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Abstract 

SARS-CoV-2 is the causative agent of the acute respiratory syndrome known as coronavirus 

disease 2019 (COVID-19). The SARS-CoV-2 spike protein plays an essential role in virus 

attachment, fusion and entry and is the main target of neutralizing antibodies. Continued 

evolution of the spike has led to the emergence of variants of concern or interest (VOC/VOIs) 

which pose a greater risk to the population due to augmented transmission risk, increased 

disease severity, antigenic escape and/or decreased effectiveness of vaccines. The Mu variant 

was first identified in Columbia in January 2021, however the immune escape potential of the 

variant remains poorly characterised. It is typified by T95I, Y144S and Y145N mutations in 

the N-terminal domain; R346K, E484K, and N501Y mutations in the receptor-binding domain 

and D614G, P681H, and D950N mutations in the S2 region. This study aimed to assess 

targeting of the Mu variant by neutralizing and non-neutralizing antibodies elicited by four 

variants during four COVID-19 waves in South Africa namely D614G, Beta, Delta and 

Omicron (BA.1). This was achieved by measuring antibody binding, neutralization and 

antibody dependent cellular cytotoxicity (ADCC) activity against Mu, and comparing these 

responses across each of the four variants tested. All variants elicited cross-reactive binding 

antibodies to Mu although the magnitude of binding to Mu was reduced. This cross-reactivity 

was a result of multiple binding antibody epitopes on the spike protein. We observed variable 

neutralization escape of Mu from antibodies triggered by infection with WT D614G and Delta. 

Antibodies induced by the Beta variant exhibited increased breadth towards the Mu variant 

when compared to those elicited by other variants. Neutralization escape of Mu from antibodies 

elicited by WT D614G and Delta may be caused by the 95I, 484K and 346K mutations in Mu, 

which are known to confer resistance in other variants. Compared to neutralization, ADCC was 

mostly preserved against Mu. However, the infecting variant impacted the potency of ADCC 

responses. WT D614G triggered significantly higher ADCC activity against Mu compared to 

Beta, Delta and Omicron. These data suggest that different variants trigger qualitatively 

different neutralizing and Fc effector responses, providing a rationale to study humoral 

resistance following infection by different variants. As Mu shares mutations with other VOCs, 

this study may aid in predicting the impact of mutations that may be common to emerging 

VOCs.  
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NTD   N-terminal domain 

Opti-MEM  Optimal minimal essential media 

PBS   Phosphate Buffered Saline 

PCR   Polymerase chain reaction 

PEI-MAX  Polyethylenimine hydrochloride max 

RBD   Receptor binding domain 

RLU   Relative light units 

RPM   Revolutions per minute 

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEC   Size exclusion chromatography 

TM   Transmembrane domain 

TMB   3,3'5,5'-Tetramethylbenzidine 

VOC   Variant of Concern 

VOI   Variant of Interest 

WT   Wild type 

 

 



 
 
 
 
 
 

12 
 

1.  Introduction 

1.1 The SARS-CoV-2 pandemic 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the causative agent of 

coronavirus disease 2019 (COVID-19) (Gorbalenya, Baker, Baric, Groot, et al., 2020). It 

caused a global pandemic since it was initially detected in Wuhan, China late in 2019. SARS-

CoV-2 is of zoonotic origin and shares genomic similarity with other zoonotic coronaviruses 

including SARS-CoV-1 and Middle East Respiratory Syndrome Coronavirus (Ye et al., 2020).  

There were over 675 million reported COVID-19 cases and 6.87 million COVID-19 related 

deaths globally. South Africa, accounted for over 4 million cases and 102 595 deaths (WHO, 

2023). South Africa’s first wave was driven by WT D614G, the second wave by Beta, third 

wave by Delta, fourth wave by BA.1 while the fifth wave was driven by BA.4 (Figure 1.1). 

 

Figure 1. 1 Waves of SARS-CoV-2 infections in South Africa. The graph shows the number of new 

cases per day in South Africa from the 5th of March 2020 to April 2022 (WHO, 2023) 

The rapid spread of the virus highlighted the urgent need to find preventative and curative 

strategies which include vaccines and therapeutic interventions such as monoclonal antibodies 

(mAbs) and convalescent plasma. Early in the pandemic, convalescent plasma was considered 

as a favourable COVID-19 therapy and received authorization for emergency use by the U.S. 

Food and Drug Administration however studies show it was not effective (Zhao and He, 2020; 

Brobst and Borger, 2022; Elsaghir and Adnan, 2022). Several mAbs were also tested for their 

capacity to avert or cure SARS–CoV-2 infection in animal models with differing results 

(Hansen et al., 2020; Rogers et al., 2020). Ultimately the goal is to search for an effective 

https://www.zotero.org/google-docs/?SAxemM
https://www.zotero.org/google-docs/?SAxemM
https://www.zotero.org/google-docs/?SAxemM
https://www.zotero.org/google-docs/?dR8a17
https://www.zotero.org/google-docs/?dR8a17
https://www.zotero.org/google-docs/?dR8a17
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?K6Z58V
https://www.zotero.org/google-docs/?3Jh0CV
https://www.zotero.org/google-docs/?3Jh0CV
https://www.zotero.org/google-docs/?3Jh0CV
https://www.zotero.org/google-docs/?3Jh0CV
https://www.zotero.org/google-docs/?0QkTpR
https://www.zotero.org/google-docs/?0QkTpR
https://www.zotero.org/google-docs/?rbQNsP
https://www.zotero.org/google-docs/?rbQNsP
https://www.zotero.org/google-docs/?rbQNsP
https://www.zotero.org/google-docs/?rbQNsP
https://www.zotero.org/google-docs/?rbQNsP
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prophylactic that can prevent infection or generate protective immunity that is durable and 

SARS–CoV-2 vaccines are likely to be the best solution. 

COVID-19 vaccines have shown up to 85% efficacy (Polack et al., 2020) in preventing 

infection and up to 96% efficacy in preventing severe disease or admission to hospital in 

settings with the WT D614G variant (Baden et al., 2020; Alter et al., 2021). However, the 

emergence of variants of interest or concern which reduced vaccine efficacy against 

symptomatic infection highlighted the importance of viral genomic surveillance, studying 

immune escape from convalescent sera and analysis of breakthrough infection in vaccinated 

individuals. 

1.2 SARS-CoV-2 Structure 

SARS-CoV-2 is an enveloped, positive sense single stranded RNA virus, from the genus 

Betacoronaviruses within the coronaviridae family (Gorbalenya et al., 2020). The genetic 

makeup of SARS-CoV-2 consists of roughly 29 903 nucleotides encoding 9860 amino acids 

(Rastogi et al., 2020) (Figure 1.2). The viral genome bound to nucleocapsid consists of 5′ and 

3′ untranslated regions (UTRs) are critical for gene expression and modulation. The viral 

membrane is covered with the structural spike glycoprotein, envelope (E), and membrane (M) 

proteins (Cevik et al., 2020) (Figure 1.2 &1.3B). The M protein is enclosed in the membrane 

and shapes the virion envelope and the E protein is crucial for coronavirus infectivity 

(Srinivasan et al., 2020). 

  
Figure 1. 2 Diagram of the SARS-CoV-2 genome.  The genomic organization of the SARS-CoV-2 

shows sequential arrangement of various non-structural, structural and accessory genes. The 5′- cap 

leader and a 3′- polyacetylated tail are bordered by 5′ and 3′ untranslated region (UTRs). The genome 

https://www.zotero.org/google-docs/?0HFbHj
https://www.zotero.org/google-docs/?0HFbHj
https://www.zotero.org/google-docs/?0HFbHj
https://www.zotero.org/google-docs/?4xXf7y
https://www.zotero.org/google-docs/?4xXf7y
https://www.zotero.org/google-docs/?4xXf7y
https://www.zotero.org/google-docs/?braDOI
https://www.zotero.org/google-docs/?braDOI
https://www.zotero.org/google-docs/?braDOI
https://www.zotero.org/google-docs/?E7Andb
https://www.zotero.org/google-docs/?E7Andb
https://www.zotero.org/google-docs/?E7Andb
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is composed of eight Open reading frames (ORFs) that translate into multiple proteins. Structural 

proteins, include the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins near the 

3’end (Gupta et al., 2021) 

Open reading frames, ORF1a and1b are responsible for producing 2 polypeptides, pp1a and 

1ab. Proteolytic division of pp1a and 1b forms non-structural proteins (Nsps) (Rando et al., 

2021). Nsp12 is known as RNA-dependent RNA polymerase and Nsp13 (helicase) generates 

double membrane vesicles for viral genome replication, transcription, and RNA transport 

(Gupta et al., 2021).  

1.3 SARS-CoV-2 spike glycoprotein 

The SARS-CoV-2 Spike glycoprotein is a trimeric class 1 fusion protein. It is responsible for 

initiating viral entry through the host cellular receptor angiotensin-converting enzyme 2 (ACE-

2) (Yan et al., 2020) (Figure 1.3). The spike glycoprotein consists of trimers and contains two 

operative subunits, one responsible for attachment to the host cell receptor (S1 subunit) and the 

other for integrating the viral and cellular membranes (S2 subunit) (Walls et al., 2020) (Figure 

1.4B). The S1 subunit includes a N-terminal domain (NTD) (14–305 residues) and receptor 

binding domain (RBD) (319–541 residues). The S2 subunit is made up of the fusion peptide 

(FP) (788–806 residues), heptapeptide repeat sequence 1 (HR1), HR2 and the TM (Figure 

1.4A) (Xia et al., 2020). 

 
 

Figure 1. 3 Structure of SARS-CoV-2 spike. (A) Schematic of SARS-CoV-2 spike primary structure 

colored by domain. NTD, N-terminal domain; RBD, receptor-binding domain;The S2 is made up of the 

fusion peptide (FP),, heptad repeat 1 and 2 (HR1 & 2); 2transmembrane domain (TM),and, cytoplasmic 

tail (CT). (B) SARS-COV-2 virion with a zoomed in spike protein. The SARS-CoV-2 structure was 

https://www.zotero.org/google-docs/?eBuN0V
https://www.zotero.org/google-docs/?eBuN0V
https://www.zotero.org/google-docs/?eBuN0V
https://www.zotero.org/google-docs/?eBuN0V
https://www.zotero.org/google-docs/?Z6vCY4
https://www.zotero.org/google-docs/?Z6vCY4
https://www.zotero.org/google-docs/?Z6vCY4
https://www.sciencedirect.com/topics/medicine-and-dentistry/glycoprotein
https://www.sciencedirect.com/topics/medicine-and-dentistry/fusion-protein
https://www.zotero.org/google-docs/?ZnUzgl
https://www.zotero.org/google-docs/?ZnUzgl
https://www.zotero.org/google-docs/?ZnUzgl
https://www.zotero.org/google-docs/?kNwjNU
https://www.zotero.org/google-docs/?kNwjNU
https://www.zotero.org/google-docs/?kNwjNU
https://www.zotero.org/google-docs/?pLx774
https://www.zotero.org/google-docs/?pLx774
https://www.zotero.org/google-docs/?pLx774
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obtained from the protein databank (PDB ID:7WZ2) and the figure was created using BioRender and 

Pymol (version 2.3.4). 

1.4 Antibody responses to SARS-CoV-2 spike  

Antibodies are proteins generated by the adaptive immune system in response to infection 

(Alberts et al., 2002). Antibodies form a Y-shaped structure made up of two   matching light 

chains (LCs) and two matching heavy chains (HCs) (Chiu et al., 2019) (Figure 1.4). The 

antigen-binding fragment (Fab) is responsible for antigen binding and neutralizing viruses 

while the crystallizable fragment (Fc) elicits Fc effector mediated functions against infected 

cells, such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular 

phagocytosis (ADCP), antibody-dependent complement deposition (ADCD) and antibody-

dependent cellular trogocytosis (ADCT) (van Erp et al., 2019; Richardson and Moore, 2021). 

Both light and heavy chains are further divided into regions referred to as variable (V) and 

constant (C) regions (Janda et al., 2016). The hinge region confers flexibility of the antibody 

and is flanked by the CH1 and CH2 domains.  Cysteine residues of the HC connect the HC 

polypeptides by disulphide bonds thus enhancing their antigen-binding potential (Estes et al., 

2021) (Figure 1.4). 

 

Figure 1. 4 Schematic representation of an antibody. Heavy chains are shown in blue and the light 

chains are shown in green folded into constant and variable domains. The hinge connects the Fab and 

Fc. CDR loops are shown on the expansion as ribbons. 

 

https://www.zotero.org/google-docs/?ch1Lud
https://www.zotero.org/google-docs/?ch1Lud
https://www.zotero.org/google-docs/?ch1Lud
https://www.zotero.org/google-docs/?m8d5hn
https://www.zotero.org/google-docs/?m8d5hn
https://www.zotero.org/google-docs/?m8d5hn
https://www.zotero.org/google-docs/?u3yfyA
https://www.zotero.org/google-docs/?u3yfyA
https://www.zotero.org/google-docs/?u3yfyA
https://www.zotero.org/google-docs/?9oOObz
https://www.zotero.org/google-docs/?9oOObz
https://www.zotero.org/google-docs/?9oOObz
https://www.zotero.org/google-docs/?pctRYX
https://www.zotero.org/google-docs/?pctRYX
https://www.zotero.org/google-docs/?pctRYX
https://www.zotero.org/google-docs/?pctRYX
https://www.zotero.org/google-docs/?pctRYX
https://www.zotero.org/google-docs/?pctRYX
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Most individuals develop antibodies followingSARS-CoV-2 infection and disease severity 

correlates with a more robust antibody response (Seow et al., 2020). Immunoglobulin M (IgM) 

levels peaks at two weeks while IgG levels peak at four weeks after onset of symptoms (Yu et 

al., 2020), antibody levels remain detectable for at least 16 months (Yang et al., 2022). 

Mathematical models using sera from humans and non-human primate studies suggest that 

neutralizing antibodies are a correlate of immune protection against SARS-CoV-2 (Corbett et 

al., 2020; Khoury et al., 2021; Lim and Cowling, 2022). Mechanisms used by neutralizing 

antibodies (nAbs) to protect against SARS-CoV-2 infection include hindering interaction 

between the viral RBD and host ACE- 2 receptor (Xiaojie et al., 2021) or inhibiting membrane 

fusion (Li et al., 2022; Luo et al., 2022). 

1.4.1 SARS-CoV-2 spike neutralizing antibody epitope targets 

RBD-specific mAbs have been isolated and classified into categories based on their approach 

to bind to specific RBD epitopes (Barnes et al., 2020; Jin, Wei and Sun, 2021) (Figure 1.5). 

Class I nAbs directly compete with the ACE-2 binding motif on RBD in the “up” conformation. 

Class II ACE-2 blocking nAbs bind both “up” and “down” RBD conformations and can contact 

adjacent RBD protomers. Class III neutralizing antibodies are classified as those that bind 

outside the ACE-2 site and recognize both the “up” and the “down” conformations of RBD. 

Class IV antibodies usually show weak neutralization and do not block ACE-2 (Barnes et al., 

2020). 
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Figure 1. 5 Classification of antibodies based on location of epitope on RBD of the spike 

glycoprotein. Examples of each class of antibody are shown bound to different regions of the receptor-

binding domain (gray).RBD Class I (light green) and Class II (orange) antibodies block the ACE-2 

binding site. RBD Class III (navy blue) and Class IV (red) antibodies bind to sites outside the ACE-2 

receptor binding site. Figure adapted from (Barnes et al., 2020). 

NTD-directed nAbs generally do not precisely block receptor binding (Zhou et al., 2019) but 

rather obstruct with receptor binding by limiting spike protein conformational changes required 

for pre- to post-fusion transition (Fan et al., 2020). The positively charged NTD supersite 

contains three loops referred to as N1 (residues 14–26), N3 (a β-hairpin formed by residues 

140-158) and N5 (a loop spanning residues 245-264) (McCallum, De Marco, et al., 2021) 

(Figure 1.6). SARS-CoV-2 NTD-directed nAbs are usually less potent than RBD-directed 

neutralizing antibodies. (Dai and Gao, 2021). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 6 Cryo-EM structure of SARS-CoV-2 NTD as a supersite for interaction. Structural 

representation of antigenic super- site of NTD (PBD id: 7L2C) in complex with a NTD binding antibody 
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shown in green. The NTD is surrounded by the N1, N3, and N5 loops shown in brown while glycans 

are shown as yellow spheres (Gupta et al., 2021). 

The conserved S2 subunit is also a target for antibodies that interfere with the structural re-

organisation and the incorporation of fusion peptides mandatory for merging virus with host 

membrane (Chi et al., 2020; Zhou et al., 2022). The probability of mutations occuring in the 

S2 is relatively low and its conserved nature makes it an ideal target for a pan-betacoronavirus 

vaccine to induce antibody responses effective against VOC/VOIs and as well as to future 

coronavirus zoonoses (Burton and Topol, 2021; Koff and Berkley, 2021; Morens, 

Taubenberger and Fauci, 2022). 

1.4.2 Antibody-dependent cellular cytotoxicity targeted against SARS-CoV-

2 spike  

The antiviral activity of antibodies is not limited to neutralization of viruses (Figure 1.7). 

Infected cells opsonised by antibodies can be abolished through several non-neutralizing 

mechanisms, including antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent 

cellular phagocytosis (ADCP) and antibody-dependent complement deposition (ADCD) 

(Dufloo et al., 2021) (Figure 1.7). ADCC is the cytotoxic reaction mediated by effector cells 

where target cells are perforated and destroyed (Pollara et al., 2011; Ackerman et al., 2013). 

During ADCC, antibodies cross-link SARS-CoV-2 antigens on the surface of infected cells 

and Fc receptors on effector cells which primarily consist of natural killer (NK) cells (Tauzin 

et al., 2021) (Figure 1.7). These Fc effector functions have been associated with reduced 

disease severity, mortality and associated with vaccine protection from infection in animal 

models (Zohar and Alter, 2020; Chan et al., 2021; Schäfer et al., 2021). Unlike neutralizing 

antibodies, which show reduced activity against VOCs, antibodies induced by both vaccination 

and infection that mediate ADCC are preserved against diverse variants (Kaplonek et al., 2022; 

Richardson et al., 2022).  
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Figure 1. 7 Fc-mediated effector function. Graphical representation of antibody-antigen complex 

activating FcyRIIIa on NK cells mediating ADCC. Monocytes interact with Fc gamma receptors to 

stimulate and antibody-dependent phagocytosis (ADP) and trogocytosis, (Lee et al., 2021). 

1.5 SARS-CoV-2 variants of concern and interest 

The continued evolution of SARS-CoV-2 since it was first discovered has led to the emergence 

of VOC/VOIs. The emergence of these variants has resulted in a greater risk to the population 

due to their high transmission risk, disease severity, immune pressure, treatment failure and/or 

reduced vaccine efficacy (Boehm et al., 2021). The D614G mutation that emerged early in the 

pandemic and quickly became the dominant strain globally is now present in most circulating 

variants and is linked to increased viral transmission rates (Tegally et al., 2021).  

Mu is a highly resistant VOI against antibodies and is defined by the following mutations 

within the spike protein: T95I, Y144S, Y145N, R346K, E484K, N501Y, D614G, P681H and 

D950N (Tada et al., 2021) (Figure 1.8). Most of these mutations occurred in the RBD and 

NTD which are the primary targets of neutralizing antibodies. Some mutations in Mu are 

commonly identified in other VOCs such as Beta, Gamma and Omicron and have shown 

reduction in sensitivity to antibodies induced by SARS-CoV-2 infection and vaccination (Uriu 

et al., 2021). Understanding how the spike protein evolves as it mutates and escapes antibody 

responses is crucial to vaccine design. Furthermore analyses of antibody responses towards 

neutralization resistant Mu variant may provide unique insights into the qualitatively different 

antibody binding and cross-neutralizing activity imprinted by different variant spikes. 
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Figure 1. 8 CryoEM structure of SARS-Cov-2 Mu variant. Spike protein with open confirmation. 

The NTD shown in red, RBD in blue, SD1 in teal, SD2 in cyan and S2 region shown in gray. B) A close 

up of the NTD with mu defining NTD mutations shown in yellow. C) A close up of the RBD with mu 

defining mutations shown in yellow D) Mu defining mutations from other regions of the spike. Pymol 

version 2.4.1 was used for analysis of protein structure (PDB ID:7WZ2) obtained from the protein 

biobank 

 

Mu shares the RBD N501Y mutation associated with increased transmissibility with four 

variants of concern: Gamma (P.1) first identified in Brazil (Wang et al., 2021), Alpha (B.1.1.7) 

first identified in United Kingdom (Khoury et al., 2021), Beta (B1.351) and Omicron 

(B.1.1.52) first identified in South Africa (Boehm et al., 2021; Viana et al., 2022). This 

mutation results in greater affinity to the human ACE2 receptor. The E484K mutation found in 

Beta, C.1.2, Gamma, Iota and Eta variants is associated with decreased neutralization, leading 

to reduced in vitro efficacy of some antibody therapies or vaccines (Greaney et al., 2021). The 

R346K mutation found in both Mu and Omicron abrogates binding of class II antibodies 

(Fratev, 2021). 

The furin cleavage site P681H mutation in Mu (also found in Alpha and Omicron) has been 

shown to enhance cleavage at the S1-S2 boundary, improve cell-cell fusion and increase virus 

replicative fitness (Liu et al., 2021). Mu also contains the T95I substitution outside the NTD 
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antigenic supersite which has not been shown to contribute substantially to immune evasion 

(McCallum et al., 2021). The D950N mutation in Mu was mapped to the trimer interface 

suggesting that this mutation may contribute to the regulation of spike protein dynamics, 

similarly to the D614G mutation (Plante et al., 2021). While the Mu lineage shares common 

mutations with other VOC/VOIs, it also has a number of unique mutations - Y144S and Y145N 

- that have unknown impact on immune escape or virus replicative fitness (Figure 1.8). 

1.6 SARS-CoV-2 vaccine efficacy against variants of concern 

 

Multiple COVID-19 vaccines have been tested in pre-clinical and clinical trial settings, some 

of which are highlighted in Table 1.1. When tested against the D614G strain, most vaccines 

induced robust humoral and cellular responses and lowered the risk of acquisition of severe 

COVID-19 (Baden et al., 2020; Polack et al., 2020; Alter et al., 2021). 

 

mRNA vaccines such as mRNA-1273 (Moderna) and BNT162b2 (Pfizer) demonstrated over 

90% efficacy against acquisition of SARS-CoV-2 in clinical settings with the D614G strain 

(Gómez, Perdiguero and Esteban, 2021), while viral vector vaccines such as Ad26.COV2.S 

(Johnson & Johnson) and AZD1222 (ChAdOx1; Oxford/Astra-Zeneca) showed efficacies of 

above 60% (Alter et al., 2021; Voysey et al., 2021). 

 

However, emergence of the Beta strain decreased vaccine efficacy for Ad26.COV2.S and 

AZD1222 with efficacies dropping to 52% and 22% respectively depending on the region or 

country in which they were tested (Madhi et al., 2021; Sadoff et al., 2022). Despite the reduced 

prevention efficacy, the vaccines were shown to retain effectiveness in prevention of severe 

disease. 

 

Heterologous vaccine prime-boost strategies have been studied. Atmar et al., 2022 

demonstrated that heterologous boosting with either BNT162b2, AZD1222 or Ad26.COV2.S 

induced robust immune response which resulted in substantial increases in binding antibodies 

and neutralizing antibodies. Borobia et al., 2021, demonstrated that BNT162b2 given as a 

second dose in individuals vaccinated with AZD1222 induced significantly higher immune 

responses in the heterologous vaccination arm than the control vaccination arm. The effect of 
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break-through infections in vaccinated individuals has been studied and shown to lead to an 

increase of specific antibodies in serum and saliva (Kitchin et al., 2022; Terreri et al., 2022). 

 

Table 1. 1 SARS-CoV-2 vaccines efficacy against SARS-CoV-2 VOCs 

 

There are limited studies examining vaccine effectiveness against Mu, however a trial by 

Bruxvoort et al using a two dose vaccine regime of mRNA-1273 reported vaccine effectiveness 

of 90.4% against infection with Mu variant (Bruxvoort et al., 2021). Studies conducted using 

vaccinee plasma from donors immunized with either BNT162b2, Ad26.COV2.S or mRNA-

1273 showed a reduction in neutralization, with fold decreases between 6.8 and 7.3 (Tada et 

al., 2022). 

 1.8 Aims and Objectives 

Study rationale 

Due to the accelerated evolution of SARS-CoV-2 mutations and the emergence of VOC/VOIs, 

there is an urgent and continued need to study the humoral response against SARS-CoV-2 

Alpha 37% (Sheikh et al. , 2021)

Beta 22% (Madhi et al. , 2021)

Delta 67% (Bernal et al. , 2021)

Alpha 70% (Sadoff et al. , 2022)

Beta 51.9% (Sadoff et al. , 2022)

Delta 51% (Barlow, Jian and Larson, 2021)

Alpha 89% (Nasreen et al. , 2021)

Beta 75% (Abu-Raddad, Chemaitelly and Butt, 2021)

Gamma 84% (Nasreen et al. , 2021)

Delta 89% (Tang et al. , 2021)

Omicron 70% (Collie et al. , 2021)

Alpha 92% (Nasreen et al. , 2021)

Beta 96% (Chemaitelly et al. , 2021)

Delta 80.2% (Tseng et al. , 2022)

Omicron 44% (Tseng et al. , 2022)

Alpha 86.3% (Heath et al. , 2021)

Beta 51% (Shinde et al. , 2021)

Vaccine 

Type

Efficacy 

against WT 
Vaccine Efficacy/Effectiveness against VOC infection

Ad26.COV2.S 

Johnson & 

Johnson

Viral    

Vector 
66%

Vaccine code 

name and 

62.6% Viral Vector
AZD1222 

(Astrazeneca)

95%

95%

90%
NVX-CoV2373 

Novavax

Recombinant 

protein

 BNT162b2 

Pfizer/BioNTech
 mRNA

mRNA-1273 

Moderna
 mRNA
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variants to facilitate the advancement of next-generation vaccines and curative strategies. There 

is substantial data that shows that different variants trigger qualitatively different neutralizing 

and Fc effector specificities (Keeton et al., 2021; Moyo-Gwete et al., 2021; Richardson et al., 

2022), providing a rationale to study neutralization and Fc effector function resistance 

following infection by different variants. As many VOC/VOIs share common mutations, 

defining the resistance of less characterised variants, such as Mu, provides a useful tool for 

mapping neutralizing and other antibody specificities in convalescent donors. This may aid in 

the identification of conserved epitopes to use in the design of variant-based vaccines.  

In this study, we assessed antibody responses elicited by four variants (WT D614G, Beta, Delta 

and Omicron (BA.1)) during four waves of COVID-19 infection experienced in South Africa. 

We used convalescent sera to measure binding, neutralization and ADCC activity against Mu, 

and compared responses across each of the waves. This study sought to determine whether 

there was differential targeting of Mu by defining and mapping the targets of humoral responses 

triggered by different variants. As Mu shares many features with other VOCs, this may aid in 

predicting the impact of mutations that may be common to emerging VOCs. 

Aim: This study aimed to assess the functional capacity of antibodies in plasma from infections 

by four distinct SARS-CoV-2 variants against the Mu variant to identify cross-reactive 

antibodies. Defining their epitopes may provide templates for rational immunogen design 

strategies for next-generation vaccines.  

Objective 1: To assess cross-neutralizing activity of plasma from convalescent donors infected 

with WT D614G, Beta, Delta or Omicron (BA.1) against the Mu variant 

Objective 2: To identify mutations in key regions that mediate neutralization escape in Mu. 

Objective 3: To measure ADCC activity in convalescent plasma from four waves of infection 

against Mu. 
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2.  Materials and Methods 

2.1 Ethical Considerations and Study Cohorts 

A total of seventy five plasma samples from participants with varying disease severity were 

used for this study. Wave 1 plasma samples were obtained from D614G-infected patients 

admitted at the Steve Biko Hospital, Tshwane with symptom onset between May and August 

2020. Plasma samples from waves 2 onwards were obtained from SARS-CoV-2 infected 

patients admitted to Groote Schuur Hospital, Cape Town during the second, third and fourth 

COVID-19 waves in South Africa. Second wave (Beta-infected) samples were collected in 

December 2020 - January 2021, third wave (Delta-infected) samples were collected July –

August 2021 while fourth wave (Omicron) samples were collected December 2021- January 

2022 (Table 2.1). The median ages were comparable between the different waves (47-59 

years). Enrolment was based on the following criteria: a polymerase chain reaction (PCR) 

confirmed SARS-CoV-2 infection, age ≥18 years and HIV negative status. Written and 

informed consent was obtained from all participants. Participant clinical folders were consulted 

and there was no evidence of prior symptomatic COVID-19 infection. 

Table 2. 1 Demographic characteristics of study participants 

 

Ethical clearance for this study was obtained from the Human Research Ethics Committee 

(HREC) of the University of the Witwatersrand (Ethics number: M211142). The parental study 

from the Groote Schuur Hospital cohort received ethical approval from the Human Research 

Ethics Committee of the Faculty of Health Sciences, University of Cape Town (Ethics number: 

R021/2020). Ethical approval for the Steve Biko Cohort was received from the University of 

Pretoria, Human Research Ethics Committee (Medical) (Ethics number: 247/2020). 
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2.2 Site Directed Mutagenesis of SARS-CoV-2 Mu Spike 

To introduce the Mu variant specific mutations of interest into both pseudoviruses and soluble 

protein antigens, the viral envelope DNA of WT D614G spike was used as a template. Primers 

were designed to introduce mutations in a single step polymerase chain reaction (PCR) (Table 

2.2). Site-directed mutagenesis was performed using the Lightning Site Directed Mutagenesis 

kit (Agilent Technologies) as per manufacturer's instruction, which works by using a double 

stranded pcDNA3.1 vector with the insert of interest. In this case the insert was the SARS-

CoV-2 envelope glycoprotein gene. Synthetic oligonucleotide primers were used, each 

complementary to one strand of the insert DNA, both containing the desired mutations. 

Table 2. 2 List of primer sequences 

 

Cycling parameters were set as provided by the kit manufacturer (Table 2.3). Cycling 

conditions involved cleavage by a restriction enzyme at a site in the plasmid, subsequent 

ligation of a pair of complementary oligonucleotides containing the mutations in the gene of 

interest to the plasmid and elongation of the produced mutant plasmids. Following temperature 

cycling, 1μl of Dpn-1 endonuclease restriction enzyme (target sequence 5’- Gm6AT-3’) was 

added directly to each amplification reaction at 37°C for 2 hours to digest parental non-mutated 

dsDNA. The enzyme works by specifically selecting for methylated or hemi-methylated DNA. 
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Table 2. 3 The Quickchange Site Directed Mutagenesis thermal cycling conditions used 

introducing spike mutations 

 

2.3 Transformation of XL-10 Gold Ultracompetent E. Coli Cells 

XL10 Gold Ultra-competent E. coli cells (Agilent technologies) were transformed to clone the 

desired DNA plasmid. β-mercaptoethanol was added to the cells to denature RNAses by 

reducing disulfide bonds that may affect efficacy of the transformation. 50ng of the cloned viral 

DNA together with 50μl of cells were added to pre-chilled tubes. The cells were subjected to 

heat shaking at 42°C for 30 seconds in a water bath to expand bacterial membranes and thus 

allow DNA into the cells. Cells were recovered in a nutrient-rich super optimal broth with 

catabolite suppression (SOC) medium for one hour at 37°C with shaking at 200 rpm. Thereafter 

the cells were plated to select for single colonies on Luria Bertani (LB) Agar supplemented 

with 100μg/mL kanamycin for protein spike and carbenicillin for pseudovirus at 37°C 

overnight. Subsequently, four single colonies of cells were picked and cultured in 250mL LB 

broth and incubated overnight at 37ºC in a shaking incubator (200 rpm) for large scale DNA 

preparations while small scale were cultured in 5mL LB Broth.  

2.4 Production of small-scale plasmid preps from transformed cells 

Plasmid DNA extraction from bacterial cells was performed using the Qiagen QIAprep® spin 

mini prep kit for spike plasmid preparations. The bacterial culture was pelleted at 5 000 rpm 

for ten minutes and the supernatant discarded. The bacterial pellet was resuspended in 250μl 

of resuspension buffer. A volume of 250μl of lysis buffer was added to the pelleted cells. A 

volume of 350μl neutralization buffer was added to stop the lysis process and optimize 

conditions for DNA binding onto the silica membrane column. The bacterial lysate was 

pelleted by centrifuged at 13 000 rpm for ten minutes and DNA collected from the supernatant 
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was added to a spin column to bind the DNA onto the membrane. To remove any 

endonucleases, 250μl of wash buffer was used to wash the membrane bound DNA. This was 

followed by another wash step with 750μl of a second wash buffer to remove excess salts or 

contaminants on the membrane. The membrane bound DNA was recovered by elution in 50μl 

elution buffer and quantified on a NanoDropTM-1000 Spectrophotometer (Thermo Scientific).  

2.5 Production of large-scale plasmid preps from cloned envelopes  

Large-scale preparations of each of the cloned hexapro spike envelopes were produced using 

the ZymoPURE™ maxi prep kit. The bacterial culture was pelleted at 5 000 rpm for fifteen 

minutes and the LB supernatant discarded. The bacterial pellet was re-suspended in 14ml of 

re-suspension buffer P1. Bacterial culture was lysed under alkaline conditions using lysis buffer 

P2. The lysate was neutralized by adding 14ml neutralization buffer P3. The mix of dissolved 

DNA and lysed cells was spun for 10 minutes for the lysate to float. A ZymoPURE™ Syringe 

Filter-X was used to filter the DNA rich supernatant. The supernatant was loaded onto Zymo-

Spin™ V-PX column and a volume of 14ml of ZymoPURE™ Binding Buffer was added. 

subsequently the DNA was eluted in 400μl buffer ZymoPURE™ Elution Buffer and quantified 

on a NanoDropTM-1000 Spectrophotometer (Thermo Scientific). The spectrophotometer was 

blanked using 2μl of the elution buffer and the concentration of DNA was measured using 2μl 

of the DNA solution.  

2.6 Sanger Sequencing of Mu spike plasmids 

The successful introduction of mutations was verified using Sanger sequencing with the 

Applied Biosystems Big Dye sequencing kit. Site specific primers along the spike protein were 

used to perform sequencing. To sequence the full spike gene, a set of overlapping primers were 

used (Table 2.4). 
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Table 2.4 List of sequencing primers 

 

Sequencing reactions were set according to manufacturer’s recommendations (Table 2.5).  

Table 2.5 Cycling conditions for Sanger sequencing using the Big dye terminator kit 

 

The sequencing reaction set up was done according to the manufacturer’s specifications 

(Adapted from Applied Biosystems). 
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Table 2.6 Sanger sequencing 

 

After cycling, sequencing reactions were cleaned to remove any salts and impurities according 

to the manufacturer’s specifications (Table 2.6). Sequence clean-up was done by precipitating 

sequencing reaction products by adding 300μl of 3M sodium acetate to 8ml of 99% ethanol. A 

total of 50μl of the mixture was added to each well of 96 well plate, the plates were then 

centrifuged for 30 minutes at 2 000 rpm. Supernatant was removed by inverting the plate and 

spinning it at 150 rpm for one minute. Cold 70% ethanol was added to each well at a volume 

of 100μl and the plate spun at 2 000 rpm for five minutes. The supernatant was removed by 

inverting the plate and spinning it at 150 rpm for one minute. The reactions were dried on a 

PCR machine at 65°C for 3 minutes. Cleaned pellets containing 10ul HiDi formamide (Applied 

Biosciences) were run on the ABI Prism® 3500xl Genetic Analyser.  

Sequences from the Genetic Analyser were analyzed using Sequencher 5.4.6 software (Gene 

Codes Corporation). Sequences were analysed by aligning the resultant mutated sequence of 

Mu to the reference (non-mutated) WT D614G sequence to confirm the insertion of the desired 

mutations. Sequences of poor quality showing double peaks on the chromatogram were 

disregarded. 

2.7 Maintenance of mammalian cell lines 

Human embryonic kidney cells (HEK293T) were obtained from NIH AIDS Research and 

Reference Reagent Program and were used for the transfection of pseudoviruses. The 

293Freestyle cells were used to express spike antigen, and were obtained from the Vaccine 

Research Center, USA. HEK293T ACE-2 expressing cells and Jurkat-Lucia™ NFAT-CD16 
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cells were supplied by Dr Michael Farzan and were used for antibody neutralization assays as 

mentioned.  

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 2.5% HEPES buffer and 50μg/ml gentamicin was used to maintain HEK293T cells. 

Cells were grown at 37°C, 5% CO2 and disrupted at 80% or more confluence with 0.25% 

trypsin every 48–72 hours. 

HEK293T ACE-2 cells were maintained in DMEM supplemented with 3μg/ml of puromycin, 

10% fetal bovine serum (FBS), 2.5% HEPES buffer and 50μg/ml gentamicin. The cells were 

cultured at 37°C, 5% CO2, maintained by splitting and seeding when they reach a confluence 

of 80%. The 293Freestyle cells were cultured in a shaking incubator at 37°C, 5% CO2, 70% 

humidity at 125 rpm. 293Freestyle cells were maintained in 293Freestyle media and diluted 

every 72 hours in order to keep the concentration below 3x106 cells per millilitre. 

The Jurkat-Lucia™ NFAT-CD16 cells were cultured at 37°C, 5% CO2 and maintained in 

Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% FBS, 1% Pennicillin-

streptomycin, 10μg/ml of Blastocydin and 100μg/ml of  Zeocin was added to the growth 

medium every other passage. Cells were diluted every 48 hours to keep cell concentration at 

500 000 cells per millilitre. 

2.8 Expression of soluble full spike 

SARS-Cov-2 Mu, Mu RBD or Mu NTD spike antigen was expressed in HEK293F suspension 

cells seeded at 1x106 cells/ml at 37°C in a shaking incubator a day prior to transfection. Serum 

free Optipro media (Thermo Fisher Scientific) together with 500µg of purified SARS-CoV-2 

DNA plasmid produced was filtered using a 0.2µm filter into freshly prepared PEI-MAX 

(Polyethyleneimine) transfection reagent mixed with Optipro and incubated for 20 minutes at 

room temperature. After incubation, the mixture was added to the HEK293F cells and the cells 

were incubated shaking for 6-7 days at 37°C, 10% CO2, 70% humidity. 
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2.9 Protein purification using affinity and size exclusion chromatography 

Cell culture supernatants containing the SARS-CoV-2 Mu, Mu RBD or Mu NTD spike protein 

were spun down at 4 000 rpm to pellet cells then filtered through 0.22μm Vacuum Filtration-

Filtermax flasks (TPP; Trasadingen). The filtrate was then passed through a nickel-affinity 

column and a wash buffer (20mM Imidazole, 20mM Tris-HCl, 150mM NaCl) was used to 

remove unwanted proteins. Approximately 20ml of eluent was collected using an elution buffer 

consisting of 20mM Tris-HCl, 400mM Imidazole and 150mM NaCl and concentrated using a 

50 kDa Vivaspin® protein concentrator (Sartorius stedim). The concentrated spike proteins 

were further purified using size exclusion chromatography (SEC) on a Superdex 200 column 

(HiLoad 16/600, Cytiva) which separates proteins based on molecular weight. The SARS-

CoV-2 spike fractions eluted at 42 – 55 minutes were collected and concentrated. Aliquots 

were stored at - 80°C until use.  

2.10 Enzyme linked immunosorbent assay  

A SARS-CoV-2 enzyme linked immunosorbent assay (ELISA) was used to measure spike 

binding antibodies in convalescent plasma and antibody cross-reactivity to the Mu variant. 

High-binding 96 well plates (Thermo Fisher Scientific) were coated with 50µl of 2µg/ml 

diluted SARS-CoV-2 spike antigen per well a day prior to running the experiment. Each plate 

was sealed with clear plate sealers and incubated in a 4°C fridge overnight. On the next day, 

the plate was washed 3 times with 250μl wash buffer consisting of 1xPBS and 0.05% tween 

using an automated plate washer. A volume of 200µl blocking buffer (5% non-fat milk in wash 

buffer) was added to all wells and incubated at room temperature for 1 hour. Plates were 

washed 3 times with 250μl per well of wash buffer using an automated plate washer. 1:100 

dilutions of plasma samples were prepared. Positive and negative control monoclonal 

antibodies were diluted to a 5µg/ml starting concentration. The prepared sample or antibody 

dilutions were added and titrated down the plate in 3-fold dilutions. Plates were then incubated 

at room temperature for 1 hour 30 minutes. After incubation, the plates were washed and 100µl 

of secondary antibody that was diluted at 1:3 000 in blocking buffer was added. Plates were 

incubated for an hour followed by a wash step. In a dark hood, 100 µl 1-step 

tetramethylbenzidine (TMB) substrate was added to all the wells and incubated at room 

temperature covered in foil for 5 minutes until the plates developed. The reaction was stopped 



 
 
 
 
 
 

32 
 

by adding 50µl 1M H2SO4 to all the wells. Plates were read immediately at a wavelength of 

450nm on the plate reader. Area under the curve was determined for each sample. Friedman's 

test with Dunn’s correction to calculate statistical differences using Graphpad Prism version 8. 

2.11 Production of SARS-CoV-2 pseudoviruses 

HEK293T cells were seeded in 12 ml DMEM at 6x106cells in a T75 flask 24 hours prior to 

transfection to achieve approximately 60-80% confluency. The cloned SARS-CoV-2 spike 

plasmids (mutant and WT spikes) and HIV pNL4-3 backbone that possessed package 

expression cassettes for firefly luciferase were co-transfected into the cells. An amount of 10μg 

of spike plasmid and 10μg of the pNL4-3 vector was combined with 500μl serum free DMEM 

and 48μl of the transfection reagent PEI-MAX. The mixture was incubated at room temperature 

for 30 minutes to allow the formation of transfection complexes. After incubation the 

transfection mixture was added to the cells and incubated for 72 hours. The supernatant 

containing the pseudoviruses was harvested after 72 hours and 20% FBS was added to preserve 

the virus. The pseudovirus preparation was filter-sterilized using a 0.45um filter and stored at 

-80 degrees until use. 

2.12 Titration of SARS-CoV-2 pseudoviruses 

The amount of virus in the supernatant was determined by titration of the virus using HEK293T 

cells engineered to express ACE-2. In a 96 well flat bottom plate, 100μl of supplemented 

DMEM was added to each well. A volume 50μl of the pseudovirus was added to row A, except 

into the background controls. A total volume of 50μl was titrated down the plate and after 

dilution, 100μl of HEK239T ACE-2 cells were added to each well and incubated for 72 hours. 

The infected cells express luciferase and luciferase activity is quantified by relative light units 

(RLU) of luminescence. The luminescence is directly proportional to the number of infectious 

viral particles.  

2.13 SARS-CoV-2 neutralization assay 

This assay measures neutralization of SARS-COV-2 as a function of reduction in expression 

of luciferase reporter gene after a single round of infection in HEK293T ACE-2 cells 
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engineered to express ACE-2 (Neerukonda et al., 2021). Neutralization assays were performed 

on a 96 well plate where five samples were titrated in duplicate per plate to assess neutralizing 

antibody responses elicited against different pseudotyped spikes.  

Plasma samples added in duplicate were serially diluted with DMEM in a 96-well plate, and 

co-incubated in a total volume of 150μL for one hour at 37°C with pseudovirus at a 

concentration previously determined to yield 40 000 RLUs. To each well 100μL of HEK293T 

ACE-2 cells were added to a final concentration of 1x106 cells per plate, and further incubated 

for 72 hours at 37°C, 5% CO2 to allow pseudovirus infection. 

Thirty μl of 1x promega lysis buffer was added to all wells and incubated for 10 minutes at 

room temperature for cell lysis to take place. A volume of 100μl of luciferase was added and 

incubated for 2 minutes to allow the reaction between the enzyme and substrate to take place. 

The reaction was transferred to a black/white plate and luminescence was read on a Perkin 

Elmer Victor X luminometer. Infected cells expressed luciferase and neutralization was 

measured using a fluorescence based system where the amount of virus neutralized was 

indicated by the reduction of level of fluorescence in each well. The 50% inhibitory dilution 

(ID50) will be defined as the serum dilution at which the RLUs are reduced by 50% compared 

with the virus control wells. The ID50 values of all samples were plotted using GraphPad Prism 

version 8. 

2.14 Spike expression on the surface of HEK293T cells 

Prior to testing the ability of antibodies to mediate antibody dependent cellular cytotoxicity 

(ADCC), spike-transfected HEK293T cells were tested to confirm the expression of the SARS-

CoV-2 spike variants on the cell surface. Target cells were generated by transiently transfecting 

HEK293T cells in a petri dish with 5μg SARS-CoV-2 Mu or WT D614G spike three days prior 

to performing the experiment. A set of positive control antibodies known to bind to WT D614G 

or Mu spike equivalently were co-cultured at 100μg/ml in a 96 well plate with the transfected 

cells for 20 minutes at room temperature. This includes AIRU946-A6, CB6 and lastly P2B 

which differentially bind to the spike variants. Non-transfected HEK293T, as well as 

Palivizumab which is a RSV specific mAb that does not bind to WT D614G and Mu spike, 

were added as negative controls while in some wells no antibody was added to the cells to 

https://www.zotero.org/google-docs/?BIeTJN
https://www.zotero.org/google-docs/?BIeTJN
https://www.zotero.org/google-docs/?BIeTJN
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account for the background of the assay. To detect binding of the antibodies to the expressed 

spikes, a 1:100 dilution of an Fc region IgG-specific secondary antibody conjugated to APC, 

was added to the culture and incubated for 15 minutes at room temperature. Two wash steps 

with 200μl of 1x PBS per well followed and the cells were fixed with 4% paraformaldehyde 

(PFA) until the plates were acquired in the Alexa-Flour-647 channel on the FACSAriaII flow 

cytometer (BD Biosciences; Franklin Lakes, USA). The mean Alexa-Flour-647 fluorescence 

intensity of each transfected spike variant bound to AIRU946-A6 relative to the no antibody 

control and non-transfected HEK293T cells was then determined through analysis on the 

FlowJo™ 10 Software as a measure of spike expression.  

2.15 Antibody-dependent cell-mediated cytotoxicity (ADCC) assay 

The ADCC potential of the plasma was evaluated as their capacity to cross-link and activate 

the FcγRIIIa (CD16) receptor on the surface of the Jurkat-Lucia™ cell line in the presence of 

spike expressing cells, as a proxy for ADCC. In a 96 well tissue culture treated plate 

convalescent plasma at a dilution of 1:100 was added and incubated for 1 hour at 37°C, 5% 

CO2 together with the spike-transfected cells. Subsequently, 2x105 Jurkat-Lucia™ NFAT-

CD16 cells per well were added and incubated at 37°C, 5% CO2 for 24 hours. To induce the 

transgene 1x cell stimulation cocktail (Thermo Scientific) and 2μg/ml ionomycin in R10 was 

also added as a positive control to confirm sufficient expression of the CD16 Fc receptor. 

ADCC was measured as the increase in luciferase activity measured in Relative light units 

(RLU) compared to the no plasma control. To measure RLUs, 20μl of supernatant was 

transferred to a white 96-well plate with 50μl reconstituted QUANTI-Luc secreted luciferase 

and read immediately in triplicate. The reported values are the mean of three kinetic reads 

taken.  
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3.  Results 

3.1 SARS-CoV-2 spike protein expression and purification 

SARS-CoV-2 spike proteins were expressed and purified for use in determining the presence 

of binding antibodies in convalescent plasma. The SARS-CoV-2 Mu plasmid was transfected 

into HEK293F cells and the expressed spikes were harvested from supernatant after seven days. 

The fractions eluted at 42 – 55 minutes were collected (Figure 3.1A) and concentrated as the 

SARS-CoV-2 spike. Spectrophotometry was used to quantify the amount of spike obtained 

which was 2.1mg for Mu. The expression level of Mu spike was compared to a previous batch 

of WT D614G (Figure 3.1A). The Mu spike was successfully expressed as confirmed by SDS-

PAGE and SEC profile (Figure 3.1).  

 
Figure 3. 1 SARS-CoV-2 Mu protein size exclusion chromatography profiles and SDS-PAGE to 

confirm purity of the spike protein. (A) Mu spike proteins are represented by red superimposed on 

WT D614G spike represented by black. The x-axis shows the time each fraction was eluted while the 

y-axis shows the relative amount of protein that was eluted at each time point (B) A non-reducing (NR) 

and Reducing (R) SDS PAGE gel showing the expressed Mu spike protein compared to a known 

molecular weight protein marker in kDa.  
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The purity and size of spike proteins was confirmed by a reducing and non-reducing SDS-

PAGE gel. The bands on the gel confirmed that the spike protein was the expected size of 

approximately 160 kDa, with minimal impurities (Figure 3.1B). 

3.2 Antibodies elicited by variants of concern retained cross-

reactive binding responses targeting the Mu variant 

The consequence of Mu mutations on binding of SARS-CoV-2 directed antibodies was 

assessed by ELISA. Plasma samples were obtained from participants infected with either WT 

D614G, Beta, Delta or BA.1. Binding was plotted as the area under the curve for each sample 

(Figure 3.2). Binding antibody responses were generally higher towards the infecting variants 

than Mu, with Delta exhibiting the highest level of autologous binding (GMT: 6724) followed 

by WT D614G (GMT: 6449), while BA.1 and Beta elicited lower levels of autologous binding 

responses (GMT: 2295 and 1424, respectively). The fold loss of cross-reactive binding 

responses varied per variant (Figure 3.3). Beta displayed the highest level of cross-reactive 

binding to Mu with GMT of 3699 and BA.1 retained a relatively high level of cross-reactive 

binding to Mu with GMT of 2447 similar to the infecting variant. In contrast, WT D614G and 

Delta displayed approximately 3-fold drops in binding antibodies targeting the Mu variant with 

GMTs of 2406 and 2076, respectively. 
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Figure 3. 2 Binding antibody responses against WT D614G and Mu spike proteins. Binding in 

convalescent plasma from infection with D614G (black), Beta (green), Delta (orange) and BA.1 (blue). 
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Binding was tested in a three-fold serial dilution starting at 1:100. Plasma was tested against the 

autologous virus and Mu, binding is represented as area under the curve. Geometric mean titers are also 

shown below the plot. Statistical significance was calculated using the Friedman test with Dunn's 

correction. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 and ns = non-significant. 

 

 
Figure 3. 3 Fold difference represented as binding activity. Fold reduction in binding is shown as 

the proportion of the binding to Mu variant compared to the infecting variant. No difference in fold 

changes is represented by the dotted line. GMTs were calculated for each group and the fold change 

relative to Mu binding is shown.  

Samples obtained from WT D614G or Delta infection showed less cross-reactivity against Mu, 

with a greater than two-fold reduction in binding (3.1 and 2.8, respectively) while samples from 

infection with Beta and BA.1 showed the least binding escape with fold changes of 0.4 and 0.9, 

respectively (Figure 3.3). All variants elicited cross-reactive binding antibodies although the 

magnitude of binding to Mu was reduced by an average fold drop of 1.8 (Figure 3.3). 

3.3 The Mu variant escapes neutralization by monoclonal 

antibodies 

We further assessed the neutralization sensitivity of Mu to mAbs as this would aid in 

determining Mu resistance profiles and in mapping sites of vulnerability. Several mAbs from 

different antibody classes, targeting either the NTD or RBD, were tested head to head against 

the WT D614G and Mu using the pseudovirus neutralization assay. WT D614G was used as a 

control for this experiment as neutralization sensitivity towards this variant had already been 

determined for these mAbs (Yang et al., 2020; Corti et al., 2021; Fouladirad and Bach, 2021; 

Weinreich et al., 2021). All the antibodies known to neutralize WT D614G neutralized the 

https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
https://www.zotero.org/google-docs/?mtJVTx
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virus as expected, with IC50 values that were highly concordant with historic data (Chi et al., 

2020; Ju et al., 2020; Pinto et al., 2020; Shi et al., 2020; Starr et al., 2021; Wibmer et al., 2021). 

All mAbs that failed to neutralize the WT D614G virus in this experiment were shown to be 

resistant to the WT D614G from previous inhouse experiments and published data (Rogers et 

al., 2020; Moyo-Gwete et al., 2022). This confirmed the neutralization capacity of the mAbs. 

 

 
Figure 3. 4 Graphs showing the neutralization of WT D614G and Mu by SARS-CoV-2-specific 

monoclonal antibodies. WT D614G (A) and Mu (B) were tested against 15 mAbs to determine their 

cross-reactivity using a SARS-CoV-2 pseudovirus neutralization assay. All samples were tested in 

duplicate. Vertical (Y) axis shows percentage inhibition and horizontal (X) axis shows antibody 

concentration in µg/ml.  

We found that the neutralizing ability of 13 mAbs against Mu pseudoviruses was significantly 

decreased when compared with the WT D614G, with the exception of  AIRU946-A6 mAb 

which retained the same level of neutralization against both variants (Figure 3.4). AIRU946-

A6 was isolated from a convalescent donor with a Delta break-through infection after receiving 

the Ad26.COV2.S vaccine, and shows high potency against multiple variants (Kitchin, 

Bhiman, Moore et al, unpublished data).  

Mu was neutralized by only four antibodies with different potencies (Figure 3.4). We found 

that Mu was the most sensitive to neutralization by AIRU946-A6 (IC50 = 0.01 μg/mL), 

followed by CB6 and CC12.1 with IC50 values of 0.21 and 0.43 μg/mL, respectively. The CB6 

mAb hinders attachment of RBD to the ACE-2 receptor and contends with interface residues 

(Shi et al., 2020). CC12.1 targets the RBD class 1 epitope of SARS-CoV-2 was identified using 

high- throughput rapid system from B cells  (Rogers et al., 2020). We observed moderate 

https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?ldVGQT
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?yyXO8n
https://www.zotero.org/google-docs/?7mRpQY
https://www.zotero.org/google-docs/?7mRpQY
https://www.zotero.org/google-docs/?7mRpQY
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neutralization of Mu by S304 with an IC50 of 6.07 μg/mL. Starr et al shows that S304 is able 

to weakly neutralize Mu which is concordant with our findings.  

CR3022, which was isolated from a SARS-CoV-1 convalescent donor, showed no 

neutralization against both WT D614G and Mu. This is consistent with the published data that 

shows CR3022 exhibits a high binding affinity to SARS-CoV-2 but no neutralizing capacity 

(Tian et al., 2020; Yuan et al., 2020). Gene usage was diverse in the antibodies tested and the 

majority of the mAbs recognized the RBD. Of the three class I mAbs tested, only one showed 

complete neutralization escape. Two of the class one antibodies shared the same gene usage 

(IGHV1-18) but displayed different neutralization profiles towards Mu (Figure 3.5). This may 

suggest that gene usage does not correlate with antibody potency or breadth. None of the class 

2 and 4 mAbs exhibited neutralizing activity towards Mu. The NTD targeting 4A8 mAb 

exhibited potent neutralizing ability against WT D614G but showed complete loss of 

neutralization of Mu (Figure 3.5). Overall, there was complete loss in neutralization of Mu by 

most mAbs compared to WT D614G. 

 

Figure 3. 5 Summary of IC50 values showing neutralization of WT D614G and Mu by monoclonal 

antibodies. The warmer the colour, the more potent the neutralization of the virus by the mAb. Red 

denotes IC50 values below 0.1 µg/ml, orange denotes values between 0.01 µg/ml and 1 µg/ml, l, yellow 

for values between 1 µg/ml and 10 µg/ml, and blue for more than 10 µg/ml (which represents 

neutralization resistance). Fold changes relative to the WT D614G variant are shown. Complete 

neutralization knock out is signified in black, dark grey signifies fold adjustments of >5 and <5 denoted 

by light grey.  

 

Name Antibody Class Targeted Epitope IGH Gene usage WT D614G Mu

4A8 N/A NTD IGHV1-24 0,01 10 K.O

CB6 Class 1 RBD IGHV1-18 0,01 0,21 21 Fold Change

CA1 Class 1 RBD IGHV1-18 0,09 10 K.O <5

084-7D Unknown RBD IGHV1-3-23*01 10 10 K.O >5

CR3022 Class 4 RBD IGHV5-51 10 10 K.O K.O

C099 Class 3 RBD IGHV3-53 0,11 10 K.O

COVA-16 Class 3 RBD IGHV1-46 0,56 10 K.O

CC12,23 Unknown RBD IGHV4-39 10 10 1

P2B  2F6 Class 2 RBD IGHV4-38*2 0,12 10 K.O

C121 Class 2 RBD IGHV1-24 0,01 10 K.O

S2H13 Class 2 RBD IGHV3-7 0,41 10 K.O

S2H14 Class 1 RBD IGHV3-15 1,2 10 K.O

CC12,1 Class 1 RBD IGHV3-53 0,02 0,43 22

S304 Class 3/4 RBD IGHV1-37 5,23 6,07 1

AIRU946-A6 Unknown RBD IGHV1-69 0,01 0,01 1

mAbs Viruses Fold 

Change
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3.4 The Mu variant shows neutralization escape from 

antibodies triggered by the WT D614G and Delta variants 
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Figure 3. 6 Neutralization titer (ID50) in convalescent plasma from participants infected with (A) 

WT D614G, (B) Beta, (C) Delta and (D) BA. Plasma was tested against the infecting variant and Mu. 

Geometric mean titers (GMT) also denoted beneath the plot, Fold change relative to the infecting strain 

is also shown below the plot. Neutralization titer is shown as an ID50 (reciprocal of the serum dilution 

required to reduce 50% of the virus) Statistical significance was determined using the Friedman test 

with Dunn's correction. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 and ns = non-significant. 

We next used a pseudovirus neutralization assay to assess the ability of plasma from 

convalescent donors infected with either the WT D614G, Beta, Delta or Omicron (BA.1) 

variants to cross-neutralize other variants. We evaluated plasma from infection with WT 

D614G strain against other variants. The accumulation of mutations by these variants has 

resulted in loss of neutralization with fold changes in GMT’s ranging from 5 to 18. However, 

WT D614G retained high autologous neutralization with a GMT of 541 (Figure 3.6A). Plasma 

from infection with Beta was highly cross-reactive against Mu and D614G variant (2-4 fold 

loss) but was less cross-reactive to Delta and BA.1 with average fold loss of 15 against both 

variants and a GMT of 31 and 33, respectively (Figure 3.6B).  

Infection with the Delta variant elicited the highest autologous neutralization with GMT of 

1094 (Figure 3.6C). Delta plasma also had  cross-neutralizing antibodies against WT D614G 

and BA.1 with neutralization GMT fold losses of 2 and 3, however there was poor cross-

reactivity to both Beta and Mu with GMT of 127 and 81 respectively (9-13 fold reduction) 

(Figure 3.6C). Our data confirms many studies showing the capacity of Beta to escape 

neutralization stimulated by Delta infection (Cele et al., 2021; Bekliz et al., 2022; Moyo-Gwete 

et al., 2022). Infection with Omicron BA.1 triggered good cross-neutralizing responses with 

minimal fold loss in GMT’s ranging from 5 to 3 (Figure 3.6D). Overall, all plasma had good 

neutralizing responses against the infecting, autologous variant.  

A spider plot was generated using neutralization response geometric mean titres to visualise 

the level of cross-reactive neutralizing antibodies induced by infection with WT D614G, Beta, 

Delta and BA.1 towards the Mu variant. There was pronounced loss of neutralization of Mu 

from antibodies elicited by infection with WT D61G with a GMT of 29 (Figure 3.7).  

https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
https://www.zotero.org/google-docs/?dowdzP
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Figure 3. 7 Spider plot of the neutralization geometric mean titer of each variant. Coloured lines 

closer to the centre or origin of the plot signifies low levels of cross-reactivity while lines close to the 

perimeter signifies broad cross-reactivity. 

Antibodies elicited by the Beta variant exhibited higher levels of cross-reactivity towards the 

Mu variant (GMT: 267) when compared to those elicited by other variants and this was 

followed by plasma from infection with BA.1 with a GMT of 186 (Figure 3.7). WT D614G 

plasma was the least cross-reactive to Mu with a GMT of 29 followed by plasma from infection 

with Delta variant with a GMT of 81. Overall infection with BA.1 triggered the most cross-

reactive antibodies against all VOCs tested, followed by Delta and Beta while D614G was the 

least broad. 



 
 
 
 
 
 

43 
 

3.5 Determining targets of neutralizing antibody responses 

to Mu 

 

 3.5.1 Confirmation of the functionality of chimeric viruses 

Next, we generated chimeric pseudoviruses to determine the target of Mu specific antibody 

responses using neutralization assays. Site-directed mutagenesis was performed using the 

SARS-CoV-1 spike as backbone to introduce SARS-CoV-2 Mu RBD and NTD mutations. 

Antibody resonses towards SARS-CoV-1 are not expected as it has not circulated in the human 

population since 2003 and it has been previously reported that there is low cross-reactivity 

between plasma elicited by SARS-CoV-2 infection and SARS-CoV-1. The resulting plasmids 

were sequenced to confirm that there was successful introduction of the desired mutations 

(Supplementary FigureA & B). This was used to produce pseudoviruses to further explore 

the specificities of the cross-neutralizing antibodies. The pseudoviruses were tested for entry 

capacity using ACE-2 cells to confirm the functionality of each of the mutated psuedoviruses 

(Table 3.1). Head to head transfections of all the pseudovirus chimeras were performed to 

eliminate batch to batch differences in transfection efficiency and cell viability.  

Comparison of the wild type viruses, SARS-CoV-1 MU RBD and SARS-CoV-1 MU NTD 

chimeric pseudoviruses showed that the introduction of SARS-CoV-2 Mu RBD and NTD into 

the SARS-CoV-1 spike lead to a large reduction in viral entry efficacy with a maximum 

infectivity of 17 309 RLUs compared to the wild type SARS-CoV-1 value of 533 412 RLUs 

and the wild type SARS-CoV-2 Mu value of 87 204 RLUs (Table 3.1). This confirmed that 

the generated pseudovirus chimeras were functional and capable of mediating viral entry into 

ACE-2 cells, though at a much reduced level compared to either of the parental constructs. 

Table 3. 1 Confirmation of the entry capacity of SARS-CoV-1 and SARS-CoV-2 chimeric 
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3.5.2 Delineating epitopes targeted by antibody responses 

As we observed the elicitation of cross-reactive antibody responses by other variants against 

Mu, we next aimed to determine the regions targeted by these cross-reactive antibodies using 

the chimeric pseudoviruses we generated. A subset of plasma samples with high titres towards 

Mu were selected for mapping. SARS-CoV-1 was tested as a control to ensure that the 

responses observed were only towards SARS-CoV-2. Some samples exhibited neutralizing 

responses towards the SARS-CoV-1 Mu RBD chimera and some wave 2 and wave 4 samples 

exhibited responses towards both SARS-CoV-1 Mu NTD and SARS-CoV-1 Mu RBD (Figure 

3.8). Neutralization of the chimeras was much lower than that of WT Mu, suggesting that the 

residual responses may be directed towards regions outside of the NTD and RBD. However, 

unexpectedly, there were responses towards SARS-CoV-1 in some of the samples. In most 

cases where we saw activity towards the chimeras, we also saw non-specific SARS-CoV-1 

neutralizing activity. The high SARS-CoV-1 background means that our results are 

inconclusive. Positive control antibodies known to neutralize SARS-CoV-2 Mu (AIRU946-

A6, CB6, CC12.1 and S304) or SARS-CoV-1 (CR3022 and S304) were used in neutralization 

assays (Figure 3.8). CR3022 neutralized SARS-CoV-1 Mu RBD chimera which was also 

unexpected as this is a RBD-directed antibody which cannot neutralize the Mu WT virus. This 

further suggests that the chimeras were not in the correct conformation. We found that S304 

inhibited Mu and both SARS-CoV-1 Mu chimeras viruses less efficiently with the exception 

of SARS-CoV-1(IC50: 0.19µg/mL) (Figure 3.8). 
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Figure 3. 8 Summary of neutralization of Mu, SARS-CoV-1 and Chimeras by plasma antibodies. 

The warmer the colour of the cell, the more potent the neutralization. Red indicates titres that are 

above 1000. Orange is for dilution factor values between 101 and 1000, yellow for values between 21 

and 100, and blue for less than 20 which represents neutralization resistance. The controls at the bottom 

of the table represents IC50 titres and are coloured according to titre where blue represents the inability 

to neutralize the virus, yellow titres between 1 – 10μg/mL, orange between 0.1 – 0.9μg/mL, and red 

between 0.01 – 0.09μg/mL. 
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3.6 Spike recognition at the surface of infected HEK293T cells 

as targets for ADCC 

Fc-mediated effector functions such as ADCC require recognition of the antigen at the surface 

of the infected cells. However, each transfection could result in varying expression levels of 

spike. Therefore, flow cytometry was used to validate that there was consistent expression of 

spike on the surface of HEK293T cells transfected with plasmids expressing WT D614G and 

Mu variants. The binding of spike-specific mAbs confirmed that there was expression of spike 

but lack of binding to palivizumab, the negative control, on the surface of HEK293T cells 

(Figure 3.9).  
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3.6.1 Spike expression gating strategy and data analysis 

HEK293T single cells were gated by size using the forward scatter height vs forward scatter 

area. In Figure 3.9, panel A shows the cell population while panel B shows the gate to eliminate 

doublets and viability of the population. A histogram was used to represent the spike binding 

by SARS-CoV-2 specific mAbs as detected by IgG-Alexa fluor 647 florescence (Figure 3.9C).

 

Figure 3. 9 The gating strategy used to analyse spike expression assay in FlowJo™ 10 Software. 
Each column shows the gating strategy for a different control Row A shows the gating to isolate cells 

(SSC-A – Side Scatter Area; FSC-A – Forward Scatter Area). Row B shows the gating to select single 

cells (SSC-H – Side Scatter Height). And row C shows a histogram to gate on cells confirming spike 

binding using Alexa Flour 647A chanel. No mAb and Palivizumab were used as negative controls. 

AIRU946-A6 was used as a positive control. 
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Figure 3. 10 Spike expression on the surface of HEK293T cells transfected with the plasmids 

expressing WT D614G and Mu spike was measured using flow cytometry 72 hours post-

transfection. Spike expression was measured by the mean fluorescent intensity of antibody binding at 

a concentration of 100 µg/mL followed by staining with an anti-human Fc antibody conjugated to APC 

(Jackson Labs, 109-135-098) at a 1:100 dilution. 

The binding of spike-specific mAbs confirmed that there was expression of spike (for example 

AIRU-946) but lack of binding to palivizumab, the negative control, on the surface of 

HEK293T cells (Figure 3.9C) as indicated by the shift to the right of fluorescence. 

CB6 and AIRU946-A6 strongly bound to both WT D614G and Mu transfected cells and 

exhibited a bright fluorescence shift detected by the Alexa Fluor 647-A (Figure 3.10). The 

084-7D mAb did not bind to WT D614G and showed low level of binding to Mu. These results 

were as expected as we have previously shown that 084-7D is a Beta specific mAb and does 

not bind to WT D614G (Moyo-Gwete et al., 2022). The binding activity of P2B-2F6 towards 

WT D614G was high and there was moderate binding to Mu. There was no detectable 

fluorescence shift for both Palivizumab and the no mAb control wells against both variants 

(Figure 3.9C & 3.10). Palivizumab did not exhibit any binding as this is a Respiratory 

Syncytial Virus specific mAb (Romero, 2003). These data confirm that there was adequate 

spike expression on the surface of HEK239T cells for both variants. 
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3.7 Antibody Dependent Cellular Cytotoxicity (ADCC) 

activity is preserved against Mu variant 

Next we evaluated the capacity of convalescent plasma to cross-link and activate the FcγRIIIa 

(CD16) receptor in the presence of Mu spike expressing cells, as a proxy for ADCC. All 

variants triggered cross-reactive cytotoxic antibodies against Mu. However, the extent of cross-

reactivity varied between variants (Figure 3.11). Beta and Omicron infection retained 

significantly higher ADCC activity against Mu with fold losses of 1.6 and 1.5 respectively 

(Figure 3.11B & 3.11D). WT D614G showed a high level of ADCC activity towards Mu with 

a geometric mean of 312, however it displayed the highest fold loss in ADCC activity with a 

fold loss of 2.9 when compared to the autologous strain (Figure 3.11A).  
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Figure 3. 11 Antibody dependent cellular cytotoxicity (ADCC) with cross-reactivity towards Mu. 

ADCC is shown as the relative light units (RLU) signalling through C16 activation. WT D614G 

responses are shown in black while Mu is shown in Red. Statistical significance between variants is 

calculated using Wilcoxon paired t test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns 

= non-significant. 

Beta, Delta and BA.1 also triggered cross-reactive cytotoxic antibodies to WT D614G with 

Delta having the highest heterologous cytotoxic activity to WT D614G with GM of 442, 

followed by Beta with GM of 341 and lastly BA.1 with GM of 309. Delta infection also showed 

a substantial loss of ADCC activity towards Mu with a fold loss of 2.6 and GM of 167 (Figure 
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3.11C). Although ADCC against Mu is reduced, it is preserved in convalescent plasma 

irrespective of the infecting variant. Despite fold losses of activity, there was no variant that 

displayed complete loss of ADCC activity towards Mu. 
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4.   Discussion 

To date, antibody responses targeting the Mu variant have been poorly characterised. In this 

study, we observed that there was differential targeting of Mu by antibodies elicited by four 

variants (WT D614G, Beta, Delta and BA.1). We show that regardless of the infecting variant, 

binding and ADCC responses are mostly preserved towards Mu, but observed varying 

neutralization escape against Mu. Neutralizing antibodies elicited by the Beta variant exhibited 

higher levels of cross-reactivity towards Mu while infection with BA.1 triggered moderately 

cross-reactive antibodies. Convalescent donors infected with WT D614G or Delta showed 

dramatically reduced cross-reactivity. We observed the same pattern of cross reactive 

responses against all antibody functions tested when using samples infected with Beta or BA.1 

variant indicating that there may be correlations between binding, ADCC, and neutralization 

responses for these particular groups. 

The rise of viral variants that are antigenically distinct from each other has highlighted the 

importance of continuous monitoring of viral sequences which is crucial to support further 

vaccine adaptations (Harvey et al., 2021; Rayati Damavandi et al., 2022). Antibody escape 

mutations pose a threat of re-infections or break-through infections following vaccination and 

have resulted in a search for improved vaccines that target conserved regions of the spike 

protein between variants (Haque and Pant, 2022). The potential of another coronavirus or 

sarbecovirus crossover to humans has also prompted the need to update current vaccines to a 

cross-clade or a pan-coronavirus vaccine that is able to induce protection against all four major 

lineages of coronavirus (Li et al., 2021).  

Another challenge with existing approved COVID-19 vaccines is that the high levels of 

protective antibodies induced wane over time. Several studies have shown that bivalent 

vaccines or heterologous boosting are not only effective at inducing strain specific responses 

but offer an advantage of eliciting cross-neutralizing antibodies with greater potency and longer 

durability (Atmar et al., 2021; Collier et al., 2022; Scheaffer et al., 2023). Several companies 

have now employed a range of technologies and approaches such as the use of ferritin 

nanoparticles, viral vectors other than adenoviruses, and chimeric spike mRNA encoding 

antigens from all four human-infecting coronaviruses that cause common colds (Carmen et al., 

2021; Joyce et al., 2021; Martinez et al., 2021; Dolgin, 2022; Tai et al., 2022). The need for a 

https://www.zotero.org/google-docs/?0mkyKM
https://www.zotero.org/google-docs/?0mkyKM
https://www.zotero.org/google-docs/?0mkyKM
https://www.zotero.org/google-docs/?0mkyKM
https://www.zotero.org/google-docs/?0mkyKM
https://www.zotero.org/google-docs/?IdRtw1
https://www.zotero.org/google-docs/?S96WxU
https://www.zotero.org/google-docs/?S96WxU
https://www.zotero.org/google-docs/?S96WxU
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?kixxGS
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm
https://www.zotero.org/google-docs/?cr08Cm


 
 
 
 
 
 

53 
 

pan-coronavirus vaccine highlights the importance of identifying cross-reactive antibodies and 

defining their epitopes to provide templates for rational immunogen design. 

In this study, all variants elicited cross-reactive binding antibodies although the magnitude of 

binding to Mu was reduced. Overall, infection with Beta triggered the most cross-reactive 

binding antibodies against Mu, followed by BA.1 while D614G and Delta were the least cross-

reactive. Multiple studies have shown that binding antibody activity is retained against VOCs 

(Dupont et al., 2021; Richardson et al., 2022). These data suggest that cross-reactivity in 

antibody binding to the spike protein is common as multiple epitopes on the spike are targeted 

and this remains the same for the binding responses towards Mu as shown in this study. Slight 

decreases in binding activity may be a result of mutations in Mu that cause loss of binding 

epitope recognition. Further work mapping the binding responses may provide insights into the 

impact of Mu lineage-defining single mutations on binding, however functional studies are 

likely more informative, as with the assays carried out in this study. 

This study highlighted that autologous neutralization was usually higher than heterologous 

neutralization for all variants tested, which is in line with other research (Liu et al., 2021; 

Rössler et al., 2022). The Delta variant exhibited the highest homologous neutralization activity 

which could be due to the high viral loads associated with infection by Delta (Luo et al., 2021; 

King et al., 2022; von Wintersdorff et al., 2022). Cross-reactive neutralizing responses were 

broadest in individuals infected with BA.1, whereas infection with WT D614G and Delta 

resulted in narrow specificity responses. This is in contrast to Straten et al and Richardson et 

al where they show that BA.1 developed weak neutralizing responses against the VOCs tested, 

including the autologous strain (Richardson et al., 2022; van der Straten et al., 2022). The 

differences in cross-reactivity patterns exhibited by BA.1 could be due to the use of a 

hospitalised cohort with greater disease severity in our studies, which has been shown to elicit 

higher antibody responses, and may impact cross-reactivity (Chen et al., 2020; Garcia-Beltran 

et al., 2021). In the study by Richardson et al, despite the use of a hospitalised cohort, most 

cases were mild as they were only diagnosed after admission, in contrast to the cohort in this 

study. In addition, although clinical folders were consulted for any prior infections before their 

BA.1 infection, we cannot rule out asymptomatic infection which may have an impact on 

antibody responses observed. Several studies have shown that reinfection has a boosting effect 
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on antibody responses (Cohen and Burbelo, 2020; Edridge et al., 2020). Cross-reactivity in 

most variants is accounted for by sequence homogeneity between variants (Jette et al., 2021; 

Li et al., 2022). From the panel of variants tested, Omicron is the most mutated variant which 

is characterised by 39 mutations with 5 shared mutations between Delta and 4 shared mutations 

with Beta (Ou et al., 2022; Viana et al., 2022). Therefore, these data suggest that severe 

infection with the highly mutated Omicron variant induces broad cross-reactive antibodies. 

Overall the pattern of cross-reactivity varied per variant.  

Although Mu was reported as a highly resistant VOI, the antibody resistance profile of Mu 

remained to be defined. We determined neutralizing cross-reactivity elicited by four distinct 

SARS-CoV-2 variants towards the Mu variant. Beta and Omicron infection elicited 

neutralizing responses that were more cross-reactive towards Mu while WT D614G and Delta 

were the least cross-reactive to Mu. Our results are in line with two studies, which also showed 

that Mu escaped neutralization from antibodies elicited by infection with WT D614G (Uriu et 

al., 2021; Tada et al., 2022). Neutralization escape of Mu from antibodies elicited by WT 

D614G and Delta may be as a result of the 95I mutation located in the NTD, which is known 

to confer resistance in other variants (McCallum et al., 2021), however this requires 

confirmatory mutagenesis studies. The resistance of Mu by antibodies elicited by WT D614G 

or Delta infection may indicate a high risk of re-infection. This mutation may also account for 

the inability of the NTD-directed 4A8 mAb to neutralize Mu.  

Antigenic relationships among the VOCs studied using neutralization data suggests a high 

degree of antigenic similarity between WT D614G and Delta (van der Straten et al., 2022). 

This may explain the similar antibody escape patterns observed by these two variants towards 

Mu. The presence of the RBD R346K and E484K mutations in Mu may further reduce 

neutralizing activity of antibodies elicited by WT D614G infection as they are associated with 

neutralization escape by  class I and II antibodies (Greaney et al., 2021; Wibmer et al., 2021). 

This is consistent with our findings as all class II antibodies tested had complete neutralization 

escape from Mu. Beta and Omicron share key antibody escape site mutations with the Mu 

variant, which may account for the exhibited level of cross-reactivity by these two variants. An 

antigenic map by Mykytyn et al reveals that Beta, Gamma and Mu variants all cluster close to 

each other and this may account for high levels of cross-reactivity towards Mu variant by 
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antibodies elicited by infection with Beta (Mykytyn et al., 2022). BA.1 shows moderate levels 

of cross-reactivity towards Mu compared to Beta and has been found to be antigenically distinct 

from all other variants (Wang et al., 2022). Future studies using absorbed BA.1 plasma may 

reveal epitopes targeted towards Mu by these responses. One limitation of our study is lack of 

convalescent plasma from individuals infected with the Mu variant to determine the changes 

in binding and neutralization sensitivity of the VOCs tested relative to Mu-elicited plasma. 

Epitope-directed mutagenesis was intended to identify key mutations that mediate 

neutralization escape in Mu. However, this was not achieved as the pseudovirus produced was 

not optimal. Neutralization of the engineered chimeras was observed only in antibodies that 

recognize SARS-CoV-1, suggesting that the spike was folded incorrectly. The introduction of 

SARS-CoV-2 Mu RBD and NTD into SARS-CoV-1 spike led to a significant reduction in viral 

entry. Although Sanger sequencing confirmed the correct incorporation of mutations, all 

SARS-CoV-2 specific mAbs failed to neutralize the chimeric virus, this may suggest that the 

structure of the virus was altered on the ACE2 receptor binding site in a manner that resulted 

in reducing virus-host interactions. This interpretation will require further investigation by 

structural studies such as transmission electron microscopy (TEM) which is an imaging 

technique that allows direct visualisation of whole viruses.. Future studies could identify the 

viral epitopes targeted by neutralizing antibodies by using plasma adsorption methods which 

have been successfully used in HIV-1 infection (Gray et al., 2009; Wibmer et al., 2013). 

Several studies highlight that ADCC plays a critical role in clearing infection and is associated 

with vaccine protection against SARS-CoV-2 (Dufloo et al., 2021; Tso et al., 2021). The 

ADCC response against the Mu variant had not been determined before this study. ADCC 

responses have been shown to be preserved against VOCs (Richardson et al., 2021; Richardson 

et al., 2022; Richardson et al., 2022). This study found the same to be true for Mu. However, 

the level at which ADCC is preserved varies per infecting variant. ADCC responses triggered 

by Beta and BA.1 were more cross-reactive to Mu than those triggered by WT and Delta. This 

may suggest that the infecting variant has an effect on the extent of ADCC cross-reactivity 

(Richardson et al., 2022). Although this analysis was based on heterologous responses against 

Beta, Delta and BA.1 with the exception of WT D614G, comparing autologous responses 

should be considered as a next step. Generally, ADCC fold loss in activity ranged between 1 
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to 3, which is consistent with what others have reported and is far less than the losses seen for 

neutralization (Kaplonek et al., 2022; Richardson et al., 2022). The preservation of ADCC may 

be a result of antibodies targeting epitopes or sites beyond those commonly mutated in VOCs, 

such as the S2 region. This is in line with the observation that RBD and NTD are not the only 

target of ADCC responses (Kaplonek et al., 2021). Future studies should include mapping of 

epitopes targeted by Fc effector mediated response, as these may identify important sites to 

target through vaccination to induce potent and broad Fc responses. 

In summary, our data demonstrated that the SARS-CoV-2 Mu variant shows variable escape 

from humoral responses triggered by four different variants. Our data also confirms that Mu is 

a resistant VOI as previously reported by others (Uriu et al., 2021, 2022; Tada et al., 2022). 

The variable escape of Mu by antibodies highlights the need to identify epitopes targeted by 

neutralization resistant SARS-CoV-2 variants as this may aid in immunogen design strategies 

for next-generation vaccines. 
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5.   Conclusion 

 

This study aimed to assess whether there was differential targeting of Mu by antibodies elicited 

by four variants (WT D614G, Beta, Delta and Omicron (BA.1)) responsible for the first four 

waves of COVID-19 infection in South Africa. We used convalescent plasma to measure 

binding, neutralization and ADCC activity against Mu, and compared the level of cross-

reactivity across each of the waves. The Mu lineage defining mutations mostly occur in the 

RBD and the NTD, which are the primary targets of neutralizing antibodies. We observed that 

binding and ADCC responses were mostly preserved towards Mu. However, there was variable 

neutralization escape. In this study, the Beta variant exhibited higher levels of cross-reactivity 

towards Mu followed by BA.1 while Delta and WT D614G had the largest fold decrease for 

neutralization against Mu. This suggests that various functions are affected differently by 

VOC/VOIs. This may be due to binding and ADCC responses recognizing more epitopes on 

the spike in regions without VOC/VOI mutations compared to neutralizing antibodies. In this 

study we also show that the overall pattern of neutralization cross-reactivity varied depending 

on the infecting variant, indicating that the spike sequence of the infecting variant had an effect 

on the quality of neutralizing antibodies elicited. Results from this study highlight the 

importance of continued viral genomic surveillance and studying immune escape of 

neutralization resistant variants from convalescent sera. This study provides insights into how 

antibody responses elicited by different VOCs differentially target the Mu variant spike. As 

Mu shares multiple mutations with other VOCS, this data will expand current knowledge on 

the effects of SARS-CoV-2 spike mutations and may help us predict the impact of mutations 

that may be common to emerging VOCs. These data may also provide insights on next 

generation vaccine design based on neutralization-resistant SARS-COV-2 variants. 
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7. Appendices  

Appendix A: Supplementary figures 

Figure A: Alignment of SARS-CoV-2 Mu RBD mutations to SARS-CoV-1 D614G 

chimera. Amino acid substitutions making up the mu RBD mutations are boxed in red. 

 

 
Figure B: Alignment of SARS-CoV-2 Mu NTD mutations to SARS-CoV-1 D614G 

chimera. Amino acid substitutions making up the Mu NTD mutations are boxed in red. 
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