched to the vaccine but a 

stronger response to mismatched viruses. This result indicates that PMD produced a broader 

immune response that has an enhanced potential to protect across strains (Weidenbacher & 

Kim, 2019).   

While this section considers antibody-antigen complexes in the context of immunofocusing, 

the strategy has been applied vaccine candidates for other purposes including the elicitation of 

a desired structural conformation (Tsouchnikas et al., 2015) and reduction in residual virulence 

for inactivated viral vaccine (Iván et al., 2005).  

1.4.6 Albumin Shielding 

Albumin shielding has been used to reduce immune recognition of nanoparticles, in a strategy 

that could be implemented for more traditional immunofocusing. Human serum albumin 

(HuSA) has a variety of roles including maintaining oncotic pressure, acting as an antioxidant, 

and transporting biomolecules such as fatty acids, steroids, and L-tryptophan as well as ions 

such as copper, zinc, and calcium. HuSA is also the most abundant human blood protein with 
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concentrations of 35–50 mg/mL in human serum (Merlot et al., 2014). Several bacterial species 

use membrane proteins to bind HuSA to their surface in order to protect themselves from 

immune recognition (Egesten et al., 2011b). The application of HuSA shielding in protein 

engineering is therefore an application of bio-inspired design (A. S. Pitek et al., 2016). 

 HuSA shielding has been performed to reduce immune recognition of a nanoparticle derived 

from the tobacco mosaic virus (TMV). Chemical crosslinking was used to link HuSA to the 

individual nanoparticle monomers in order to decorate the particle with albumin. Particles that 

were shielded with HuSA demonstrated reduced macrophage recognition relative to naked 

particles. This technique has successfully reduced immune recognition of a potential vaccine 

scaffold (A. S. Pitek et al., 2016).  

It is apparent that a similar strategy could be applied attach HuSA to an antigen through 

chemical coupling or high affinity albumin binding (Dennis et al., 2002; Jonsson et al., 2008). 

In a similar manner to the TMV-derived nanoparticle, certain antigenic regions could be 

shielded with albumin to allow for immunofocusing.   

1.4.7 Nanoparticle occlusion 

As previously outlined, multivalent display of antigens on nanoparticles can lead to substantial 

enhancements in immune recognition (K. D. Brune & Howarth, 2018). Multivalent display can 

be used to enhance the immune response raised to antigens that have undergone 

immunofocusing by other methods (Arsiwala et al., 2019). Antigenic presentation on a 

nanoparticle can be used as an immunofocusing strategy in its own right. Specific epitopes can 

be occluded from immune recognition by modifying the position and orientation of an antigen 

as well as the geometry of the nanoparticle (Ding et al., 2017; Ueda et al., 2020).  

As an example of this approach, a soluble and stabilized version of the HIV-1 envelope protein 

was genetically fused to different computationally-designed nanoparticles. One of these 
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nanoparticles had a tetrahedral orientation (Ueda et al., 2020) and one had an icosahedral 

orientation (Brouwer et al., 2019). Six different monoclonal antibodies that bound different 

known epitopes were assessed for binding to the HIV-1 envelope protein in either presentation. 

For both nanoparticles, antigen accessibility by monoclonals followed a similar pattern with 

binding decreasing as epitopes moved from the apex to the base of the immobilized antigen. 

There was more than a ten-fold decline in binding between the apex and base epitope. 

Critically, the tetrahedral presentation showed a less rapid decline in antibody interaction as 

the epitope moved closer to the base, in agreement with the predicted structure of the particles. 

This result underlines the potential for nanoparticle occlusion to modify the relative response 

to different antigenic region (Ueda et al., 2020). 

1.4.8 Sequential Immunization 

Sequential immunization with distinct but related antigens can enhance the immune response 

to elements shared by the antigens. The immune response is initially raised to the first antigen 

that is administered. Sequential immunizations will favour activation and expansion of B cells 

capable of binding the new antigens that are administered. This process favours the selection 

of B cells capable of binding regions shared between the various administered antigens 

(Escolano et al., 2016, 2019; Nachbagauer et al., 2021; S. Wang, 2017). 

In an example of this approach, sequential immunization has been applied in clinical trials for 

a broad influenza vaccine. In this trial, two immunizations were performed using different 

chimeric hemagglutinin proteins. The stalk of these chimeric proteins was derived from a 

hemagglutinin 1 (H1) known to circulate in humans, while the heads came from hemagglutinin 

produced in avian influenza strains (H8 and H5). Underlying this strategy is the idea that most 

individuals have an existing repertoire of anti-hemagglutinin antibodies predominantly focused 

on the head. Successive immunizations that alter the immunodominant head but maintain the 

same stalk will select for B-cells producing anti-stalk antibodies, enhancing the anti-stalk titre. 
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The chimeric hemagglutinins used in these immunizations were administered as part of a full 

influenza virus that and the most robust immune response was elicited using inactivated 

influenza viruses adjuvanted with AS03 (Nachbagauer et al., 2021). 

Individuals vaccinated with this regimen developed high anti-stalk antibody titres that 

stabilized after six months and were maintained at similar levels up to 18 months after the 

initial vaccination. Immune sera were tested using a new chimaera with an H1 stalk and H6 

head that came from an avian influenza strain that was not included in the trial. Using this 

chimeric H1/H6 hemagglutinin, patient antisera demonstrated ability to induce antibody-

dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, hemagglutinin 

inhibition, and viral neutralization. Patient antisera was passively transferred to mice and 

provided protection against a cH6/1N5 virus (chimeric H1/H6 hemagglutinin and 

Neuraminidase 5). Patient antisera bound to other Group 1 hemagglutinins including H2, H9 

and H18, demonstrating breadth within Group 1 influenza (Nachbagauer et al., 2021). 

Sequential immunization has been widely explored as strategy for eliciting broadly neutralizing 

antibodies against HIV-1 by manipulating the affinity maturation process of antibodies. This 

can be especially effective for HIV-1 where broadly neutralizing antibodies tend to have several 

unusual features and to have undergone high levels of somatic hypermutation. The strategy has 

been labelled “germline targeting” due to the reliance on evolution of a highly mutated antibody 

from a germline precursor it (Escolano et al., 2019, 2021; Haynes et al., 2019). 

1.4.9 Antigen Mixtures and Mosaic Nanoparticles 

Under a similar principle to sequential immunization, immunofocusing can also be achieved 

by simultaneously immunizing with multiple related antigens. Through the inclusion of 

multiple evolutionarily-related antigens this strategy provides a competitive advantage for the 

expansion of B cells that can bind conserved regions. Antigens can be administered in a soluble 

mixture (referred to as a cocktail or admix) or as nanoparticles displaying several different 
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antigens (referred to as a mosaic) (Kanekiyo et al., 2019). These approaches have been applied 

to develop broadly neutralizing vaccine candidates against influenza (Boyoglu-Barnum et al., 

2021; A. A. Cohen et al., 2021) and coronaviruses (Cohen et al., 2021; Walls et al., 2021).  

A key example of this approach was applied to develop broad influenza protection. This study 

used the receptor binding domain (RBD) of H1N1 hemagglutinin. In this context, RBD is a 

portion of hemagglutinin which includes the globular head but excludes most the stalk. The 

goal was to elicit neutralizing antibodies against the receptor binding site (RBS) present on the 

hemagglutinin head. RBS is the location of biding between hemagglutinin and sialic acid and 

is highly conserved within subtypes. Multimeric presentation of the hemagglutinin RBD was 

achieved through genetic fusion with ferritin. A mosaic nanoparticle co-displaying antigens 

from several different viruses can be produced through co-transfection with several plasmids 

expressing different ferritin-fused influenza RBDs (Kanekiyo et al., 2019).  

The immunogenic effect of a nanoparticle with hemagglutinins from between one and eight 

strains of H1N1 were tested through a series of mouse immunization experiments. These 

experiments demonstrated that the mosaic antigen was capable of inducing responses 

comparable to a homotypic nanoparticle, which displayed antigen from a single virus. 

Additionally, the mosaic nanoparticles induced an increased breadth of immune response. 

Immunization with mosaic nanoparticles was compared with an admix of homotypic 

nanoparticles. Mosaic display elicited a broader response than that induced by an admix 

containing the same set of RBDs. A monoclonal antibody was isolated from sera induced by 

mosaic immunization. This monoclonal (441D6) neutralized all but one (A/Iowa/1943) 

member of a H1N1 pseudovirus panel, including representatives spanning from 1918 to 2009 

(Kanekiyo et al., 2019). A similar strategy has also been applied to develop broad anti-

coronavirus vaccines and is outlined in Section 1.7 (Cohen, et al., 2021; Walls et al., 2021). 
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1.5 Coronaviruses 

The term coronavirus typically refers to members of the subfamily Orthocoronavirinae, which 

is part of the family Coronaviridae and order Nidovirales (Fan et al., 2019). These viruses are 

enveloped and encode their genome in positive-sense single-stranded RNA (V’kovski et al., 

2021). Coronavirus genomes are notably large, in the range 26 – 32 kb (Woo et al., 2010).  

Coronavirus virions tend to have a diameter between 80-120 nm (Masters, 2006). Electron 

microscope images of these virions show spike structures that created a fringe around the 

particle. These images reminded some early observers of the solar corona and led to the name 

coronavirus (Masters, 2006). 

Orthocoronavirinae is further divided into four genera: alphacoronavirus, betacoronavirus, 

gammacoronavirus, and deltacoronavirus. Alpha- and betacoronaviruses predominantly infect 

mammalian hosts, while gamma- and deltacoronaviruses primarily infect avian species (Islam 

et al., 2021; Mei et al., 2022; Mihindukulasuriya et al., 2008; V’kovski et al., 2021; Woo et al., 

2012).  

At the time of writing, there are seven widely recognized human-infecting coronaviruses that 

have been shown to undergo human-to-human transmission (Kesheh et al., 2022). Four of these 

viruses are among several of the causative agents of the common cold (Eccles, 2023). These 

pathogens are the alphacoronaviruses NL63 and 229E and the betacoronaviruses HKU1 and 

OC43 (Kesheh et al., 2022). The other three human coronaviruses have caused deadly 

outbreaks. SARS-CoV (SARS1) first emerged in 2002 and rapidly caused an outbreak of severe 

acute respiratory syndrome which led to more than 8000 people infected and 774 recorded 

fatalities. No cases of SARS1 have been reported since 2004 (Ruan & Zeng, 2008; Vijayanand 

et al., 2004). MERS-CoV (MERS) was first identified in 2012 and causes Middle East 

respiratory syndrome. Since that initial identification, cases have been reported in more than 

25 countries and the virus has caused at least 700 deaths. MERS demonstrates high fatality 
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rates but relatively poor human-to-human transmission (Ramadan & Shaib, 2019). SARS-CoV-

2 (SARS2) was identified in 2019 and is the causative agent of the COVID-19 pandemic 

(Lamers & Haagmans, 2022).  

These three deadly human coronaviruses are all betacoronaviruses. The betacoronavirus genus 

includes the sub-genera hibecovirus, nobecovirus, embecovirus (HKU1 and OC43), 

sarbecovirus (SARS1 and SARS2), and merbecovirus (MERS) (Kesheh et al., 2022).  

1.5.1 Coronavirus Zoonotic Transmission 

Coronaviruses are known to infect a diverse range of animal hosts. Gamma- and 

deltacoronaviruses have been identified in more than 100 different species of wild bird, across 

all continents (Wille & Holmes, 2020). In addition to birds, deltacoronavirus have been found 

in pigs (Woo et al., 2012) and gammacoronaviruses have been found in cetaceans 

(Mihindukulasuriya et al., 2008; L. Wang et al., 2020). Alpha- and betacoronaviruses been 

shown to infect members of several mammalian orders including carnivores, lagomorphs, 

primates, ungulates, and rodents (Ghai et al., 2021).  

The diversity of coronaviruses in bats (the Order Chiroptera), far exceed those identified in 

other mammalian hosts. Members of 11 of the 18 extant bat families have been found to be 

infected by coronaviruses, including species on the six continents inhabited by bats (Drexler et 

al., 2014). There are a variety of factors that contribute to bats as coronavirus reservoirs. Bats 

typically demonstrate gregarious behaviour and often live in dense aggregations. Bats also have 

relatively long lifespans considering their body size, which allows for persistent chronic 

infection. Sympatry, where a number of related species share geographic distribution, is 

common in bats and can facilitating interspecific disease transmission. This trait is further 

enhanced by bats ability to fly which can allows for movement and pathogen dispersal for 

certain bat species (Luis et al., 2013). Flight also requires high metabolic activity leading to 

increased body temperature. The “flight-as-fever” hypothesis posits that this increased body 
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temperature mimics a fever immune response, helping to curtail viral symptoms in bats and 

enhance their effectiveness as viral reservoirs (O’Shea et al., 2014). However, this hypothesis 

remains disputed (Letko, Seifert, et al., 2020; Levesque et al., 2021). 

Coronaviruses have demonstrated zoonotic transmission from animal hosts to humans (Ghai et 

al., 2021). A well-studied transmission event is the host switching of SARS1. An analysis was 

performed of a live animal market in Shenzhen, China as part of the SARS1 response. Evidence 

of SARS1 infection was found in humans associated with the market as well as Himalayan 

palm civets (Paguma larvata), raccoon dog (Nyctereutes procyonoides), and a Chinese ferret 

badger (Melogale moschata)(Guan et al., 2003). In strong suggestion of civets as a direct source 

of human infection, there is a close sequence match for viral isolates from both humans and 

civets (H.-D. Song et al., 2005). There remains a possibility that another animal was also 

involved in human transmission (L.-F. Wang et al., 2006). Civet viral isolates display very little 

genetic diversity and few instances of infection for wild or farmed palm civets have been 

detected, suggesting the species is unlikely to be the natural viral reservoir (Shi & Hu, 2008).  

A diversity of species closely related to SARS1 have been identified in Asian bat species (W. 

Li et al., 2005). This has led to the common view that a bat species is the natural reservoir of 

SARS1 and palm civets served as an intermediate host that facilitated human infection (G. Tang 

et al., 2022). When compared to civet isolates, human SARS1 isolates show major genetic 

variation in the spike protein, that facilitates binding to the host-cell receptor. The evolution of 

SARS1 spike protein appears to be essential to improve the efficiency of human-to-human 

transmission after the crossover event has occurred (H.-D. Song et al., 2005).  

Livestock have also served as a precursor host for human coronaviruses. For example, the 

human alphavirus OC43 shows genomic similarity to a bovine coronavirus and based on 

molecular clock and genomic sequence analysis there may have bovine-to-human interspecies 
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transmission in the late 19th century (Ghai et al., 2021; Vijgen et al., 2005). It has been 

hypothesized that this crossover event may have caused the “Russian Flu” pandemic of 1889-

90 (Brüssow & Brüssow, 2021; Valleron et al., 2010; Vijgen et al., 2005). There is evidence 

that the human betacoronavirus 229E is associated with dromedary camels (Corman et al., 

2016). This link is more firmly established for MERS, where camels are the primary MERS 

host and repeated, sporadic camel-to-human transmission events are believed to have occurred 

(Killerby et al., 2020). There are a large diversity of MERS-like viruses circulating in bats (El 

Sayes et al., 2024) and there is evidence that an ancestral form of the virus may have been 

transmitted from bats to camels (Corman, Ithete, et al., 2014). 

The origin of SARS2 has not yet been determined conclusively (Bloom, 2023; Gostin & 

Gronvall, 2023; Pekar et al., 2022a; Pipes et al., 2021). There are several coronaviruses closely 

related to SARS2 circulating in bat populations (Temmam et al., 2022; P. Zhou et al., 2020). 

There is evidence to suggests that an undetermined mammalian species may have been an 

intermediate host between bats and humans (Pekar et al., 2022a; Worobey et al., 2022). A 

zoonotic transmission event similar SARS1 is plausible (Pekar et al., 2022a; Worobey et al., 

2022) but has been definitively established (Bloom et al., 2021; Gostin & Gronvall, 2023).  

There are several coronaviruses circulating in bats which can bind human cell receptors and 

have been identified as risks for future zoonotic transmission (Menachery et al., 2017; 

Mohapatra et al., 2023a; Xiong et al., 2022). In Haiti, a deltacoronavirus (Hu-PDCoV) was 

recently identified as having undergone two distinct zoonotic spillover events from pig to 

human hosts (Lednicky et al., 2021). In Malaysia, a canine alphacoronavirus (CCoV-HuPn-

2018) was recently identified in patient respiratory swabs (Tortorici et al., 2022; Vlasova et al., 

2022). To date, neither of these coronaviruses have been identified as having human-to-human 

transmission capability (Lednicky et al., 2021; Vlasova et al., 2022). The identification of these 

novel human infections by coronaviruses suggest that zoonotic transmission may occur more 
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frequently than previously believed (Sánchez et al., 2022; Tortorici et al., 2022). Each zoonotic 

spillover event opens the potential for the infecting pathogen to better adapt to its new host 

becoming more infectious or more transmissible (Ellwanger & Chies, 2021; Recht et al., 2020; 

C. C. S. Tan et al., 2024). 

1.5.2 SARS-CoV-2  

As with other coronaviruses, SARS2 is enveloped and encodes its genome with single-stranded 

positive sense RNA (R. Lu et al., 2020) (Figure 1.3). The genomic size is slightly less than 30 

kb and there is diversity in genome length within the viral population (Khailany et al., 2020). 

The majority of the SARS2 genome constitute two open reading frames: ORF1a and ORF1b 

(V’kovski et al., 2021). ORF1a begins near the 5’ end of genome and is followed directly by 

ORF1b. There is a partial overlap between ORF1a and ORF1b, with ORF1b being in a different 

reading frame relative to ORF1a. Within the overlapping region of the two open reading frames 

there is an RNA element that can cause ribosomes to slip by one base, introducing a frameshift 

that allows continued translation (Finkel et al., 2021; Kelly et al., 2021). ORF1a encodes the 

polyprotein pp1a. When the programmed frameshift occurs, the polyprotein pp1ab that is 

composed of both open reading frame is translated instead (Jahirul Islam et al., 2023; V’kovski 

et al., 2021). These polyproteins are proteolytically processed by viral proteases encoded within 

ORF1a in order to produce a total of 16 non-structural proteins (nsp1-16) that play critical roles 

in viral replication and transcription (Low et al., 2022; Yan et al., 2020).  

Downstream of ORF1a and ORF1b, are genes encoding the four structural proteins 

incorporated in the mature SARS2 virion: spike (S), membrane (M), envelope (E), and 

nucleocapsid (N) (Jahirul Islam et al., 2023). Interspersed within these genes are several 

accessory proteins that are not essential for viral replication but play an important role in viral 

pathogenesis. SARS2 accessory proteins have been implicated in regulating cytokines, 

induction of apoptosis, and activation of inflammasomes (Fang et al., 2021; Redondo et al., 
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2021; Zandi et al., 2022). The structural proteins are well conserved across other coronaviruses 

(Woo et al., 2012) while there is substantial diversity in the number and identity of accessory 

proteins across coronaviruses (Fang et al., 2021).  

Figure 1.3: Schematic of SARS2 genome. A representation of the SARS2 genome based on 

the sequence and annotations of GenBank accession number NC_045512.2. Genes encoding 

non-structural proteins are blue, genes encoding structural proteins are purple, and genes 

encoding accessory proteins are orange.  

 

SARS-CoV-2 virions have a diameter of approximately 60 to 140 nm and, while typically 

spherical, display some pleomorphism (N. Zhu et al., 2020). The most abundant structural 

protein in the SARS2 virion is the membrane protein which plays a critical role in viral 

assembly and budding (Z. Zhang, Nomura, et al., 2022). The nucleocapsid protein binds to the 

genomic RNA and facilitates packing within the viral capsid (Wu et al., 2023). The envelope 

protein is the smallest of the structural proteins present in the virion. Although critical for 

virulence, the function of the envelope protein role has not been fully elucidated (Cao et al., 

2021). Envelope proteins are highly expressed at intracellular transport sites (such as the 

endoplasmic reticulum and Golgi) in infected cells and form cation-conducting ion channels 

that enhance pathogenicity (Medeiros-Silva et al., 2023). 
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The Spike protein plays a key role in host receptor binding and cell membrane fusion. The 

protein is 180-200 kDa, is heavily glycosylated, and forms a homotrimer (Figure 1.4). The 

protein is composed of two subunits: S1 and S2. The S2 subunit mediates viral cell membrane 

fusion and is composed of a fusion peptide, two heptad repeat sequences, and a transmembrane 

domain. The S1 subunit facilitates host receptor recognition and is composed of an N-terminal 

domain (NTD) and receptor-binding domain (RBD). SARS2 RBD binds to angiotensin-

converting enzyme 2 (ACE2) and is critical for virulence (Y. Huang et al., 2020). ACE2 is a 

receptor widely expressed in multiple cell types that plays a critical role in blood pressure 

regulation through the conversion of the peptide angiotensin II to angiotensin-(1-7) (R. A. S. 

Santos et al., 2018). 

The Spike protein folds in a metastable state that, while energetically stable, is capable of 

undergoing further conformational change to a lower energy state replication (C. B. Jackson et 

al., 2022). This energetically favourable transition can help overcome the repulsion between 

the host and viral membranes and is mediated by two proteolytic cleavage steps using host 

proteases.  First, a multibasic site at the junction between S1 and S2 is cleaved by host cell 

furin. At this stage the S1 site is susceptible to premature shedding away from the rest of the 

Spike protein. Second, the S2′ site is proteolytically cleaved. The S2′ site on S2 is exposed by 

confirmational changes induced by RBD biding to ACE2. Cleavage may be performed by 

transmembrane protease, serine 2 (TMPRSS2) on the cell surface or, if internalization has 

occurred, by cathepsins in the endosomes. Cleavage causes dissociation of S1 from S2, exposes 

the fusion peptide, and causes a substantial S2 conformational change that drives the fusion 

peptide into the host membrane. This forms a fusion pore between the viral and host membrane 
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that allows dissemination of the viral RNA through the cell cytoplasm, facilitating translation 

and replication (C. B. Jackson et al., 2022). 

 

Figure 1.4: SARS2 spike glycoprotein. (A) A map of the SARS2 spike protein showing the 

location of the N-terminal domain (NTD), receptor-binding domain (RBD), fusion peptide 

(FP), heptad repeat 1 (HR1), heptad repeat 2 (HR2), transmembrane domain (TM), and 

cytoplasmic tail (CT). The S1/S2 furin cleavage site and S2′ cleavage site are indicated. The 

location of glycosylation sites is shown with the residue number indicated (green). Residue 

numbering starts at 14 as the signal peptide is cleaved during processing and is not present in 

the mature spike prefusion spike protein. (B) The structure of prefusion SARS2 spike protein 

with all RBDs in the down position with certain domains indicated (PDB 6VXX). (C) The 

structure of an individual SARS2 RBD interacting with human ACE2 receptor (PDB 6M0J). 
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Human infection with SARS2 causes the disease COVID-19. SARS2 undergoes human-to-

human transmission through respiratory droplets and aerosols. After infection, the median 

incubation period is 4-5 days before the onset of symptoms (Lamers & Haagmans, 2022). 

Common symptoms are fever, cough, fatigue, and shortness of breath (Alimohamadi et al., 

2020), but the disease can be asymptomatic in some cases (Z. Gao et al., 2021). Severe disease 

is commonly associated with hypoxaemia and can lead to systemic hyperinflammation, 

progressive respiratory failure, and death (Lamers & Haagmans, 2022).  

In a notable fraction of patients that recover from acute COVID-19, there are health effects 

from the condition ‘Long COVID’. This term encompasses dozens of symptoms across several 

organ systems which can be debilitating to those afflicted. Several non-exclusive causes of 

Long COVID have been proposed including immune dysregulation, impact on the microbiota, 

autoimmunity, and persistence viral reservoirs in host tissues. At this time there are no clinically 

validated treatments for Long COVID (H. E. Davis et al., 2023).  

COVID-19 was first identified in December 2019 (C. Huang et al., 2020). Retrospective 

analysis suggests that the disease may have first emerged as early as October 2019 (D. L. 

Roberts et al., 2021). By January 2020, the disease had spread to several countries across 

multiple continents (Caly et al., 2020; Holshue et al., 2020; Imai et al., 2022; Spiteri et al., 

2020). On March 11, 2020, the World Health Organization (WHO) declared COVID-19 a 

global pandemic (Cucinotta & Vanelli, 2020). By July 1st, 2024, the WHO reported more than 

7 million deaths confirmed to be due to COVID-19 (WHO, 2023). Statistical measurements 

have estimated 14.8 million excess deaths associated with the COVID-19 pandemic in the years 

2020 and 2021 alone (Msemburi et al., 2023). The COVID-19 pandemic has additionally had 

far-reaching societal, political and economic impacts (Sachs et al., 2022). 
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Through the progression of the pandemic, the SARS2 virus has undergone substantial evolution 

that impacted transmissibility, severity, and immune evasion (Markov et al., 2023). The virus 

has accumulated mutations through replication errors (Amicone et al., 2022), host-mediated 

genome editing (Kim et al., 2022), and recombination (T. Tamura et al., 2023). During acute 

infection, low levels of variance develop within the viral population of an individual host. Each 

transmission event acts as a genetic bottleneck and typically only the most common variant 

present in the host will be transferred. Less frequently, a minority variant or a combination of 

variants will be transferred (Lythgoe et al., 2021). Over time the global variant population will 

shift and variants with selective advantages may emerge (Markov et al., 2023).  

As an early example, the Spike mutation D614G was identified early in the pandemic (Isabel 

et al., 2020). This mutation has been shown to reduce shedding of S1, increase Spike density 

in the virion, and increase affinity for the interaction between RBD and ACE2 (despite the 

mutation occurring outside of RBD) (L. Zhang et al., 2020). D614G quickly became dominant 

when introduced into a region and became the globally dominant form of the virus (Korber et 

al., 2020).  

Selective pressure has led to the rise of several SARS2 variants of concern (VOCs) (Parums, 

2021). One VOC example was the Beta variant (Pango lineage B.1.351) detected in South 

Africa, which carried three mutations (K417N, E484K, and N501Y) in the RBD and quickly 

gained regional dominance (Tegally et al., 2021). Another VOC example was the Delta variant 

(Pango lineage B.1.617.2) detected in India (Dhar et al., 2021) which contained two mutations 

(L452R and T478K) in the RBD (Dhawan et al., 2022). The Delta variant became globally 

dominant (Hadfield et al., 2018) leading to a surge of COVID-19 cases (Bolze et al., 2022).  

There are multiple hypotheses to explain the emergence of VOCs with several mutations that 

make them distinct from the dominant circulating variants. These theories include stealth 
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circulation and genetic drift in populations with poor genomic surveillance, chronic infection 

and sustained evolution in immunocompromised individuals, and transfer between an 

undetermined zoonotic reservoir (Markov et al., 2023).  

The first three Omicron variants (BA.1, BA.2, and BA.3) were identified in South Africa and 

Botswana in October 2021 (Viana et al., 2022). These lineages have subsequently undergone 

substantial further evolution (Roemer et al., 2023), including the emergence of XBB.1 from 

the recombination of two co-circulating Omicron BA.2 lineages (BJ.1 and BM.1.1.1) (T. 

Tamura et al., 2023) and further evolution of XBB.1 leading to XBB.1.5 (Uriu et al., 2023). 

Currently circulating Omicron variants (such as JN.1) demonstrate substantial immune evasion 

from immune responses raised against earlier variants as well as enhanced cellular infectivity 

(Kaku et al., 2024). Evasion of pre-existing immune responses targeting previous iterations of 

SARS2 is a hallmark of several Omicron variants and a challenge for therapeutic and vaccine 

development (Meng et al., 2022; Qu et al., 2024; Willett et al., 2022).  

1.5.3 Sarbecoviruses  

Sarbecoviruses are SARS-like betacoronaviruses that have primarily been identified in bats but 

also include the human pathogens SARS1 and SARS2 (Boni et al., 2020). This group has been 

broken into four different clades based on their RBD sequences (A. Cohen et al., 2021) (Figure 

1.5, 1.6, Appendix 2). It is important to note that these clades are not apparent through 

phylogenetic analysis of other sarbecovirus sequences, including RNA-dependent RNA 

polymerase. The clades are named Clade 1a, Clade 1b, Clade 2, and Clade 3 (A. Cohen et al., 

2021; Letko, Marzi, et al., 2020; Starr et al., 2022). 
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Figure 1.5: Conservation of residues for sarbecoviruses. The conservation of residues for 

the twelve sarbecovirus RBDs outlined in Figure 1.6 are mapped onto the SARS2 RBD 

structure (PDB 6ZER). Multiple orientations of the same RBD are shown. Conservation was 

determined using Clustal Omega (version 1.2.4). 

 

Clade 1a sarbecoviruses are related to SARS1 and demonstrate binding to ACE2. Clade 1b 

sarbecoviruses are related to SARS2 and also demonstrate binding to ACE2. Several members 

of Clade 1a and Clade 1b have demonstrated tight binding to the human ACE2 protein. Both 

of these clades are predominantly found in Asian bat species. Clade 2 sarbecoviruses are also 

found in Asian bat species but have not been shown to bind human or any other ACE2 protein. 

The RBD of Clade 2 viruses shows two large deletions in the receptor binding motif. Together 

these results have led to the hypothesis that Clade 2 viruses use a different, currently 

unidentified receptor to gain mammalian cell entry. It is unclear if this entry is facilitated by 

their RBD or a different domain on the Spike protein (Starr et al., 2022). 

Clade 3 sarbecoviruses have been found in African and European bats and include the viruses 

BM48-31, BtKY72, and Khosta-2 (A. Cohen et al., 2021; Letko, Marzi, et al., 2020; Starr et 

al., 2022). There is variability in ACE2 binding found in this clade (Starr et al., 2022). The 

BM48-31 virus identified in Bulgarian bats (Drexler et al., 2014) has not demonstrated 
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binding to any tested human or bats ACE2 receptor (Starr et al., 2022). The BtKY72 virus 

identified in Kenyan bats demonstrates binding to some bat (Rhinolophus affinis) ACE2 

receptors but not to human ACE2. However, a double point mutation in BtKY72 can 

facilitate binding to human ACE2 and entry into human cells with this receptor. The Khosta-2 

virus identified in bats in the Russian Greater Caucasus (Alkhovsky et al., 2022) has shown 

the ability to bind human ACE2 (Starr et al., 2022) and infect human cells (Seifert et al., 

2022). 

Figure 1.6: Heat map of sarbecovirus RBD conservation. A heat map displaying the 

percent amino acid identity of selected sarbecovirus RBDs. The colour gradient is based on a 

range from 60% to 100% amino acid identity. The clades of the viruses that RBDs belong to 

are indicated.  
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1.5.4 Merbecoviruses 

Merbecoviruses are a subgenus of MERS-like betacoronaviruses. Merbecoviruses have been 

identified across several continents, circulating in different zoonotic reservoirs, including bats 

(Woo et al., 2006), camels (Haagmans et al., 2014), hedgehogs (Corman, Kallies, et al., 2014), 

and pangolins (J. Chen et al., 2023) (Figure 1.3). Some of these merbecoviruses use dipeptidyl 

peptidase 4 (DPP4) (Letko et al., 2018) to gain entry to mammalian cells while others use 

ACE2 (C. Ma et al., 2023).  

The prototypic merbecovirus is the virus MERS. MERS primarily infects camels but there have 

been several camel-to-human transmission events. In humans, clinical presentation can range 

from asymptomatic or mild upper respiratory illness to a rapid pneumonitis progression, 

respiratory failure, acute respiratory distress syndrome, septic shock, and multiorgan failure 

leading to death. MERS is still circulating and causes sporadic and intermittent cases in humans 

(Memish et al., 2020). MERS is relatively poor at human-to-human transmission, with many 

infections occurring in co-habitation or health care settings (Drosten et al., 2014; Memish et 

al., 2014).  

The MERS virus encodes four structural proteins: spike (S), envelope (E), membrane (M), and 

nucleocapsid (N) protein. MERS spike is a glycoprotein trimer that plays a critical role in 

binding to DPP4 and facilitating membrane fusion with host cells. The spike protein includes 

an RBD which binds the host cellular receptor DPP4 and facilitates viral entry (Memish et al., 

2020). DPP4 tends to be well expressed in the upper respiratory tract epithelium for camels but 

not humans. This differential expression may play a role in the relatively inefficient human-to-

human transmission of the disease (Widagdo et al., 2016). In addition to a variety of lung cells, 

DPP4 is widely expressed on the epithelial cells of other organs and tissues including kidneys, 

intestine, liver, thymus, and bone marrow which could facilitate wider systemic dissemination 

(Memish et al., 2020; Meyerholz et al., 2016).  
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Figure 1.7: Heat map of merbecovirus RBD conservation. A heat maps displaying the 

percent amino acid identity of selected merbecovirus RBDs. The colour gradient is based on 

a range from 30% to 100% amino acid identity. 

 

There is currently no clinically approved vaccine to provide human or veterinary protection 

against MERS (Laydon et al., 2023). MERS vaccines based on the full Spike protein have 

successfully concluded Phase 1 clinical trials (Bosaeed et al., 2022; Koch et al., 2020; 

Modjarrad et al., 2019). The candidates are based on Spike delivery using a DNA (Modjarrad 

et al., 2019) or viral vector platform (Bosaeed et al., 2022; Koch et al., 2020). 

Other merbecoviruses have been identified as having risk of zoonotic transmission (Gonzalez-

Isunza et al., 2023; Tolentino et al., 2024; Zumla et al., 2024). For example, a relative of the 

bat merbecovirus HKU4 called MjHKU4r has been identified in pangolins in Malaysia. 

MjHKU4r is able to use human DPP4 as a receptor for cell entry, as well as host proteases for 
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enhanced cell infection. MjHKU4r was shown to successfully replicate in human respiratory 

and intestinal organoids. Transgenic mice with a human DPP4 were infected with MjHKU4r 

and the virus underwent successful replicating infection causing lung injury (J. Chen et al., 

2023). 

1.6 COVID-19 Vaccines 

The SARS2 genomic sequence was first made publicly available on January 11, 2020 

[Coordinated Universal Time (UTC)] (Burki, 2023; Krammer, 2024). By the end of that year, 

seven different vaccines against COVID-19 had received authorization for clinical use in some 

jurisdictions (Krammer, 2024). These vaccines included the first clinically approved mRNA 

vaccines (Vitiello & Ferrara, 2021) mRNA-1273 from Moderna (L. A. Jackson et al., 2020) 

and BNT162b2 from BioNTech/Pfizer (Polack et al., 2020). Early COVID-19 vaccines also 

include a vaccine built using viral vector technology (Travieso et al., 2022). ChAdOx1 nCoV-

19 from Oxford/AstraZeneca (Falsey et al., 2021) was produced using a Chimpanzee 

adenoviral (ChAd) vector (Ewer et al., 2017; Watanabe et al., 2021). Ad5-nCoV from CanSino 

Biologics was produced using Adenovirus type 5 (Ad5) vector (Halperin et al., 2022). Sputnik 

V from the Gamaleya Research Institute of Epidemiology and Microbiology used heterologous 

Adenovirus type 26 (Ad26) and Ad5 vectors for prime and boost (Logunov et al., 2021). The 

group of early vaccines also included more conventional inactivated whole-virus vaccines, 

namely, CoronaVac from Sinovac Biotech (Tanriover et al., 2021) and BBIBP-CorV from 

Sinopharm (Al Kaabi et al., 2021; Xia et al., 2021). Both of these vaccines were SARS2 viruses 

cultured in Vero cells and inactivated with β-propionolactone (Q. Gao et al., 2020; Hotez & 

Bottazzi, 2022; H. Wang et al., 2020). Later clinically approved vaccines included those based 

on recombinant spike protein (Heath et al., 2021; Tian et al., 2021), recombinant RBD 

(Hernández-Bernal et al., 2023), recombinant RBD conjugated to a tetanus toxoid carrier 
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protein (Toledo-Romaní et al., 2023), spike protein displayed on eVLP (Hager et al., 2022; 

Ward et al., 2021), and RBD displayed on a protein-based VLP (J. Y. Song et al., 2023).  

Vaccines efforts have largely focused on the spike protein, or more narrowly RBD, as an 

immune target. Antibodies raised against the spike protein have the potential to block 

interactions between the virus and the host ACE2 receptor or prevent membrane fusion and 

have been associated with viral neutralization (Krammer, 2024). Passive transfer for mice 

immunized with SARS2 membrane, nucleocapsid, or envelope has failed to enhance viral 

clearance, in contrast to sera elicited by spike protein (J. Sun et al., 2020).  

The rapid development of safe and efficacious vaccines against COVID-19 was a remarkable 

achievement that has substantially reduced mortality and morbidity (Oordt-Speets et al., 2023; 

Watson et al., 2022a; J. Zhang et al., 2022). In the first year of vaccine adoption alone, from 

December 8th, 2020, when the first administration of clinically approved BNT162b2 vaccine, 

to December 8th, 2021, vaccines are estimated to have prevented 14.4 million deaths due to 

COVID-19 (Watson et al., 2022a). 

The rise of Omicron variants has led to an increase in breakthrough infections of previously 

immunized individuals (Jalali et al., 2022; S. T. Tan et al., 2023). Omicron variants have 

acquired substantial mutations and antibodies raised against ancestral SARS2 variants 

demonstrate a substantial reduction in Omicron variant neutralization (Planas et al., 2023; Qu 

et al., 2023; Willett et al., 2022). This development has led to vaccines being updated to include 

newer Omicron variants (Dixit et al., 2024; Hansen et al., 2024; Winokur et al., 2023). Non-

neutralizing antibodies elicited by Wuhan-containing vaccines have still demonstrated binding 

to Omicron (Carreño et al., 2022). There is evidence that non-neutralizing antibodies against 

SARS2 can still protect against serious disease and death (Clark et al., 2024; Rahman et al., 
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2023). Further innovations in COVID-19 vaccines may focus on developing technologies more 

resistant to evolution of new variants (Kang et al., 2022; Pang et al., 2022; Pekar et al., 2022b).  

1.7 Broad Coronavirus Vaccines 

The remarkable impact that vaccines have had on the outcomes of COVID-19 pandemic 

highlights the importance of vaccines for protection against future pandemic threats (Krammer, 

2024; Saville et al., 2022; Watson et al., 2022a). In the 21st century, at least three coronaviruses 

(SARS, SARS2, and MERS) have undergone zoonotic transmission causing fatalities (G. Tang 

et al., 2022). There is significant risk of a future coronavirus spillover event, leading to another 

disease outbreak (Menachery et al., 2017). This risk is exacerbated by the effects of climate 

change and habitat loss introducing novel points of animal-human contact (Carlson et al., 2022; 

Keesing & Ostfeld, 2021; The Lancet, 2023). 

The risk of zoonotic transmission could be mitigated by the proactive development of broadly 

protective vaccines. This technology could allow for vaccines to be designed, validated, and 

stockpiled prior to a transmission event. The potential of these vaccines to target evolutionarily 

related groups could allow for protection against currently unknown pathogens (Saville et al., 

2022). A pan-coronavirus vaccine would effectively accomplish this goal, however, the 

diversity of coronaviruses makes this approach incredibly challenging (Lewitus et al., 2023). 

There is sequence conservation within the S2 region of the spike protein and anti-S2 antibodies 

have shown cross-reactivity, however, the antibodies are often poorly neutralizing (Adams et 

al., 2023). Broadly neutralizing monoclonal antibodies have been identified that target S2, 

including S2’ and the fusion peptide, and are able to prevent membrane fusion. These results 

offer tantalizing targets for future vaccine development (Pinto et al., 2021; Poh et al., 2020; X. 

Sun et al., 2022). 

Targeting a narrower group of coronaviruses can still achieve dramatic results. For example, a 

pan-sarbecovirus vaccine would be able to protect against SARS1, SARS2, and several SARS-
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related bat coronaviruses that have been identified as having outbreak potential (Menachery et 

al., 2015). The benefit to a vaccine targeted towards a narrower group of coronaviruses is that 

there is a larger area of evolutionary conservation to target. This may produce a response less 

susceptible to immune evasion through small amounts of antigenic drift (Lewitus et al., 2023). 

A T cell-mediated response is critical for viral clearance of SARS2 and plays a key protective 

role (P. Moss, 2022). Conserved coronavirus T cell epitopes raise exciting possibilities for the 

induction of a broad and effective cell-mediated immune response (Tarke et al., 2023; van 

Bergen et al., 2023). There is strong evidence for antibody binding and antibody neutralization 

as a robust correlate of protection for SARS2 (P. B. Gilbert et al., 2022; Goldblatt et al., 2022; 

Regev-Yochay et al., 2023) which has focused much of the ongoing broad coronavirus research 

on a humoral response (Cankat et al., 2024). Several monoclonal antibodies targeting a variety 

of coronaviruses have been identified (W. ting He et al., 2022; K. Y. A. Huang et al., 2023; Jette 

et al., 2021; Pinto et al., 2021; Poh et al., 2020; X. Sun et al., 2022). A key question, therefore, 

is how a vaccine can consistently and dominantly raise broadly neutralizing antibodies against 

coronaviruses (Cankat et al., 2024).   

Several of the strategies outlined in Section 1.4 have been applied to achieve broad coronavirus 

vaccines. For example, antigen truncation has been performed on the SARS2 spike protein, so 

that only the S2 domain was included. Immunizations were performed with the vaccine in a 

DNA format or as bacterially expressed recombinant protein, but only the DNA vaccine 

successfully raised an S2 response in cell-based assays (Ng et al., 2022). Given that the S2 

domain undergoes substantial post-translational glycosylation, it is possible that the 

recombinant protein result could be improved through mammalian expression (Watanabe et al., 

2020). The S2 DNA vaccine raised neutralizing antibodies against several alpha- and 

betacoronaviruses including HKU1, OC43, 229E, NL63, and SARS2. These results 

demonstrate antigen truncation can effectively shift the immune response from the 
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immunodominant S1 domain to the more evolutionarily conserved S2 domain of the spike. 

Unfortunately, the S2 DNA vaccine failed to protect against a lethal challenge SARS2 Delta 

virus in K18-hACE2 transgenic mice that utilize a human ACE2 protein. Under these 

conditions the S2 DNA vaccine provided reduced protection relative to the full spike protein 

(Ng et al., 2022). 

A combination of strategic glycosylation and computational design has also been used to create 

a pan-sarbecovirus vaccine candidate (Vishwanath et al., 2023). A consensus RBD sequence 

was produced that maximized phylogenetic similarity within sarbecoviruses. Further 

modifications were made to introduce a glycosylation site at a poorly conserved region of the 

RBD and to introduce the epitope of a known broad anti-sarbecovirus monoclonal antibody 

(S309). This vaccine candidate, designated T2_17, performed favourably when delivered as a 

viral vector or DNA vaccine (Vishwanath et al., 2023). The antigen is intended to be platform-

independent and would accommodate delivery in an mRNA, soluble protein, or VLP display 

format. The vaccine raised an antibody response against the clade 1a viruses SARS1 and 

WIV16, as well as the clade 1b viruses SARS2 and RaTG13. No investigation of clade 2 or 

clade 3 sarbecoviruses was presented. An immunization schedule where K18-hACE2 

transgenic mice were primed with ChAdOx1 nCoV-19 and boosted with T2_17 in either DNA 

or viral vector format, lead to full survival after SARS2 Delta challenge, and weight loss that 

was comparable to a homotypic ChAdOx1 nCoV-19 prime and boost (Vishwanath et al., 2023).  

A computational design strategy has also been undertaken to develop a pan-betacoronavirus 

vaccine. Researchers analysed the genomes of non-human coronaviruses and identified viruses 

that had an RBD sequence more similar to a human coronavirus than would be expected based 

on their overall phylogenetic divergence. These sequences were deemed human-like RBDs. 

These sequences were optimally clustered into three groups and a consensus sequence was 

calculated for each of these three clusters. One cluster included RBDs similar to SARS1 and 
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SARS2, one cluster included RBDs similar to HKU1 and OC43, and one cluster included 

RBDs similar to MERS. This approach is therefore focused on targeting betacoronaviruses 

related to existing human pathogens. No results have yet been published to evaluate expression, 

structural integrity, or immunogenicity of these computationally designed antigens (Lewitus et 

al., 2023). 

Chimeric spike antigens have been produced which can contain an RBD, NTD, and S2 domain 

from different coronaviruses. For example, a trivalent chimaera was designed to include an 

NTD from clade 2 HKU3, an RBD from clade 1a SARS1, and an S2 from clade 1b SARS2. 

Bivalent spike chimaeras were also produced, for example including the RBD of SARS2 and 

both the NTD and S2 from SARS1. These chimaeras were delivered as mRNA vaccines. A 

variety of immunization regimens were explored, including homologous doses with a single 

chimeric antigen, homologous doses with a cocktail of chimaeras, and heterologous doses 

administering different chimaera cocktails in the prime and boost. The chimeric spike groups 

were able to raise antibodies to a greater diversity of sarbecoviruses than the wild-type SARS2 

spike protein, including to clade 1a WIV1 which was not present in any of the chimaeras. 

However, the chimeric spike groups raised a lower magnitude antibody response against 

SARS2 than the wild-type SARS2 spike protein. Administration of chimeric spike cocktails 

that included SARS1 components enhanced protection from SARS1 challenge compared with 

the wild-type SARS2 spike, but no enhancement of protection was achieved when no chimeric 

spikes that included SARS1 were included (Martinez et al., 2021). 

In a study focused on protection against human betacoronaviruses, prefusion-stabilized spike 

proteins were produced for HKU1, OC43, SARS1, SARS2, and MERS. These proteins were 

fused to one part of a two-component protein nanoparticle (I53_dn5B) and assembled into a 

full nanoparticle through the addition of the second component (I53_dn5A). A mosaic 

nanoparticle with these five spike proteins was produced. This mosaic nanoparticle elicited a 
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potent immune response against the five incorporated human coronaviruses (Hutchinson et al., 

2023). Mouse challenge studies were performed using 288/330+/+ mice that were genetically 

edited to incorporate two point mutations that make them susceptible to MERS infection 

(Cockrell et al., 2016). The mosaic nanoparticle provided protection against this MERS 

challenge. This studied was focused on human coronaviruses and there was no analysis on the 

response raised against zoonotic coronaviruses (Hutchinson et al., 2023). 

Both sequential immunization and co-administration of multiple antigens have been explored 

for mRNA vaccines encoding SARS1, SARS2, and MERS spike proteins. Sequential 

immunization produced enhanced immune responses relative to co-administration. It is 

important to note that an additional four doses of the sequential immunization were performed 

and analysis was performed 14 days after the final sequential boost and 98 days after the final 

co-administration boost. Both strategies elicited strongly neutralizing immune responses 

against SARS1, SARS2, and MERS pseudoviruses. The study was solely focused on these 

pathogens and there was no analysis of immune response raised to any zoonotic coronaviruses 

(Peng et al., 2022). 

As previously referenced, the mosaic nanoparticle strategy has been applied as a broadly 

effective sarbecovirus vaccine strategy. In one iteration of this strategy, sarbecovirus RBDs 

were genetically fused to I53-50a, one component of the I53-50 nanoparticle. The RBDs were 

from clade 1a SARS1 and WIV1 and clade 1b SARS2 and RaTG13. The fusion proteins were 

expressed as monomers and, when mixed with I53-50b, efficiently formed nanoparticles. This 

strategy could be used to make homotypic nanoparticles and by pre-mixing different RBD-I53-

50a fusion proteins can be used to make mosaic nanoparticles. Both mosaic nanoparticles and 

cocktails of homotypic nanoparticles were able to raise neutralizing immune responses against 

the RBDs present on the nanoparticle and provided protection in mice challenged with SARS1 

(Walls et al., 2021). 
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Mosaic nanoparticles have been produced using SpyCatcher003-mi3 (Figure 1.8). A panel of 

RBDs from the Spike protein of sarbecoviruses infecting humans, bats, and pangolins was 

produced. All members of this panel were modified to include a C-terminal SpyTag003. Either 

four (Mosaic-4) or eight (Mosaic-8) different RBDs were incorporated on the same 

SpyCatcher003-mi3 nanoparticle. Mouse immunization experiments were performed with 

these mosaic nanoparticles and compared with soluble SARS2 spike trimer and homotypic 

nanoparticles that only contained SARS2 RBD. These assays showed that spike and Homotypic 

SARS2 nanoparticles produced a strong immune response against SARS2 but not against any 

of the other tested sarbecoviruses. In contrast, the antisera induced by the Mosaic-4 and 

Mosaic-8 nanoparticles demonstrated binding to a large panel of sarbecovirus RBDs and 

neutralized all of the tested sarbecovirus pseudoviruses. The greatest breadth was achieved 

with the Mosaic-8 nanoparticle vaccine (A. Cohen et al., 2021). 

Critically, the panel of RBDs and pseudoviruses included viruses that were not represented on 

the mosaic nanoparticles, including zoonotic sarbecoviruses, an early SARS2 variant, and 

SARS1. The ability of the mosaic nanoparticles to induce an immune response against these 

RBDs suggests the induction of broadly neutralizing antibodies against common epitopes 

shared by these viruses (A. Cohen et al., 2021). 
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Figure 1.8: Cartoon of Mosaic-8 nanoparticle assembly. SpyCatcher00-mi3 is a 

nanoparticle formed by monomeric subunits that are a genetic fusion of SpyCatcher003 (dark 

blue) and mi3 (purple). A mixture of RBDs from different sarbecoviruses (various colours) 

genetically fused to SpyTag003 (cyan) are incubated with SpyCatcher003-mi3. Covalent 

bond formation between SpyTag and SpyCatcher facilitates multivalent display of these 

diverse RBDs and the production of mosaic nanoparticles. Assembly of proteins onto the 

nanoparticle is stochastic, producing a heterogenous mixture of mosaic nanoparticles.  

 

One may consider the difference in the mechanism for an immune response raised by a 

homotypic and mosaic nanoparticle. When interacting with B cells in the germinal centre, a 

homotypic nanoparticle will engage with BCRs that are capable of binding to the single antigen 

that is being displayed. B cells will be selected for their ability to bind this individual antigen. 

For a mosaic nanoparticle, B cells that have BCRs capable of binding several different antigens 

will have a selective advantage over those which can only bind one of the several antigens 

present. BCRs can bind to multiple related antigens if they target a region conserved across the 

panel of sarbecovirus RBDs. In this way mosaic nanoparticles may provide selective pressure 

for the development of antibodies against conserved regions and in doing so raise a response 

against a greater evolutionary range of viruses (A. Cohen et al., 2021). 

In a follow-up study, the SARS2 Wuhan RBD in the Mosaic-8 nanoparticle was replaced with 

SARS2 Beta RBD, to produce the Mosaic-8b vaccine candidate. This vaccine provided 
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protection against SARS2 and SARS1 viral challenge of K18-hACE2 mice transgenic mice 

(A. A. Cohen et al., 2022). Critically, SARS1 was not present in the vaccine itself, indicating 

breadth of immune protection and the potential to respond to novel pathogenic threats. In non-

human primate models, Mosaic-8b vaccines raised neutralizing antibodies against a diverse 

group of sarbecoviruses, including to viruses absent from the vaccine (A. A. Cohen et al., 

2022). In further studies, Mosaic-8b has still been able to raise a broad and neutralizing immune 

response to a diverse range of matched and mismatched sarbecoviruses in non-human primates 

or transgenic mice that had previously been immunized with DNA, mRNA, a self-amplifying 

RNA, or adenovirus-vectored COVID-19 vaccines (A. A. Cohen et al., 2024). The Mosaic-8b 

vaccine candidate has received support from the Coalition for Epidemic Preparedness 

Innovations (CEPI) to enter Phase 1 human clinical trials.  

1.8 Thesis Objectives 

This thesis explores the use of the SpyTag/SpyCatcher system to develop new vaccine 

candidates capable of protecting against SARS2 and other sarbecoviruses.  

The first objective of this thesis is to apply SpyTag/SpyCatcher technologies, such as 

SpyCatcher-functionalized nanoparticles and a SpyCatcher variant with pH responsive affinity, 

to facilitate purification and nanoassembly of SARS2 vaccine candidates. I also implement 

these technologies for streamlined analysis of monoclonal antibodies from convalescent 

COVID-19 patients.  

The second objective of this thesis is to develop a broad anti-sarbecovirus vaccine that raises 

neutralizing antibodies against evolutionary conserved regions of these viruses. This vaccine 

candidate is designed to incorporate a minimal number of components to facilitate ease of 

large-scale vaccine production at Good Manufacturing Practices (GMP).  I demonstrate that 

the vaccine elicits a potently neutralizing responses against the viruses represented on the 
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vaccine, as well as viruses that are absent from the vaccine. Additionally, I examine the 

application of this vaccine strategy for proactive vaccinology against future pandemic threats. 
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Chapter 2 – Materials and Methods 

2.1 Cloning 

2.1.1 Polymerase chain reactions (PCR) 

Polymerase chain reactions (PCR) were performed as part of DNA construct production using 

Q5 High-Fidelity DNA Polymerase 2× Master Mix (New England Biolabs M0492L). The DNA 

oligonucleotides used as primers for PCR were purchased from Integrated DNA Technologies 

(IDT) desalted and desiccated without additional purification. Primers were resuspended in 

Milli-Q at a stock dilution of 100 μM.  

For a typical PCR reaction, a working volume of 25 μL was used with 1 ng of template DNA 

and a final concentration of 0.5 μM for each primer. The typical thermal cycle began with an 

initial 98 °C denaturing step for 30 s. 35 cycles of the following was then performed: 98 °C 

denaturing for 10 s, 65-72 °C annealing for 30 s, and elongation for 30 s per amplified kilobase 

at 72 °C. Thermal cycling was performed with a C1000 Touch Thermal Cycler (Bio-Rad). 

Annealing temperatures were calculated with the NEB Q5 Tm calculator (Version 1.16.5) 

based on the interaction between the primer and the template DNA. After the 35 cycles, a final 

elongation step was performed at 72 °C for 120 s. In reactions where amplification was initially 

unsuccessful, PCRs would be repeated testing a range of annealing temperatures between 65 

and 72 °C.  

2.1.2 Agarose Gel Electrophoresis and gel extraction 

PCR products were analysed and purified by running on an agarose gel. Agarose gels were cast 

with 0.8-1.2% w/v agarose (varied depending on the expected size of the DNA fragment) and 

1x SYBR™ Safe DNA Gel Stain (Invitrogen) in TAE (40 mM Tris, 20 mM acetic acid, 1 mM 

EDTA, pH 8.0). 5 μL of 6× DNA loading dye [0.15 % (w/v) orange G, 60% (v/v) glycerol, 60 

mM EDTA in TAE] was mixed with 25 μL of the samples and loaded onto the agarose gel. A 

Purple Quick-Load 1 kb Plus DNA Ladder (New England Biolabs) was run along with gel 
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fragments to allow for fragment size determination. Gels were run for approximately 45 min 

at 130 V in TAE. Gels were imaged using a ChemiDoc XRS+ Imager (Bio-Rad) and analysed 

with ImageLab version 6.1.0 software (Bio-Rad) or were imaged with an iBright FL1500 

imaging system (Thermo Fisher) and analysed with iBright Analysis Software Version 5.2.0 

(Thermo Fisher). DNA bands at the appropriate size were excised from the gel and DNA was 

extracted using Wizard SV Gel and PCR Clean-Up Kit (Promega). DNA concentration was 

determined using an ND-1000 NanoDrop (ThermoFisher) or NanoDrop One (ThermoFisher) 

UV-Vis Spectrophotometer.  

2.1.3 Gibson Assembly  

Plasmid constructs were assembled either entirely from PCR amplicons or from a combination 

of PCR amplicons and synthesized double-stranded DNA fragments commercially known as 

gBlocks (Integrated DNA technologies). Gibson assembly (Gibson et al., 2009) was used to 

assemble the plasmids via overlapping terminal regions in the DNA fragments.  

The total DNA concentration for the reaction ranged from 0.02 to 0.5 pmol for 2-3 fragment 

assembly and 0.2 to 1 pmol for 4-6 fragment assembly. For fragments of similar length an 

equimolar amount of DNA was added. If one fragment was smaller than the rest, a 3-fold molar 

excess of the smaller fragment was used. If any of the fragments was below 200 bp, then a 5-

fold excess of the smaller fragment was used to account for digestion of this smaller fragment.  

A 2× Gibson Assembly mix was made by mixing 320 μL 5× isothermal reaction buffer [25% 

(w/v) PEG-8000, 500 mM Tris-HCl pH 7.5, 50 mM MgCl2, 50 mM DTT, 1 mM each of the 

four dNTPs and 5 mM NAD] with 467 μL Mili-Q, 0.64 μL of 10 U/μL T5 exonuclease (New 

England Biolabs), 160 μL of 2 U/μL Taq ligase (New England Biolabs), and 20 μL of 2 U/μL 

Phusion polymerase. The Phusion polymerase was produced by Karl Brune (K. Brune, 2019). 
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The mixture of DNA fragments was mixed 1:1 with 2× Gibson Assembly and incubated 

isothermally at 50 °C for 1 h. 

2.1.4 Assembly from primers 

The gene sequences for the merbecovirus RBDs ITA1/2 and HKU5 were assembled from a set 

of 16 oligonucleotides identified using DNAWorks version 3.2.4 (Hoover, 2002). Aliquots from 

each of the oligonucleotides were mixed and diluted to 2 μM to create an oligonucleotide stock 

mixture. 15 μL Q5 High-Fidelity DNA Polymerase 2× Master Mix (New England Biolabs), 13 

μL Mili-Q, and 2 μL oligonucleotide stock mixture were mixed. A PCR protocol was run with 

no initial denaturing step and 35 cycles of: 98 °C denaturing for 10 s, 68-72 °C annealing for 

30 s, and 1 min elongation per amplified kilobase at 72 °C. The PCR cycles were followed by 

a final 2 min incubation at 72 °C. Three annealing temperatures were tested (68, 70, and 72 °C) 

and the elongation time determined based on the full length of the desired gene. 1.5 μL of this 

crude extension mixture was then mixed with Q5 High-Fidelity DNA Polymerase 2× Master 

Mix (New England Biolabs) and two outer primers that amplified the gene of interest from 

opposite ends of the molecule. These outer primers contained overhang sequences that aligned 

with the plasmid that the gene would be inserted into. The crude extension mixture and outer 

primers underwent a conventional PCR reaction, performed according to the thermocycler 

protocol outlined in Section 2.1.1. The resulting amplicon was run on and extracted from an 

agarose gel (Section 2.1.2) and inserted into a plasmid by Gibson assembly (Section 2.1.3). 

This protocol was adapted from Li et al., 2013. 

2.1.5 E. coli Transformation 

20 μL of plasmid from Gibson assembly or approximately 2 ng of previously constructed and 

validated plasmids were used for bacterial transformations. The plasmid was added to 100 μL 

of chemically competent E. coli DH5 α cells (Invitrogen) for assembly of all Quartet constructs 

or E. coli NEB Turbo (New England Biolabs) for all other constructs. Incubated on ice for 10 
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min. Cells underwent a heat shock of 42 °C for 45 s in a water bath, followed by a 2 min 

incubation on ice. 350 μL SOC Media [2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose] was added to the 

transformed cells before incubation for 1 h at 37 °C with 200 rpm shaking. Cells were plated 

on an LB agar plate with the appropriate antibiotic (100 μg/mL carbenicillin or 50 μg/mL 

kanamycin) and grown overnight at 37 °C.  Carbenicillin plates were used for plasmids with 

ampicillin resistance genes.  

2.1.6 Plasmid Preparation  

Bacterial colonies from overnight incubation of transformed cell plates were used to inoculate 

LB media supplemented with the appropriate antibiotic (100 μg/mL ampicillin or 50 μg/mL 

kanamycin). For minipreps, 10 mL LB cultures were inoculated and grown for 4-16 h. For 

midipreps and maxipreps, 200 mL LB cultures were inoculated and grown for 16 h. Cells were 

pelleted by centrifugation at 4,000 g for 10 min at 4 °C. When a relatively small amounts (less 

than 30 μg) of a plasmid was needed (for bacterial transformation and sequence validation), 

the plasmids were obtained from the cell pellet using a GeneJET Plasmid Miniprep Kit 

(Thermo Fisher). When larger amounts of plasmid were needed (for mammalian transfection), 

the plasmids were obtained from the cell pellet using a PureLink HiPure Plasmid Midiprep 

(Thermo Fisher) or PureLink HiPure Plasmid Filter Maxiprep Kit (Thermo Fisher). 

2.1.7 Sequencing 

For all constructs, the open reading frame of the gene of interest was sequenced via Sanger 

sequencing by Source BioScience. The DNA sequencing results were compared with the 

expected construct by sequence alignment using Nucleotide BLAST (NCBI). The sequence of 

all proteins that I expressed as part of this thesis are included in Appendix 1. 
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2.1.8 Plasmid Backbones 

The SpySwitch construct had the vector backbone pDEST14. The SpyTag-MBP, 

SpyCatcher003-mi3, and SpyCatcher2-MBP constructs had the vector backbone pET28a. The 

HexaPro SARS2 Wuhan spike protein had the vector backbone pαH. The twelve sarbecovirus 

RBD- His8-SpyTag003 constructs had the vector backbone p3BNC. All other proteins 

expressed in mammalian cells (including all Quartets, merbecovirus RBDS, and SpyTag-

RBD derived constructs) had the vector backbone pcDNA 3.1. 

2.2 Protein Expression 

2.2.1 Bacterial protein expression 

Sequence validated plasmids were transformed into E. coli BL21(DE3) cells (Agilent). The 

only exception was the SpySwitch plasmid which was transformed into E. coli C41 (DE3), a 

gift from Anthony Watts (University of Oxford). Transformants were grown overnight on LB-

Agar plates with 50 μg/mL kanamycin or 100 μg/mL carbenicillin at 37 °C. A single colony 

was used to inoculate 10 mL of LB medium containing either 50 μg/mL kanamycin or 100 

μg/mL ampicillin depending on the resistance marker of the plasmid used. This starter culture 

was grown for 16 h at 37 °C with shaking at 200 rpm before being added to 1 L LB containing 

50 μg/mL kanamycin or 100 μg/mL ampicillin. This growth flask was cultured at 37 °C and 

200 rpm shaking until Optical Density at 600 nm (OD600) reached 0.6-0.8. Protein expression 

was induced for the culture using 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 

SpyCatcher003-mi3 cultures were grown at 22 °C with shaking at 200 rpm for 16 h. All other 

cultures were grown at 30 °C with shaking at 200 rpm for 4 h. Cultures were pelleted by 

centrifugation at 4,000 g. 

2.2.2 Expi293F cell maintenance  

Expi293F cells (Thermo Fisher, A14635)  were cultured under humidified conditions at 37 °C 

and 8% (v/v) CO2 in Expi293 Expression Medium (Thermo Fisher) with 50 U/mL penicillin 

and 50 µg/mL streptomycin. Maintenance cells were kept between 0.2 ×106 cells/mL and 2.5 



72 

 

×106 cells/mL, by regularly cell passages every 3-4 days. Cells were tested for mycoplasma at 

least every six months.  

2.2.3 Expi293F transfection 

All cell culturing for transfection was performed under humidified conditions at 37 °C and 8% 

(v/v) CO2. For mammalian expression of proteins in Expi293F cells, cells were cultured with 

50 U/mL penicillin and 50 µg/mL streptomycin until reaching a concentration of ~3.0 ×106 

cells/mL. The cells were passaged to a concentration of 2.5 ×106 cells/mL. The following day, 

cells were passaged at concentration of 3.0 ×106 cells/mL into fresh Expi293 Expression 

Medium (Thermo Fisher) without any antibiotic. Transfections were performed using the 

ExpiFectamine 293 Transfection Kit (Thermo Fisher). 1 μg of plasmid DNA per mL culture 

was incubated with ExpiFectamine 293 reagent for 20 min, before being added dropwise to the 

Expi293F culture. After 18-22 h, ExpiFectamine 293 Transfection Enhancers 1 and 2 were 

added. After 5 days, mammalian cell cultures were centrifuged for 4,000 g at 4 °C for 5 min 

and supernatants were harvested. The cell supernatants were filtered  through a 0.45 μm filter 

and then a 0.22 μm filter (Starlab). Supernatants were either immediately processed for protein 

purification using Ni-NTA (Section 2.3.1), SpyDock (Section 2.3.2), or SpySwitch (Section 

2.3.4) or were stored at -80 °C. 

2.2.4 HEK293 transfection 

Due to a brief growth issue with Expi293F cells, SpyTag1-RBD K378Q, and SpyTag1-RBD 

K378N were expressed in HEK293T cells. A SpyTag1-RBD construct was also expressed in 

these cells and used for all comparisons to these point mutants. 

A T75 adhesive culture flaks (Corning) was seeded with 1-2 million HEK293T. Cells were 

grown overnight in Dulbecco's Modified Eagle's Medium (DMEM) with 10% (v/v) Fetal 

Bovine Serum (FBS) and 1% (v/v) Penicillin-Streptomycin at 37 °C with 5% CO2 . The 

following day, with the flask at approximately half confluency, the media was removed and 
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cells were washed twice with 10 mL sterile PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.7 mM KH2PO4) pH 7.4. DMEM with 25 mM HEPES was mixed with the plasmid 

at 30 μg plasmid per 7.5 mL media before being incubated for 5 min at 37 °C. Polyethylenimine 

(PEI) was added to the mixture at a final concentration of 10 μg/mL. The mixture was incubated 

for 20 h at 37 °C with 5% CO2 before adding 10 mL DMEM with 25 mM HEPES containing 

4.4 μM valproic acid (Sigma-Aldrich), 100 U/mL penicillin, and 100 μg/mL streptomycin. 

Cells were incubated for 4 days before harvesting the supernatant.  

2.3 Protein Purification 

2.3.1 Ni-NTA Affinity Purification 

SARS-CoV-2 Spike proteins, HuSA, and SpySwitch were purified by nickel-nitrilotriacetic 

acid (Ni-NTA) affinity chromatography. Purifications were performed at 4 °C. 10× Ni-NTA 

buffer (500 mM Tris-HCl, 3 M NaCl, pH 7.8) was used to supplement mammalian supernatants 

or bacterial lysate at 10% (v/v). Econo-Pac Chromatography Columns (Bio-Rad) were packed 

with Ni-NTA agarose (Qiagen), before being washed with 2 × 10 column volumes (CV) of Ni-

NTA buffer (50 mM Tris-HCl, 300 mM NaCl, pH 7.8). Mammalian supernatant  or bacterial 

lysate was incubated in the Ni-NTA column for 1 h at 4 °C with rolling or end-over-end mixing. 

Supernatant was eluted from the column by gravity, before the column was washed with 2 × 

10 CV of Ni-NTA wash buffer (10 mM imidazole in Ni-NTA buffer). A total of six 1 CV 

elutions were performed by incubating the resin with Ni-NTA elution buffer (200 mM 

imidazole in Ni-NTA buffer) for 5 min and eluting with gravity. Elution fractions were assessed 

by SDS-PAGE with Coomassie staining, pooled, and dialysed for 16 h at 4 °C against 1,000-

fold excess TBS (pH 7.4 at 25 °C) for spike proteins, PBS pH 7.4 for HuSA, or 50 mM Tris-

HCl, 5 mM EDTA, 2 mM tris(2-carboxyethyl)phosphine (TCEP) for SpySwitch. 
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2.3.2 SpyDock Affinity Purification 

SpyDock was used to purify SpyTag-RBD and SpyTag-RBD-ABD035. Mammalian culture 

supernatant was diluted with 10× TP buffer (250 mM orthophosphoric acid adjusted to pH 7.0 

at 25 °C with Tris base). An Econo-Pak column (Bio-Rad) with approximately 1.0 mL of 

packed SpyDock resin was washed with 2 × 10 CV of 1x TP buffer (25 mM orthophosphoric 

acid adjusted to pH 7.0 at 25 °C with Tris base). The mammalian culture supernatant was added 

to the column and incubated at 4 °C for 1 h with rolling or end-over-end mixing. The 

supernatant was allowed to flowthrough by gravity. The resin was then washed with 2 × 10 CV 

of TP buffer. The protein of interest was eluted with 2.5 M imidazole in TP buffer adjusted to 

pH 7.0 at 22 °C (SpyDock Elution Buffer). For each elution step, 1 CV of SpyDock Elution 

Buffer was added to the resin and incubated for 5 min before being allowed to flow through by 

gravity. Fractions were analysed using SDS-PAGE with Coomassie staining and fractions 

containing the protein of interest were dialysed into PBS pH 7.4 at 4 °C. 

2.3.3 Production of SpySwitch Resin 

SpySwitch was expressed in E. coli C41 as outlined in Section 2.2.1. Bacterial cell pellets were 

resuspended in 20 mL 50 mM Tris-HCl, 300 mM NaCl, pH 7.8 (measured at 25 °C) 

supplemented with 0.1 mg/mL lysozyme, 1 mg/mL cOmplete mini EDTA-free protease 

inhibitor (Roche) and 1 mM phenylmethanesulfonyl fluoride (PMSF). This mixture was 

incubated at 4 °C for 45 min with end-over-end mixing. An Ultrasonic Processor equipped with 

a microtip (Cole-Parmer) was used to perform sonication on ice. Sonication was performed on 

the cell pellet for a total of 4 times for 60 s at a 50% duty-cycle (1 s on and 1 s off). Cell debris 

was cleared from the lysate via centrifugation at 35,000 g for 45 min at 4 °C and the supernatant 

was retained SpySwitch protein was purified by Ni-NTA as outlined in Section 2.3.1. All 

elution fractions were pooled and dialysed into 50 mM Tris-HCl, 5 mM EDTA, TCEP pH 8.5 

at 4 °C. The SpySwitch protein was run on a HiLoad 16/600 Superdex 75 pg (GE Healthcare) 
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column. Just prior to loading, 2 mM TCEP was spiked into the sample to account for any 

oxidization of the TCEP that may have occurred during dialysis. After SEC, elution fractions 

containing protein were pooled and concentrated to approximately 20 mg/mL using a Vivaspin 

20 5 kDa MWCO centrifugal filter (Sartorius). The concentrated protein was reduced in 

coupling buffer (50 mM Tris-HCl + 5 mM EDTA, pH 8.5) with 1 mM TCEP for 30 min at 

25 °C. All subsequent coupling steps were undertaken at 25 °C, protected from light. 20 mg 

SpySwitch was added per 1 mL of packed SulfoLink Coupling Resin (Thermo Fisher, 20402) 

in coupling buffer with 1 mM TCEP. Incubation was performed for 30 min with end-over-end 

rotation, followed by an additional 30 min incubation without rotation. After washing twice 

with coupling buffer, the resin was blocked with 50 mM L-cysteine in coupling buffer with a 

15 min end-over-end incubation followed by a 30 min incubation without rotation. The column 

was washed with 1 M NaCl, followed by TP buffer, and finally 20% (v/v) ethanol in TP buffer. 

The coupled resin was stored in 20% (v/v) ethanol in TP buffer. 

2.3.4 SpySwitch Affinity Purification 

Various RBDs, Quartets and SpyTag-MBP were purified by SpySwitch. Purifications were 

performed at 4 °C. Cell lysate or mammalian supernatant was supplemented with 10 × 

SpySwitch buffer (500 mM Tris-HCl pH 7.5 + 3 M NaCl) at 10% (v/v). The pH of this 

supernatant was tested using Universal pH 1-11 indicator paper (Whatman) to ensure a pH 

greater than 7.5. SpySwitch resin that was packed in an Econo-Pac Chromatography Column 

(Bio-Rad) was washed and equilibrated with 2 × 10 CV of SpySwitch buffer ( 300 mM NaCl, 

50 mM Tris-HCl pH 7.5). This supernatant was added to the SpySwitch resin and incubated for 

1 h at 4 °C with rolling or end-over-end rotation. The column was washed with 2 × 15 CV 

SpySwitch buffer. Proteins were eluted using weakly acidic pH elution. The resin was 

incubated for 5 min with 1.5 CV of SpySwitch Elution Buffer (150 mM NaCl, 50 mM acetic 

acid/sodium acetate pH 5.0) at 4 °C with the column capped. The cap was removed and the 
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elution flowthrough was collected into a microcentrifuge tube containing 0.3 CV of 

neutralization buffer (1 M Tris-HCl pH 8.0). The microcentrifuge tube was immediately mixed 

by end-over-end inversion. The elution step was repeated for a total of six times. Purification 

was assessed by SDS-PAGE with Coomassie staining.  

2.3.5 SpySwitch Regeneration 

Regeneration of SpySwitch columns was performed at 25 °C directly after the final elution. 

The resin was equilibrated with 1 × 10 CV SpySwitch buffer. First, the resin was treated with 

3 × 10 CV of 0.1 M glycine-HCl pH 2.0, incubated for 5 min each time before eluting. The 

columns were re-equilibrated with 2 × 10 CV SpySwitch buffer. Second, the resin was treated 

with 3 × 10 CV of 50 mM Tris, 8 M urea, pH 7.5, incubating each time for 5 min. The columns 

were re-equilibrated with 2 × 10 CV SpySwitch buffer. Third, the resin was treated with 3 × 10 

CV of 0.1 M NaOH without incubation. The resin was re-equilibrated in SpySwitch buffer, 

washed and then stored with SpySwitch Storage buffer (50 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 20% v/v ethanol).  

2.3.6 SpyCatcher003-mi3 Purification 

SpyCatcher003-mi3 was expressed in E. coli BL21 as outlined in Section 2.2. Bacterial cell 

pellets were resuspended in 20 mL of 20 mM Tris-HCl, 300 mM NaCl, pH 7.9 (measured at 

25 °C) supplemented with 0.1 mg/mL lysozyme, 1 mg/mL cOmplete mini EDTA-free protease 

inhibitor (Roche) and 1 mM phenylmethanesulfonyl fluoride (PMSF). The solution was 

incubated with end-over-end mixing at 4 °C for 45 min. An Ultrasonic Processor equipped with 

a microtip (Cole-Parmer) was used to perform sonication on ice for a total of 4 times for 60 s 

at a 50% duty-cycle. Cell debris was cleared from the lysate via centrifugation at 35,000 g for 

45 min at 4 °C and the supernatant was retained. 170 mg of ammonium sulfate was added to 

the bacterial lysate for every mL of lysate. The solution was incubated at 4 °C for 1 h, while 

mixing at 120 rpm. Centrifugation was performed on the solution for 30 min at 30,000 g at 4 
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°C. The pellet was resuspended in 10 mL mi3 buffer (25 mM Tris–HCl, 150 mM NaCl, pH 8.0) 

at 4 °C and filtered sequentially through 0.45 µm and 0.22 µm syringe filters (Starlab). This 

filtrate was dialysed for 16 h against 1,000-fold excess mi3 buffer. The post-dialysis solution 

was centrifuged at 17,000 g for 30 min at 4 °C, before being filtered through a 0.22 µm syringe 

filter. The protein sample was loaded onto a HiPrep Sephacryl S-400 HR 16-60 column (GE 

Healthcare) that had been pre-equilibrated with filtered and degassed mi3 buffer. The column 

was run using an ÄKTA Pure 25 system (GE Healthcare). The proteins were separated at a rate 

between 0.1 and 0.5 mL/min while collecting 1 mL elution factions. Absorbance at 280 nm 

(A280) was recorded and used to determine the presence of protein. The fractions that were 

determined to contain the purified particles were pooled and concentrated using a Vivaspin 20 

100 kDa molecular weight cut-off centrifugal concentrator (Sartorius) and stored at −80 °C. 

2.3.7 Size Exclusion Chromatography (SEC) 

The protocol for Size Exclusion Chromatography purification of SpySwitch (2.3.3) and 

SpyCatcher003-mi3 (Section 2.3.6) has already been outlined. Size exclusion chromatography 

(SEC) was performed on various Quartet constructs. Quartets were loaded onto a HiPrep 

Sephacryl S-200 HR 16-600 column (GE Healthcare), which was equilibrated with PBS pH 

7.4 that had been filtered and degassed. The protein was run over this column using an ÄKTA 

Pure 25 system (GE Healthcare). The proteins were separated between 0.5 and 1.0 mL/min 

while collecting 1 mL elution factions. A Gel Filtration Standard (Bio-Rad) containing bovine 

thyroglobulin (~670 kDa), bovine γ-globulin (~158 kDa), chicken ovalbumin (~44 kDa), horse 

myoglobin (~17 kDa), and vitamin B12 (~1.35 kDa) was run over the column under the same 

conditions to allow for comparison. All size exclusion chromatography was performed at 4 °C.  

2.4 SDS-PAGE 

10 µL of protein solution was mixed with 2 µL 6× SDS loading buffer (234 mM Tris-HCl pH 

6.8, 24% (v/v) glycerol, 120 μM bromophenol blue, 234 mM SDS). Samples were heated at 
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95 °C for 5 min in a C1000 Touch Thermal Cycler (Bio-Rad). A PageRuler Prestained Protein 

Ladder (Thermo Fisher) or PageRuler Plus Prestained Protein Ladder (Thermo Fisher) was run 

along with the samples. Samples were loaded onto 12% SDS-PAGE, before staining with 

Coomassie.  

2.5 Site-Specific Biotinylation  

HuSA with a C-terminal Avi-tag at ~20 μM was mixed with 5 μL 1 M magnesium chloride, 20 

μL 100 mM ATP, 12.8 μL 78 μM GST-BirA and 3 μL 100 mM D-biotin and made up to a final 

volume of 1 mL with PBS pH 7.4. This mixture was incubated for 1 h at 30 °C. 12.8 μL of 78 

μM GST-BirA and 3 μL of 100 mM D-biotin was added for a second time and incubated for an 

additional 1 h at 30 °C. The protein was dialysed overnight into PBS pH 7.4 at 1,000-fold 

excess to remove excess biotin. The protein was subsequently run over an S200 column using 

the protocol outlined in Section 2.3.7. Successful biotinylation was assessed via a biotin gel 

shift assay. 2 μl of 1 mg/mL streptavidin (New England Biolabs) was mixed with different 

volumes of post-biotinylation HuSA (0.5, 1.0, and 2.0 μl) and incubated for 10 min at 25 °C. 

SDS-PAGE was run on the protein without boiling. Successful biotinylation was indicated by 

an upward shift for the protein in the presence of streptavidin. This protocol was based closely 

on Fairhead & Howarth, 2015. 

2.6 Sarbecovirus SpyCatcher003-mi3 Coupling  

For the Figure 3.8 VLP coupling assay, 2 μM sarbecovirus RBD-SpyTag003 protein was 

incubated for 16 h at 4 °C in neutralized SpySwitch pH elution buffer with 2 μM of 

SpyCatcher003-mi3. In this and all other cases, the molar concentration of SpyCatcher003-mi3 

refers to the concentration of monomeric subunits. Samples were mixed with 6× SDS loading 

buffer, supplemented with 1 mM DTT, incubated at 95 °C for 10 min. Samples were resolved 

by 12% SDS-PAGE with Coomassie staining. 
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2.7 ELISAs 

2.7.1 HuSA Binding Assay 

Nunc-Immuno 96 MicroWell plates (Thermo Fisher) were coated with 100 μL SpyCatcher002-

MBP (5 μg/mL) in TBS (50 mM NaCl, 50 mM Tris-HCl, pH 7.4 at 25 °C) and incubated 

overnight at 4 °C. Plates were washed three times with TBST (TBS with 0.1% Tween) before 

being blocked with 300 μL 0.25% (w/v) N,N-dimethylcasein in TBS pH 7.4 and incubated for 

2 h at 37 °C. Plates were washed three times with  TBST. 100 μL of SpyTag construct of interest 

was added and incubated for 1 h. SpyTag-RBD-ABD035 and appropriate controls were tested 

at 3.125 μg/mL while SpyTag-Quartet-ABD05 and appropriate controls were tested at 1.0 

μg/mL. Plates were washed three times with TBST before 50 μL of biotinylated HuSA was 

added at the 0.2 μg/mL and incubated for 1 h at room temperature. Plates were washed three 

times with TBST. 100 μL Streptavidin conjugated to Horseradish Peroxidase (HRP) (Thermo 

Scientific) was added at a 1/5,000 dilution in TBS. Plates were incubated for 1 h at room 

temperature, before being washed six times with TBST. 100 μL of 1-Step Ultra TMB-ELISA 

Substrate Solution (Thermo Fisher) was added and a time course measurement of absorbance 

at 652 nm was recorded using a FLUOstar® Omega plate reader (BMG Labtech). 

2.7.2 Mouse Antisera ELISAs for Albumin-Hitchhiking Immunizations 

Mouse antisera ELISAs were performed on post-prime and post-boost samples for the 

Albumin-Hitchhiking ELISAs presented in Figure 3.4. SpyCatcher2-MBP in PBS pH 7.4 was 

adsorbed to the wells of a Nunc-Immuno 96 MicroWell plate (Thermo Fisher) at 80 nM and 

incubated overnight at 4 °C. Plates were washed three times with PBST (PBS with 1% (v/v) 

Tween 20). Plates were incubated for 2 h at 37 °C with PBS pH 7.4 with 0.1% BSA. Plates 

were washed three times with PBST. Plates were incubated for 1 h at 25 °C with 80 nM SpyTag-

RBD. Plates were washed three times with PBST. Mouse antisera that had been heat inactivated 

(30 min incubation at 56 °C) were diluted into PBS pH 7.4 with 0.1% BSA using an 8-point 

dilution series, starting at 1:40 with three-fold dilutions. Plates were incubated with antisera 
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for 1 h at 25 °C. Plates were washed three times with PBST. Plates were incubated for 1 h at 

25 °C with a 1:1,600 dilution of horseradish peroxidase-conjugated goat anti-mouse IgG 

antibody (Sigma-Aldrich A9044). Plates were washed three times with PBST. Plates were then 

incubated at 25 °C for 5 min with 1-Step Ultra TMB-ELISA Substrate Solution (Thermo 

Scientific) before the reaction was stopped with 1 M H2SO4. A450 measurements were taken 

with a FLUOstar Omega plate reader (BMG Labtech) using Omega MARS software (BMG 

Labtech). Data analysis is outlined in Section 2.7.8. 

2.7.3 Monoclonal antibodies on VLP presentation of sarbecovirus RBDs 

This is the method for the monoclonal antibody ELISA presented in Figure 3.9, where patient-

derived antibodies were tested for binding to a panel of sarbecovirus RBDs presented on 

SpyCatcher003-mi3. 25 nM sarbecovirus RBD-SpyTag003 constructs were incubated with 

25 nM SpyCatcher003-mi3 at 4 °C for 48 h in neutralized SpySwitch pH elution buffer. The 

proteins were adsorbed to the wells of a clear flat-bottom Immuno Nonsterile 96-Well Plate 

(Thermo Fisher) via incubation for 16 h at 4 °C. Uncoupled SpyCatcher003-mi3 was used for 

the ‘No RBD’ control. The wells were washed three times with PBST, before blocking with 

blocking buffer (5% [w/v] skim milk in PBS pH 7.4) for 2 h at 25 °C. The wells were washed 

three times with PBST. 50 nM of the specified antibody in blocking buffer was incubated for 1 

h at 25 °C. The wells were washed three times with PBST, before incubation with a 1/1,600 

dilution of goat anti-human IgG conjugated with HRP (Sigma-Aldrich, A8667) in blocking 

buffer for 1 h at 25 °C. A final three washes with PBST were performed. 1-Step™ Ultra TMB-

ELISA Substrate Solution (Thermo Fisher) was added to the wells. A time-course of 

A652 measurements was recorded using a FLUOstar Omega plate reader (BMG Labtech) at 

25 °C. The mean absorbance from triplicate wells at 6 min is presented as a heat map in Figure 

3.9. 
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2.7.4 Monoclonal antibody ELISAs on RBD point mutants 

This is the method for the monoclonal antibody ELISA presented in Figure 3.10, where 

CR3022 and EY6A antibodies were tested for their ability to bind RBD K378 point mutants. 

The SpyTag-RBD constructs or the negative control SpyTag-Hemagglutinin were adsorbed 

directly to the wells of a Nunc-Immuno 96 MicroWell plate (Thermo Fisher) at 80 nM in PBS 

pH 7.4 overnight at 4 °C. The plate was washed three times with PBST. The wells were 

incubated with blocking buffer 2 h at 25  °C before being washed three times with PBST. The 

wells were incubated for 1 h at 25 °C with 80 nM of the specified monoclonal antibody. The 

plate was washed three times with PBST before incubating for 1 h at 25 °C with 1/1,600 

dilution of goat anti-human IgG conjugated with HRP (Sigma-Aldrich, A8667). The plate was 

washed three times with PBST. 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo 

Fisher) was added to the wells, incubated for five min, and stopped with 1 M HCl. Absorbance 

at 450 nm (A450) were read using a  FLUOstar Omega plate reader (BMG Labtech) at 25 °C. 

The mean absorbance from triplicate wells presented as a heat map in Figure 3.10. 

2.7.5 Monoclonal antibody ELISAs on sarbecovirus RBDs 

This is the method for the monoclonal antibody ELISA presented in Figure 3.11, where patient-

derived primarily Class 4 antibodies are tested for binding to a panel of sarbecovirus RBDs. 

50 nM of specified RBD  in PBS pH 7.4 were adsorbed to Nunc MaxiSorp flat-bottom plates 

(Thermo Fisher) by incubating for 16 h at 4 °C. The plates were incubated for 2 h at 25 °C with 

blocking buffer. The plates were washed three times with PBST and then incubated for 1 h with 

the specified antibody at 50 nM in Blocking buffer. The plates were washed three times with 

PBST and then incubated for 1 h at 25 °C with a ½,500 dilution of goat anti-human IgG HRP 

antibody (Sigma-Aldrich A8667) in Blocking Buffer. The plates were washed three times with 

PBST. 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher) was added to the wells, 

incubated for 2 min, and stopped with the addition of 1 M sulfuric acid. The absorbance at 
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450 nm was measured with a FLUOstar Omega microplate plate reader (BMG Labtech). The 

mean absorbance from triplicate wells is presented at a heat map in Figure 3.11. 

2.7.6 Mouse Antisera ELISAs for Quartet Immunizations 

This is the mouse antisera ELISA protocol followed for all mouse antisera results in Chapter 4 

and Chapter 5. Nunc MaxiSorp plates (Thermo Fisher) were coated with 80 nM purified 

antigen (RBD, MBP or SpyCatcher003-mi3) in PBS pH 7.4 at 4 °C for 16 h. The only exception 

was for Figure 4.6 where the plate was coated with 1 µg/mL of the indicated HexaPro Spike 

protein in PBS. Plates were washed three times with PBST. Plates were blocked by 2 h 

incubation at 25 °C with blocking buffer. Plates were washed three times with PBS. Mouse 

antisera that had been heat inactivated (30 min incubation at 56 °C) were serially diluted into 

the blocking buffer using 8-point, starting at 1:100 and diluting 4-fold at each point. Plates 

were incubated with sera for 1 h at 25 °C. Plates were washed three times with PBST and 

incubated at 25 °C for 1 h with a 1/1,600 dilution of horseradish peroxidase-conjugated goat 

anti-mouse IgG antibody (Sigma-Aldrich A9044). Plates were washed three times with PBST 

and were then incubated at 25 °C for 5 min with 1-Step™ Ultra TMB-ELISA Substrate 

Solution (Thermo Scientific). The reaction was stopped with 1 M H2SO4. Absorbance at 405 

nm (A405) measurements were taken with a FLUOstar Omega plate reader (BMG Labtech) 

using Omega MARS software (BMG Labtech).  

2.7.7 Analysis for mouse antisera ELISAs 

The data obtained using the mouse antisera ELISA methods outlined in Section 2.7.2 and 2.7.6, 

were treated according to the same procedure. The optimize.curve_fit() function from the 

Python SciPy library (Virtanen et al., 2020) was used to fit a sigmoidal dose response curve to 

the absorbance versus sera dilution data. The sigmoidal dose response function was: 

y = Bottom +  
Top − Bottom

1 + 10log10(IC50)−x
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The trapz function from the Python Numpy library (C. R. Harris et al., 2020) was used to 

determine the area under the fitted curve (AUC). Area under the curve was selected as opposed 

to endpoint titre to better account for data across the entire range of dilution values (Hartman 

et al., 2018). Results were plotted using GraphPad Prism (GraphPad Software version 9.4.1).  

2.7.8 Monoclonal Quartet ELISAs for Quartet Accessibility  

This is the methods for the monoclonal antibody ELISA presented in Figure 4.16, where 

monoclonal antibodies were used to test binding to Quartets. For Quartets displayed on 

SpyCatcher003-mi3, 2 μM SpyTag-Quartet or 2 μM Quartet-SpyTag was incubated with 

SpyCatcher003-mi3 in 25 mM Tris–HCl, 150 mM NaCl, pH 8.0 for 16 h at 4 °C to allow for 

coupling. The protein samples, SpyTag-Quartet or Quartet-SpyTag, with or without 

SpyCatcher003-mi3 were adsorbed to Nunc MaxiSorp plates (Thermo Fisher) at 50 nM and 

incubated for 16 h at 4 °C in PBS pH 7.4. The plates were washed three times with PBST and 

incubated with blocking buffer for 2 h at 25 °C. The plates were washed three times with PBST 

and incubated for 1 h at 25 °C, with 50 nM of the specified antibody. The plates were washed 

three times with PBST, and incubated with a 1/2,500 dilution of anti-human IgG horseradish 

peroxidase (Sigma-Aldrich A8667) for 1 h at 25 °C. The plates were washed three times and 

incubated with TMB for 2 min (for comparison of SpyTag-Quartet and Quartet-SpyTag) or 30 

s (for comparison of coupled and uncoupled Quartet) before the reaction was stopped with 1M 

HCl. A405 measurements of triplicate wells per condition were taken at 25 °C with a FLUOstar 

Omega plate reader (BMG Labtech) using Omega MARS software (BMG Labtech).  

2.8 Immunogen Preparation 

2.8.1 Endotoxin Depletion and Quantification 

Removal of endotoxin from all vaccine components was accomplished using Triton X-114 

phase separation (Aida & Pabst, 1990b; K. D. Brune et al., 2016). 1% (v/v) Triton X-114 was 

incubated with the protein of interest on ice for 5 min. The solution was then incubated for 5 
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min at 37 °C. The solution was centrifuged for 1 min at 16,000 g at 37 °C and the top phase 

was transferred to a fresh tube. This procedure was repeated according to these specifications 

for a total of three times. The procedure was repeated a fourth time without the addition of 

Triton X-114, to reduce residual Triton-X114. A LAL assay was performed using a Pierce 

Chromogenic Endotoxin Quant Kit (Thermo Fisher) in order to quantify the final endotoxin 

concentration. All vaccine components were below the accepted endotoxin levels of 20 

Endotoxin Units (EU) per mL for pre-clinical protein subunit vaccine products (Brito & Singh, 

2011). All endotoxin depletion and quantification steps were performed using filtered tips and 

pyrogen-free microcentrifuge tubes.  

2.8.2 Immunogen Preparation 

Concentration of all vaccine components was determined using a Bicinchoninic acid (BCA) 

assay (Pierce). When multiple antigens were coupled to the same SpyCatcher003-mi3, the 

antigens were first mixed in equimolar amounts. Doses were normalized by the number of 

SpyTags, to allow for each condition to have an equimolar amount of SpyCatcher003-mi3 

nanocages with similar occupancy. SpyTag-RBD and SpyTag-RBD-ABD035 immunogens 

were aliquoted at equimolar levels so that each 25 μL dose contained 10 μg of SpyTag-RBD or 

12.25 μg SpyTag-RBD-ABD035 (Figure 3.4). For “High Dose” Quartet immunizations (Figure 

5.2-5.4), SpyTagged antigen at a total of 8 µM was incubated with SpyCatcher003-mi3 at 8 

µM for 48 h at 4 °C in TBS pH 8.0. For other Quartet immunizations, 0.8 µM total SpyTagged 

antigen was incubated with SpyCatcher003-mi3 at 0.8 µM for 48 h at 4 °C in TBS, pH 8.0. 

Uncoupled RBD and Uncoupled Quartet were incubated at 0.8 µM for 48 h at 4 °C in TBS pH 

8.0, without the addition of SpyCatcher003-mi3. Prior to immunization, samples were analysed 

by SDS-PAGE/Coomassie and Dynamic Light Scattering. For Figure 4.19-4.21, SARS2 Spike 

prime and boost doses were performed with 10 µg SARS2 Wuhan Spike (HexaPro) protein in 

TBS pH 8.0 at 4 °C.  
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2.8.3 Immunization 

Animal experiments were performed according to the UK Animals (Scientific Procedures) Act 

1986, under Project License (PBA43A2E4 and PP9362617), and approved by the University 

of Oxford Animal Welfare and Ethical Review Body. Mice were obtained from Envigo and 

were 6 weeks old at the time of the first immunization. For high dose immunizations (Figure 

5.2-5.4), BALB/c female mice were used. For all other immunizations we used C57BL/6 

female mice. Mice were housed in accordance with the UK Home Office ethical and welfare 

guidelines and fed on standard chow and water ad libitum.  

Prior to immunization, immunogens were mixed 1:1 (25 µL + 25 µL) with either AddaVax 

(Invivogen) for Albumin Hitchhiking immunizations (Figure 3.4) and High Dose Quartet 

(Figure 5.2-5.4) immunizations or with VAC 20 adjuvant (SPI Pharma) for all other 

immunogens. For albumin hitchhiking constructs this gave a final dose of 0.4 nmol SpyTagged 

antigen. For High Dose Quartet immunizations this gave a final dose of 0.2 nmol total 

SpyTagged antigen. For all other Quartet immunizations this gave a final dose of 0.02 nmol 

total SpyTagged antigen, which relates to 0.6 µg Uncoupled RBD. Isoflurane (Abbott)-

anesthetized mice were immunized on day 0 and day 14 intramuscularly in the gastrocnemius 

muscle with the specified antigen-adjuvant mix. On day 14, post-prime blood samples were 

obtained via tail vein using Microvette (CB300, Sarstedt) capillary tubes. On day 32 to 41 (the 

exact day for each set of immunizations is indicated in the figure) post-boost samples were 

obtained via cardiac puncture of humanely sacrificed mice. The collected whole blood in 

microtainer SST tubes (Becton Dickinson) was allowed to clot at 25 °C for 1-2 h, before 

spinning down at 10,000 g for 5 min at 25 °C. All immunizations and sera sampling were 

performed by Jack Tan (University of Oxford). The sera were heat-inactivated at 56 °C for 

30 min, before storing at −20 °C.  
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2.9 Peptide:N-glycosidase (PNGase) Digest Assay 

2 µg of Quartet protein was incubated with 1 µL 10 × Glycoprotein Denaturing Buffer (New 

England Biolabs) at 100 °C for 10 min using a C1000 Touch Thermal Cycler (Bio-Rad). The 

denatured protein was then chilled on ice for 1 min and centrifuged for 10 s at 2,000 g with a 

MiniStar silverline (VWR). 2 µL 10×GlycoBuffer 2 (New England Biolabs), 2 µL 10% (v/v) 

NP-40, 6 µL MilliQ water and 1 µL PNGase F (New England Biolabs) at 500,000 units/mL 

were added. This mixture was incubated at 37 °C for 1 h. Proteins were resolved on 12% SDS-

PAGE, stained with Coomassie. 

2.10 Dynamic Light Scattering (DLS) 

2 µM SpyCatcher003-mi3 was incubated with 2 µM SpyTag-antigens for 48 h at 4 °C. 45 µL 

of protein solution was centrifuged for 30 min at 16,900 g at 4 °C and 30 µL of the supernatant 

was loaded into a quartz cuvette. Samples were measured using a Viscotek 802 (Viscotek) at 

20 °C with 20 scans of 10 s each, using 50% laser intensity, 15% maximum baseline drift, and 

20% spike tolerance. Before data collection, the cuvette was incubated in the instrument for 5 

min to allow the sample temperature to stabilize. The intensity of the size distribution was 

normalized to the peak value using OmniSIZE version 3.0 software, calculating the mean and 

standard deviation from the multiple scans (Viscotek).  

2.11 Negative Stain Transmission Electron Microscopy (TEM) 

2 μM SpyCatcher003-mi3 was incubated with 2 μM of the appropriate antigen for 48 h at 4 °C 

to make Mosaic-8 and Quartet Nanocage. Incubation was performed in 25 mM Tris–HCl, 

150 mM NaCl, pH 8.0. For uncoupled SpyCatcher003-mi3 Nanocage sample, the incubation 

was performed without the addition of any SpyTagged antigen. Samples were applied to a 

freshly glow-discharged TEM grid and blotted twice with water. Samples were stained with 

2% (w/v) uranyl acetate for 30 s. Samples were imaged using a Tecnai G2 80-200 keV 
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transmission electron microscope at the Cambridge Advanced Imaging Centre. The particle 

diameter was measured manually (n = 75) and plotted with 2 nm bin size in Excel (Microsoft). 

2.12 Viral Neutralization 

2.12.1 Authentic Virus Neutralization 

These assays were performed by Sai Liu, Javier Gilbert-Jaramillo, and William S. James at the 

James & Lillian Martin Centre, University of Oxford, operating under licence from the Health 

and Safety Authority, UK, on the basis of an agreed Code of Practice, Risk Assessments (under 

the Advisory Committee on Dangerous Pathogens) and standard operating procedures.  

The authentic virus neutralization assay determines the serum concentration required to induce 

a 50% reduction in focus-forming units of SARS2 in Vero cells (American Type Culture 

Collection, CCL-81). A serial dilution of immunization sera (seven steps from 1/40 to 1/40,000 

diluted into DMEM) was pre-incubated for 30 min at 25 °C with a fixed dose of 100-200 focus-

forming units (20 μL) of the specified SARS-CoV-2 variant. This procedure was performed in 

quadruplicate. DMEM alone was used for serum-free control wells and was used to define 

100% infectivity. The Victoria 01/2020 isolate (Pango B) was used for Wuhan neutralization 

(Caly et al., 2020). The isolate for Delta (Pango B.1.617.2) was kindly supplied by Gavin 

Screaton (University of Oxford). This mixture of virus and sera was incubated with 100 μL of 

Vero cells (4.5 × 104) at 37 °C with 5% (v/v) CO2. After 2 h incubation, a 1.5% (w/v) 

carboxymethyl cellulose-containing overlay was applied in order to prevent satellite focus 

formation. After 18 h incubation, the monolayers were fixed with 4% (w/v) paraformaldehyde 

in PBS and then permeabilized with 2% (v/v) Triton X-100. The cells were stained using 1 

µg/mL of the FB9B monoclonal antibody (K.-Y. A. Huang et al., 2021). These samples were 

treated with a 1:5,000 dilution of anti-human IgG (Fc-specific) peroxidase-conjugated antibody 

(Sigma-Aldrich, A0170-1ML) and True Blue peroxidase substrate. The infectious foci were 

counted using a Classic ELISpot Reader (AID GmbH). Data were analysed using four-
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parameter logistic regression (Hill equation) using GraphPad Prism (GraphPad Software 

version 8.3). A one-way analysis of variance (ANOVA) test, followed by Tukey’s multiple 

comparison post hoc test of ID50 values converted to log10 scale using GraphPad Prism 

(GraphPad Software version 9.4.1) was used to determine statistical significance of differences 

between groups. 

2.12.2 Pseudovirus Neutralization 

These assays were performed by Jennifer R. Keeffe, Kaya N. Storm, Priyanthi N. P. 

Gnanapragasam with supervision provided by Pamela Bjorkman (California Institute of 

Technology).  

Pseudotyped viruses for SARS2 BQ.1.1, SARS1, WIV1, SHC014, and BtKY72 

K493Y/T498W were prepared as previously described (Crawford et al., 2020; Robbiani et al., 

2020). The BtKY72 Spike protein  was modified with the double mutation K493Y/T498W in 

order to enable entry to human cells via ACE2 (Starr et al., 2022). This pseudovirus technique 

employs HIV-based lentiviral particles with genes encoding the appropriate Spike protein 

lacking the cytoplasmic tail. Pseudotyped virus was incubated for 1 h at 37 ˚C with sera that 

underwent a serial dilution with threefold steps. The sera and pseudovirus mixture was 

incubated with 293TACE2 target cells for 48 h at 37 ˚C. Cells were washed twice with PBS, 

and then lysed with Luciferase Cell Culture Lysis 5× reagent (Promega). The Nano-Glo 

Luciferase Assay System (Promega) was used to measure NanoLuc Luciferase activity in the 

lysates. The relative luminescence units (RLUs) were normalized to values derived from cells 

infected with pseudotyped virus in the absence of serum. 4-parameter nonlinear regression in 

AntibodyDatabase (West et al., 2013), was used to determine half-maximal inhibitory dilution 

(ID50). These values were plotted using GraphPad Prism (GraphPad Software version 9.4.1). 

Statistical significance of differences between groups was determined using an ANOVA test, 
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followed by Tukey’s multiple comparison post hoc test of ID50 values converted to log10 scale 

using GraphPad Prism (GraphPad Software version 9.4.1). 

2.13 Deep Mutational Scanning (DMS) 

Deep Mutational Scanning assays were performed by Alexander Cohen, Annie Rorick, and 

Anthony West, Jr. with supervision provided by Pamela Bjorkman (California Institute of 

Technology) following a previously established approach (A. A. Cohen et al., 2022; Greaney 

et al., 2022). All sera used in this assay had previously been heat-inactivated using a 30 min 

incubation at 56 °C. The sera were depleted of non-specific yeast-binding antibodies by twice 

incubating with 50 optical density (OD) units of AWY101 yeast containing an empty vector. 

Yeast were generously provided by Tyler Starr (University of Utah) and were induced to 

express the SARS-CoV-2 RBD library in galactose-containing synthetic defined medium with 

6.7 g/L Yeast Nitrogen Base, 5.0 g/L Casamino acids, 1.065 g/L 2-(N-

morpholino)ethanesulfonic acid (MES), 2% (w/v) galactose and 0.1% (w/v) dextrose (Greaney 

et al., 2022). After a 16–18 h induction, cells were washed and incubated for 1 h at 25 °C along 

with serum at a range of dilutions under gentle agitation. A sub-saturating dilution was 

determined for each serum sample that enabled the fluorescent signal from antibody binding to 

be equivalent across samples. The libraries were washed and labelled for 1 h with 1:200 Alexa 

Fluor-647-goat anti-mouse-IgG Fc-gamma (Jackson ImmunoResearch 115-605-008) to detect 

mouse antibodies from serum and 1:100 fluorescein-conjugated anti-myc tag antibody 

(Immunology Consultants Lab, CYMC-45F) to quantify RBD expression. Approximately, 5 × 

106 RBD-positive yeast cells were processed on a SH800 cell sorter (Sony). A flow cytometric 

gate was drawn to for yeast with RBD mutants that demonstrated reduced antibody binding 

compared to their level of RBD expression (Greaney et al., 2022). These cells were grown 

overnight in a synthetic defined medium with 6.7 g/L Yeast Nitrogen Base, 5.0 g/L Casamino 

acids, 1.065 g/L MES, 2% (w/v) dextrose, 100 U/mL penicillin and 100 µg/mL streptomycin. 
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Plasmid samples were prepared from 30 OD units (1.6 × 108 colony forming units; cfu) of pre-

selection yeast populations and 5 OD units (~3.2 × 107 cfu) of overnight cultures of serum-

escaped cells (Zymoprep Yeast Plasmid Miniprep II). The 16-nucleotide barcodes identifying 

each RBD variant were amplified by PCR and sequenced on an Illumina HiSeq 2500 using 50 

bp single-end reads. Variants with >1 amino acid mutation, low sequencing counts, or highly 

deleterious mutations that might escape antibody binding because of poor RBD expression or 

folding were computationally filtered out. The escape fraction is the proportion of cells 

expressing that specific variant that falls in the escape bin. An escape fraction value of 0 means 

that the variant is always bound by serum antibody and an escape fraction value of 1 means 

that the variant always escapes serum antibody binding. The height of each letter in the logo 

plots indicates the escape fraction for that amino acid mutation, calculated as described above. 

The static logo plots feature any site where, for at least one serum sample, the site-total antibody 

escape was >10× the median across all sites and at least 10% the maximum of any site. RBD 

sites are categorized based on antibody epitope region (Barnes et al., 2020). Class 1 epitopes 

are defined as residues 403, 405, 406, 417, 420, 421, 453, 455–460, 473–478, 486, 487, 489, 

503 and 504. Class 2 epitopes are defined as residues 472, 479, 483–485 and 490–495. Class 

3 epitopes are defined residues 341, 345, 346, 354–357, 396, 437-452, 466–468, 496, 498–501 

and 462. Class 4 epitopes are defined as residues 365–390 and 408.  

2.14 Bioinformatics 

MEGA X version 11.0.13 software (K. Tamura et al., 2021) was used to determine the 

phylogenetic tree of sarbecovirus and merbecovirus RBD sequences using an unweighted pair 

group method with arithmetic mean (UPGMA) method. Multiple sequence alignment and 

calculation of amino acid identity was performed using Clustal Omega version 1.2.4 (Madeira 

et al., 2019).  
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2.15 Statistics  

There was no statistical method used to predetermine sample size. When only two conditions 

are tested (Quartet vs. Quartet-ABD035, Quartet vs. No Linker Quartet, Quartet vs. 2017 

Quartet), the significance for ELISAs was calculated using a one-way ANOVA with 

Bonferroni's test in GraphPad Prism (GraphPad Software version 9.4.1). Significance for all 

other ELISAs was calculated with an ANOVA test using Tukey’s post hoc test in GraphPad 

Prism (GraphPad Software version 9.4.1). Comparisons for neutralizations were calculated 

with an ANOVA test, followed by Tukey’s multiple comparison post hoc test of ID50 values 

converted to log10 scale with GraphPad Prism (GraphPad Software version 9.4.1). Stars for 

figures were assigned according to: * p < 0.05, ** p < 0.01, *** p < 0.001. On graphs where 

statistical tests were performed, where no test is marked the difference was non-significant. 

The experiments were not randomized and the investigators were not blinded to allocation 

during experiments and outcome assessment.  

2.16 Software 

Annealing temperatures for PCRs were calculated using the NEB Q5 Tm calculator (Version 

1.16.5). For gene assembly from primers, constituent primers were identified using DNAWorks 

version 3.2.4 (Hoover, 2002). Gel analysis was performed using ImageLab version 6.1.0 

software (Bio-Rad) or iBright Analysis Software Version 5.2.0 (Thermo Fisher). DLS analysis 

was performed using the OmniSIZE version 3.0 software.  

For mammalian expression constructs, signal peptide cleavage was predicted by SignalP 

(version 5.0 or 6.0) (Almagro Armenteros et al., 2019; Teufel et al., 2022). Final protein 

sequences, with the N-terminal fMet (bacterial expression) or signal peptide (mammalian 

expression) removed, were analysed  using ExPASy ProtParam (Gasteiger et al., 2005). 

ExPASy ProtParam was used to determine a variety of properties including molecular weight, 

extinction coefficient, and theoretical isoelectric point. PyMOL version 2.5.2 was used for 
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visualization of protein structures. ChemDraw JS (version 19.0, PerkinElmer) was used for 

visualizing chemical reactions. 

Curve fitting for ELISA results was performed using the Python (version 3.9.7) SciPy library 

(version 1.7.1) (Virtanen et al., 2020). For authentic virus neutralizations, infectious foci versus 

sera dilution data were curve fit using GraphPad Prism (version 8.3). For pseudovirus 

neutralizations, RLUs versus sera dilution data were curve fit using GraphPad Prism (version 

9.4.1). All ELISA, pseudovirus neutralization, and authentic virus neutralization graphs 

presented in this thesis were plotted using GraphPad Prism (version 9.4.1). 
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Chapter 3 – SpyTag Facilitates Purification and Nanoassembly 

for Vaccine Development 

The COVID-19 pandemic spurred an unprecedented global drive towards the development of 

a protective vaccine. The unified focus of scientists, regulators, and funding bodies contracted 

the typical 5–10-year timeline for clinical development and approval of vaccines. Several 

COVID-19 vaccines had received approval for clinical use within less than a year of the first 

detection of the SARS-CoV-2 virus (Daems & Maes, 2022; Excler et al., 2023; Krammer, 

2024). 

The experience of vaccine development during the COVID-19 pandemic highlights the 

importance of technologies that can speed vaccine research and development. Given the impact 

of vaccines on public health outcomes, any innovations that can streamline vaccine 

development for newly emerging diseases or difficult to target existing pathogens can have 

enormous downstream effects (Gouglas et al., 2023; Pollard & Bijker, 2021; P. Singh et al., 

2023).  

In this chapter I will explore the use of the SpyTag, SpyCatcher, and related proteins to advance 

efficient vaccine research. 

I will apply SpyDock for the Spy&Go affinity purification of a new COVID-19 vaccine 

candidate that uses albumin hitchhiking to substantially increase the immune response that is 

elicited. I will pilot the use of SpySwitch, a next generation of Spy&Go purification technology, 

to purify a panel of sarbecovirus RBDs. Many of these RBDs either have zoonotic crossover 

potential or have already infected humans. I will demonstrate that each of these RBDs can be 

efficiently multimerized on the SpyCatcher003-mi3 nanoparticle in a modular manner that does 

not require optimization.  
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Finally, I will apply this panel of sarbecovirus RBDs to assess the breadth of binding for 

antibodies isolated from COVID-19 patients or vaccine recipients. These experiments 

identified two broad-spectrum monoclonal antibodies that bound to all tested sarbecoviruses. 

The identification of broadly binding monoclonal antibodies provides therapeutic potential and 

a goal for future vaccine development. 

3.1 – Harnessing albumin-binding domains for COVID-19 vaccine development 

I cloned a SARS-CoV-2 RBD construct with an N-terminal SpyTag and C-terminal ABD035 

albumin-binding domain. ABD035 is an engineered protein that had previously been evolved 

from an albumin-binding domains in streptococcal protein G (G148-GA3) using phage display 

to select for high affinity binding to human serum albumin (HuSA). This selection was 

successful, with the three-helix bundle protein displaying femtomolar (50-500 fM) affinity for 

human serum albumin (HuSA), as well as strong cross-species albumin-binding (Jonsson et 

al., 2008). 

I expressed this SpyTag-RBD-ABD035 protein along with SpyTag-RBD in Expi293F cells. I 

purified both constructs using the SpyDock system, eluting with 2.5 M imidazole. The bands 

on both purification gels were disperse and migrated slightly larger than predicted, which aligns 

with the expected glycosylation of RBD (Figure 3.1). After dialysing into PBS pH 7.4 to 

remove excess imidazole, I performed size exclusion chromatography (SEC) using an S200 

column to remove any aggregate and demonstrated that a single dominant population was 

present for each antigen (Figure 3.2). As expected, the SEC trace suggested that SpyTag-RBD-

ABD035 was larger than SpyTag-RBD.  
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Figure 3.1: SpyDock Purification of RBD with an albumin-binding domain. (A) SARS-

COV-2 WA1 RBD with an N-terminal SpyTag was purified by SpyDock. (B) The SpyTag-

RBD construct with an additional engineered albumin-binding domain genetically fused at 

the C-terminus was purified by SpyDock. For all purifications, elution fractions were run on 

SDS-PAGE with Coomassie staining under non-reducing conditions.  
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Figure 3.2: Size Exclusion Chromatography of RBD with an albumin-binding domain. 

SARS-CoV-2 RBD constructs with N-terminal SpyTag (ST1) were run over a HiPrep 

Sephacryl S-200 HR 16-600 column in PBS pH 7.4 after purification by SpyDock. One of 

these constructs had a C-terminal albumin-binding domain (ST1-RBD-ABD035) and one had 

no additional C-terminal domain (ST1-RBD). Bio-Rad gel filtration standards were run over 

the same column under the same conditions and the elution volume based on these standards 

are presented. 

 

The ABD035 engineered albumin-binding domain had previously been well characterized for 

high affinity binding to both human and mouse serum albumin (Jonsson et al., 2008). I wanted 

to ensure that genetic fusion to RBD had not induced misfolding, caused steric hindrance, or 

prevented albumin-binding by any other means. To this end, I developed a plate assay to assess 

albumin-binding to SpyTag-RBD constructs. In this assay, the protein of interest was 

immobilized on the plate using SpyCatcher002-MBP. This step was included to remove 

potential variability caused by certain regions of the analysed protein having enhanced 

interactions with the plate. Albumin binding was assessed using a biotinylated HuSA that was 

subsequently detected using streptavidin-HRP. To implement the plate assay, I cloned and 

expressed a human serum albumin construct with a C-terminal Avi-tag to facilitate site-specific 

biotinylation using BirA (Fairhead & Howarth, 2015). 
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Figure 3.3: Confirmation of albumin-binding by RBD with an albumin-binding domain. 

Results of the albumin-binding ELISA. Unless otherwise indicated, SpyCatcher2-MBP was 

coupled to all wells. After adsorption and blocking the indicated antigen was coupled to the 

well. Bars represent the mean absorbance at 652 nm (A652) measurement 5 minutes after the 

addition of TMB (n=3) while the error bars are ±1 standard deviation.  

 

When SpyTag-RBD-ABD035 was assessed using the outlined plate assay there was a 

substantial colour change in the presence of biotinylated HuSA, indicating that SpyTag-RBD-

ABD035 has retained its ability to bind albumin (Figure 3.3B). There was no evidence of HuSA 

biding to SpyTag-RBD (Figure 3.3B). 

I prepared samples of SpyTag-RBD and SpyTag-RBD-ABD035 for immunization by 

endotoxin-depletion with Triton-X114 phase separation (Aida & Pabst, 1990). I performed 

endotoxin quantification using a Limulus amebocyte lysate assay. All samples were under 20 

EU/mL, the maximum recommended endotoxin levels for recombinant subunit vaccines (Brito 

& Singh, 2011). 

Immunizations were performed with either SpyTag-RBD or SpyTag-RBD-ABD035 in female 

C57BL/6 mice. I aliquoted immunization doses so that each immunization contained a molar 

equivalent of 0.4 nmol antigen (10 μg of SpyTag-RBD and 12.25 μg SpyTag-RBD-ABD035) 
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and AddaVax was used as an adjuvant. Immunizations were performed according to the 

timeline outlined in Figure 3.4A. All immunizations and sera sampling were performed by Jack 

Tan (University of Oxford).  

I performed antisera ELISAs to determine the results of the mouse immunizations. Prime sera 

samples showed little detectable response to RBD and there was no significant difference 

between the two antigens (Figure 3.4C). For both antigens, boost sera demonstrated a 

significantly enhanced immune response to RBD relative to prime sera (Figure 3.4C). SpyTag-

RBD-ABD035 elicited a significantly greater anti-RBD humoral response than SpyTag-RBD 

(Figure 3.4B,C).The mean area under curve (AUC) for mice immunized with SpyTag-RBD 

was 2.0 and with SpyTag-RBD-ABD035 was 5.3 meaning that the inclusion of a C-terminal 

ABD035 more than doubled the AUC for antisera dilution curves.  
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Figure 3.4: Mouse Immunization with RBD fused to Albumin-binding Domain. (A) 

Dose administration and sampling timeline for female C57BL/6 mice immunization with 

soluble RBD and RBD-ABD035. (B) Post-boost mouse antisera dilution series using A450 to 

measure antisera binding to RBD. Each point represents a mean of two absorbances for a 

single mouse at a single dilution. Points and curves are coloured blue for mice administered 

RBD and red for mice administered RBD-ABD035. (C) The area under the curve (AUC) for 

post-prime and post-boost antisera elicited by administration of RBD (blue) and RBD-

ABD035 (red). Bars represent mean AUC (n=6) with error bars being ±1 standard deviation. 

Individual points represent the AUC for a single mouse. Significance was calculated with an 

ANOVA test using Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001; other 

comparisons were non-significant. 

 

3.2 –  SpySwitch purification of sarbecovirus RBDs with moderate pH elution  

Adoption of the SpyTag/SpyCatcher system for a wide variety of applications (Keeble & 

Howarth, 2020), has enhanced the desire for a switchable system to isolate SpyTagged proteins. 

This approach would allow for purification of proteins functionalized by SpyTag (or a more 
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recent iteration such as SpyTag003) without any additional purification tags. Affinity 

purification via SpyTag has been named Spy&Go (Khairil Anuar et al., 2019). 

SpyDock was previously developed by members of our lab and was the Spy&Go purification 

system I used to purify SpyTag-RBD and SpyTag-RBD-ABD035. SpyDock is a modified 

version of SpyCatcher002 (Keeble et al., 2017) that included an E77A mutation Khairil Anuar 

et al., 2019). By removing this catalytic residue SpyDock is unable to form a covalent bond 

with a SpyTag. An additional S49C mutation was introduced to allow anchoring of SpyDock 

to SulfoLink resin. SpyDock forms a tight, non-covalent interaction with SpyTag, facilitating 

capture even at low levels from a mixed supernatant. However, the release requires harsh 

conditions such as 2.5 M imidazole or pH 2 that induce global disruption of SpyDock and have 

the potential to perturb the protein being purified (Khairil Anuar et al., 2019). 

To address this issue members of our lab (Rolle Rahikainen, Irsyad N. A. Khairil Anuar, and 

Susan K. Vester,) developed a new protein, named SpySwitch, to facilitate Spy&Go 

purification using gentler elution conditions. SpySwitch was based on SpyCatcher003 with a 

total of ten mutations added. These included the E77A and S49C mutation previously included 

in SpyDock (Vester et al., 2022). 

Four mutations (K28H, S30H, Y84H and E85H) were introduced based on histidine mutations 

scanning. In these experiments, rationally determined residues were mutated to histidine and 

mutants were assessed for their ability to bind SpyTag003-sfGFP at pH 8.0 and release the 

protein with sequential elutions at pH 6.0, pH 5.0 and pH 4.0 (Vester et al., 2022). 

An additional four mutations (R32H, S59T, V94I, A111P) were identified by phage display. In 

this directed evolution campaign, an intermediate form of SpySwitch was randomized by error-

prone PCR and displayed on phage. Phage were selected for their ability to bind SpyTag003-

MBP at pH 8.0 and release the bait at a lower pH. The stringency of this release step was 
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increased over the course of the selections beginning at pH 5.0 and being raised to pH 7.0 by 

the final selections (Vester et al., 2022). 

The final SpySwitch protein facilitates purification of proteins with SpyTag or SpyTag003 from 

bacterial and mammalian supernatant with high yield, efficiency, and purity. SpySwitch 

purification can be accomplished using pH elution where binding occurs at pH 8.0 and elution 

occurs at pH 5.0. Proteins purified by SpySwitch are eluted directly into a basic neutralization 

buffer so that the protein spends minimal time at this moderately acidic pH. SpySwitch 

purification can also be accomplished using temperature change for elution. In this protocol, 

binding occurs at 4 °C, elution occurs at 37 °C, and the protein is kept at pH 8.0 through the 

entire purification process (Vester et al., 2022). 

I expressed the SpySwitch protein in E. coli C41 (DE3) cells and purified the protein by Ni-

NTA (Figure 3.5A). SpySwitch (like most SpyCatcher derived proteins) has a tendency to run 

slightly larger than expected on SDS-PAGE, which may be linked to the low pI of SpyCatcher 

(Bio-Rad Laboratories, 2023) repelling SDS from binding (Tiwari et al., 2019). 

I pooled all elution fractions and dialysed into 50 mM Tris-HCl, 5 mM EDTA, 2 mM Tris(2- 

carboxyethyl) phosphine hydrochloride (TCEP) (pH 8.5 at 25 °C). The reducing agent TCEP 

was included to decrease the potential dimerization through the S49C mutation present in the 

SpySwitch. I ran the SpySwitch protein over an HiLoad 16/600 Superdex 75 pg column size 

exclusion chromatography column, producing a single peak consistent with the SpySwitch 

monomer (Figure 3.5B). Just prior to loading on the SEC column, I added 2 mM TCEP to the 

sample to account for any oxidization of the TCEP that may have occurred during dialysis. I 

ran elution fractions on a non-reducing SDS-PAGE gel and found a single population providing 
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further evidence for the identity of the protein (Figure 3.5B). I pooled elution fractions from 

the major SEC peak and coupled the SpySwitch protein to SulfoLink Coupling Resin beads.  

 

Figure 3.5: Production of SpySwitch. (A) SpySwitch was purified from E. coli C41 (DE3) 

expression strain by Ni-NTA. An SDS PAGE gel with Coomassie staining was run using the 

supernatant (S), flowthrough (F), wash (W), and elution fractions (E1 – E6). (B) SpySwitch 

elution fractions were pooled and run on over an S75 column. The protein was run using the 

following buffer: 50 mM Tris-HCl, 5 mM ethylenediamine tetraacetic acid (EDTA), 2-4 mM 

TCEP (pH 8.5 at 25 °C). The 1 mL elution fractions from 90-104 mL run on an SDS PAGE 

gel with Coomassie staining and pooled for coupling to SulfoLink beads.  
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I applied SpySwitch to purify a panel of twelve sarbecovirus RBDs by pH elution (Figure 

3.6A). The plasmids in this panel were produced by and obtained from Pamela Bjorkman’s lab 

(California Institute of Technology) (Figure 3.6B). All of these RBDs belong to bat viruses 

except for SARS1 and SARS2 that infect humans and pang17 that infects pangolins (Manis 

javanica) (A. A. Cohen et al., 2022). Several of these viruses have been identified as having 

the potential to cross over into humans (T. S. Evans et al., 2023; Muylaert et al., 2022). 

The panel contained RBDs from viruses belonging to all sarbecovirus clades (Figure 3.6B). 

Clade 1a contains ACE2 binding SARS1-like viruses and includes SARS1, WIV1, and 

SHC014. Clade 1b contains ACE2 binding SARS2-like viruses and includes SARS2, pang17, 

and RaTG13. Clade 2 contains non-ACE2 binding viruses and includes Rs4081, Yun11, 

RmYN02, and Rf1. Clade 3 is the most distantly related sarbecovirus clade with members 

identified in European (BM48-31) and African (BtKY72) bats (Starr et al., 2022). Some but 

not all members of Clade 3 bind ACE2 (Mohapatra et al., 2023b; Seifert et al., 2022; Starr et 

al., 2022) (Figure 3.6B). 

At the N-terminus all of these sarbecovirus constructs contain a signal peptide to facilitate 

mammalian cell secretion. At the C-terminus the constructs contain a His8-tag followed by a 

SpyTag003 (Figure 3.6C). I expressed all twelve sarbecovirus proteins in Expi293F cells. I 

purified the proteins using SpySwitch with pH elution. A representative purification gel is 

included for SARS-CoV-2 RBD-SpyTag003 purified by SpySwitch (Figure 3.6D).  
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Figure 3.6: Purification of a panel of Sarbecovirus RBDs by SpySwitch. (A) A cartoon schematic 

showing SpySwitch purification by pH elution. (B) A phylogenetic tree showing the sarbecovirus 

RBDs that were included in this panel. (C) The schematic for the RBD constructs in the panel. (D) A 

representative purification SDS PAGE gel with Coomassie staining for the RBDs purified by 

SpySwitch. The lanes include the mammalian supernatant (S), flowthrough (F), wash (W), and 

elution fractions (E
1 – 

E
6
).  
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3.3 Implementing SpyTag for Nanoassembly  

As previously outlined (Section 1.2), the SpyCatcher003-mi3 nanoparticle was developed by 

our group to provide a simple route for modular multivalent display of SpyTagged proteins.  

I expressed SpyCatcher003-mi3 in E. coli BL21 (DE3) cells and purified the nanoparticle by 

ammonium sulfate precipitation. I dialysed the protein using 100 kDa molecular weight cutoff 

tubing to remove protein impurities and excess ammonium sulphate. I ran the post-dialysis 

protein over an S400 size exclusion chromatography column to separate the properly formed 

nanoparticle from aggregate (Figure 3.7A). I performed dynamic light scattering on the 

nanoparticle to verify that the particle was formed at the appropriate size (Figure 3.7B). This 

result showed a nanoparticle with a hydrodynamic diameter of 37.0 ± 9.6 nm which aligns well 

with previous reports for SpyCatcher003-mi3 (Rahikainen et al., 2021). 

I then tested the coupling of the sarbecovirus RBD-SpyTag003 panel to SpyCatcher003-mi3. I 

performed this coupling interaction with an excess of SpyCatcher003-mi3 directly in 

neutralized SpySwitch elution buffer without the any additional dialysis or buffer exchange 

step. The results were analysed by SDS-PAGE after 16 hours coupling at 4 °C. All twelve 

sarbecovirus RBDs reacted to completion with SpyCatcher003-mi3 (Figure 3.8). No 

optimization was required to achieve efficient coupling with these twelve viral antigens 

highlighting the effective flexibility of the SpyCatcher003-mi3 nanoparticle for vaccine 

development. 
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Figure 3.7: Purification and validation of SpyCatcher003-mi3. (A) Size Exclusion 

Chromatography results using a HiPrep Sephacryl S-400 HR 16-60 column for the 

production of SpyCatcher003-mi3, showing A280 measurements at different elution volumes. 

The fractions that we retained and pooled are shaded in blue. Bio-Rad gel filtration standards 

were run over the same column under the same conditions and the elution volume of these 

known standards are placed on the figure. (B) Dynamic light scattering result for 

SpyCatcher03-mi3. Hydrodynamic diameter is shown ± 1 standard deviation. 
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Figure 3.8: Coupling of sarbecovirus RBD to SpyCatcher003-mi3. The twelve 

sarbecovirus RBD-SpyTag003 constructs included in the panel were incubated with excess 

SpyCatcher003-mi3 for 16 h at 4 °C in neutralized SpySwitch elution buffer. SDS-PAGE gel 

with Coomassie staining is presented after coupling reaction. A colon between the name of 

two proteins indicates a covalent bond has been formed between them.  

 

3.4 Identification of monoclonal antibodies with broad anti-sarbecovirus function 

Understanding the breadth of SARS2-binding antibodies across related coronaviruses can give 

important insight for development of future vaccines, especially when considering the creation 

of vaccines against evolving SARS2 variants or newly arising zoonotic threats (Cankat et al., 

2024). The identification of new broad spectrum monoclonal antibodies may also be applied 

for therapeutic development (Y. Chen et al., 2023). 

I tested the ability of several antibodies to bind our panel of sarbecovirus RBDs when coupled 

the SpyCatcher003-mi3 nanoparticle. I was interested in understanding whether these 

individual monoclonal antibodies could (i) bind several different sarbecovirus RBDs and (ii) 
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bind to RBDs that were coupled to SpyCatcher003-mi3. This result would underscore the 

potential of a SpyCatcher003-mi3 based vaccine to elicit monoclonal antibodies with 

substantial anti-coronavirus breadth. The identification of a pan-sarbecovirus monoclonal 

antibody would be a useful resource for coronavirus research in addition to therapeutic value. 

I selected the antibodies EY6A (D. Zhou et al., 2020), FI-3A, FP-8A, FI-3A, and FP-12A (K. 

Y. A. Huang et al., 2022) which had been identified in convalescent COVID-19 patients and 

were generously provided by Prof. Kuan-Ying Arthur Huang (Chang Gung University). I 

additionally selected CR3022, an anti-SARS1 monoclonal antibody (Ter Meulen et al., 2006) 

that had been identified as binding SARS2 (Yuan et al., 2020) and received interest as a 

COVID-19 therapeutic (Atyeo et al., 2021). 

The antibodies selected belonged to multiple SARS2 RBD antibody classes (Figure 3.9A) 

(Barnes et al., 2020). Class 4 was overrepresented in selection as the Class 4 epitope had the 

greatest conservation across the sarbecoviruses included in the panel.  

At the time this assay was performed, the selected anti-SARS2 antibodies were of research 

interest to several groups. Members of the antibody panel had recently undergone or were in 

the process of undergoing a variety of analyses including viral neutralization, cryogenic 

electron microscopy (cryo-EM), and protection studies in animal models (K. Y. A. Huang et 

al., 2022; Jette et al., 2021; D. Zhou et al., 2020). 

I also included the anti-MERS-CoV RBD monoclonal antibody LCA60 in the panel (Corti et 

al., 2015). Given the substantial difference in sequence and structure of the SARS2 and MERS 

RBDs (Lewitus et al., 2023) we did not expect this monoclonal to bind sarbecovirus RBDs. 

Any binding would have been an interesting result, while a lack of binding would validate 

LCA60 as a negative control for future experiments using this sarbecovirus RBD panel.  
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I tested antibody binding to RBDs displayed on SpyCatcher003-mi3 by ELISA. As predicted, 

all of the antibodies bound to SARS2 RBD except for the anti-MERS LCA60. None of the 

Class 1-3 antibodies tested demonstrated binding to any sarbecovirus other than SARS2. The 

Class 4 antibody FP-12A showed strong binding to SARS2 and weak binding to RaTG13 and 

pang17, both close relatives of SARS2, as well as to the more distantly related BtKY72.The 

Class 4 antibody EY-6A bound to all twelve of the tested sarbecovirus RBDs (Figure 3.9B).  

Figure 3.9: Recognition of sarbecovirus RBDs by a panel of antibodies. (A) SARS-CoV-2 

RBD is shown with the binding sites defined by the Barnes classification system showing 

class 1 (blue), 2 (green), 3 (bronze) and 4 (purple). (B) Recognition of sarbecovirus RBDs by 

a panel of SARS-CoV-2 antibodies. The mean absorbances at 652 nm (A652) from ELISAs 

are plotted as a heat map (n = 3). Strong binding is represented by red and no binding is 

represented by blue. 

 

The Class 4 antibody CR3022 bound to only ten of the twelve tested RBDs. The two RBDs not 

bound by CR3022 were from the viruses BM48-31 and Rf1 (Figure 3.9B).  Notably, these 

viruses do not belong to the same clade and share only 70% identity in RBD (Figure 1.5). In 

contrast, BM48-31 shares 83% identity with the RBD of fellow Clade 3 virus and CR3022-

binder BtKY72. Likewise, Rf1 shares 90% identity with the RBD of fellow Clade 2 virus and 

CR3022-binder RmYN02. 
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This raises the question of why CR3022 is unable to bind these two RBD when the antibody 

binds to the RBDs of related sarbecoviruses. A related question is why does EY6A bind BM48-

31 and Rf1 while CR3022, an antibody with a similar binding footprint, does not.  

I considered the structure of SARS2 RBD bound to CR3022 (Figure 3.10A) and EY6A (Figure 

3.11B) and noted the residues that might interact with CR3022 but not EY6A. One of these 

residues, K378, was conserved in the ten sarbecovirus RBDs that bound CR3022 but not the 

two non-binders. BM48-31 RBD has a glutamine at the position aligned with K378 and Rf1 

RBD has an asparagine at the position aligned with K378. I hypothesized that these mutations 

played a key role in the CR3022 escape.  

To test this hypothesis, I cloned SpyTag-SARS2 RBD constructs with a single point mutation 

at position K378. This position was modified with either a K378Q mutation to match BM48-

31 or a K378N mutation to match Rf1. I expressed these proteins in HEK293T cells and 

purified by SpySwitch.  

I performed ELISAs to test binding to EY6A, CR3022, and LCA60 (Figure 3.10B). No non-

specific binding was recorded to SpyTag-Hemagglutinin or by the LCA60 antibody. EY6A 

bound to the wild type RBD and both point mutants. This demonstrates that the K378 

substitutions present in BM48-31 and Rf1 do not negatively impact EY6A binding. This also 

provides evidence that the point mutants were properly folded. CR3022 showed strong binding 

to the wild-type SARS2 RBD but no binding to either of the point mutants. This provides 

evidence that the K378Q (BM48-31) and K378N (Rf1) mutations play an important role in 

CR3022 escape for these sarbecoviruses (Figure 3.10B). These results highlight the impact that 

a single mutation can have in escaping an otherwise broad monoclonal antibody. 
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Figure 3.10: Investigating differences in CR3022 and EY6A binding. The crystal structure 

of SARS-CoV-2 RBD binding by (A) CR3022 (PDB 6W41) and (B) EY6A (PDB 6ZDH). 

For both structures, the K378 residue identified as potentially responsible for ablated CR3022 

binding in BM48-31 and Rf1 is indicated in red. (C) EY6A and CR3022 binding to SARS-

CoV-2 RBD wild-type and RBD point mutants that matched BM48-31 (K378Q) or Rf1 

(K378N) at a single position. The mean absorbance at 450 nm (A450) from ELISAs are 

plotted as a heat map (n = 3). Strong binding is represented by green and no binding is 

represented by white. An anti-MERS RBD antibody, LCA60, was included as a negative 

antibody control and SpyTag-Hemagglutinin was included as a negative antigen control.  

 

The identification of EY6A as a broad anti-sarbecovirus antibody highlighted the potential for 

other Class 4 antibodies to be identified with similarly broad binding. Prof. Kuan-Ying Arthur 
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Huang (Chang Gung University) had identified a group of Class 4 individuals from individuals 

that were either convalescent from COVID-19 (EY-6A and FP-12A) or had received two doses 

of a COVID-19 vaccine (IY-2A, IV-6D, IV-4B, IS-9A, IS-11B and IV-10C) and supplied our 

lab with aliquots of these antibodies. These antibodies had been identified as Class 4 based on 

their competition with EY6A for SARS2 RBD binding.  

I tested the binding of these purified monoclonal antibodies to our panel of sarbecovirus RBDs 

by ELISA (Figure 3.11). As the previous ELISA had demonstrated that Class 4 antibodies were 

capable of binding RBDs coupled to SpyCatcher003-mi3, I chose to perform this ELISA with 

a more conventional setup and adsorbed the proteins directly onto the plate.  

As expected, every Class 4 antibody tested bound tightly to SARS2 RBD. Interestingly, all of 

the antibodies demonstrated at least some binding to Clade 1a RBDs, particularly WIV1. IV-

6D came close to binding every member of the panel but did bind Yun11 RBD. IY-2A was 

identified as binding every member of the sarbecovirus RBD panel (Figure 3.11).  

Further analysis of IY-2A, demonstrated that the antibody uses a novel RBD-binding strategy 

to facilitate this broad-spectrum binding and was able to potently neutralize several different 

sarbecoviruses including SARS1, SHC014, WIV1, BtKY72, and all tested SARS2 VOCs 

(including Omicron BA.4/5) (K. Y. A. Huang et al., 2023). 
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Figure 3.11: 

Recognition of sarbecovirus RBDs by a panel of Class 4 antibodies. The mean absorbance 

at 450 nm (A450) from ELISAs are plotted as a heat map (n = 3). Strong binding is represented 

by red and no binding is represented by blue. An anti-MERS LCA60 was included as a negative 

antibody control. 

 

 3.5 Discussion 

In this chapter, I have implemented SpyTag-enabled technologies to both facilitate and 

streamline the vaccine research.   

I used SpyTag as an affinity purification tag to produce a novel COVID-19 vaccine candidate. 

Purified using SpyDock, this vaccine was a genetic fusion of the SARS2 RBD and the 

engineered albumin-binding domain ABD035 (Jonsson et al., 2008). From several well 

characterized albumin-binding domains and peptides, ABD035 was selected due to its 

remarkably high affinity (50–500 fM) for HuSA and its breadth of binding including mouse 

and macaque serum albumin. This cross-species breadth would simplify the translation of any 

albumin-binding vaccine candidate from pre-clinical models to clinical application in humans 

(Jonsson et al., 2008). 

The fusion of ABD035 to RBD significantly increased the response relative to RBD alone, 

when two doses of either immunogen were administered to mice. The mean AUC for RBD-
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ABD035-treated mice (5.3) more than doubled the mean AUC for RBD treated mice (2.0). 

Every individual mouse dosed with RBD-ABD035 had an increased immune response relative 

to every individual mouse that received RBD alone.  

As a highly abundant serum protein (35–50 mg/mL) with multiple binding sites and a long 

circulatory half-life (19 days), human serum albumin has been a frequent target for attachment 

of a drug to improve pharmacokinetics (Tao et al., 2021). This albumin-hitchhiking strategy 

has recently begun to be applied for vaccine development. For example, the attachment of lipid 

tails to CpG or peptide vaccines has been shown to significantly increase lymph node 

accumulation and subsequent immune response (H. Liu et al., 2014; Rakhra et al., 2021). 

Similar work has used Evans Blue (G. Zhu et al., 2017), a highly water-soluble dye that binds 

albumin-binding site I (H. M. Evans & Schulemann, 1914; Yao et al., 2018), to facilitate 

albumin hitchhiking for CpG and cancer neoantigen peptides (G. Zhu et al., 2017). 

Part of this enhanced immune response comes simply from albumin attachment increasing the 

molecular weight of the antigen (Moyer et al., 2016). Physical size plays an important role in 

dictating fluid clearance with larger macromolecules being more likely to be delivered to 

draining lymph nodes. Above a molecular weight of approximately 45 kDa, proteins tend to be 

entirely trafficked via the lymphatic system (Miller et al., 2011; Moyer et al., 2016). Albumin 

hitchhiking of RBD is also likely to have directed this relatively small viral antigen (25.4 kDa) 

to draining lymph nodes. This would increase the effective dose of the vaccine and contribute 

to the enhanced humoral response. Linking RBD to HuSA via a high-affinity protein binder 

may also take advantage of the long-lasting nature of HuSA to increase antigenic half-life of 

the antigen (Moyer et al., 2016). 

In a study that was published after I had concluded my albumin hitchhiking research, SARS2 

RBD was modified with the lipophilic diacyl tail 1,2-distearoyl-sn-glycero-3-
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phosphoethanolamine (DSPE). DSPE binds HuSA with a KD of approximately 125 nM. This 

was accomplished through the addition of a free cysteine at the N-terminus of the antigen, with 

the authors demonstrating that this modification did not affect production, stability, or 

antigenicity profile. The authors attached DSPE to SARS2 RBD using maleimide coupling 

with a hydrophilic polyethylene glycol (PEG) spacer separating the lipid and antigen to produce 

a DSPE-PEG2K-RBD vaccine candidate (Hartwell et al., 2022). 

It is important to consider the impact of including PEG in clinical vaccines, given the 

prevalence of pre-existing anti-PEG antibodies in humans (B. M. Chen et al., 2016). While 

successful COVID-19 mRNA vaccines have included PEG, these both induced and boosted 

anti-PEG antibodies in the global population (Guerrini et al., 2022; Kozma et al., 2023). It has 

been shown that pre-existing anti-PEG antibodies can increase the reactogenicity of vaccines 

that contain PEG (Ju et al., 2022). PEGylated drugs have demonstrated enhanced systemic 

clearance in the presence of pre-existing anti-PEG antibodies (B. M. Chen et al., 2021). There 

is no evidence that the efficacy of PEG-containing mRNA vaccines was negatively impacted 

by pre-existing anti-PEG antibodies (Ju et al., 2023) but the clinical impact of pre-existing anti-

PEG antibodies binding to a PEG containing protein sub-unit vaccine remains unknown. Given 

this uncertainty and the substantial investment of a human clinical trial, I believe it would be 

optimal to develop an albumin hitchhiking strategy that avoids the use of PEG.  

In agreement with the results for SpyTag-RBD-ABD035, immunization with a DSPE-PEG2K-

RBD construct showed remarkable improvement relative to RBD alone. The researchers 

performed intranasal immunizations and found significant improvements in IgG and IgA titres 

for sera and various mucosal samples. The attachment of an albumin-binding lipid additionally 

improved SARS2 pseudovirus neutralization by both sera and bronchoalveolar lavage fluid 

(Hartwell et al., 2022). 
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The success of both an albumin-binding protein and lipid at enhancing immune response to 

SARS2 RBD highlights the potential of albumin hitchhiking to enhance recombinant protein 

vaccines, especially for antigens that are typically poorly immunogenic. In future work it would 

be useful to compare these two approaches to determine whether there is any difference in the 

response that is achieved. It would also be useful to test other albumin-binding proteins and 

peptides (Dennis et al., 2002; Johansson et al., 2002; Y. Ma et al., 2015) to assess whether the 

high affinity of ABD035 (50-500 fM) elicits a different response compared with relatively low 

affinity binders. The importance of mucosal immune response in reducing morbidity and 

mortality for SARS2 (Puhach et al., 2023) suggest that intranasal delivery of SpyTag-RBD-

ABD035 could provide further enhanced immune response and could be worthy of future 

study. 

My research demonstrates that genetically encodable protein-mediated albumin hitchhiking 

can enhance overall antibody titres for recombinant protein sub-unit vaccines. Future work may 

explore whether this strategy can be further optimized to alter the nature of the antibodies that 

are elicited.  

Several bacterial species use membrane proteins to bind HuSA to their surface in order to 

protect themselves from immune recognition(Egesten et al., 2011a). A similar approach has 

used covalent albumin decoration of a tobacco mosaic virus (TMV) derived nanoparticle to 

reduce macrophage recognition and immune clearance (A. S. Pitek et al., 2016).  

The location that elicited antibodies bind to is unlikely to be altered by the inclusion of a 

terminal albumin-binding domain separated from the antigen by a flexible linker (SpyTag-

RBD-AD035). However, the strategic incorporation of a high affinity albumin-binding peptide 

within the protein could facilitate albumin-binding to and consequent shielding of certain 

regions of an antigen.  
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While the SpyTag-RBD-ABD035 vaccine candidate was effectively purified by SpyDock, not 

all proteins are able to withstand the harsh elution conditions required for purification by this 

route (wither 2.5 M imidazole or pH 2.0) (Khairil Anuar et al., 2019). To facilitate ease-of-use 

and more widespread technology adoption our lab developed the SpySwitch protein. This 

system allows for purification with gentler elution conditions, using a short incubation at pH 

5.0 or 37 °C to release a SpyTag from the SpySwitch protein. The option for temperature elution 

is especially important for purification of proteins that have evolved pH-responsive changes 

(Vester et al., 2022). 

I used this newly developed technology to purify a panel of twelve different sarbecovirus 

RBDs, all at high yields and purity. I coupled each member of sarbecovirus RBD panel to 

SpyCatcher003-mi3 in neutralized SpySwitch elution buffer. Neutralization of the elution 

buffer was performed by eluting directly into neutralization buffer (Tris pH 8.0), meaning that 

no additional dialysis or buffer exchange steps were required between purification and 

multimerization. Despite the sequence diversity and evolutionary distance present in the panel, 

all of these RBDs were efficiently displayed on the nanoparticle without the need for any 

modification or optimization. This result highlights the modularity of using the 

SpyTag/SpyCatcher system for nanoparticle display.  

While a His-tag was present in these constructs, only the SpyTag was required and was used 

for both purification and multimerization. The development allows for vaccine constructs to be 

produced without the inclusion of a potentially immunogenic His-tag (F. Khan et al., 2012; M. 

Singh et al., 2020) or an extra step to remove excess tags (Raran-Kurussi et al., 2017). These 

results highlight the ability of SpySwitch to facilitate simpler vaccines constructs and a 

streamlining of antigen display on nanoparticles.  
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In addition to piloting SpySwitch purification, I used the RBD panel to test monoclonal 

antibodies that were identified in human patients and were known to bind SARS2 RBD. By 

assessing the ability of these antibodies to bind several related RBDs we sought monoclonal 

antibodies capable of binding to the broad spectrum of sarbecoviruses. A pan-sarbecovirus 

antibody would be a useful reagent for the study of sarbecoviruses. Understanding RBD and 

monoclonal antibody features that influenced breadth of binding would also give important 

insight into how a broad spectrum humoral immune response might be elicited. An antibody 

that demonstrates broad binding and the ability to effectively neutralize viruses it binds could 

be an important therapeutic against newly arising zoonotic coronaviruses or novel SARS2 

VOCs.  

In my first effort at testing monoclonal antibody binding, I identified two antibodies as being 

broad anti-sarbecovirus binders: EY6A and CR3022.  

CR3022 bound to ten of the twelve tested sarbecovirus RBDs. Notably, the two tested 

sarbecoviruses that CR3022 was unable to bind were not closely related. Rf1 is a Clade 2, 

BM48-31 is Clade 3, and their RBDs shared only 70.0% identity with one another. I considered 

the mutations in these RBDs relative to SARS2, focusing on residues that are part of the 

RBD:CR3022 binding site. Almost every mutation present in Rf1 or BM48-31 relative to 

SARS2 was shared by viruses that are susceptible to CR3022 binding. It is therefore unlikely 

that any of these mutations were responsible for the ablated binding. At the position aligned 

with SARS2 K378 a different residue was present for Rf1 (asparagine) and BM48-31 

(glutamine). This position also appeared to interact more significantly with the binding of 

CR3022 than EY6A. I hypothesized that a mutation at K378 played a key role in CR3022 

escape. When I added a single point mutation to SARS2 RBD to match either Rf1 (K378N) or 

BM48-31 (K378Q), I demonstrated that binding to CR3022 was lost entirely. The RBDs 
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retained binding to EY6A, indicating that loss of binding was not an issue with mutations 

inducing protein misfolding.  

The ability of a single point mutation to ablate broad spectrum binding highlights the danger 

of overreliance on a single broad spectrum monoclonal therapeutically. Even a remarkably 

broad binder like CR3022 can be overcome by small antigenic changes.  

Unlike CR3022, EY6A bound to all of the tested sarbecovirus RBDs. EY6A is a monoclonal 

antibody that was identified in an individual convalescent from SARS2. Based on structural 

characterization and competition assays, EY6A is a Class 4 antibody, meaning it bound to a 

region of the SARS2 RBD that was highly conserved amongst sarbecoviruses.  

At the time I identified EY6A as broadly binding it had been shown to neutralize SARS2 in 

quantitative polymerase chain reaction (qPCR) and plaque reduction neutralization test 

(PRNT) assays. EY6A had been characterized as ‘highly neutralizing’ (D. Zhou et al., 2020). 

Later work demonstrated that EY6A was a relatively poor SARS2 neutralizer, compared with 

several other monoclonal antibodies (K. Y. A. Huang et al., 2023), especially when considering 

neutralization of SARS2 VOCs (K. Y. A. Huang et al., 2023) While this result removes the 

therapeutic application of EY6A, the antibody still demonstrates broad spectrum binding which 

could be useful for sarbecovirus RBD detection by ELISA, flow cytometry, mass photometry, 

and other assays.  

In a second effort using our panel of sarbecovirus RBDs for monoclonal antibody assessment, 

I tested a new group focused on Class 4 antibodies. These antibodies were of our interest to an 

international collaboration that our group belonged to and were undergoing active structural 

and functional characterization. As expected, all of the tested antibodies bound to SARS2 and 

many displayed some level of sarbecovirus breadth. IY-2A was the only tested antibody that 

bound to all of the sarbecovirus RBDs in our panel.  
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This antibody was subsequently tested in pseudovirus neutralization assays performed by 

Jennifer R. Keeffe, Alexander A. Cohen, and Leesa M. Kakutan in Pamela J. Bjorkman’s lab 

(California Institute of Technology). IY-2A demonstrated a remarkable neutralizing titre (IC50) 

of 0.03 μg/mL against SARS2 Wuhan and demonstrated strong neutralization of all tested 

SARS2 VOCs. The most recent VOC tested was Omicron BA.4/5 against which IY-2A 

demonstrated an IC50 of 0.17 μg/mL. For context, EY6A neutralized SARS2 Wuhan at 0.56 

μg/mL. IY2A also demonstrated potent neutralization of several bat coronaviruses that I had 

demonstrated binding to, including SHC014 (Clade 1a), WIV1 (Clade 1a), and BtKY72 (Clade 

3). The weakest neutralization observed for IY-2A was an IC50 of  0.57 μg/mL for SARS1 

(Clade 1a) (K. Y. A. Huang et al., 2023). 

Crystal structures were determined for IY-2A bound to SARS2 RBD (PDB 8HHH) by Arpita 

Mohapatra and Hong Thuy Vy Nguyen (Academia Sinica). IY-2A demonstrated a unique 

binding footprint compared with previously described antibodies. Unlike most Class 4 

antibodies the binding footprint of IY2A extends to the bottom part of the RBD (residues 364–

368) (K. Y. A. Huang et al., 2023). This region is buried in the apo RBD but interaction with 

IY-2A causes the region to become exposed. More specifically the blade-like HCDR3 of IY-

2A intrudes into the hydrophobic core of RBD, causing the 364-375 residue region of SARS2 

RBD to be partially refolded. This conformational change provides the final binding surface 

for the tight interaction between IY-2A and RBD. The 364-375 region is known to be 

structurally conserved across various sarbecoviruses and SARS2 VOC, helping to explain the 

breadth demonstrated by IY-2A (K. Y. A. Huang et al., 2023). 

The identification of IY-2A, and other broadly neutralizing anti-sarbecovirus antibodies such 

as C118 (Jette et al., 2021), CC25.36, CC25.53, and CC25.54 (W. ting He et al., 2022), 

highlights the potential to raise a pan-sarbecovirus immune response. Finding a method to 

reliably and predominantly elicit broadly neutralizing antibodies like IY-2A could offer 
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proactive protection against evolutionarily related zoonotic viruses and newly evolved variants 

of existing human pathogens. Additionally, this strategy would elicit a polyclonal antibody 

repertoire that would be less susceptible to point mutation escape exhibited with CR3022. IY-

2A originated in an individual who had been administered two doses of mrna-1273 from 

Moderna, a SARS2 specific vaccine. Despite the presence of some antibodies like IY-2A, the 

predominant immune response raised by a conventional clinically approved vaccine does not 

protect against a broad range of sarbecoviruses (C.-W. Tan et al., 2021). This discrepancy raises 

the question of whether a vaccine can be created that will reliably raise a cross-neutralizing 

immune response? The next chapter will explore one strategy that seeks to achieve this.  
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Chapter 4 – Multiviral Quartet Nanocages Elicit Broad Anti-

Coronavirus Antibody Responses 

Clinically approved SARS2 vaccines have shown remarkable success in reducing both death 

and serious illness from COVID-19 infection (Sachs et al., 2022). Given the substantial impact 

of these vaccines, it is critical to consider the development of vaccines with the potential to 

protect against future coronavirus pandemic threats. In this century, two other coronavirus 

crossover events, SARS1 and MERS-CoV, have led to outbreaks in humans (De Wit et al., 

2016). Several zoonotic sarbecoviruses have been identified as future pandemic threats 

(Menachery et al., 2017). Immunizations using a single antigen tend to elicit immune responses 

that are narrow and strain-specific (Cohen et al., 2021). This raises the important question: how 

can a vaccine response be broadened to target an existing pathogen as well as newly arising 

variants and newly infectious relatives?  

In a previously outlined approach, antigenic protein variants are arranged stochastically on the 

surface of a VLP. This varied arrangement led the particles to be named ‘mosaic nanoparticles’. 

The presentation of several related antigens in this manner favours the expansion of B cells 

that recognize the common features. This strategy was first applied with a mosaic of different 

hemagglutinin head domains on ferritin nanoparticles and elicited cross-reactive antibodies 

against diverse influenza strains within the H1 subtype (Kanekiyo et al., 2019). The technique 

has subsequently been applied to coronaviruses, with mosaic nanoparticles displaying multiple 

RBDs from the spike protein of different sarbecoviruses (A. Cohen et al., 2021; A. A. Cohen 

et al., 2022; Walls et al., 2021). 

In one promising mosaic nanoparticle strategy, eight different sarbecovirus RBDs were 

displayed on the SpyCatcher003-mi3 nanoparticle (A. Cohen et al., 2021; A. A. Cohen et al., 

2022). These particles, termed Mosaic-8 nanoparticles, raised immune responses against a 
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range of different sarbecoviruses in multiple animal models (A. A. Cohen et al., 2022). These 

responses were not limited to the RBDs present on the nanoparticles. Mosaic-8 immunization 

raised neutralizing antibodies to viruses with RBDs present on the particle (matched) and 

evolutionarily related viruses that were absent from the particle (mismatched) (A. Cohen et al., 

2021; A. A. Cohen et al., 2022). This vaccine candidate has received support from the Coalition 

for Epidemic Preparedness Innovations (CEPI) to enter Phase I clinical trials.  

There are two important hurdles which the Mosaic-8 nanoparticles will need to overcome in 

order to reach the clinic. The first is their inherent heterogeneity. Mosaic-8 nanoparticles are 

assembled by combining a mixture of SpyTagged sarbecovirus RBDs with SpyCatcher003-

mi3. The RBDs spontaneously couple to the nanoparticle leading to a stochastic arrangement. 

The inherent heterogeneity and the difficulty in determining batch-to-batch consistency has 

been raised as a potential regulatory issue for the vaccine. This hurdle may be overcome 

through the development of effective batch release assays in consultation with regulatory 

bodies.  

The second hurdle is more fundamental. The Mosaic-8 vaccine is complex and requires the 

production of nine different components (eight RBDs and SpyCatcher003-mi3) at Good 

Manufacturing Practice (GMP) level. This requirement creates an inherent challenge that needs 

to be overcome to achieve broad scaling of the vaccine.  

In this chapter, I will seek to sidestep these two hurdles with the introduction of the multiviral 

Quartet Nanocage strategy. This technology combines RBDs from four different 

sarbecoviruses into a single polyprotein with a terminal SpyTag. This facilitates multivalent 

display of the Quartet on SpyCatcher003-mi3, with fewer components and a greater number of 

RBDs per particle compared with Mosaic-8. I will assess the ability of Quartet Nanocages to 

raise both matched and mismatched responses against various sarbecoviruses. I will then 
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compare the responses raised by Quartet Nanocages directly with those elicited by Mosaic-8. 

Finally, I will examine the ability of Mosaic and Quartet antigens to raise an immune response 

in animals that have been pre-biased to a single virus. Together these results will examine 

whether Quartet Nanocages may provide a scalable route to raise broadly neutralizing 

antibodies against a range of related viruses.  

4.1 Production of a Multiviral Quartet  

The RBDs of four different, evolutionarily related sarbecoviruses were genetically fused and 

expressed as a single polypeptide chain that I named a Quartet. The RBDs concatenated to form 

this construct came from the sarbecoviruses SHC014, Rs4081, RaTG13 and SARS2 Wuhan 

(Figure 4.1A).  

 

Figure 4.1: Production of Multiviral RBD. (A) Schematic showing the genetic organization 

of the Quartet-SpyTag construct. The identity of constituent RBDs and location of SpyTag, 

Signal Peptide and predicted glycosylation sites are indicated. Flexible linkers are shown as a 

black line. (B) A Coomassie stained SDS-PAGE gel displaying Quartet with and without the 

treatment of PNGase F. (C) Coupling of Quartet to the SpyCatcher003-mi3 Nanocage at the 

specified molar ratios analysed by SDS-PAGE with Coomassie staining. All molecular 

weight markers are in kDa. 
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SHC014 is a clade 1a sarbecovirus, closely related to SARS1, and first identified from a 

Chinese horseshoe bat (Rhinolophus sinicus) (Ge et al., 2013a). SHC014 was identified as a 

zoonotic spill-over risk and has a spike protein that is capable of mediating human cell infection 

(Menachery et al., 2015). Rs4081 is a clade 2 sarbecovirus that was also identified in R. sinicus 

(Hu et al., 2017a). Rs4081 is capable of infecting human cells, in contrast to several clade 2 

viruses (Khaledian et al., 2022). Rs4081 does not enter cells via ACE2 (Starr et al., 2022). 

RaTG13 is a clade 1b virus with very high sequence identity with SARS2 (90% RBD sequence 

identity) and was identified in the Intermediate horseshoe bat (Rhinolophus affinis) (P. Zhou et 

al., 2020a). This collection of RBDs were chosen to allow comparison to the previously 

described Mosaic-4 vaccine (A. Cohen et al., 2021). 

The Quartet construct included a signal sequence for secretion from mammalian cells and a C-

terminal SpyTag, for purification and multivalent display on the SpyCatcher003-mi3 nanocage. 

RBDs were separated from one another by with an eight or nine residue Gly-Ser linker (Figure 

4.1A). I expressed the Quartet protein in Expi293F cells. The Quartet secreted efficiently and 

was purified using SpyTag via the SpySwitch affinity purification system (Vester et al., 2022). 

The Quartet band was relatively broad on SDS-PAGE which I attributed to natural variation in 

protein glycosylation. When the Quartet was treated with Peptide N-Glycosidase (PNGase) F 

to remove N-linked glycans, the Quartet band became more uniform and shifted downward 

(Figure 4.1B). The Quartet was capable of coupling to completion with the SpyCatcher003-

mi3 nanocage (Figure 4.1C).  

I wanted to produce a larger concatenated protein that would include all eight sarbecovirus 

RBDs present in the Mosaic-8 vaccine. Towards this goal I produced a sextet that included the 

four RBDs present in the Quartet in addition to RBDs from RmYN02 and pang17. I expressed 

this construct in Expi293F cells and purified by SpySwitch (Figure 4.2). The yield for this 
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construct (~7.5 mg/L culture) was substantially lower than the typical Quartet yields (70-100 

mg/L culture). Facilitating ease of production was the primary motivation in pursuing RBD 

concatenation. Given that the addition of two further RBDs to the sextet was likely to further 

reduce yields, I chose not to pursue larger RBD chains for these experiments. 

 

Figure 4.2: Purification of Multiviral RBD. An SDS-PAGE gel with Coomassie staining 

analysing the SpySwitch purification of a multiviral RBD Sextet. The lanes include the 

mammalian supernatant (S), flowthrough (F), wash (W), and elution fractions (E1 – E6). A 

cartoon of the Sextet indicates the viral origin of the RBDs and the location of the SpyTag. 

 

4.2 Multiviral Quartet Nanocage Induces Broad Anti-Sarbecovirus Response 

I then examined the immunogenicity of these Quartet when administered as a soluble protein 

(Uncoupled Quartet) or presented multivalently on SpyCatcher003-mi3 (Quartet Nanocage). I 

compared Quartets with SARS2 Wuhan RBD as a soluble (Uncoupled RBD) or nanocage 

displayed (Homotypic Nanocage) antigen (Figure 4.3A). I endotoxin-depleted all vaccine 

components and using a LAL assay I determined that the final endotoxin levels were below 20 

EU/mL. I prepared these four immunogens, normalizing by the number of antigen molecules. 
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This molar normalization can be thought of as normalizing by the number of SpyTags or the 

number of SARS2 RBDs. Two mouse immunizations used the alum-based VAC 20 adjuvant 

(Figure 4.3B). All immunization and sera sampling were performed by Jack Tan (University of 

Oxford).  

Figure 4.3: Parameters for the Initial Quartet. (A) Cartoon of the four different 

immunogens used in these immunizations comparing single RBD and Quartet antigens with 

and without presentation on SpyCatcher003-mi3. (B) Immunization timeline showing the 

timepoint for dosing (needle) and sampling (microcentrifuge tubes). 

 

I performed mouse antisera ELISA on the post-prime samples (Figure 4.4). It is important to 

note that these ELISAs and all future ELISAs were performed with a different sera dilution 

series than the previously presented albumin-hitchhiking ELISAs (Figure 3.4).  

Of all tested immunogens, the Quartet Nanocage elicited the strongest post-prime response to 

SARS2 RBD. The strongest SARS1 response was raised by Quartet Nanocage, followed by 

Uncoupled Quartet, with the Uncoupled RBD and Homotypic Nanocage giving a weak 
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response. The SARS1 AUC raised by the Quartet Nanocage was greater than the SARS2 AUC 

raised by the Homotypic Nanocage. SARS1 RBD was a mismatched antigen, not represented 

in any of the immunogens, and so an anti-SARS1 response indicates induction of broadly 

binding antibodies (Figure 4.4).  

 

Figure 4.4: Post-Prime ELISA results for Initial Quartet Immunization. ELISA binding 

for mouse antisera IgG antibodies after a single dose (post-prime) of either uncoupled SARS2 

RBD (orange), Uncoupled Quartet (yellow), Homotypic Nanocage displaying SARS2 RBD 

on SpyCatcher003-mi3 (green), and Quartet Nanocage (blue). A solid gray rectangle under a 

sample indicates that the ELISA is against a component present in the vaccine (matched) 

while a striped rectangle indicates that the ELISA is against a component absent from the 

vaccine (mismatched). Each individual dot represents serum from one animal. The mean (n = 

6) is denoted by a bar, shown ± 1 standard deviation. Significance was calculated with an 

ANOVA test using Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001; other 

comparisons were non-significant.  
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In the post-boost samples, I again determined that the strongest response against SARS2 was 

raised by the Quartet Nanocage. The next strongest anti-SARS2 response was raised by the 

Uncoupled Quartet, followed by the Homotypic Nanocage, and finally the Uncoupled RBD 

(Figure 4.5). When I performed post-boost ELISAs against the SARS2 Wuhan, Beta, and Delta 

spike proteins this same pattern was retained (Figure 4.6).  

Immunizations with Uncoupled RBD and Homotypic Nanocage elicited low response levels 

against all of the non-SARS2 sarbecoviruses RBDs that were tested. The strongest response 

raised by the Homotypic Nanocage to an RBD other than SARS2 was the closely related 

RaTG13 (Figure 4.5).  

In contrast, the Uncoupled Quartet and Quartet Nanocage elicited substantial immune 

responses against all tested RBDs. The Quartet Nanocage raised the strongest response of the 

immunogens to all tested RBDs and in each case raised a significantly greater response than 

the Uncoupled RBD or Homotypic Nanocage. A strong response was raised by the Quartet 

Nanocage against the mismatched SARS1 and BM48-31 RBDs that were absent from the 

Quartet. The Quartet Nanocage antibody response raised to these mismatched RBDs was only 

slight lower than the anti-SARS2 response raised by the Homotypic Nanocage (Figure 4.5). 

I had initially hypothesized that there would likely be variability in the immune response raised 

against RBDs based on their location on the chain. My hypothesis was that steric hindrance 

would reduce BCR accessibility for the RBDs nearer the nanocage surface, leading to a 

stronger response to RBDs on Quartet further from the SpyTag. In practice, I did not observe 

any clear relationship between the RBD chain location and antibody response (Figure 4.5). 

These ELISAs results indicate that the Quartet Nanocage approach is able to induce broadly 

binding antibodies against a group of evolutionarily related viruses.  
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Figure 4.5: Post-Boost anti-RBD ELISA results for Initial Quartet Immunization. 

ELISA binding for mouse antisera IgG antibodies after two doses (post-boost) of either 

uncoupled SARS2 RBD (orange), Uncoupled Quartet (yellow), Homotypic Nanocage 

displaying SARS2 RBD on SpyCatcher003-mi3 (green), or Quartet Nanocage (blue). A solid 

gray rectangle under a sample indicates that the ELISA is against a component present in the 

vaccine (matched) while a striped rectangle indicates that the ELISA is against a component 

absent from the vaccine (mismatched). Each individual dot represents serum from one 

animal. The mean (n = 6) is denoted by a bar, shown ± 1 standard deviation. Significance was 

calculated with an ANOVA test using Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 

0.001; other comparisons were non-significant.  
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Figure 4.6: Post-Boost anti-spike ELISA results for Initial Quartet Immunization. 

ELISA binding for mouse antisera IgG antibodies after two doses (post-boost) of either 

uncoupled SARS2 RBD (orange), Uncoupled Quartet (yellow), Homotypic Nanocage 

displaying SARS2 RBD on SpyCatcher003-mi3 (green), or Quartet Nanocage (blue). A solid 

gray rectangle under a sample indicates that the ELISA is against a component present in the 

vaccine (matched) while a striped rectangle indicates that the ELISA is against a component 

absent from the vaccine (mismatched). Each individual dot represents serum from one 

animal. The mean (n = 6) is denoted by a bar, shown ± 1 standard deviation. Significance was 

calculated with an ANOVA test using Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 

0.001; other comparisons were non-significant.  
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4.3 Comparison of Quartet Nanocages and Mosaic nanoparticles 

Given the success of mosaic nanoparticles at inducing broadly neutralizing antibodies (Cohen 

et al., 2021, 2022) and their support to enter Phase I clinical trials, I wanted to compare the 

immune responses raised by Mosaic nanoparticles and Quartet immunogens.  

For these experiments, I cloned a version of the Quartet with the SpyTag at the N-terminus 

(Figure 4.7A). This SpyTag-Quartet construct would couple to SpyCatcher003-mi3 in the 

opposite orientation and allow further interrogation into the relationship between location on 

the chain and potency of immune response. I expressed SpyTag-Quartet in Expi293F cells and 

efficiently purified the construct by SpySwitch (Figure 4.7C). This SpyTag-Quartet construct 

was used for all subsequent immunizations, unless stated otherwise.  

In order to produce a Quartet immunogen that incorporated all eight RBDs in the Mosaic-8 

nanoparticle, I cloned the Alternate Quartet. This Quartet contained the RBDs from pang17, 

RmYN02, Rf1, and WIV1 (Figure 4.7B). The Alternate Quartet was expressed in Expi293F 

cells and was efficiently purified by SpySwitch (Figure 4.7D). Coupling both the Quartet and 

the Alternate Quartet to SpyCatcher003-mi3 allows for the display of all eight RBDs present 

in Mosaic-8. Dual Quartet Nanocage is the name I gave to SpyCatcher003-mi3 displaying both 

the Quartet and Alternate Quartet. This Dual Quartet Nanocage displays the same number of 

RBDs as Mosaic-8 but uses only three components instead of the nine required for Mosaic-8.  
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Figure 4.7: Expression of additional Quartets. (A) Schematic showing the genetic 

organization of the SpyTag-Quartet construct. (B) Schematic showing the genetic 

organization of the Alternate Quartet construct. The identity of constituent RBDs and location 

of SpyTag, Signal Peptide and predicted glycosylation sites. Flexible linkers are shown as a 

black line. (C) SpySwitch purification of SpyTag-Quartet. (D) SpySwitch purification of 

Alternate Quartet. Both SpySwitch purifications are analysed using an SDS-PAGE gel 

stained with Coomassie. The lanes include the flowthrough (FT), wash (1-2), and elution 

fractions (1-6). 
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I ran both the SpyTag-Quartet and SpyTag-Alternate Quartet over an S200 column in PBS pH 

7.4 and demonstrated a single population for both constructs. Both constructs eluted at a similar 

volume (Figure 4.8) suggesting that there is minimal aggregation or multimerization for either 

immunogen.  

 

Figure 4.8: Size Exclusion Chromatography on Quartets. SpyTag-Quartet and Alternate 

(Alt) Quartet were run over an S200 column in PBS pH 7.4 after purification by SpySwitch. 

Bio-Rad gel filtration standards were run over the same column under the same conditions 

and the elution volume based on these standards are presented. A280 is measured in mAU. 

 

I produced five nanoparticle-based immunogens by coupling SpyTagged RBDs or Quartets to 

SpyCatcher003-mi3 (Figure 4.9A). The Homotypic Nanocage displayed only SARS2 RBD. 

Both the Mosaic-4 and Quartet Nanocage immunogen displayed SHC014, Rs4081, RaTG13 

and SARS2 Wuhan RBD. The Dual Quartet Nanocage and Mosaic-8 nanoparticle display these 

same RBDs along with pang17, RmYN02, Rf1, and WIV1. DLS was performed on these 

immunogens and demonstrated homogenous assembly after coupling to SpyCatcher003-mi3 

(Figure 4.9B).  
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Figure 4.9: Dynamic Light Scattering on Nanoparticle Immunogens. (A) A cartoon 

schematic of the nanoparticle immunogens analysed by DLS. (B) DLS results for 

SpyCatcher003-mi3 alone (Uncoupled Nanocage) and each of the nanoparticle immunogens. 

The mean hydrodynamic radius ±1 standard deviation is derived from 20 scans of the sample 

and are displayed in the table.  

I performed negative stain transmission electron microscopy (TEM) on SpyCatcher003-mi3 

(Nanocage), Mosaic-8, and Quartet Nanocage. This technique allowed for visualization of 

individual nanoparticle immunogens and confirmed the integrity of the Quartet Nanocages. 

An equivalent visible particle diameter was found for uncoupled Nanocage, Mosaic-8 and 

Quartet Nanocages. This is consistent with dynamic arrangement of the Quartets on the 

nanocage surface not allowing for TEM visualization (Figure 4.10).  



136 

 

Figure 4.10: Negative stain TEM of nanocage immunogens. (A) Representative images for 

negative stain TEM of uncoupled Nanocage, Mosaic-8 nanoparticles, and Quartet Nanocages. 

Scale bar is 20 nm. (B) Nanoparticles size distribution as measured by TEM with 2 nm bin 

size (n = 75). (C) Table of the size distribution of different nanoparticles: mean ± 1 standard 

deviation (n = 75). 
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I endotoxin-depleted all immunization components and determined that the final endotoxin 

levels were below 20 EU/mL. I produced and aliquoted the following immunogens: Homotypic 

SARS2 Nanocage, Mosaic-4, Mosaic-8, Quartet Nanocage, Dual Quartet Nanocage, and 

Uncoupled Quartet. As in previous immunizations, I performed molar normalization and 

included a molar equivalent of immunogens in each dose. Under this protocol the same 

concentration of SpyCatcher003-mi3 is used for the five nanoparticle-based immunogens. Two 

immunizations were performed by Jack Tan (University of Oxford) using the alum-based VAC 

20 as an adjuvant (Figure 4.11A).  

I analysed post-prime sample response to SARS2 (matched) and SARS1 (mismatched) RBD 

by mouse antisera ELISA. The two strongest responses against SARS2 were raised by the 

Quartet Nanocage and Dual Quartet Nanocage. The Dual Quartet Nanocage raised the strongest 

mismatched response to SARS1. Mosaic-8 and Quartet Nanocage raised similar responses to 

SARS1 that were greater than the Homotypic Nanocage. The Uncoupled Quartet raised 

relatively poor responses to both SARS1 and SARS2 (Figure 4.11B).  
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Figure 4.11: Antibody induction by Quartet and Mosaic Immunogens. (A) Summary of 

timeline (doses and sampling) for this set of immunizations with 0.02 nmol antigen per dose. 

(B) ELISA for serum IgG from mice immunized with a single dose (post-prime) of the 

indicated immunogen. Each dot represents serum from one animal. The mean is denoted by a 

bar (n=6), with error bars ± 1 standard deviation. Significance was calculated with an 

ANOVA test using Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001; other 

comparisons were non-significant. 
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I subsequently performed antisera ELISAs on the post-boost sera samples. I found that the two 

highest antibody titres against all tested sarbecovirus RBDs were raised by the Quartet and 

Dual Quartet Nanocage (Figure 4.12-4.14). There was no statistically significant difference 

between this pair for any of these tested antigens (Figure 4.14). This result was surprising for 

WIV1 and pang17, given that these RBDs are present in the Dual Quartet Nanocage but not 

the Quartet Nanocage. Supporting previous work (A. Cohen et al., 2021), the Mosaic-4 and 

Mosaic-8 nanoparticles raised a broad anti-sarbecovirus response that exceeded the Homotypic 

Nanocage. The Homotypic Nanocage gave relatively poor responses to the non-SARS2 RBDs, 

with the two strongest responses raised to the closely related RaTG13 and pang17 RBDs 

(Figure 4.12-4.14).  

The Uncoupled Quartet had a stronger performance in the post-boost samples and consistently 

elicited similar responses to Mosaic-4 and Mosaic-8 (Figure 4.12-4.14). There was no 

statistically significant difference between the Uncoupled Quartet response and either mosaic 

nanoparticle for any of the tested sarbecovirus RBDs (Figure 4.14).  

As anticipated, all condition except for the Uncoupled Quartet induced similar antibody 

responses against the SpyCatcher003-mi3 platform (Figure 4.15). As a negative control, 

SpyTag003-Maltose Binding Protein (MBP) was included and ELISAs demonstrated minimal 

response against SpyTag003 in all cases (Figure 4.15). 

As with the previous Quartet immunizations (Figure 4.5) and in spite of the flipped orientation 

of the Quartets, there was no apparent relationship between the position of the RBD on the 

chain and the strength of immune response the RBD elicited (Figure 4.12).  
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Figure 4.12: Post-boost antibody induction by Quartet and Mosaic immunogens. Post-

boost serum IgG was analysed by ELISA. The results are presented as AUC for sera from 

mice immunized with Homotypic SARS2 Nanocages (dark blue), Mosaic-4 (green), Mosaic-

8 (light blue), SpyTag-Quartet Nanocage (pink), Dual Quartet Nanocage (purple) or 

Uncoupled Quartet (grey). The mean AUC for ELISAs against a component of that vaccine 

(matched) is indicated with squares. The means AUC for ELISAs against an antigen absent in 

that vaccine (mismatched) are indicated with crosses. Responses are shown to a panel of 

sarbecovirus RBDs, with SpyTag-MBP as a negative control. The mean (n=6) is shown 

±1 standard. Individual data points and statistics are shown in Figure 4.16. 
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Figure 4.13: Serum binding curves for comparison of Quartet and Mosaic immunogens. 

ELISA binding data are presented for a serial dilution of mice sera after immunization with 

either uncoupled SARS2 Wuhan RBD (orange), Uncoupled Quartet (yellow), SARS2 Wuhan 

RBD coupled to SpyCatcher003-mi3 (Homotypic Nanocage, green), and Quartet Nanocage 

(blue) as outlined in Figure 4.13. The mean absorbance (duplicate measurements for n=6 

serum samples) for each immunization condition at each dilution is plotted with a curve fit 

for each immunization condition. 
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Figure 4.14: Analysis of antibody induction by Quartet and Mosaic immunogens. ELISA 

for post-boost serum IgG from mice immunized with the indicated immunogen with 0.02 

nmol antigen per dose, presented as area under the curve of a serial sera dilution. Each dot 

represents serum from one animal. The mean is denoted by a bar, with error bars ± 1 standard 

deviation, n = 6. Significance was calculated with an ANOVA test using Tukey’s post hoc 

test. * p < 0.05, ** p < 0.01, *** p < 0.001; other comparisons were non-significant.  
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Figure 4.15: Breadth of antibody induction by Quartet and Mosaic Immunogens. ELISA 

for serum IgG from mice immunized with the indicated immunogen. The response is 

measured against SpyCatcher003-mi3 or SpyTag-MBP. Each dot represents serum from one 

animal. The mean is denoted by a bar, with error bars ± 1 standard deviation, n = 6. 

Significance was calculated with an ANOVA test using Tukey’s post hoc test. No significance 

test was performed for SpyTag-MBP responses. * p < 0.05, ** p < 0.01, *** p < 0.001; other 

comparisons were non-significant. 

 

In order to further interrogate the response to RBDs at different distances from a Nanocage, I 

performed ELISAs on Quartet antigens using a set of previously described monoclonal 

antibodies (Figure 4.16A). I found minimal difference between the monoclonal antibody 

binding with and without coupling to SpyCatcher003-mi3 (Figure 4.16B). However, there was 

a consistent reduction in anti-SARS2 monoclonal antibody binding when SARS2 was the 

innermost RBD (as in Quartet-SpyTag) compared to when SARS2 was the outermost RBD (as 

in SpyTag-Quartet) (Figure 4.16C). Despite this apparent difference in monoclonal antibody 

binding, I have not determined any relationship between antibody response and chain location 

for any of the Quartet immunizations that I have performed. 
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Figure 4.16: Monoclonal antibody binding to Quartet Nanocages. (A) A summary of 

monoclonal antibodies used in these experiments. (B) Monoclonal antibody binding to 

Quartet with and without coupling to SpyCatcher003-mi3. The mean absorbance for replicate 

wells (n=3) is denoted by a bar, with error bars ± 1 standard deviation. (C) Monoclonal 

antibody binding to Quartet coupled to SpyCatcher003-mi3 with different orientations. The 

mean absorbance for replicate wells (n=3) is denoted by a bar, with error bars ± 1 standard 

deviation. 
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To relate the levels of antibody binding to antibody efficacy, we worked with collaborators to 

perform virus and pseudovirus neutralizations with the collected mouse antisera. Sera were 

tested for neutralization of the SARS2 Wuhan or Delta virus and the strongest neutralization 

for both pathogens was induced by the Quartet Nanocage (Figure 4.17A,B). The Uncoupled 

Quartet provided poorer neutralization of both viruses than Homotypic Nanocage (Figure 

4.17A). This result is notable as the Uncoupled Quarte demonstrated a higher antibody binding 

titre than Homotypic Nanocage against SARS2 Wuhan RBD (Figure 4.5), SARS2 Wuhan 

spike, and SARS2 Delta spike (Figure 4.6). These neutralization assays were performed by Sai 

Liu, Javier Gilbert-Jaramillo, and William S. James (Oxford).  

SARS1 neutralization was compared for sera elicited by Quartet and Mosaic antigens using a 

pseudotyped virus neutralization assay. SARS1 was mismatched for all tested immunogens, 

giving insight into breadth of neutralization. Pseudotyped virus neutralization has been shown 

to correlate well with neutralization of authentic virus (Schmidt et al., 2020). In these assays, 

the Dual Quartet Nanocage gave the strongest mismatched neutralizing response to SARS1. 

Quartet Nanocage and Mosaic-8 gave similar levels of neutralization that were the next 

strongest (Figure 4.17C). These neutralization assays were performed by Jennifer R. Keeffe, 

Kaya N. Storm, Priyanthi N. P. Gnanapragasam with supervision provided by Pamela 

Bjorkman (California Institute of Technology). 
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Figure 4.17: Neutralization by sera elicited from Quartet Immunizations. (A) 

Neutralization of SARS2 Wuhan and Delta virus by mice treated with Uncoupled RBD 

(orange), Uncoupled Quartet (yellow), Homotypic Nanocage (green) or Quartet Nanocage 

(blue). Neutralizations were performed by Sai Liu, Javier Gilbert-Jaramillo, and William S. 

James (Oxford). (B) Neutralization of SARS1 pseudovirus (mismatched) treated with different 

Quartet and Mosaic immunogens. Neutralizations were performed by Jennifer R. Keeffe, Kaya 

N. Storm, and Priyanthi N. P. Gnanapragasam (California Institute of Technology). Dashed 

horizontal lines represent the limit of detection. For all neuralizations, each dot represents one 

animal, showing the serum dilution giving 50% inhibition of infection (ID50). The mean (n=6) 

is denoted by a bar + 1 standard deviation. Significance was calculated with an ANOVA test, 

followed by Tukey’s multiple comparison post hoc test of ID50 values converted to 

log10 scale. *P < 0.05, **P < 0.01, ***P < 0.001; other comparisons were non-significant. 
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4.4 Quartet Nanocage immunization in mice with existing immunity 

Given that a large portion of the global population has been vaccinated for or previously 

infected with SARS2 (Mathieu et al., 2021; H. Wang et al., 2022; Watson et al., 2022b; WHO, 

2023), it is critical to understand whether a broad antibody response can be achieved when 

immunity to a specific virus has already developed. A wide variety of vaccine regimens have 

been applied globally, including different administration schedules and different combinations 

of vaccines. It was not a feasible to experimentally match this diversity. I chose to use soluble 

SARS2 Wuhan spike protein to induce pre-bias and investigate the impact of pre-existing 

immunity on Quartet Nanocage immunogens.  

I wanted to be able to compare immunogens that included SARS2 RBD with those that lacked 

the RBD in the context of an immune system pre-biased to SARS2. A reasonable hypothesis 

would be that administration of a SARS2-containing immunogens to animals with a pre-

existing response to SARS2 would boost the existing response at the expense of other antigens 

in the chain. In this scenario, inclusion of SARS2 RBD would narrow the immune response.  

To test this hypothesis, I cloned a new version of SpyTag-Quartet which replaced SARS2 RBD 

with SARS1 RBD (Figure 4.18A). This construct was called Quartet[SARS1] and allows for 

creation of Quartet Nanocages where SARS2 RBD was absent. I expressed Quartet[SARS1] 

in Expi293F cells and purified by SpySwitch (Figure 4.18B). I performed SEC on the protein 

using an S200 column in PBS pH 7.4 and found a single population that eluted similarly to all 

other Quartet constructs (Figure 4.18C). 
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Figure 4.18: Purification of the Quartet[SARS1] Construct. (A) Schematic showing the 

genetic organization of the Quartet[SARS1] construct. The identity of constituent RBDs and 

location of SpyTag, Signal Peptide and predicted glycosylation sites are indicated. Flexible 

linkers are shown as a black line. (B) SpySwitch purification of SpyTagQuartet analysed 

using SDS-PAGE with Coomassie staining. The lanes include the supernatant (SN) 

flowthrough (FT), wash (W), and elution fractions (1-6). (C) Quartet[SARS1]  was run over a 

HiPrep Sephacryl S-200 HR 16-600 columnin PBS pH 7.4. Bio-Rad gel filtration standards 

were run over the same column under the same conditions and the elution volume based on 

these standards are presented. 
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In this experiment, all mice were primed using a soluble SARS2 Wuhan spike (HexaPro) 

protein. Mice were than boosted with different immunogens. Two of these boost immunogens 

lacked SARS2 RBD: Quartet Nanocage [SARS1] and Dual Quartet Nanocage [SARS1]. The 

other boost immunogens were Homotypic SARS2 Nanocage, Mosaic-8, Quartet Nanocage, 

Dual Quartet Nanocage, and, as a control, a second dose of Wuhan spike (Figure 4.19). I 

prepared all immunogens, endotoxin-depleted them and established acceptable endotoxin 

levels by a LAL assay. All immunization and sampling were performed by Jack Tan (University 

of Oxford).  

Figure 4.19: Quartet and Mosaic Immunizations with heterologous prime. Summary of 

timeline (dosing and sampling) for immunizations with a pre-primed response against 

SARS2. All mice receive the same SARS2 spike boost. Different groups receive a different 

immunogen boost, as outlined in this schematic.  
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I performed post-prime antisera ELISAs on the sera treated with Wuhan spike protein. As 

expected, these immunizations elicited a narrow antibody response that bound to SARS2 RBD 

but raised negligible response to SARS1 or BtKY72 (Figure 4.20).  

When I performed antisera ELISAs on the post-boost sample, all of the boost immunogens had 

raised similar responses against SARS2 RBD. This result was notable as SARS2 RBD was 

absent from both the Quartet Nanocage [SARS1] and Dual Quartet Nanocage [SARS1]. This 

means that these Quartet-based immunogens were able to boost an anti-SARS2 response 

despite lacking any SARS2 sequences (Figure 4.21). 

All of the Quartet Nanocage vaccines, as well as Mosaic-8, raised greater antibody response 

than the Homotypic Nanocage or spike boost against the mismatched SARS1 and BtKY72 

RBDs. Quartet Nanocage and Mosaic-8 raised similar responses to mismatched SARS1 and 

BtK72 (Figure 4.21), which aligned with the results for a single dose of these candidates in 

naïve mice (Figure 4.11). Intuitively, the Quartet Nanocage [SARS1] and Dual Quartet 

Nanocage [SARS1] raised the strongest anti-SARS1 RBD response.  

These results demonstrate the Quartet Nanocage vaccines can achieve a broad anti-

sarbecovirus response in spite of an initial bias towards a specific virus. Under the conditions 

tested there was not a clear benefit to removing the pre-biased antigen from the vaccine. 

Excitingly, the results also suggest that a Quartet Nanocage lacking SARS2 sequence can still 

boost strong levels of anti-SARS2 response.  
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Figure 4.20: Post-Prime results for Quartet and Mosaic Immunizations with Wuhan 

spike Prime. ELISA for serum IgG from mice immunized with a single dose of SARS2 

Wuhan spike protein, grouped by the second dose of 0.02 nmol antigen they will receive. No 

significance test was performed on post-prime samples. Each dot represents serum from one 

animal. The mean (n = 6.) is denoted by a bar, with error bars ± 1 standard deviation.  
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Figure 4.21: Post-Boost results for Quartet and Mosaic Immunizations with 

Heterologous Boost. Mice were primed using Wuhan SARS2 spike, before boosting with the 

specified immunogen. Solid rectangles under samples matched ELIESA and striped 

rectangles indicate mismatched ELISAs. Each dot represents one animal. The mean (n=6) is 

denoted by a bar ±1 standard deviation.; n = 6. Significance was calculated with an ANOVA 

test using Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001; other comparisons were 

non-significant.  
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4.5 Discussion 

In this chapter, I have established that the RBDs from multiple sarbecoviruses can be expressed 

in tandem as a single concatenated polyprotein. These proteins, which I have named Quartets, 

can be efficiently expressed, purified, and assembled onto protein nanocages. I have shown 

that mouse immunization with a soluble Quartet protein can elicit antibodies to the antigens 

represented on the Quartet and, critically, to evolutionarily related viruses not present on the 

Quartet. This indicates that Quartets can raise a broad humoral response that may provide 

protection against a range of viruses. The single-component Uncoupled Quartet vaccine was 

shown to raise similar antibody binding titres as the nine-component Mosaic-8 vaccine. It is, 

however, important to note that Uncoupled Quartets moderately underperformed in 

neutralization assays relative to what might be expected based on binding titres. 

The highest level of matched and mismatched immune response raised by Quartets required 

the tandemly linked antigen to be displayed on SpyCatcher003-mi3. The two-component 

Quartet Nanocage and three-component Dual Quartet Nanocage raised neutralizing antibodies 

that bound a range of different matched and mismatched sarbecoviruses. The responses raised 

to the mismatched SARS1 and BtKY72 were similar to the specific immune response raised 

against SARS2 by a Homotypic SARS2 Nanocage. Both Quartet Nanocages and Dual Quartet 

Nanocages elicited higher levels of antibodies than Mosaic-8 which is a leading pan-

sarbecovirus vaccine candidate (Cankat et al., 2024; C. Q. Huang et al., 2023). 

Tandemly linked sequential antigens have previously been explored for linear T cell epitopes 

(Skwarczynski & Toth, 2016). In this context there is no requirement for the linked antigens to 

fold into a three-dimensional. Cell secretion machinery can be challenged by repeats of related 

structured domains and undesired pairings of the domains can occur (Borgia et al., 2015). This 

has proven not to be a substantial issue for our purposes, with the multiple Quartets being 
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efficiently expressed. There are a variety of factors which may have aided the expression of 

these Quartets. First, there is sequence divergence between the RBDs present (~70-90%). 

Secondly, sarbecovirus RBDs demonstrate favourable solubility and thermostability (Vester et 

al., 2022). Thirdly, there is a flexible region at the termini of RBDs which was supplemented 

with additional flexible linkers further delineating the different domains. There was a 

substantial reduction in expression levels for a construct containing six different sarbecovirus 

RBDs, indicating a limitation to these benefits.   

Previous studies with RBD genetic fusion have largely focused on eliciting protective 

responses against SARS2 or existing human coronaviruses. A tandem homodimer has been 

previously implemented as a COVID-19 vaccine with the fusion of two SARS2 Wuhan RBDs 

(Dai et al., 2022). An updated version of this vaccine has formed a heterotrimer by tandemly 

linked the Delta and Omicron BA.2 RBD (P. Du et al., 2024). One vaccine candidate that has 

entered clinical development is a heterotrimer with one RBD from Wuhan, Beta and Kappa 

SARS2 (Liang et al., 2022). Another strategy has involved the fusion of individual RBDs to 

proliferating cell nuclear antigen to make a ring with coronavirus antigens from five different 

human coronaviruses (Lee et al., 2023). 

My work builds on these approaches and seeks to elicit a broad and robust response across 

sarbecoviruses. Critically, this approach aims to target the humoral response towards 

evolutionarily conserved regions of the antigen. In doing so the strategy may provide protection 

against related zoonotic viruses that may be unknown at the time the vaccine is developed.  

To consider the potential mechanism for the Quartet Nanocage, one may consider the 

Darwinian evolution process central to the function of the germinal centre (De Silva & Klein, 

2015; Laidlaw & Ellebedy, 2022). Upon immunization with a Homotypic Nanocage, B cells 

are selected for the ability of their BCRs to interact with that virus RBD alone. There is no 
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selective pressure for broad binding and so any breadth that is achieved is simply a happy 

accident. With Quartet Nanocage immunization, BCRs that only recognize the RBD of one 

virus are less likely to be activated than BCRs capable of recognizing several different RBDs 

present in the vaccine. BCRs will be capable of recognizing multiple different RBDs if they 

bind to regions that are conserved across the RBDs included in the vaccine. Quartet Nanocages, 

therefore, provide selective pressure for BCR binding to the evolutionarily-conserved regions 

on the RBD and facilitates the production of broadly binding antibodies.  

I was surprised to discover that there was no apparent relationship between location on the 

RBD chain and the level of antibody response. I had anticipated differential accessibility being 

an issue and had begun work exploring cyclization of the Quartets by SnoopLigase (Buldun et 

al., 2018) or SnoopCatcher (Veggiani et al., 2016) to try to overcome this potential bias. 

However, even when the orientation of the Quartet was flipped, there remained no difference 

in the relative response elicited to the different RBDs in the chain. These immune response 

observations were made in spite of the monoclonal antibody ELISAs demonstrating that there 

were differences in accessibility to RBDs at different locations on the chain.  

A potential explanation for this observation is reliant on flexibility within the Quartet chain. 

Between each RBD there is a mobile region formed by a combination of Glycine-Serine linkers 

and flexible regions at the termini of the RBD. The flexibility of these Quartet may produce a 

dynamic arrangement RBDs at the surface of the nanoparticle. This situation would produce a 

functionally non-uniform surface for B cell stimulation while employing a uniformly made 

antigen. The flexibility of the Quartets makes the nanoparticle surface difficult to probe by 

cryo-EM or crystallography (Palamini et al., 2016). SpyCatcher003-mi3 displaying SARS2 

RBD alone, without any additional fusion partners, showed minimal RBD electron density in 

single-particle cryo-EM (T. K. Tan et al., 2021). 
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The challenge of eliciting novel protective immunity in individuals with pre-existing immune 

responses is a critical challenge for many diseases, including malaria and influenza (Vatti et 

al., 2017). In this chapter, I have demonstrated that even after priming with SARS2 Wuhan 

spike, different Quartet Nanocage immunogens were able to raise antibodies to diverse 

sarbecovirus RBDs. In these pre-biased mice, the Quartet Nanocages also elicited equivalent 

antibody titres against SARS2 RBD as SARS2-specific immunogens. These data provide initial 

support that Quartet Nanocages could be an effective vaccine boost administered in human 

populations with an existing SARS2 response from immunization and infection.  

It is important to note that I did detect induction of antibodies against the SpyCatcher003-mi3 

scaffold. I detected a uniform level of response across the Homotypic, Mosaic, and Quartet 

Nanocages. Unlike viral vector vaccines that need to function and infect cells to be efficacious, 

anti-platform antibodies against VLPs do not appear to impair response against target antigen 

(Kraft et al., 2022; Marini et al., 2019). The results in pre-clinical work are promising but it 

remains an open question whether anti-SpyCatcher003-mi3 antibodies will have clinically 

relevance, especially in terms of reactogenicity. The upcoming Phase I Mosaic-8 clinical trial 

will administer SpyCatcher003-mi3 to humans and may provide important insight.  

It is important to note two differences between the Mosaic-8 antigen I used as a comparison in 

these immunizations and the Mosaic-8 antigen that will be entering clinical trials. Firstly, we 

used SARS2 Wuhan RBD instead of SARS2 Beta RBD. Secondly, we presented RBDs on the 

nanocage at sub-saturating levels. Saturating the nanoparticle requires the introduction of 

excess antigen (A. Cohen et al., 2021; Rahikainen et al., 2021). This excess antigen is then 

removed by SEC or dialysis, both of which can lead to the introduction of endotoxin. More 

importantly, these steps can vary the concentration of antigen and nanoparticle. This variance 

can be accounted for, but it will not be as accurate as taking antigens and nanoparticles from 
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the same stock. Sub-saturating presentation has been shown to elicit strong humoral responses 

(Marini et al., 2019). While there are valid arguments towards both approaches, I ultimately 

chose to use sub-saturating levels for all Homotypic, Mosaic, and Quartet antigens.  

My research has focused on applying Quartet Nanocages as a protein-based nanoparticle 

vaccine administered through intramuscular injections. The recognition of mucosal immunity 

induction as a potent tool to defend against SARS2 (Mitsi et al., 2023; Pilapitiya et al., 2023; 

Russell & Mestecky, 2022) makes exploration of intranasal delivery of the Quartet Nanocage 

an obvious next step. Beyond nanoparticle vaccines, the demonstration that RBD Quartets are 

potently immunogenic and can be expressed efficiently, which opens the door to other vaccine 

delivery mechanisms. It would be valuable to explore RBD Quartet delivery via viral vectors 

(Dicks et al., 2022; Folegatti et al., 2020) or messenger RNA vaccine (Hoffmann et al., 2023; 

Z. Zhang, Mateus, et al., 2022). Such a vaccine could include broadly conserved T cell epitopes 

(Russell & Mestecky, 2022) to facilitate a broadly effective B and T cell response. To this end, 

I am actively working with research groups at California Institute of Technology and 

University of California San Francisco to apply RBD Quartets using mRNA vaccine 

technology. 

Beyond sarbecoviruses, the Quartet Nanocage approach may be applied to other pathogens. An 

obvious next step would be raising responses to other coronavirus groups such as 

embecoviruses and merbecoviruses (Y. Han et al., 2023; Rabaan et al., 2023), the latter of 

which is explored in the following chapter. Outside of coronaviruses, one can consider the 

application of this tandemly-linked antigen strategy for any pathogen with an effective antigen 

that fulfils two criteria. Firstly, the antigen must contain conserved regions capable of eliciting 

effectively protective antibodies. Secondly, the antigen must be robust enough to facilitate 

tandem expression. In a pre-print published subsequent to our research, the tandem approach 
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was applied with tandemly linked influenza hemagglutinin head domains displayed on ferritin-

based nanoparticles. This approach effectively raised a cross-reactive, neutralizing antibody 

responses to influenza subtypes that were not included in the vaccine (Lamson et al., 2023). 

The Mosaic-8 vaccine has demonstrated impressive pre-clinical results (A. A. Cohen et al., 

2022) however regulatory questions about particle heterogeneity and the inherent complexity 

of vaccine production have been challenges to overcome as the vaccine enters clinical trials. In 

this chapter, I elucidate the Quartet Nanocage strategy to address these issues. The vaccine 

candidates I present use only two (Quartet Nanocage) or three (Dual Quartet Nanocage) 

components. The Quartet Nanocage can be produced homogenously. Presentation of RBD 

antigens as a Quartet, allows for a greater number of RBDs to be displayed per nanoparticle, 

which appears to have benefits for antibody induction. In all cases, the level and breadth of 

antibodies elicited by Quartet Nanocages were at least comparable to, and in many cases greater 

than, those raised by Mosaic-8. 

Despite the rapid generation of effective vaccines, the devastating impacts of the COVID-19 

pandemic have been far reaching (Msemburi et al., 2023; Sachs et al., 2022; WHO, 2023). 

There remains a substantial risk of future outbreaks caused by a novel coronavirus (Menachery 

et al., 2017). It is, therefore, critical to develop technologies that can facilitate the rapid 

generation of effective vaccines against newly arising pathogens. One approach to achieve this 

goal is to develop and validate a vaccine before an outbreak has even begun. This could be 

facilitated by the development of broad-spectrum vaccines that can protect against a group of 

related viruses, including those absent from the vaccine itself (Gouglas et al., 2023; Saville et 

al., 2022). Quartet Nanocages are capable of eliciting antibodies across a range of often 

mismatched viruses they may prove to be an important tool for this proactive vaccinology 
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approach. A further exploration of the Quartet Nanocage strategy and investigation of potential 

applications will be examined in the following chapter. 
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Chapter 5 – Expanding the Use of Multiviral Quartets for 

Proactive Vaccinology 

The Quartet immunization strategy has been shown to elicit a humoral response that targets a 

wide array of sarbecoviruses. Critically, this response includes sarbecoviruses that were not 

represented in the Quartet, indicating that the antibody response has targeted regions of the 

antigen shared by different viruses. Quartet Nanocages compare favourably with the Mosaic-8 

nanoparticle vaccine that is entering Phase I clinical trials, while requiring the production of 

fewer components and allowing for greater nanoparticle homogeneity.  

In this chapter I will explore how the Quartet strategy for broad immune response can be 

improved and better understood. Building on past results, I will examine albumin hitchhiking 

as a means to improve the soluble Quartet immunogen to optimize a broad single-component 

vaccine. I will consider the impact of changing dose and adjuvant on the immunogenicity of 

the vaccine. Based on deep mutational scanning (DMS) experiments performed by 

collaborators, I will examine the impact of Quartets on the binding profile of antibodies. In an 

attempt to better understand how breadth is achieved using a uniform antigen, I will examine 

the immunogenic impact of removing linkers in the Quartet.  

I will seek to broaden the application of the Quartet Nanocage strategy. This effort will first 

involve examining the responses raised to SARS2 Omicron variants by Quartet Nanocage 

immunogens. Next, a Quartet that could have been designed prior to the COVID-19 pandemic 

will be assessed for induction of anti-SARS2 antibodies. Finally, I design and express new 

Quartets that target an entirely new group of potentially dangerous coronaviruses.  

5.1 Exploring albumin-hitchhiking for multiviral Quartets 

The Quartet Nanocage has streamlined production requirements, decreasing the nine proteins 

needed for Mosaic-8 production to two proteins for Quartet Nanocage or three proteins for 
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Dual Quartet Nanocage. This simplification has the potential to ease scale-up to high levels of 

vaccine production. There was a desire to augment these outcomes with an enhanced single-

component broadly neutralizing vaccine.  

Immunization with the Uncoupled Quartets were shown to raise broadly binding antibodies at 

titres that were comparable to Mosaic-4 and Mosaic-8 (Figure 4.12). However, when assessed 

in neutralization assays, the Uncoupled Quartet tended to moderately underperform relative to 

the nanocage-displayed antigens (Figure 4.17). Given the positive impact that albumin-

hitchhiking via high-affinity protein binders had on soluble SARS2 RBD (Figure 3.4), I 

decided to explore a similar strategy with Quartets. 

I cloned an iteration of SpyTag-Quartet with a C-terminal ABD035 albumin-binding domain. 

I expressed the Quartet-ABD035 construct in Expi293F cells and purified by SpySwitch 

(Figure 5.1A). I used the previously outlined biotinylated HuSA binding plate assay (Figure 

3.3) to determine whether fusion of the Quartet to ABD035 prevented binding. This assay 

demonstrated strong binding of HuSA to Quartet-ABD035 but not to the original Quartet 

construct (Figure 5.1B). I prepared immunization samples by Triton X-114 phase separation 

endotoxin-depletion and performed a LAL assay to determine that endotoxin levels were below 

20 EU/mL (Brito & Singh, 2011). I aliquoted immunization samples normalizing by antigen 

molarity. Immunizations were performed by Jack Tan (University of Oxford) according to the 

timeline outlined in Figure 4.11A.  
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 Figure 5.1: Quartet with ABD035 Purification and Immunization. (A) Coomassie/SDS-PAGE analysing 

the SpySwitch purification of Quartet-ABD035. The lanes include the mammalian supernatant (S), 

flowthrough (F), wash (W), and elution fractions (E1 – E6). (B) Results of an albumin binding ELISA. The 

specified antigen is immobilized to the plate using SpyCatcher2-MBP and is assessed for binding to 

biotinylated HuSA. Bars represent the mean A652 measurement 5 minutes after the addition of TMB (n=3) 

while the error bars are ±1 standard deviation. (C) The area under the curve (AUC) for post-boost antisera 

elicited by administration of Uncoupled Quartet (blue) and Uncoupled Quartet-ABD035 (red). Binding is 

assessed for the specified sarbecovirus RBD. Bars represent mean AUC (n=6) with error bars being 

±1 standard deviation. Individual points represent the AUC for a single mouse. Significance was calculated 

with a one-way ANOVA with Bonferroni's multiple comparisons test for the response raised to each 

immunogen. *P < 0.05, **P < 0.01, ***P < 0.001; ns non-significant. 
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I performed mouse antisera ELISAs on the post-boost samples. For all tested sarbecovirus 

RBDs, Quartet-ABD035 raised a greater mean IgG binding response than Quartet. However, 

none of the differences between Quartet and Quartet-ABD035 response reached statistical 

significance, when tested using a one-way ANOVA with Bonferroni's multiple comparisons 

test (Figure 5.1C). The inclusion of ABD035 on the Quartet construct may have had a 

moderately positive impact on antibody titres but the benefit is not nearly as apparent as it was 

for the fusion of ABD035 to SARS2 RBD. The inclusion of ABD035 on a Quartet is not 

comparable to the impact of displaying a Quartet on a nanoparticle.  

5.2 Examination of higher dose immunization of Quartet immunogens  

Previous Quartet immunizations had achieved neutralization of SARS1 pseudovirus (Figure 

4.17C) but the neutralization ID50 was lower than previously reported (A. Cohen et al., 2021; 

A. A. Cohen et al., 2022). This result was anticipated as our immunizations used 10-fold lower 

antigen dose than these previous reports. We sought additional insight by performing 

immunizations in BALB/c mice with10-fold higher antigen dose, and the squalene-based 

adjuvant AddaVax. All three changes were made to more closely align with these previous 

immunizations (A. Cohen et al., 2021; A. A. Cohen et al., 2022). I endotoxin-depleted all 

samples, performed a LA assay to ensure they were at acceptable endotoxin-levels (Brito & 

Singh, 2011) and aliquoted samples with molar antigenic normalization. Immunizations were 

performed by Jack Tan (University of Oxford) according to the timeline outlined in Figure 

5.2A. This immunization was termed ‘High Dose’ and previous immunization conditions ‘Low 

Dose’. 

I performed mouse antisera ELISAs on post-boost samples. Under the new conditions, Mosaic-

8, Quartet Nanocage, and Dual Quartet Nanocage immunogens still raised an enhanced 

antibody binding response to SARS1 and BtKY72 RBD relative to Homotypic Nanocage. 
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However, unlike the previous lower dose immunizations, there was no significant difference 

between the responses raised to any of the tested RBDs by Mosaic-8 and either Quartet 

immunogen (Figure 5.2).  

 

  

Figure 5.2: High Dose Quartet Immunization ELISAs. (A) Dose administration and 

sampling timeline for female BALB/c mice immunization. Immunizations were performed 

at High Dose 0.2 nmol antigen, a 10-fold increase relative to prior immunizations. (B) 

ELISA for post-boost sera assessing IgG binding to SARS2 Wuhan, SARS1 and BtKY72 

RBD is shown as the area under the curve (AUC) of a serial dilution. Solid gray rectangles 

under samples indicate the ELISA is against a component of that vaccine (matched). Striped 

rectangles indicate the ELISA is against an antigen absent in that vaccine (mismatched). 

Each dot represents serum from one animal. The mean (n=6) AUC is denoted by a bar, with 

error bars ± 1 standard deviation. Significance was calculated with an ANOVA test, followed 

by Tukey’s multiple comparison post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001; other 

comparisons were non-significant. 
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Pseudovirus neutralization assays were performed on these High Dose antisera to test the 

breadth of neutralization across sarbecoviruses. These neutralization assays were performed by 

Jennifer R. Keeffe, Kaya N. Storm, and Priyanthi N. P. Gnanapragasam (California Institute of 

Technology). Mosaic-8, Quartet Nanocage, and Dual Quartet Nanocage antisera all induced 

neutralization of WIV1, SARS1, SHC014, and BtKY72 pseudoviruses at levels greater than 

the sera elicited from Homotypic Nanocage immunization. Under these immunization 

conditions, the Dual Quartet Nanocage and Mosaic-8 induced similar neutralization for all 

tested zoonotic pseudoviruses. Quartet Nanocage performed moderately worse than Mosaic-8 

and Dual Quartet Nanocage, at inducing neutralization of BtKY72 and WIV1, but these 

differences did not reach statistical significance. Neither Homotypic Nanocage, Mosaic-8, 

Quartet Nanocage, or Dual Quartet Nanocage elicited substantial neutralization of SARS2 

Omicron XBB.1 pseudovirus (Figure 5.3).  

The High Dose antisera underwent further analysis by yeast-display deep mutational scanning 

for epitope mapping (Greaney et al., 2021, 2022). These Deep Mutational Scanning assays 

were performed by Alexander Cohen, Annie Rorick, and Anthony West, Jr. with supervision 

provided by Pamela Bjorkman (California Institute of Technology).  

This assay relies on a SARS2 RBD yeast-display library, that samples all possible single amino 

acid mutations to RBD. The mutations in this library have been previously characterized for 

their impact on RBD expression and human ACE2 binding (Starr et al., 2020). 

The polyclonal mouse antisera elicited from the High Dose immunization was first used to treat 

yeast that displayed unmutated RBD. The yeast cells were sorted based on RBD expression 

and antibody binding. This result provides baseline antisera binding and allows for deviations 

in antibody binding to be detected.   
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Figure 5.3: Pseudovirus Neutralization by High Dose Quartet Immunization. These 

figures assess antisera raised by immunizations with 0.2 nmol antigen, a 10-fold increase 

relative to prior immunizations. Sera is assessed for neutralization of SARS1, BtKY72, 

WIV1, SHC014, and SARS2 Omicron XBB.1 pseudovirus. Matched RBDs are indicated by 

solid gray rectangles under the sample, while mismatched RBDs are indicated by striped gray 

rectangles under the sample. The limit of detection is represented by a dashed horizontal line. 

Each dot represents the response for one animal. Mean ID50 (n=6) is denoted by a bar, with 

error bars + 1 standard deviation. Significance was calculated with an ANOVA test, followed 

by Tukey’s multiple comparison post hoc test of ID50 values converted to log10 scale. * p < 

0.05, ** p < 0.01, *** p < 0.001; other comparisons were non-significant. These experiments 

were performed by Jennifer R. Keeffe, Kaya N. Storm, and Priyanthi N. P. Gnanapragasam 

with supervision by Pamela Bjorkman (California Institute of Technology). 
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Before treatment, the mutant RBD yeast display library underwent deep sequencing to 

understand the baseline prevalence of different mutations. The mutant RBD display library was 

then treated with polyclonal mouse antisera and yeast were sorted by RBD expression and 

antibody binding. The yeast with RBDs that had reduced antibody binding relative to the 

unmutated RBD baseline were defined as antibody-escape cells. These antibody-escape cells 

underwent deep sequencing. Mutations that were overrepresented in the antibody-escape cells 

relative to the pre-treatment samples are determined to reduce sera binding. The location of 

mutations that reduce antibody binding can give insight into the profile of the elicited 

antibodies (A. A. Cohen et al., 2022; Greaney et al., 2021, 2022). 

When deep mutational scanning was performed on the High Dose sera, Homotypic Nanocage 

immunization elicited an antibody profile dominated by Class 1 and Class 2 antibodies (Barnes 

et al., 2020). These antibodies bind RBD regions that are poorly conserved across 

sarbecoviruses. The Quartet Nanocage showed variance in the immune response it raised. One 

mouse showed a Class 1 dominated response and the other two mice showed a Class 3 and 

Class 4 dominated response. Both the Dual Quartet Nanocage and the Mosaic-8 induced an 

antibody response dominated by Class 3 and Class 4 antibodies, which are well conserved 

across sarbecovirus RBDs (Figure 5.4). Deep mutational scanning demonstrates that 

immunization with Quartet immunogens is capable of altering the binding pattern of individual 

antibodies and not just the activity of the polyclonal sera.  
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Figure 5.4: Antibody-escape maps for sera from immunization with Quartet and Mosaic 

antigens. Deep mutational scanning analysis for mice sera (n=3) primed and boosted with 0.2 

nmol of each vaccine candidate. The line plots on the left visualize the sum of effects of all 

mutations at each RBD site on antibody binding; larger values indicate greater escape from 

antibody binding. Logo plots on the right show mutations that disrupt antibody binding for specific 

epitopes of interest. Sites are colored by antibody epitope and sites where mutations can introduce 

a potential N-linked glycosylation site sequon (NxS/T) are gray. The height of each letter 

represents that mutation’s escape fraction. The y-axis is scaled independently for each serum 

sample. These experiments were performed by Alexander Cohen, Annie Rorick, and Anthony 

West, Jr. with supervision provided by Pamela Bjorkman (California Institute of Technology).  
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5.3 Kraken Quartets 

While the primary focus of the Quartet Nanocage approach is to provide protection against 

future zoonotic pathogens, our ideal vaccine candidate would additionally provide protection 

against circulating SARS2 variants. The Quartet Nanocage elicited a strongly neutralizing 

response against SARS2 Wuhan and Delta (Figure 4.17). However, the protective 

neutralization began to wane against SARS2 Omicron BA.1 (Hills et al., 2024) and had been 

completely ablated by the SARS2 XBB.1 variant (Figure 5.3).  

I wanted to demonstrate that Quartet Nanocage vaccines could be updated to protect against 

circulating SARS2. We chose the variant SARS2 Omicron XBB.1.5 which was prevalent when 

this work was completed in Spring 2023 (Hadfield et al., 2018). 

I cloned a version SpyTag-Quartet which replaced SARS2 Wuhan with SARS2 Omicron 

XBB.1.5 (Figure 5.5A). The SARS2 Omicron XBB.1.5 variant had received the nickname 

‘Kraken’ (Geddes, 2023), leading us to name this updated construct the Kraken Quartet. I 

expressed Kraken Quartet in Expi293F cells and purified it by SpySwitch. I ran the pooled 

elution fractions on a reducing SDS-PAGE gel, producing a single band at the expected 

molecular weight (Figure 5.5B). I ran the Kraken Quartet over an S200 column in PBS pH 7.4 

and showed a single dominant peak that corresponded well to previous Quartet elutions (Figure 

5.5C).  
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Figure 5.5: Purification of Kraken Quartet. (A) Schematic showing the genetic 

organization of the Kraken Quartet construct, which has SARS2 XBB.1.5 in place of SARS2 

Wuhan. (B) Purified Kraken Quartet resolved by reducing SDS-PAGE. (C) Kraken Quartet 

were run over an S200 column in PBS pH 7.4. Bio-Rad gel filtration standards were run over 

the same column under the same conditions and the elution volume based on these standards 

are presented. 

In addition to a conventional Dual Quartet Nanocage vaccine, I prepared versions of the 

Homotypic Nanocage, Mosaic-8, and Quartet Nanocage with either Wuhan or XBB.1.5 in the 

SARS2 position. I endotoxin-depleted the samples, determined they had acceptable endotoxin 

levels by LAL assay (Brito & Singh, 2011) and aliquoted them normalizing by molar antigen 

quantity. Immunizations were performed using the ‘High Dose’ protocol by Jack Tan 

(University of Oxford).  

Given the interest in the response raised to SARS2 variants, I cloned, expressed, and purified 

new SpyTag-RBD constructs for SARS2 Delta, BQ.1.1, and XBB.1.5. I performed antisera 

ELSAs on the post-boost samples. All of the Mosaic and Quartet immunogens (both Wuhan 
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and XBB.1.5) outperformed both Homotypic Nanocages at raising responses to the tested non-

SARS2 coronaviruses (WIV1, SCH014, SARS1, and BM48-31). There were no apparent 

differences in the strength of response raised to the non-SARS2 viruses by any of the Quartet 

or Mosaic antigens (Figure 5.6). This result is consistent with the previous ‘High Dose’ 

immunization. 

The Wuhan Homotypic Nanocage raised a greater response to Wuhan and Delta RBD than the 

XBB.1.5 Homotypic. Conversely, the XBB.1.5 Homotypic Nanocage raised a greater response 

to BQ.1.1 and XBB.1.5 than the Wuhan Homotypic. Comparing the XBB.1.5 and Wuhan 

counterparts of Quartet Nanocage and Mosaic-8, the differences were less apparent. For 

example, looking at the antisera binding to XBB.1.5 RBD, the strongest response was raised 

by Homotypic XBB.1.5 and the weakest response by Homotypic Wuhan. The Quartet and 

Mosaic antigens containing XBB.1.5 induced marginally higher binding than their counterparts 

containing Wuhan, but these differences did not reach statistical significance (Figure 5.6). 

Pseudovirus neutralization assays were performed on these antisera by Jennifer R. Keeffe, 

Kaya N. Storm, and Priyanthi N. P. Gnanapragasam (California Institute of Technology). In 

these assays there was a clear difference in neutralization based the SARS2 variant present in 

the immunogen. Immunogens that contained Wuhan were effective at neutralizing Wuhan but 

not XBB.1.5. Likewise, immunogens containing XBB.1.5 were effective at neutralizing 

XBB.1.5 but not Wuhan. The Mosaic and Quartet induction of binding to different SARS2 

variants did not correlate with neutralization to these different variants. All of the Mosaic and 

Quartet immunogens (Wuhan and XBB.1.5) were capable of neutralizing the mismatched 

SARS1 sarbecovirus significantly better than their homotypic counterparts (Figure 5.7). These 

results show that Quartet Nanocage can be updated to incorporate a circulating variant, while 

retaining neutralizing breadth against sarbecoviruses.  
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Figure 5.6: ELISA binding for immunogens with Wuhan or Kraken RBD. Post-boost serum IgG ELISAs 

for mice immunized with the indicated immunogen with 0.2 nmol antigen per dose. The mean AUC (n=6) is 

denoted by a bar. Immunogens that include a Wuhan RBD have a solid bar, while immunogens that include 

XBB.1.5 (Kraken) are striped bars. Error bars are ±1 standard deviation. Each dot represents serum from one 

animal. Solid gray rectangles under samples indicate the ELISA is against a component of that vaccine 

(matched), while diagonally striped rectangles indicate the ELISA is against an antigen absent in that vaccine 

(mismatched). Significance was calculated with an ANOVA test using Tukey’s post hoc test. * p < 0.05, ** p 

< 0.01, *** p < 0.001; other comparisons were non-significant. 
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Figure 5.7: Pseudovirus neutralization for Quartet and Mosaic immunogens updated with Kraken 

RBD. Serum IgG from mice immunized with the indicated immunogen with 0.2 nmol antigen per dose 

were assessed for pseudovirus neutralization of SARS2 D614G (SARS2 Wuhan with a single point 

mutation), SARS2 XBB.1.5, and SARS1. Each dot represents serum response from one animal. Solid gray 

rectangles under samples indicate the ELISA are for matched viruses and diagonally striped rectangles are 

for mismatched viruses. The mean (n=6) is denoted by a bar, with error bars + 1 standard deviation. 

Significance was calculated with an ANOVA test, followed by Tukey’s multiple comparison post hoc test of 

ID50 values converted to log10 scale. * p < 0.05, ** p < 0.01, *** p < 0.001; other comparisons were non-

significant. Bars for immunogens that contain SARS Wuhan are solid. Bars for immunogens that contain 

SARS Omicron XBB.1.5 (Kraken) are striped. Dashed horizontal lines represent the limit of detection. 

These experiments were performed by Jennifer R. Keeffe, Kaya N. Storm, and Priyanthi N. P. 

Gnanapragasam with supervision by Pamela Bjorkman (California Institute of Technology). 
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5.4 Considering the impact of Quartet flexibility 

It is apparent based on monoclonal antibody ELISAs that there is a variance in accessibility to 

different RBDs when a Quartet is displayed on SpyCatcher003-mi3 (Figure 4.16). Despite this 

difference, there was consistently no relationship established between the chain location and 

antibody response elicited. My current hypothesis is that the flexibility between RBDs creates 

a dynamic nanoparticle surface with multiple different RBDs available.  

To investigate this hypothesis, I produced a Quartet where the flexible Glycine-Serine linkers 

separating the different RBDs was removed (Figure 5.8A). I expressed this No Linker Quartet 

in Expi293F cells and purified by SpySwitch (Figure 5.8B). Interestingly, No Linker Quartet 

was purified at comparable levels to previously expressed Quartet constructs. I ran the No 

Linker Quartet over an S200 column in PBS pH 7.4, demonstrating a single major peak at a 

similar elution volume as the original Quartet construct (Figure 4.8C).  

I coupled the Quartet and No Linker Quartet immunogens to SpyCatcher003-mi3. I performed 

endotoxin depletion and quantification on the vaccine components ensuring that all 

immunogens had appropriate endotoxin levels (Brito & Singh, 2011). I aliquoted immunization 

samples with molar normalization of antigens using a ‘Low Dose’ regimen. Immunizations 

were performed by Jack Tan (University of Oxford) using VAC 20 adjuvant (Figure 5.9A).   

I performed mouse antisera ELISAs on post-boost samples with assistance from Gabrielle 

Admans (University of Cambridge). There was no significant difference in the immune 

responses raised to any of the tested RBDs by the No Linker Quartet Nanocage and the 

conventional Quartet Nanocage. There remained no apparent relationship between an RBDs 

location on the Quartet chain and the antibody response raised to it for the No Linker Quartet 

Nanocage (Figure 5.9B). There is a flexible region at both the N and C termini of the 

sarbecovirus RBDs that constitute the chain. It remains possible that these regions provide 
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sufficient flexibility to support a dynamic surface arrangement. The success of the No Linker 

Quartet Nanocage makes the importance of flexible linkers between antigens an open question 

for the design of future Quartet constructs.  

Figure 5.8: Purification of No Linker Quartet. (A) Schematic showing the genetic 

organization of the No Linker Quartet construct, where Glycine-Serine linkers have been 

removed between RBDs. (B) SpySwitch purification of No Linker Quartet, analysed by 

Coomassie/SDS-PAGE. The lanes include the supernatant (S), flowthrough (F), wash (W), and 

elution fractions (1-6). (C) No Linker Quartet was run over an S200 column in PBS pH 7.4 

(red). Bio-Rad gel filtration standards were run over the same column under the same 

conditions and the elution volume based on these standards are presented. A previous Quartet 

SEC trace is included for reference (purple).  
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Figure 5.9: Immunogenicity for Quartets with or without linkers. Immunizations were 

performed with 0.02 nmol Quartet Nanocages with conventional Quartets and No Linker 

Quartets (A) Timeline for immunization doses and sampling. (B) ELISA for serum IgG 

antibodies, presented as area under the curve of a serial dilution of sera. Sera samples are 

from mice immunized using a conventional Quartet Nanocage (red) or a No Linker Quartet 

Nanocage (gray). Each dot represents serum from one animal. The mean is denoted by a bar, 

with error bars + 1 standard deviation, n = 6. ns means non-significant. Solid gray rectangles 

under samples indicate the ELISAs are against a matched antigen, while diagonally striped 

rectangles indicate the ELISA is against a mismatched antigen. Statistical comparisons were 

only made between responses to each antigen with or without linkers. Significance was 

calculated with a one-way ANOVA with Bonferroni's multiple comparisons test for the 

response raised to each immunogen. *P < 0.05, **P < 0.01, ***P < 0.001; ns non-significant. 

Gabrielle Admans (University of Cambridge) contributed to performing these ELISAs. 
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5.5 The 2017 Quartet 

The primary goal of the Quartet Nanocage strategy is to facilitate proactive vaccinology. Under 

this paradigm vaccines are produced for a zoonotic pathogen before a spillover event has 

occurred. I have provided robust evidence for the efficacy of Quartet Nanocages against 

mismatched zoonotic sarbecoviruses which the vaccine was not intentionally designed to 

protect against. The ultimate test of the Quartet Nanocage would be to see if the vaccine 

protects against a future sarbecovirus that gains the ability to infect humans.  

Given that it is not practical or desirable to wait for such an event to occur, I instead tested 

whether the Quartet Nanocage strategy could have provided an early response to the COVID-

19 pandemic. To this end, I constructed a Quartet using RBDs solely from viruses that had their 

genomes sequenced and published in 2017 or earlier. I consequently named this construct the 

2017 Quartet. I focused on viruses that had been identified as similar to SARS1 and would 

have been reasonable targets for a hypothetical researcher to include, if they were building a 

broad vaccine against SARS1 and its relatives.  

Under these criteria I included RBDs from Clade 1a SHC014 (Ge et al., 2013b), Clade 2 

Rs4081 (Hu et al., 2017b), Clade 1a SARS1 (Bi et al., 2003), and Clade 3 BM48-31 (Drexler 

et al., 2010). Two of these RBDs, SHC014 and Rs4081, were already present in the original 

Quartet. RaTG13 and SARS2 were replaced with SARS1 and BM48-31 (Figure 5.10A).  

I chose to remove the RaTG13 RBD present in the original Quartet. Although its identity had 

been published in 2016 (then called RaBtCoV/4991)(Ge et al., 2016), the full genome was not 

sequenced until 2018 (P. Zhou et al., 2020). There is also a high percentage of RBD sequence 

similarity between SARS2 and RaTG13 (90%). Homotypic SARS2 Nanocages raise a cross-

reactive anti-RaTG13, suggesting RaTG13 may raise a cross-reactive response against SARS2. 
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I therefore viewed the inclusion of RaTG13 as setting too easy a challenge for the 2017 Quartet 

and too lucky a break for the hypothetical pre-COVID-19 researcher. 

I cloned the 2017 Quartet, expressed the construct in Expi293F cells, and purified via 

SpySwitch (Figure 5.10B). I ran the 2017 Quartet over an S200 column in PBS pH 7.4 and 

demonstrated a single dominant peak that eluted at the same approximate volume as the 

original Quartet (Figure 5.10C). I coupled the 2017 Quartet to SpyCatcher003-mi3, endotoxin-

depleted all components, and determined acceptable endotoxin levels by LAL assay (Brito & 

Singh, 2011). I aliquoted Quartet Nanocage and 2017 Quartet Nanocage samples, normalizing 

them by molar antigen concentration. Immunizations were performed by Jack Tan (University 

of Oxford) at ‘Low Dose’ with VAC 20 adjuvant (Figure 5.11A).  

I performed mouse antisera ELISAs on post-boost samples with assistance from Gabrielle 

Admans (University of Cambridge). The 2017 Quartet Nanocage elicited responses to all of 

the tested sarbecoviruses that was significantly above the baseline defined by the response to 

MBP. The 2017 Quartet Nanocage and Quartet Nanocage raised similar responses to the two 

RBDs that they shared (SHC014 and Rs4081). Predictably, both the Quartet Nanocage and the 

2017 Quartet Nanocage raised stronger responses to matched RBDs than mismatched RBDs 

(Figure 5.11B). 

There is a substantial response raised against SARS2 by the 2017 Quartet Nanocage, however, 

this response was significantly lower than the response raised by the Quartet Nanocage (Figure 

5.11B). A key question, therefore, is how effective this may have been at protecting against 

SARS2. It is not appropriate to make any definitive claims based on comparison between 

different sets of immunizations. However, given that the immunizations were performed with 

an identical dose, timeline, mouse strain, and adjuvant, one can make broad comparisons to 

inform future experiments by comparing the 2017 Quartet Nanocage immunizations with 
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previous immunizations (Figure 4.11-4.15). The mean anti-SARS2 AUC raised by the 2017 

Quartet Nanocage was 1.35 while the mean anti-SARS2 AUC raised by a Homotypic SARS2 

Nanocage in a previous experiment was 1.25. This result indicates that the 2017 Quartet 

Nanocage can raise a similar anti-SARS2 IgG response as a vaccine designed specifically for 

COVID-19. The Homotypic Nanocage has been shown to elicit potently neutralizing 

antibodies (T. K. Tan et al., 2021). Further experiments will be required to directly validate this 

comparison and investigate the neutralization of sera elicited by the 2017 Quartet but initial 

underline the potential for Quartet Nanocages as a tool for proactive vaccinology.  
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Figure 5.10: Purification of the 2017 Quartet. (A) Schematic showing the genetic 

organization of the 2017 Quartet. (B) SpySwitch purification of 2017 Quartet, analysed by 

SDS-PAGE with Coomassie staining. The lanes include the supernatant (S), flowthrough (F), 

wash (W), and elution fractions (1-6). (C) SEC for the 2017 Quartet (yellow) in PBS pH 7.4 

using an S200 column. A SEC trace for SpyTag-Quartet is included for reference (purple). 

The elution volume for Bio-Rad gel filtration standards is also presented.  
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Figure 5.11: Immunogenicity of 2017 Quartet determined by ELISA. Immunizations 

were performed with 0.02 nmol Quartet Nanocages with conventional Quartets and 2017 

Quartets (A) Timeline for immunization doses and sampling. (B) ELISA for post-boost serum 

IgG antibodies presented as area under the curve of a serial dilution of sera. Sera samples are 

from mice immunized using a conventional Quartet Nanocage (red) or a 2017 Quartet 

Nanocage (pink). A dashed horizontal line is used to define a null response based on Quartet 

Nanocage response raised to MBP. Each dot represents serum from one animal. The mean is 

denoted by a bar, with error bars + 1 standard deviation, n = 6. ns means non-significant. 

Solid gray rectangles under samples indicate the ELISAs against a matched antigen, while 

diagonally striped rectangles indicate the ELISA is against a mismatched antigen. Statistical 

comparisons were only made between responses to each antigen with or without linkers. 

Significance was calculated with a one-way ANOVA with Bonferroni's multiple comparisons 

test for the response raised to each immunogen. *P < 0.05, **P < 0.01, ***P < 0.001; ns non-

significant. Gabrielle Admans (University of Cambridge) contributed to performing these 

ELISAs. 
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5.6 Applying the Quartet strategy beyond sarbecoviruses 

The success of Quartet Nanocages at raising neutralizing antibodies across a range of 

sarbecoviruses, raises the possibility that the strategy can be applied to other pathogen threats. 

A logical next target is merbecoviruses. This group of betacoronaviruses is related to 

Sarbecoviruses and enters host cells using an RBD that binds through ACE2 or DPP4 (Figure 

5.12B) (Zumla et al., 2024). The threat looms that the continued evolution of MERS generates 

improved human-to-human transmission or that a zoonotic merbecovirus evolves to infect 

humans (Zumla et al., 2024). 

To initiate the development of a broad merbecovirus vaccine, I identified a panel of ten 

merbecoviruses (Figure 5.12A, Table 5.1). I obtained the DNA for RBD for eight of the ten 

merbecoviruses in this panel. Regulation regarding the export of specific viral DNA delayed 

obtaining BtVs (Yang et al., 2014 and Neo-CoV (Ithete et al., 2013; Xiong et al., 2022) RBD 

DNA. Based on RBD sequence conservation, I grouped this panel into six MERS-like RBDs 

and four Neo-CoV-like members (Figure 5.12A).  

For the sarbecoviruses panel used during the generation of the Quartet Nanocage, the RBD 

amino acid percent identity typically ranged from 70-90%. For the newly constructed panel of 

merbecoviruses, the percent identity typically ranged from 40-75%. Narrowing on the ‘MERS-

like’ group of merbecoviruses, the percent identity is in the 55-75% range. The conserved 

residues among ‘MERS-like; merbecoviruses tend to be grouped away from the DPP4 binding 

site (Figure 5.12B, C), similarly to sarbecoviruses Figure 1.5. 

I cloned these 8 RBDs in a SpyTag-RBD format. I expressed all eight in Expi293F cells and 

purified by SpySwitch. A representative gel is presented for the purification of HKU5. Seven 

of the eight RBDs expressed with yields that ranged from 80-125 mg/L, with HKU25 RBD 

failing to express.  



183 

 

I designed two merbecovirus Quartets. One was the Broad Merbecovirus Quartet (Figure 

5.13A). This Quartet included two MERS-like RBDs (MERS and ITA1/2) and two Neo-CoV-

like RBDs (PDF-2180 and Eri-CoV). There is substantially more sequence diversity in this 

Broad Merbecovirus Quartet than any of the tested sarbecovirus Quartets (36-54% identity) 

making this Quartet and effective assessment of the limits of antibody breadth that a Quartet 

Nanocage can elicit.  

The other merbecovirus Quartet I designed was the Narrow Merbecovirus Quartet (Figure 

5.13C). This Quartet contained the MERS-like RBDs from MERS, ITA1/2, HKU4, and HKU5. 

The percent identity range of these RBDs was 54-66%. While this Quartet contains more 

sequence distance than any of the tested sarbecovirus Quartets, there are substantial regions of 

conservation shared across the four merbecovirus RBDs.  

I expressed both Merbecovirus Quartets in Expi293F cells and successfully purified both by 

SpySwitch (Figure 5.13B,D). The yields for these merbecovirus Quartets were lower than for 

any of the previously expressed sarbecovirus Quartets. Further optimization of signal peptide, 

linker length, or inclusion of a carrier protein could be explored to improve yields. However, 

substantially more protein was produced than would be needed for pre-clinical animal 

immunizations.  

The production of Merbecovirus Quartets demonstrates the versatility of the Quartet strategy. 

The threat of zoonotic crossover by members of the merbecovirus subgenus makes the 

development of a broad-spectrum merbecovirus vaccine an important goal for proactive 

vaccinology. Future work will be required to examine the display of the Merbecovirus Quartets 

on SpyCatchcer003-mi3 and to determine both the potency and the breadth of the immune 

response raised by a Merbecovirus Quartet Nanocage in mouse immunizations. 
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Table 5.1. Summary of merbecovirus RBDs included in the panel. 

Name Host GenBank Reference 

MERS 

Camelus dromedarius 

(dromedary camel); 

Homo sapiens 

(Human) 

JX869059 
(van Boheemen et 

al., 2012) 

HKU4 
Tylonycteris pachypus 

(lesser bamboo bat) 
EF065508 

(Woo et al., 2006, 

2007) 

HKU5 

Pipistrellus abramus 

(Japanese house bat or 

Japanese pipistrelle) 

AGP04932 (Woo et al., 2006) 

HKU25 
Hypsugo pulveratus 

(Chinese pipistrelle) 
KX442565 (Lau et al., 2018) 

BtVs 

Vespertilio superans 

(Asian parti-colored 

bat) 

AHY61337 (Yang et al., 2014) 

NeoCoV 

Neoromicia zuluensis 

(Zulu pipistrelle or 

aloe bat) 

KC869678.4 
(Ithete et al., 2013; 

Xiong et al., 2022)  

PDF-2180 

Pipistrellus 

hesperidus (Dusky 

pipistrelle) 

ARJ34226 
(Anthony et al., 

2017)  

HKU31 

Erinaceus amurensis 

(Amur hedgehog or 

Manchurian 

hedgehog) 

UMO75628 (Lau et al., 2019)  

EriCoV 
Erinaceus europaeus 

(European hedgehog) 
KC545383 

(Corman, Kallies, et 

al., 2014) 

ITA1/2 

Hypsugo savii (Savi's 

pipistrelle) [ITA1] 

Pipistrellus kuhlii 

(Kuhl's pipistrelle) 

[ITA2] 

MG596802 

MG596803 

(Moreno et al., 

2017)  
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Figure 5.12: Merbecovirus RBD Phylogeny, Structure, and Expression. (A) A phylogenetic tree for 

the merbecovirus RBDs that were included in this panel.  (B) MERS RBD (gray) bound to human DPP4 

(cyan) (PDB 4L72). (C) Conservation of residues between MERS-like merbecoviruses in the study, 

mapped onto the MERS RBD crystal structure (PDB 4L72). Multiple orientations of the same RBD are 

shown, represented as the van der Waals surface. (D) SDS-PAGE/Coomassie gel for HKU5 SpySwitch 

purification as a representative for the merbecovirus RBDs. Lanes include flowthrough (F), wash (W), 

and elution fractions (E1 – E6). 
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Figure 5.13: Merbecovirus Quartet Expression. Schematic showing the genetic 

organization of the (A) Broad Merbecovirus Quartet and (B) Narrow Merbecovirus Quartet. 

(C) SpySwitch Purification of the Broad Merbecovirus Quartet. (D) SpySwitch Purification 

of the Narrow Merbecovirus Quartet. SpySwitch purification is analysed by Coomassie/SDS-

PAGE. The lanes include the mammalian supernatant (S), flowthrough (F), wash (W), and 

elution fractions (1-6).  
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5.7 Discussion 

In this chapter I further examined the Quartet immunization strategy for broadening the induced 

immune response. This chapter outlines efforts to better understand the underlying mechanism 

of Quartet Nanocages, to update Quartets to induce neutralizing antibodies against the SARS2 

Omicron variants, and to further explore Quartet Nanocages for proactive vaccinology. In the 

context of proactive vaccinology, I showed that a Quartet Nanocage implemented in 2017 could 

have provided an effective tool for eliciting SARS2 antibodies before the virus was detected. 

Additionally, I designed and successfully produced Quartets targeting merbecoviruses which 

have infected humans or have demonstrated the potential to do so.  

Immunization with the single component Uncoupled Quartet has raised a broad immune 

response that targets both matched and mismatched sarbecoviruses. An effective single-

component vaccine could further simplify the vaccine production process and facilitate a more 

streamlined scale up in production. This effort would remove the need to produce the 

SpyCatcher003-mi3 Nanocage, to couple the Quartet to the Nanocage, and to have Quality 

Control (QC) steps to validate successful particle formation and coupling. However, the 

Uncoupled Quartets have significantly underperformed Quartet Nanocage and Dual Quartet 

Nanocage immunogens.  

In Chapter 3, I outlined the immunogenic benefit of implementing albumin-hitchhiking with 

soluble SARS2 RBD. I achieved this result by genetically fusing SARS2 RBD to the high-

affinity albumin-binding protein domain ABD035. In this chapter, I applied the same strategy 

with the Quartet and compared the response elicited by Quartet and Quartet-ABD035. The 

inclusion of a terminal albumin-binding domain increased the mean response against all tested 

sarbecovirus RBDs but none of these differences reached statistical significance. 
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While ABD035 fusion may have moderately improved the immune response for a soluble 

Quartet, it is clear that the fusion did not have the same impact as for the soluble SARS2 RBD. 

The increase in immune response raised by RBD-ABD035 was largely attributed to albumin-

binding increasing the molecular weight of the antigen. This increase made it more likely for 

the antigen to be trafficked to draining lymph nodes as opposed to undergoing vascular 

clearance. Above a molecular weight of approximately 45 kDa, proteins tend to be entirely 

delivered to draining lymph nodes (Miller et al., 2011; Moyer et al., 2016). SARS2 RBD has a 

molecular weight of 25.4 kDa while SpyTag-Quartet has a molecular weight of 99.6 kDa 

without including glycosylation. This difference means that, unlike soluble RBD, albumin 

binding would be unlikely to enhance delivery of the soluble Quartet to draining lymph nodes. 

My hypothesis with applying albumin-hitchhiking for the Quartet was that there would still be 

an improved immune response based on an enhanced immunogen half-life. Albumin has a long 

serum half-life (19 days) and attachment to albumin is a frequent strategy for improving 

pharmacokinetics (Tao et al., 2021). If the Quartet-ABD035 improvement in immune response 

is more than statistical noise, it is possible that an enhanced half-life through albumin-

hitchhiking is responsible. Regardless, it is clear that ABD035 fusion is not sufficient to make 

a soluble Quartet immunogen competitive with a Quartet Nanocage approach. Further work to 

develop a single-component protein sub-unit vaccine may examine direct fusion to a 

nanoparticle. This approach has been successfully applied with ferritin and SARS2 spike 

protein (Powell et al., 2021) and a similar approach could be adopted for Quartets. Direct 

genetic fusion of ferritin to a Quartet would allow a single protein product to be used for a 

vaccine. A co-transfection of Quartet-Ferritin and Alternate Quartet-Ferritin could facilitate a 

Dual Quartet Ferritin Nanocage. This approach would likely require substantial optimization 

of linkers, sequences, and other factors for efficient expression. It would also remove the plug-

and-play modularity of the SpyCatcher003-mi3 system (Rahikainen et al., 2021). 



189 

 

I am currently working with an industrial collaborator to scale-up production of the Quartet 

Nanocage and Dual Quartet Nanocage vaccine. The relative difficulty or ease of this industrial 

scale up will influence the emphasis that is placed on further streamlining the soluble Quartet 

vaccine. 

I examined the impact of more closely matching previous immunization experiments (A. A. 

Cohen et al., 2022) by increasing the dose ten-fold and changing the adjuvant from the alum-

based VAC 20 to the squalene-based AddaVax. Under these conditions, Quartet Nanocage and 

Dual Quartet Nanocage demonstrated potent neutralization against a range of different matched 

and mismatched sarbecoviruses. However, at this ‘High Dose’ there was no longer a significant 

difference in antibody binding or pseudovirus neutralization between the Mosaic-8 and the two 

Quartet Nanocage immunogens. It is important to note that in mice immunizations, antibody 

responses can easily be saturated in a way that is difficult to attain in human clinical results (H. 

L. Davis, 2008; S. P. Graham et al., 2020). It appears that these ‘High Dose’ immunizations 

have achieved immune responses that are at the higher end of the dose-response curve and are 

therefore obscuring critical differences between the vaccine candidates. Comparison of the 

Mosaic and Quartet strategies at the ‘Low Dose’ therefore appear to be a more relevant 

assessment.  

Even at this high dose, none of the immunogens raised substantially neutralizing immune 

response against SARS2 Omicron XBB.1 pseudovirus. This finding is consistent with the level 

of immune evasion that has been demonstrated by Omicron variants (Uraki et al., 2023). While 

the overarching goal of our strategy is to protect against future pandemics, the ideal vaccine 

candidate would be able to protect against circulating variants or, at least, be updatable to match 

further pathogen evolution.  
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I assessed the response elicited with Homotypic, Mosaic, and Quartet Nanocage immunogens 

with either Wuhan or XBB.1.5 in the SARS2 RBD position. Both forms of the Mosaic and 

Quartet Nanocage immunogens raised antibodies that bound to all tested SARS2 variant RBDs 

whether matched and mismatched. This result is in contrast to Homotypic Nanocage 

immunogens, which bound poorly to more distantly related SARS2 variants.  

The binding breadth of these immunogens was not reflected with neutralization breadth. 

Mosaic and Quartet antisera neutralized the mismatched SARS1 and the matched SARS2 

variants present in the vaccine. However, all tested vaccines performed poorly at neutralizing 

the SARS2 variant (XBB.1.5 or Wuhan) pseudovirus that was not represented in the vaccine.  

These results demonstrate that the Quartet Nanocage can be effectively updated to incorporate 

a currently circulating variant. Interestingly, this updated response may come at the cost of 

ancestral immunity. It would likely be possible to incorporate both XBB.1.5 and Wuhan RBD 

in the same Quartet (or possibly a Quintet) to achieve a neutralizing response to both. However, 

this effort may be superfluous, given that the ancestral strain has largely been surpassed by 

newer variants (Hadfield et al., 2018).  

The capacity to update the Quartet with circulating variants is notable. However, it is uncertain 

how long the efficacy window would be for a variant-chasing vaccine strategy (Uraki et al., 

2023). This window may be widened with improvements in predicting viral evolution (Cyrus 

Maher et al., 2022; W. Han et al., 2023; Taylor & Starr, 2023).  

There is evidence that non-neutralizing SARS2 antibodies can still be protective, especially 

against serious disease and death (Clark et al., 2024; Rahman et al., 2023). These non-

neutralizing antibodies are not able to directly prevent viral infection but are capable of 

recruiting effector cells that contribute to clearance of viruses and infected cells (Clark et al., 
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2024; Mader & Dustin, 2024). Given the high binding antibody titres raised against Omicron 

XBB.1.5 and Omicron BQ.1.1 by the original Quartet Nanocage and Dual Quartet Nanocage, 

it seems likely that these original vaccines could provide protection for serious disease, but not 

sterilizing immunity, against these newly evolved SARS2 variants. The results of the upcoming 

clinical trial for the Mosaic-8b antigen may give further insight into this possibility.  

Epitope mapping by DMS for antisera elicited by Quartet and Mosaic immunization was 

analysed in this chapter. This assay shows that mutations in the evolutionarily conserved Class 

3 and Class 4 region reduced binding by antibodies raised with Mosaic-8 and Dual Quartet 

Nanocage vaccines. The polyclonal antibodies raised by the Homotypic Nanocage showed 

evidence of binding to the poorly conserved Class 1 and Class 2 region. These results suggest 

that the antibody profile elicited by Mosaic-8 and Dual Quartet Nanocage has been altered 

relative to a more conventional Homotypic Nanocage immunization. These results provide 

strong evidence that the breadth of binding for antibodies raised by the Dual Quartet Nanocage 

is due to antibodies binding more evolutionarily conserved regions of the antigen.  

The DMS results for the Quartet Nanocage was more varied. One of the mice responded with 

a Class 1/2 dominant response and two of the mice responded with a Class 3/4 dominant 

response. Along with this result, the Quartet Nanocage generally shows poorer breadth of 

neutralization than the Dual Quartet Nanocage. This indicates that the Dual Quartet Nanocage 

is the stronger of the two vaccine candidates based on immunogenic considerations alone. The 

results of the production scale-up and consultation with regulators regarding nanoparticle 

homogeneity will provide insight into which candidate is more holistically viable. 

As a further test of the Quartet Nanocage mechanism, I produced the No Linker Quartet. Our 

hypothesis is that the flexibility of the Quartet chain leads to a dynamic nanoparticle surface 

where all of the RBDs are accessible for BCR interaction. Although there are differences in 
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RBD accessibility based on monoclonal ELISAs, the working hypothesis is that there is 

sufficient representation of each RBD at the surface to induce breadth and enhanced RBD-

specific responses. Through the production of the No Linker Quartet, I sought to test this 

hypothesis.  

However, immunizations with Quartet or No Linker Quartet displayed on SpyCatcher003-mi3 

raise similar immune responses. There was no significant difference in the response raised by 

the two immunogens to any of the tested RBDs and there were no non-significant patterns 

evident. Additionally, there was no bias towards different RBDs based on their location on the 

No Linker Quartet chain. It is possible that the flexible regions at the N- and C-termini of the 

RBD protein provide a sufficient level of flexibility to maintain this dynamic surface. The 

presence of these regions maintaining flexibility between the different RBDs may be 

responsible for the No Linker Quartet retaining high expression levels relative to other 

Quartets.  

A follow-up experiment could build on the production of a Quartet where these flexible regions 

are removed from the RBDs along with the Glycine-Serine linkers. Unfortunately, I was not 

able to determine a method to more directly probe the nanoparticle surface. The flexibility 

between RBDs on the Quartet as well as between the SpyCatcher003 and mi3, mean that cryo-

EM and crystallography are not viable (Palamini et al., 2016). In single-particle cryo-EM 

SpyCatcher003-mi3 displaying SARS2 RBD alone showed minimal electron density for a 

single RBD, let alone a Quartet (T. K. Tan et al., 2021). 

The Quartet Nanocage strategy is designed to provide protection against potential future 

zoonotic disease outbreaks and Quartet Nanocages elicit broad antibody responses to a variety 

of mismatched sarbecoviruses. These immune effects include raising responses to Clade 3 

sarbecoviruses even though no members of this clade was represented on the vaccine. The 
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ultimate test of the Quartet Nanocage strategy would be to see whether a zoonotic pathogen 

capable of infecting humans could be immunized against with a vaccine designed before the 

cross-over event has occurred.  

To gain insight into this possibility, I tested whether a Quartet Nanocage designed with RBDs 

from viruses discovered by 2017, could raise a response against SARS2. I included RBDs from 

SHC014 (Ge et al., 2013b), Rs4081 (Hu et al., 2017b), SARS1 (Bi et al., 2003), and BM48-31 

(Drexler et al., 2010). 

While all of these viruses were sequenced prior to 2017, the SpyCatcher003-mi3 particle was 

not published until 2021 (Rahikainen et al., 2021). A hypothetical scientist working on this 

vaccine would have had to use a prior SpyCatcher-based VLP such as SpyCatcher-mi3 (T. U. 

J. Bruun et al., 2018) or SpyCatcher-AP205 (K. D. Brune et al., 2016), or an alternative self-

assembling nanoparticle strategy (Brouwer et al., 2019). However, given the purpose of this 

exercise is to investigate the proactive nature of the Quartet strategy and any future iterations 

of Quartet Nanocages would use SpyCatcher003-mi3, I decided not to use an outdated VLP 

strategy.   

Immunizations were performed with Nanocages displaying the original Quartet and the 2017 

Quartet. The response raised by the Quartet Nanocage and the 2017 Quartet Nanocage to 

matched coronavirus RBDs was potent. The response raised by both immunogens to 

mismatched RBDs was decreased but still strong. Critically, the 2017 Quartet which lacked a 

SARS2 RBD raised similar antibody titres that were similar to SARS2-specific Homotypic 

Nanocage. It is important to note that these results were obtained in separate immunizations, 

although they used the same antigen dose, timeline, adjuvant, and mouse strain. Further 

analysis of the 2017 Quartet Nanocage would be required to allow direct comparison with the 

Homotypic Nanocage and to test the elicited antisera for viral neutralization.  
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The success of the 2017 Quartet at raising an anti-SARS2 response highlights the potential 

impact of proactive vaccinology. The ability to create vaccines that target large groups of 

zoonotic viruses means that vaccines can target both known and unknown viruses in that 

family. This immune breadth allows for vaccines to be validated for safety, efficacy, and 

production before any members of this group have crossed over into humans. One may consider 

the impact that the prior development and validation of the 2017 Quartet Nanocage or a 

similarly broad vaccine could have had on the COVID-19 pandemic. This highlights the 

potential for proactive vaccinology as a tool for combating future diseases with pandemic 

potential. 

Merbecoviruses have been identified as a possible threat for a future coronavirus pandemic 

(Gonzalez-Isunza et al., 2023; Tolentino et al., 2024; Zumla et al., 2024). This group includes 

MERS, which has already demonstrated human-to-human transmission and a high fatality rate 

in humans (Memish et al., 2020). Continued evolution of MERS could make the disease more 

easily transmissible between humans (Letko et al., 2018). There are also specific 

merbecoviruses that have been identified as having the potential to cross over into humans 

(Gonzalez-Isunza et al., 2023). For example, a relative of HKU4 has been identified circulating 

in Malayan pangolins that is able to use human DPP4 as a receptor for cell entry as well as host 

proteases for enhanced cell infection (J. Chen et al., 2023). 

There is a larger degree of sequence divergence amongst merbecovirus RBDs when compared 

with sarbecovirus RBDs. I therefore designed a Broad Merbecovirus Quartet which included 

members from the entire subgenus as well as a Narrow Merbecovirus Quartet which only 

included RBDs from MERS-like viruses. Even the average percent identity for the Narrow 

Merbecovirus Quartet was lower than for any of the tested sarbecovirus Quartets. 
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Both Merbecovirus Quartets were successfully expressed and purified at a purity and yield 

appropriate for pre-clinical studies. Further optimization of the constructs signal peptide, linker 

length, RBD constructs, or the inclusion of a cleavable carrier protein may need to be explored 

to facilitate large scale production.  

Both of the Merbecovirus Quartets are ready for coupling to SpyCatcher003-mi3 and mouse 

immunization studies. These studies will give important insight into how portable the Quartet 

Nanocage strategy can be onto other coronaviruses. It will also provide insight into what level 

of antigen conservation is required for Quartets to induce an antibody response to 

evolutionarily maintained regions. There remains no approved vaccine against MERS, 

although there are promising vaccine candidates progressing to clinical trials (Bosaeed & 

Alharbi, 2023F. An effective Merbecovirus Quartet Nanocage could provide protection against 

MERS while also targeting potentially dangerous zoonotic merbecoviruses. The synergy of 

protecting against existing and potential future pathogens could facilitate scaled-up production 

or uptake of such a vaccine before a future spillover event has occurred. 

This chapter has examined methods of improving the efficacy of Quartet vaccines, investigated 

the underlining mechanism for Quartet-induced breadth of protection, and highlighted the 

potential for Quartet Nanocages to facilitate proactive vaccinology. The ability to develop a 

vaccine before a pathogen with pandemic potential emerges is the driving force behind the 

development of the Quartet vaccine technology.  
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Chapter 6 – Summary, General Discussion, and Future Outlook 

The SpyTag/SpyCatcher system has been used for development of vaccine candidates against 

a variety of pathogens (A. A. Cohen et al., 2022; Lampinen et al., 2023; S. K. Singh et al., 

2017; T. K. Tan et al., 2021; W. Wang et al., 2019). SpyTag/SpyCatcher facilitates production 

of multicomponent vaccines, where constituent elements can be expressed in different systems, 

purified under different conditions, and produced at different times and locations (K. D. Brune 

et al., 2016; T. U. J. Bruun et al., 2018). In this thesis, I explored the use of SpyTag for 

purification and nanoassembly of proteins for vaccine development. I used SpyDock to purify 

a COVID-19 immunogen without any additional purification tags and show that fusion with a 

high affinity albumin binding (Jonsson et al., 2008)  significantly increases the elicited immune 

response. I piloted the newly developed SpySwitch system for affinity purification of a panel 

of SpyTagged sarbecovirus RBDs and show that each of these RBDs can be coupled to the 

SpyCatcher003-mi3 nanocage. Using this panel of sarbecovirus RBDs, I probed the breadth of 

activity for several patient derived monoclonal IgGs and identify two antibodies that bind all 

tested sarbecoviruses: EY6A and IY2A. Our collaborators demonstrated that IY-2A potently 

neutralized all tested SARS2 Omicron variants and bound SARS2 RBD using a previously 

unreported mechanism (K. Y. A. Huang et al., 2023).  

I introduced the Quartet strategy where a string of evolutionarily related coronavirus RBDs are 

genetically fused and expressed as a single polyprotein. When immunized as a soluble protein, 

I showed that Quartets elicit broad antibody responses against both matched and mismatched 

coronaviruses. This response was further enhanced when the Quartets were displayed on 

SpyCatcher003-mi3 to form a Quartet Nanocage. Quartet Nanocages elicited strong and broad 

immune responses that compared favourably with the Mosaic-8 nanoparticle, a leading anti-

sarbecovirus vaccine candidate. Unexpectedly, there was no difference in the immune response 

to RBDs at different locations on the chain despite monoclonal antibody ELISAs showing 
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differences in accessibility. When mice were pre-immunized with SARS2 Wuhan Spike, a 

boost immunization with Mosaic or Quartet Nanocage vaccine candidates was still able to elicit 

broad immune responses. This is important given that a substantial number of people will have 

a preexisting immune response to SARS2 through immunization and infection (Mathieu et al., 

2021; H. Wang et al., 2022; Watson et al., 2022b; WHO, 2023). 

I performed additional experiments to gain insight into the Quartet Nanocage mechanism. I 

found that Quartet Nanocages without flexible linkers between the RBDs still raised similar 

responses to each constituent RBD. This suggests that chain flexibility is not responsible the 

invariant response to different RBDs or that flexible RBD regions provide sufficient chain 

flexibility without the need for additional linkers. Deep Mutational Scanning was performed 

by our collaborators to map the epitopes of polyclonal sera elicited by Quartet Nanocages. This 

assay showed that both Mosaic-8 and Quartet Nanocage vaccines shifted the binding pattern 

of antibodies to favour the evolutionarily conserved Class 3 and 4 regions of the RBD. Finally, 

I further explored the application of Quartets for proactive vaccinology. I showed that the 2017 

Quartet, composed entirely of sarbecovirus RBDs with sequences published more than a year 

before the first COVID-19 case was reported, were still able to raise a strong response against 

SARS2. Additionally, Quartets composed of merbecovirus RBDs were successfully expressed 

and purified, demonstrating potential future directions for the Quartet immunization strategy.  

Merbecoviruses (J. Chen et al., 2023; Gonzalez-Isunza et al., 2023; Tolentino et al., 2024; 

Zumla et al., 2024) are one of several pathogen groups that have been identified as a threat for 

future disease outbreaks (Mehand et al., 2018; Morens & Fauci, 2020). Some of these pathogen 

outbreak threats, like influenza, have already caused pandemic events and future mutations 

may make the circulating strains more deadly, more transmissible, or more immune evasive 

(Reperant et al., 2015; Taubenberger & Morens, 2010). Some, such Lassa and Ebola viruses, 
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have crossed from animal reservoirs into humans, causing deadly outbreaks that could become 

more dangerous with additional pathogen evolution (Garry, 2023; Mehand et al., 2018; H.-Q. 

Zhang et al., 2023). Other pathogens lurk undiscovered in animal hosts with the potential to 

infect humans at every human-animal intersection (Iserson, 2020; Simpson et al., 2020). This 

risk is especially potent in newly arising interactions that are spurred by habitat decline or 

climate change (Carlson et al., 2022; Keesing & Ostfeld, 2021; The Lancet, 2023). The 

unknown nature of this ‘Disease X’ underlines the importance of developing rapid and flexible 

health interventions (Iserson, 2020; Simpson et al., 2020). 

The remarkable efficacy of SARS2 vaccines at reducing COVID-19 mortality and morbidity 

(Huespe et al., 2023; Rahmani et al., 2022; Thomas et al., 2021; Voysey et al., 2021) highlights 

the importance of developing vaccines against these future pandemic threats (Iserson, 2020; 

Mehand et al., 2018; Simpson et al., 2020). There are extensive efforts at developing vaccines 

against known human pathogens that have the possibility of causing larger outbreaks (D. Gupta 

& Mohan, 2023b; Malik et al., 2023; Mane Manohar et al., 2023; Pollard & Bijker, 2021a; 

Sulis et al., 2023). However, there remains a distinct possibility that evolution of these known 

pathogens could lead to immune evasion, meaning that a vaccine targeted to conserved regions 

may be required for robust protection (C. J. Wei et al., 2020; D. Xu et al., 2023). 

There remains the open question of how to address currently unknown threats. One answer is 

the rapid development of targeted vaccines (Saville et al., 2022). A remarkable interdisciplinary 

effort, a streamlined approval processes, and the application of mRNA and viral vector vaccine 

technology allowed COVID-19 vaccines to be applied clinically at an unprecedented speed 

(Daems & Maes, 2022; Excler et al., 2023). It is possible that refinement of these processes 

could allow for further enhancement of this response against a future outbreak. SpyCatcher 

functionalized nanoparticles could be a useful tool for this approach with stockpiled 
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nanoparticles being decorated with newly produced and outbreak-specific SpyTagged antigen 

(K. D. Brune et al., 2016).  

Another answer for addressing unknown threats is to proactively develop vaccines against 

potential emergent pathogens. With a narrowly focused vaccine it is not possible to proactively 

develop a vaccine against an unknown threat, but this goal could be made possible by a broadly 

effective vaccine that protects against a large group of related pathogens (Gouglas et al., 2023). 

Under this vision, a library of vaccines could be developed with each library member targeting 

a different group of pathogens that has pandemic potential. These vaccines could be tested 

robustly to understand the level and breadth of protection afforded. Pilot production runs could 

be performed and a pipeline could be established for the scale up of library members for when 

an outbreak is first identified (Saville et al., 2022).  

In a particularly ambitious version of this approach, the library members would undergo initial 

human clinical trials to establish safety. Human sera could be tested for neutralization of known 

members of the target pathogen family but it would not be possible to establish clinical 

protection against a potential threat until that pathogen had made the leap into humans. A 

vaccine stock could be produced and stored for each library member. In the event that a novel 

outbreak occurred, the appropriate library member or members could begin production scale 

up and validation against this specific threat. This validation could include using human sera 

samples stored from the earlier clinical trial. If the vaccine had demonstrated a strong safety 

profile in previous trials and these initial tests were promising, then emergency use approval 

could allow rapid implementation of the vaccine at early stage of the outbreak.  

There are a variety of approaches to produce the broad vaccines that would be necessary for 

this proactive vaccine library approach (A. Cohen et al., 2021; Lee et al., 2023; Ng et al., 2022; 

van Bergen et al., 2023; Walls et al., 2021). The Quartet Nanocages outlined in this thesis are 
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one such tool. Quartet Nanocages are able to target an immune response towards evolutionarily 

conserved regions of an antigen which allows for a single vaccine to protect against a variety 

of related pathogens. A key benefit of the Quartet Nanocage approach is it elicits immune 

breadth with only one to three components. The exact number of components depends on what 

version of the Quartet vaccine is finalized. Currently, the greatest level of breadth is achieved 

with a three-component vaccine (Dual Quartet Nanocage), but it is possible that a two-

component vaccine (Quartet Nanocage) may give a better trade-off between simplicity and 

efficacy. One could envision a vaccine library where each member is a different polyprotein of 

tandemly linked antigens. SpyTag could be included to facilitate easy multimeric presentation 

on a SpyCatcher functionalized nanoparticle. 

More immediate future work will focus on the further development of Quartet Nanocages as a 

clinical anti-sarbecovirus vaccine. We are currently working closely with an industrial 

collaborator to scale up production of Quartets in a Chinese hamster ovary (CHO) cell line. 

With the demonstration of manufacturing feasibility, our ultimate aim is to gain support to enter 

Phase 1 clinical trials with a Quartet Nanocage and/or Dual Quartet Nanocage vaccine.  

An open question with the clinical application of Quartet Nanocages is the level of protection 

that would be offered against circulating variants of SARS2. Both Quartet Nanocage and 

Mosaic vaccines raised antibodies that bound similarly to all tested SARS2 RBDs, namely 

Wuhan, Delta, XBB.1.5, and BQ.1.1. These results are in contrast to homotypic SARS2 

vaccines which elicited more narrow antibody binding responses across the SARS2 variants. 

However, the antibodies raised by Quartet and Mosaic immunogens that contained Wuhan 

RBD were poorly neutralizing against XBB.1 pseudovirus. Both Quartet and Mosaic 

immunogens were successfully updated to replace the SARS2 Wuhan RBD with the then 

circulating variant XBB.1.5. These updated immunogens elicited a neutralizing response 
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against XBB.1 pseudovirus and the mismatched SARS1 pseudovirus. However, replacing 

SARS2 Wuhan with XBB.1.5 lead to a poorly neutralizing response against SARS2 Wuhan 

pseudovirus. These results highlight the notable immune evasion demonstrated by Omicron 

variants (Uraki et al., 2023). It seems likely that a neutralizing response could be raised to both 

Omicron and Wuhan by including both RBDs as part of a single tandemly linked polyprotein. 

While this may be interesting to examine, it does not appear practically necessary given that 

the ancestral strain has largely been surpassed by newer variants (Hadfield et al., 2018).    

When considering clinical trials, one option would be to update the Quartet to include a 

circulating variant. However, in the time between Kraken Quartet experiments that I performed 

and the writing of this thesis, XBB.1.5 has been surpassed by JN.1 and JN.1.1 (Hadfield et al., 

2018). In the window of time between a variant being selected for trials and the approval of a 

vaccine, it is likely that further evolution may have occurred which raises questions about how 

effective a variant-chasing strategy will be at achieving sterilizing immunity (Uraki et al., 

2023).  

There is, however, growing evidence that SARS2 antibodies which bind but do not neutralize 

the virus may still play an important protective role, especially when considering reduction in 

serious disease and death (Clark et al., 2024; Rahman et al., 2023). These non-neutralizing sera 

cannot directly prevent viral invasion of cells but remains capable of recruiting effector cells 

that lead to clearance of viruses and infected cells (Clark et al., 2024; Mader & Dustin, 2024). 

The high binding titres raised against XBB.1.5 and BQ.1.1 by Wuhan-containing Quartet 

Nanocages suggest that these vaccines may still provide protection against serious COVID-19 

disease, even if they do not provide sterilizing immunity. The results of the upcoming Phase 1 

clinical trial for the Mosaic-8b nanoparticle will give important insight into the future of 

Quartet Nanocage in the context of the circulating SARS2 virus. However, it is important to 
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remember that the Quartet Nanocage has primarily been introduced as a tool for rapid response 

to newly infectious diseases, as opposed to a means for boosting against existing circulating 

human pathogens.  

Our clinical development of the Quartet Nanocage strategy has largely focused on a two- or 

three-component formulation where Quartets are displayed on the SpyCatcher003-mi3 

Nanocage. From a manufacturing standpoint, it may be optimal to have the option of an 

effective one-component vaccine, as long as this option can still provide sufficient protection.  

I have shown that an uncoupled soluble Quartet is still capable of raising a robust and 

mismatched immune response at similar titres to the Mosaic-4 and Mosaic-8 nanoparticles. 

However, uncoupled Quartet tended to underperform at raising a neutralizing response 

compared with nanoparticle-based vaccines. It would be desirable to further enhance the 

immune response raised by a single-component Quartet vaccine. ABD035 was genetically 

fused to the Quartet in order to facilitate albumin-hitchhiking. This may have provided 

marginal immune enhancement, but the improvements were not statistically significant and did 

not approach the level of enhancement that was achieved when a Quartet was displayed on a 

Nanocage. It may be possible for future research to develop a single-component nanoparticle 

vaccine by genetically fusing a Quartet to a nanoparticle sub-unit (Powell et al., 2021). 

However, it is unclear whether this construct could be efficiently expressed, and it is likely that 

this approach would require optimization (Rahikainen et al., 2021).  

Future work on single-component soluble Quartet vaccines should focus on determining 

whether the immune response raised by an uncoupled Quartet is sufficient to provide 

protection, how beneficial a single-component vaccine would be from a regulatory and 

manufacturing standpoint, and what further enhancements can be made to the elicited immune 

response. 
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The Quartet immunogen is also well suited for application using vaccine delivery platforms 

other than protein nanoparticles. As a single polyprotein, Quartet immunogen can be readily 

administered as an mRNA vaccine (Hoffmann et al., 2023; Z. Zhang, Mateus, et al., 2022). I 

am currently working with collaborators at the California Institute of Technology and 

University of California San Francisco to test Quartet immunogens as an mRNA vaccine 

(Hoffmann et al., 2023). We will compare the responses raised by mRNA encoding a Quartet 

against a cocktail of mRNA encoding the individual constituent RBDs. Future work may 

investigate the inclusion of conserved T-cell epitopes to broaden the T-cell mediated immune 

response along with the humoral immunity (van Bergen et al., 2023). 

Quartet immunogens may also be delivered effectively as the antigenic payload of a viral vector 

platform (Folegatti et al., 2020). This approach could be taken further with a strategy that 

combines viral vector and protein subunit vaccine delivery. In a recently described approach, 

an adenoviral capsid was modified to include DogTag (Keeble et al., 2022) in surface-exposed 

loops (Dicks et al., 2022). DogTag spontaneously forms a covalent bond with DogCatcher in a 

similar manner to the SpyTag/SpyCatcher system. SARS2 RBD was genetically fused to 

DogCatcher and was subsequently used to decorate the adenoviral capsid. These decorated 

adenoviral capsids delivered SARS2 antigen as a protein on its surface and as a genetically 

encoded payload. This strategy was shown to both enhance the level of anti-SARS2 response 

and reduce the immune response to the viral vector (Dicks et al., 2022). A similar approach 

could be applied using DogCatcher-Quartet to decorate the adenoviral surface and delivering a 

Quartet DNA construct as the payload. Given that the DogCatcher-Quartet protein would be 

approximately four times the size of a single RBD, it is possible that this strategy would elicit 

further reduction in anti-vector response.  
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Another avenue for future Quartet Nanocage research would be expanding the technologies 

application to other pathogens. The Quartet strategy is best applied to pathogens that have an 

antigen sufficiently robust to be expressed as a genetic fusion. Otherwise, it may be more 

appropriate to target the antigen using a mosaic approach. The antigen must also have 

evolutionarily conserved regions that can elicit protective antibodies. It would be possible to 

make a Quartet or a Mosaic nanoparticle with antigens that share little to no evolutionary 

conservation. This approach would be expected to raise responses to the individual antigens 

present on the particle. However, with no conserved regions to shift an immune response 

towards, there would be no expectation for a further enhancement of immune breadth.  

A potentially impactful next step would be to target other members of the betacoronavirus 

genus (Llanes et al., 2020). This could include merbecoviruses, nobecoviruses and 

embecoviruses (which include KHU1 and OC43) (de Klerk et al., 2022; D. X. Liu et al., 2021). 

Merbecoviruses are an especially intriguing target given that they include a deadly human 

pathogen (MERS) and several members that have been identified as crossover risks (Gonzalez-

Isunza et al., 2023; Tolentino et al., 2024; Zumla et al., 2024). The greater sequence diversity 

of merbecoviruses also provides an opportunity to test the limitations of the Quartet strategy. 

When considering the design of a vaccine library, it would be important to understand the level 

of sequence diversity that can be covered by a single library member.  

There is often a balance when seeking breadth of immune response across evolutionarily 

related pathogens. Broadening the immune response to more evolutionarily diverse pathogens 

can narrow the regions that are conserved across the group. This immune response can become 

susceptible to evasion with relatively small mutational drift if the targeted region becomes 

overly narrow.  
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Future work could explore a combination of the Quartet and S2 antigen truncation strategy. 

There is substantial sequence conservation within the S2 region of the spike protein extending 

beyond sarbecoviruses. Anti-S2 antibodies have shown cross-reactivity but are often poorly 

neutralizing (Adams et al., 2023; Ng et al., 2022; J. Sun et al., 2020). A vaccine that combined 

sarbecovirus Quartets and an S2 domain could elicit potently neutralizing antibodies against 

sarbecoviruses in addition to antisera that binds to a broader range of coronaviruses. Inclusion 

of a SpyTag on an S2 domain could facilitate multimeric presentation on SpyCatcher 

functionalized nanoparticle and homotypic S2 nanoparticles could be co-administered with 

Quartet Nanocage particles. Immunofocusing strategies such as glycosylation to block cryptic 

epitopes in S2 or the computational construction of a consensus S2 domain could be explored 

to further enhance the strategy. Through genetic fusion, a polyprotein of S2 and several 

sarbecovirus RBDs could be attempted in order to produce a single antigen for this strategy.  

Future work could also explore a large number of different Quartets with a variety of different 

betacoronavirus RBDs. Computational approaches have been undertaken to optimize the 

combination of RBDs present on a mosaic nanoparticle (E. Wang et al., 2024). Similar 

approaches could be undertaken to develop a panel of optimized Quartets to assess. One option 

would be to explore this space using high-throughput Eukaryotic cell-free protein synthesis 

(CFPS) for initial expression screening (Das Gupta et al., 2023). This high-throughput 

screening would be limited to assessment of expression as a comparably high throughput means 

of assessing immune response has not been identified. This research could elucidate the 

boundaries of breadth that can be obtained using the Quartet strategy in addition to validating 

new vaccine candidates against zoonotic coronaviruses and human pathogens. 

The COVID-19 pandemic spurred incredible cross-sector innovation. A culmination of this 

effort was the implementation of novel, safe, and protective vaccines at unprecedented pace 
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(Daems & Maes, 2022; Excler et al., 2023). These successes highlight the tremendous impact 

of a rapid vaccine response to pathogen threats (Mehand et al., 2018; Morens & Fauci, 2020). 

One method to achieve a fast and efficacious outbreak is to proactively develop vaccines 

against groups of related pathogens that have pandemic potential. This would allow for an off-

the-shelf intervention to be available upon the identification of newly emerged outbreak 

(Saville et al., 2022). The Quartet Nanocage strategy outlined in this thesis demonstrates that a 

relatively simple vaccine can elicit broad and potent immune responses and can have the 

potential to accomplish this vision of proactive vaccinology.  
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Appendix 1 – Protein Sequences 

 

SpySwitch 

MSYYHHHHHHGSGGSGAMVTTLSGLSGEQGPSGDMTTEEDSATHIHFHKHDEDGRE

LAGATMELRDCSGKTISTWITDGHVKDFYLYPGKYTFVATAAPDGHHVATPIEFTINE

DGQVTVDGEATEGDPHTGSSGS 

HuSA-AviTag-HisTag 

MVWVTFISLLFLFSSAYSRGVFRRDAHKSEVAHRFKDLGEENFKALVLIAFAQYLQQ

CPFEDHVKLVNEVTEFAKTCVADESAENCDKSLHTLFGDKLCTVATLRETYGEMADC

CAKQEPERNECFLQHKDDNPNLPRLVRPEVDVMCTAFHDNEETFLKKYLYEIARRHP

YFYAPELLFFAKRYKAAFTECCQAADKAACLLPKLDELRDEGKASSAKQRLKCASLQ

KFGERAFKAWAVARLSQRFPKAEFAEVSKLVTDLTKVHTECCHGDLLECADDRADLA

KYICENQDSISSKLKECCEKPLLEKSHCIAEVENDEMPADLPSLAADFVESKDVCKNY

AEAKDVFLGMFLYEYARRHPDYSVVLLLRLAKTYETTLEKCCAAADPHECYAKVFD

EFKPLVEEPQNLIKQNCELFEQLGEYKFQNALLVRYTKKVPQVSTPTLVEVSRNLGKV

GSKCCKHPEAKRMPCAEDYLSVVLNQLCVLHEKTPVSDRVTKCCTESLVNRRPCFSA

LEVDETYVPKEFNAETFTFHADICTLSEKERQIKKQTALVELVKHKPKATKEQLKAVM

DDFAAFVEKCCKADDKETCFAEEGKKLVAASQVALGLGLNDIFEAQKIEWHEWNHR

DRNLPPLAPLGPHHHHHH 

SpyTag-MBP 

MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYKPTKGSGESGKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQ

SGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEE

IPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAG

AKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYG

VTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLG

AVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTV

DEALKDAQTNSSS 

SpyCatcher003-mi3 (SC3-mi3) 

MGSSVTTLSGLSGEQGPSGDMTTEEDSATHIKFSKRDEDGRELAGATMELRDSSGKTI

STWISDGHVKDFYLYPGKYTFVETAAPDGYEVATPIEFTVNEDGQVTVDGEATEGDA

HTGGSGGSGGSGGSMKMEELFKKHKIVAVLRANSVEEAKKKALAVFLGGVHLIEITF

TVPDADTVIKELSFLKEMGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEISQFAKE

KGVFYMPGVMTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGG

VNLDNVCEWFKAGVLAVGVGSALVKGTPVEVAEKAKAFVEKIRGCTEGSGEPEA 

  



265 

 

SpyCatcher002-MBP  

MGSSHHHHHHDYDIPTTENLYFQGAMVTTLSGLSGEQGPSGDMTTEEDSATHIKFSK

RDEDGRELAGATMELRDSSGKTISTWISDGHVKDFYLYPGKYTFVETAAPDGYEVAT

AITFTVNEQGQVTVNGEATKGDAHTGSSGSGKIEEGKLVIWINGDKGYNGLAEVGK

KFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDK

AFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKA

KGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVD

LIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQ

PSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEEL

AKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNS

SS 

SpyTag-RBD[SARS2 Wuhan] 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKK 

SpyTag-RBD[SARS2 Wuhan]-ABD035 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKKGGSGTGLAEAKVLANRELDKYGVSDFYKRLINKAKTVEGVE

ALKLHILAALP 

SpyTag-RBD[SARS2 Wuhan] K378N 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFNCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKK 

SpyTag-RBD[SARS2 Wuhan] K378Q 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFQCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKK 
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SpyTag-Quartet 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVAPSKEVVRF

PNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLN

DLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSS

TSGNYNYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAG

VGHQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQGSGGSGGSGRVSPTHEVVRFPNI

TNRCPFDKVFNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDL

CFTSVYADTFLIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYY

YRSSRKTKLKPFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVC

GPKLSTALVKNQCVNFGSGGTGGSGRVQPTDSIVRFPNITNLCPFGEVFNATTFASVY

AWNRKRISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQ

IAPGQTGKIADYNYKLPDDFTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFER

DISTEIYQAGSKPCNGQTGLNCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATV

CGPKKSTNLVKNKCVNFGTGGSGGSGNITNLCPFGEVFNATRFASVYAWNRKRISNC

VADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIA

DYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAG

STPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKT 

Quartet-SpyTag 

MNTQILVFALIAIIPTNADKIGSGKLGYIEFYKVEKGSGESGSGRVAPSKEVVRFPNITN

LCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLNDLCFS

NVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSSTSGNY

NYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAGVGHQP

YRVVVLSFELLNAPATVCGPKLSTDLIKNQGSGGSGGSGRVSPTHEVVRFPNITNRCPF

DKVFNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDLCFTSVY

ADTFLIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYYYRSSRK

TKLKPFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVCGPKLST

ALVKNQCVNFGSGGTGGSGRVQPTDSIVRFPNITNLCPFGEVFNATTFASVYAWNRKR

ISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQIAPGQT

GKIADYNYKLPDDFTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFERDISTEIY

QAGSKPCNGQTGLNCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATVCGPKK

STNLVKNKCVNFGTGGSGGSGNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYS

VLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK

LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG

VEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKTGGGGGDIPA

TYEFTDGKHYITNEPLPPKGGGGGGAHIVMVDAYKPTK 
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Alternate Quartet  

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVQPTISIVRFP

NITNLCPFGEVFNASKFASVYAWNRKRISNCVADYSVLYNSTSFSTFKCYGVSPTKLN

DLCFTNVYADSFVVKGDEVRQIAPGQTGVIADYNYKLPDDFTGCVIAWNSVKQDAL

TGGNYGYLYRLFRKSKLKPFERDISTEIYQAGSTPCNGQVGLNCYYPLERYGFHPTTG

VNYQPFRVVVLSFELLNGPATVCGPKLSTTLVKDKCVNFGSGGSGGTGRILPSTEVVR

FPNITNFCPFDKVFNATRFPNVYAWQRTKISDCIADYTVLYNSTSFSTFKCYGVSPSKLI

DLCFTSVYADTFLIRFSEVRQIAPGETGVIADYNYKLPDDFTGCVLAWNTAQQDIGSY

FYRSHRAVKLKPFERDLSSDENGVRTLSTYDFNPNVPLDYQATRVVVLSFELLNAPAT

VCGPKLSTQLVKNRCVNFGSGGSGGSGRVSPVTEVVRFPNITNLCPFDKVFNATRFPS

VYAWERTKISDCVADYTVFYNSTSFSTFNCYGVSPSKLIDLCFTSVYADTFLIRFSEVR

QVAPGQTGVIADYNYKLPDDFTGCVIAWNTAKQDVGSYFYRSHRSSKLKPFERDLSS

EENGVRTLSTYDFNQNVPLEYQATRVVVLSFELLNAPATVCGPKLSTSLVKNQCVNF

GSGGSGGTGRVAPSKEVVRFPNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSV

LYNSTSFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYK

LPDDFTGCVLAWNTRNIDATQTGNYNYKYRSLRHGKLRPFERDISNVPFSPDGKPCT

PPAFNCYWPLNDYGFYITNGIGYQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQCVN

F 

Quartet[SARS1] 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVAPSKEVVRF

PNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLN

DLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSS

TSGNYNYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAG

VGHQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQGSGGSGGSGRVSPTHEVVRFPNI

TNRCPFDKVFNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDL

CFTSVYADTFLIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYY

YRSSRKTKLKPFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVC

GPKLSTALVKNQCVNFGSGGTGGSGRVQPTDSIVRFPNITNLCPFGEVFNATTFASVY

AWNRKRISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQ

IAPGQTGKIADYNYKLPDDFTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFER

DISTEIYQAGSKPCNGQTGLNCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATV

CGPKKSTNLVKNKCVNFGTGGSGGSGRVVPSGDVVRFPNITNLCPFGEVFNATKFPS

VYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDD

VRQIAPGQTGVIADYNYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLR

PFERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAP

ATVCGPKLSTDLIKNQCVNF 
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Kraken Quartet 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVAPSKEVVRF

PNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLN

DLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSS

TSGNYNYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAG

VGHQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQGSGGSGGSGRVSPTHEVVRFPNI

TNRCPFDKVFNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDL

CFTSVYADTFLIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYY

YRSSRKTKLKPFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVC

GPKLSTALVKNQCVNFGSGGTGGSGRVQPTDSIVRFPNITNLCPFGEVFNATTFASVY

AWNRKRISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQ

IAPGQTGKIADYNYKLPDDFTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFER

DISTEIYQAGSKPCNGQTGLNCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATV

CGPKKSTNLVKNKCVNFGTGGSGGSGRVQPTESIVRFPNITNLCPFHEVFNATTFASV

YAWNRKRISNCVADYSVIYNFAPFFAFKCYGVSPTKLNDLCFTNVYADSFVIRGNEVS

QIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSKPSGNYNYLYRLFRKSKLKPFE

RDISTEIYQAGNKPCNGVAGPNCYSPLQSYGFRPTYGVGHQPYRVVVLSFELLHAPAT

VCGPKK 

No Linker Quartet 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVAPSKEVVRF

PNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLN

DLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSS

TSGNYNYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAG

VGHQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQRVSPTHEVVRFPNITNRCPFDKV

FNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDLCFTSVYADTF

LIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYYYRSSRKTKLK

PFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVCGPKLSTALVK

NQCVNFRVQPTDSIVRFPNITNLCPFGEVFNATTFASVYAWNRKRISNCVADYSVLYN

STSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQIAPGQTGKIADYNYKLPDD

FTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFERDISTEIYQAGSKPCNGQTGL

NCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATVCGPKKSTNLVKNKCVNFNI

TNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDL

CFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGG

NYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGY

QPYRVVVLSFELLHAPATVCGPKKT 
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2017 Quartet 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGRVAPSKEVVRF

PNITNLCPFGEVFNATTFPSVYAWERKRISNCVADYSVLYNSTSFSTFKCYGVSATKLN

DLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFLGCVLAWNTNSKDSS

TSGNYNYLYRWVRRSKLNPYERDLSNDIYSPGGQSCSAVGPNCYNPLRPYGFFTTAG

VGHQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQGSGGSGGSGRVSPTHEVVRFPNI

TNRCPFDKVFNASRFPNVYAWERTKISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDL

CFTSVYADTFLIRSSEVRQVAPGETGVIADYNYKLPDDFTGCVIAWNTAKQDQGQYY

YRSSRKTKLKPFERDLTSDENGVRTLSTYDFYPNVPIEYQATRVVVLSFELLNAPATVC

GPKLSTALVKNQCVNFGSGGTGGSGRVVPSGDVVRFPNITNLCPFGEVFNATKFPSVY

AWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVR

QIAPGQTGVIADYNYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPF

ERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPAT

VCGPKLSTDLIKNQCVNFGTGGSGGSGRVTPTTEVVRFPNITQLCPFNEVFNITSFPSV

YAWERMRITNCVADYSVLYNSSASFSTFQCYGVSPTKLNDLCFSSVYADYFVVKGDD

VRQIAPAQTGVIADYNYKLPDDFTGCVIAWNTNSLDSSNEFFYRRFRHGKIKPYGRD

LSNVLFNPSGGTCSAEGLNCYKPLASYGFTQSSGIGFQPYRVVVLSFELLNAPATVCG

PKQSTELVKNKCVNF 

SpyTag-RBD_Beta 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF

RKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGFQPTYGVGYQPYRVVVLS

FELLHAPATVCGPKK 

SpyTag-RBD_Delta 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADS

FVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYRYRLF

RKSNLKPFERDISTEIYQAGSKPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKK 

SpyTag-RRBD_XBB.1.5 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFHEV

FNATTFASVYAWNRKRISNCVADYSVIYNFAPFFAFKCYGVSPTKLNDLCFTNVYADS

FVIRGNEVSQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSKPSGNYNYLYRLF

RKSKLKPFERDISTEIYQAGNKPCNGVAGPNCYSPLQSYGFRPTYGVGHQPYRVVVL

SFELLHAPATVCGPKK 
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SpyTag-RBD_BQ.1.1 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNITNLCPFDEV

FNATTFASVYAWNRKRISNCVADYSVLYNFAPFFAFKCYGVSPTKLNDLCFTNVYADS

FVIRGNEVSQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSTVGGNYNYRYRLF

RKSKLKPFERDISTEIYQAGNKPCNGVAGVNCYFPLQSYGFRPTYGVGHQPYRVVVL

SFELLHAPATVCGPKK 

SARS2-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVAQRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNR

KRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPG

QTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDIST

EIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGP

KKSTNLVKNKGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVD

AYKRYK 

SARS1-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVVPSGDVVRFPNITNLCPFGEVFNATKFPSVYAWERK

KISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPG

QTGVIADYNYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDIS

NVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATVCGPK

LSTDLIKNQCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVM

VDAYKRYK 

RaTG13-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVQPTDSIVRFPNITNLCPFGEVFNATTFASVYAWNRK

RISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVITGDEVRQIAPGQT

GKIADYNYKLPDDFTGCVIAWNSKHIDAKEGGNFNYLYRLFRKANLKPFERDISTEIY

QAGSKPCNGQTGLNCYYPLYRYGFYPTDGVGHQPYRVVVLSFELLNAPATVCGPKK

STNLVKNKCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMV

DAYKRYK 

SHC014-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVAPSKEVVRFPNITNLCPFGEVFNATTFPSVYAWERK

RISNCVADYSVLYNSTSFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQ

TGVIADYNYKLPDDFLGCVLAWNTNSKDSSTSGNYNYLYRWVRRSKLNPYERDLSN

DIYSPGGQSCSAVGPNCYNPLRPYGFFTTAGVGHQPYRVVVLSFELLNAPATVCGPKL

STDLIKNQGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYK

RYK 
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Rs4081-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVSPTHEVVRFPNITNRCPFDKVFNASRFPNVYAWERT

KISDCVADYTVLYNSTSFSTFKCYGVSPSKLIDLCFTSVYADTFLIRSSEVRQVAPGETG

VIADYNYKLPDDFTGCVIAWNTAKQDQGQYYYRSSRKTKLKPFERDLTSDENGVRT

LSTYDFYPNVPIEYQATRVVVLSFELLNAPATVCGPKLSTALVKNQCVNFGGGGSGGG

GSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYKRYK 

pang17-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVQPTISIVRFPNITNLCPFGEVFNASKFASVYAWNRKR

ISNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLCFTNVYADSFVVKGDEVRQIAPGQT

GVIADYNYKLPDDFTGCVIAWNSVKQDALTGGNYGYLYRLFRKSKLKPFERDISTEI

YQAGSTPCNGQVGLNCYYPLERYGFHPTTGVNYQPFRVVVLSFELLNGPATVCGPKL

STTLVKDKCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMV

DAYKRYK 

RmYN02-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARILPSTEVVRFPNITNFCPFDKVFNATRFPNVYAWQRT

KISDCIADYTVLYNSTSFSTFKCYGVSPSKLIDLCFTSVYADTFLIRFSEVRQIAPGETG

VIADYNYKLPDDFTGCVLAWNTAQQDIGSYFYRSHRAVKLKPFERDLSSDENGVRTL

STYDFNPNVPLDYQATRVVVLSFELLNAPATVCGPKLSTQLVKNRCVNFGGGGSGGG

GSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYKRYK 

Rf1-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVSPVTEVVRFPNITNLCPFDKVFNATRFPSVYAWERT

KISDCVADYTVFYNSTSFSTFNCYGVSPSKLIDLCFTSVYADTFLIRFSEVRQVAPGQT

GVIADYNYKLPDDFTGCVIAWNTAKQDVGSYFYRSHRSSKLKPFERDLSSEENGVRT

LSTYDFNQNVPLEYQATRVVVLSFELLNAPATVCGPKLSTSLVKNQCVNFGGGGSGG

GGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYKRYK 

WIV1-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVAPSKEVVRFPNITNLCPFGEVFNATTFPSVYAWERK

RISNCVADYSVLYNSTSFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQ

TGVIADYNYKLPDDFTGCVLAWNTRNIDATQTGNYNYKYRSLRHGKLRPFERDISNV

PFSPDGKPCTPPAFNCYWPLNDYGFYITNGIGYQPYRVVVLSFELLNAPATVCGPKLS

TDLIKNQCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVD

AYKRYK 

Yun11-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVSPSTEVIRFPNITNRCPFDRVFNASRFPSVYAWERTKI

SDCVADYTVLYNSTSFSTFKCYGVSPSKLIDLCFTSVYADTFLIRFSEVRQIAPGETGVI

ADYNYKLPDEFTGCVIAWNTANQDRGQYYYRSSRKTKLKPFERDLSSDENGVRTLS

TYDFYPSVPLEYQATRVVVLSFELLNAPATVCGPKLSTSLIKNQCVNFGGGGSGGGGS

HHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYKRYK 
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BM4831-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVTPTTEVVRFPNITQLCPFNEVFNITSFPSVYAWERMR

ITNCVADYSVLYNSSASFSTFQCYGVSPTKLNDLCFSSVYADYFVVKGDDVRQIAPAQ

TGVIADYNYKLPDDFTGCVIAWNTNSLDSSNEFFYRRFRHGKIKPYGRDLSNVLFNPS

GGTCSAEGLNCYKPLASYGFTQSSGIGFQPYRVVVLSFELLNAPATVCGPKQSTELVK

NKCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMVDAYKR

YK 

BtKY72-His8-SpyTag003 

MPALLSLVSLLSVLLMGCVARVSPSTEVVRFPNITNLCPFGQVFNASNFPSVYAWERL

RISDCVADYAVLYNSSSSFSTFKCYGVSPTKLNDLCFSSVYADYFVVKGDDVRQIAPA

QTGVIADYNYKLPDDFTGCVLAWNTNSVDSKSGNNFYYRLFRHGKIKPYERDISNVL

YNSAGGTCSSISQLGCYEPLKSYGFTPTVGVGYQPYRVVVLSFELLNAPATVCGPKKS

TELVKNKCVNFGGGGSGGGGSHHHHHHHHGGGGSGGGSGGGSGSGRGVPHIVMV

DAYKRYK 

 

SpyTag-RBD_HKU25 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGSGKECDFSPM

LTGTPPQVYNFRRLVFTDCNYNLTKLLSLFQVSEFSCHQVSPDALASGCYSSLTVDYF

AYPTSLASYLQQGSTGEITQYNYKQDFSNPTCRILATAPANITLTKPSNYNWLTQCYK

GSAFGNQPHYVQTGQYTPCLGLAVQGFSAAYQSHRDPITKLVATGNIAAMTDNLQM

AFIISVQYGTDTNSVCPMQ 

SpyTag-RBD_ITA1/2 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGQGVECDFSKL

FKAAPPQIYNFSRLVFTNCNYNLTKLLSLFHVSEFSCHQVSPSALASGCYSSLTVDYFA

YPLYLASYLQQGSTGEIAQYNYKQDFSNPTCRILASVPANVSIPKPDKYIWLSQCYSFS

AYSGDVPHYVLPGQYTPCLYLTSSGFDNSYQTNRDFQNKMAATGVISSMTDNLQMA

FVISVQYGTDTNSVCPMQ 

SpyTag-RBD_HKU5 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGTTQECDFTPM

LTGTPPPIYNFKRLVFTNCNYNLTKLLSLFQVSEFSCHQVSPSSLATGCYSSLTVDYFAY

STDMSSYLQPGSAGEIVQFNYKQDFSNPTCRVLATVPQNLTTITKPSNYAYLTECYKTS

AYGKNYLYNAPGGYTPCLSLASRGFSTKYQSHSDGELTTTGYIYPVTGNLQMAFIISV

QYGTDTNSVCPMQ 
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SpyTag-RBD_MERS 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGEGVECDFSPLL

SGTPPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYP

LSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSD

DRTEVPQLVNANQYSPCVSIVPSTVWEDGDYYRKQLSPLEGGGWLVASGSTVAMTE

QLQMGFGITVQYGTDTNSVCPKL 

SpyTag-RBD_HKU4 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGNATECDFSPM

LTGVAPQVYNFKRLVFSNCNYNLTKLLSLFAVDEFSCNGISPDAIARGCYSTLTVDYFA

YPLSMKSYIRPGSAGNIPLYNYKQSFANPTCRVMASVPANVTITKPQAYGYISKCSRLT

GANQDVETPLYINPGEYSICRDFSPGGFSEDGQVFKRTLTQFEGGGLLIGVGTKVPMT

DNLQMSFIISVQYGTGTDSVCPML 

SpyTag-RBD_PDF-2180 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGVYPDCNFTDL

FRENAPTIMQYKRQVFTRCNYNLTLLLSLVQVDEFVCDKITPEALATGCYSSLTVDWF

AFPYAWKSYLAIGSADRIVRFNYNQDYSNPSCRIHSKVNSSVGISYSGLYSYITNCNY

GGFNKDDVVKPGGRASQPCVTGALNSPTNGQVWSFNFGGVPYRTSRLTYTDHLKNP

LDMVYVITVKYEPGAETVCPKQ 

SpyTag-RBD_HKU31 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGDLEECALDVL

FKNNAPPIANYSRRVFTNCNYNLTKLLSLVEVDEFVCDKTTPESLATGCYSSLVVDWF

ALPLSMKSTLAIGSAEAISMFNYNQDYSNPTCRIHATINSNVSSSLNFTATGNYAYISRC

QGTDGKPILLQKGQLPNIACRSGVLGLPNDVDYFGYSFNGHIFYIGRKSYTPKTSEGN

IQMVYVITANYAEGPNNVCPLK 

SpyTag-RBD_EriCoV 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGELTECDLDVLF

KNDAPIIANYSRRVFTNCNYNLTKLLSLVQVDEFVCHKTTPEALATGCYSSLTVDWFA

LPFSMKSTLAIGSAEAISMFNYNQDYSNPTCRIHAAVTANVSTALNFTANANYAYISRC

QGVDGKPILLQPGQMTNIACRSGVLARPSDADYFGYSFQGRNYYLGRKSYKPKTDE

GDVQMVYVITPKYDKGPDTVCPLK 
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Br1 Quartet  

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGEGVECDFSPLL

SGTPPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYP

LSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSD

DRTEVPQLVNANQYSPCVSIVPSTVWEDGDYYRKQLSPLEGGGWLVASGSTVAMTE

QLQMGFGITVQYGTDTNSVCPKLGSGGSGGSGQGVECDFSKLFKAAPPQIYNFSRLV

FTNCNYNLTKLLSLFHVSEFSCHQVSPSALASGCYSSLTVDYFAYPLYLASYLQQGST

GEIAQYNYKQDFSNPTCRILASVPANVSIPKPDKYIWLSQCYSFSAYSGDVPHYVLPG

QYTPCLYLTSSGFDNSYQTNRDFQNKMAATGVISSMTDNLQMAFVISVQYGTDTNSV

CPMQGSGGTGGSGVYPDCNFTDLFRENAPTIMQYKRQVFTRCNYNLTLLLSLVQVD

EFVCDKITPEALATGCYSSLTVDWFAFPYAWKSYLAIGSADRIVRFNYNQDYSNPSCR

IHSKVNSSVGISYSGLYSYITNCNYGGFNKDDVVKPGGRASQPCVTGALNSPTNGQV

WSFNFGGVPYRTSRLTYTDHLKNPLDMVYVITVKYEPGAETVCPKQGTGGSGGSGE

LTECDLDVLFKNDAPIIANYSRRVFTNCNYNLTKLLSLVQVDEFVCHKTTPEALATGC

YSSLTVDWFALPFSMKSTLAIGSAEAISMFNYNQDYSNPTCRIHAAVTANVSTALNFT

ANANYAYISRCQGVDGKPILLQPGQMTNIACRSGVLARPSDADYFGYSFQGRNYYLG

RKSYKPKTDEGDVQMVYVITPKYDKGPDTVCPLK 

Nr1 Quartet 

MNTQILVFALIAIIPTNADKIGSGAHIVMVDAYKPTKGSGGSGGSGTGEGVECDFSPLL

SGTPPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYP

LSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSD

DRTEVPQLVNANQYSPCVSIVPSTVWEDGDYYRKQLSPLEGGGWLVASGSTVAMTE

QLQMGFGITVQYGTDTNSVCPKLGSGGSGGSGQGVECDFSKLFKAAPPQIYNFSRLV

FTNCNYNLTKLLSLFHVSEFSCHQVSPSALASGCYSSLTVDYFAYPLYLASYLQQGST

GEIAQYNYKQDFSNPTCRILASVPANVSIPKPDKYIWLSQCYSFSAYSGDVPHYVLPG

QYTPCLYLTSSGFDNSYQTNRDFQNKMAATGVISSMTDNLQMAFVISVQYGTDTNSV

CPMQGSGGTGGSGNATECDFSPMLTGVAPQVYNFKRLVFSNCNYNLTKLLSLFAVDE

FSCNGISPDAIARGCYSTLTVDYFAYPLSMKSYIRPGSAGNIPLYNYKQSFANPTCRVM

ASVPANVTITKPQAYGYISKCSRLTGANQDVETPLYINPGEYSICRDFSPGGFSEDGQV

FKRTLTQFEGGGLLIGVGTKVPMTDNLQMSFIISVQYGTGTDSVCPMLGTGGSGGSG

TTQECDFTPMLTGTPPPIYNFKRLVFTNCNYNLTKLLSLFQVSEFSCHQVSPSSLATGC

YSSLTVDYFAYSTDMSSYLQPGSAGEIVQFNYKQDFSNPTCRVLATVPQNLTTITKPSN

YAYLTECYKTSAYGKNYLYNAPGGYTPCLSLASRGFSTKYQSHSDGELTTTGYIYPVT

GNLQMAFIISVQYGTDTNSVCPMQ 
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SARS2 Wuhan HexaPro Spike 

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFF

SNVTWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSL

LIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQP

FLMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGI

NITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVD

CALDPLSETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASV

YAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEV

RQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPF

ERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPA

TVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDP

QTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYST

GSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPGSASSVASQSIIAYTM

SLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSVDCTMYICGDSTECSNLLLQYG

SFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRS

PIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYT

SALLAGTITSGWTFGAGPALQIPFPMQMAYRFNGIGVTQNVLYENQKLIANQFNSAIG

KIQDSLSSTPSALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDPPEAE

VQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGY

HLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHWFV

TQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSP

DVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQGSGYIPEAPRDG

QAYVRKDGEWVLLSTFLGRSLEVLFQGPGHHHHHHHHSAWSHPQFEKGGGSGGGG

SGGSAWSHPQFEK 
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Appendix 2 – Sequence alignment of Sarbecovirus RBDs 

 

 

 


