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Abstract  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes COVID-19 

disease and has resulted in a global pandemic that has subsequently led to the search 

for effective interventions. The spike protein plays a crucial role in viral entry into host 

cells and it has many epitopes that are recognized by neutralizing antibodies making 

it a target of vaccines. Monitoring and evaluation of the evolution of SARS-CoV-2 is 

essential as emerging variants may alter the effectiveness of natural and vaccine 

induced immune responses. The aim of this study was to probe the effect of emerging 

variants detected in South Africa on neutralization by SARS-CoV-2 directed antibodies 

in convalescent plasma. Four SARS-CoV-2 sublineages circulating in South Africa 

during December 2020 were identified in a parent study and characterized in this study. 

Protein analysis software tools were used to visualize changes in structural interactions 

between the spike and the angiotensin-converting enzyme 2 (ACE2) receptor and 

monoclonal antibodies after in silico mutation of relevant residues in the protein 

structure. Site-directed mutagenesis was used to introduce sublineage mutations into 

the wild type spike gene sequence. Wild type and mutated SARS-CoV-2 spike trimer 

proteins were generated and characterized by mammalian cell expression, 

chromatography-based protein purification and Sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The effect of mutations on the 

binding of SARS-CoV-2 directed antibodies was assessed by enzyme-linked 

immunoassay (ELISA). Wild type and mutated SARS-CoV-2 spike-pseudotyped 

viruses were also generated. The impact of viral mutations on the neutralization 

capacity of the antibodies present in convalescent plasma elicited by the ancestral 

strain was assessed. The results of this study revealed that convalescent plasma had 

reduced binding to two local sub-lineage viruses when compared to the wild type virus. 

The change in binding may have resulted from mutations that cause the loss of epitope 

recognition. No significant changes were observed in the neutralization sensitivity 

when the wild type was compared to sub-lineage pseudoviruses, however, significant 

differences in neutralization sensitivity were observed when sublineages were 

compared with other sub-lineages characterized in this study. This study supports 

current literature on the need for robust genomic surveillance and immune 

characterization of emerging variants and related sub-lineages.   
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CHAPTER ONE: LITERATURE REVIEW 

 

1.1 The SARS-CoV-2 Pandemic 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) that causes 

Coronavirus Disease 2019 (COVID-19) was first detected in Wuhan, China in 

December 2019 and has since led to a global public health crisis (1,2). As of 21st 

January 2022, over 340 million SARS-CoV-2 cases and 5.5 million deaths from 

COVID-19 have been reported globally with Africa accounting for over 7.9 million cases 

(3).                                                                                                                                                                                                                                 

South Africa has experienced four SARS-CoV-2 epidemiological waves (Figure 1.1) 

with 3.5 million confirmed cases and over 93 000 deaths as of 21st January 2022 (3).  

 

 

 

 

 

 

Figure 1.1:Epidemiological Waves of SARS-CoV-2 in South Africa. The graph 
shows the number of new cases per day in South Africa from the 5th of March 2020 to 
the 23rd of January 2022 (3). 

The mortality and morbidity caused by this virus highlights the urgent need for research 

towards the implementation of SARS-CoV-2 vaccines that use a range of technologies 

(4) as well as therapeutic interventions such as monoclonal antibody (mAb), 

convalescent plasma (5,6) and drug therapies (7,8). The pandemic has been further 

complicated by the emergence of variants of concern (VOCs) that may reduce vaccine 

effectiveness, increase virulence and transmissibility (9). VOCs emerge as a result of  

viral evolution. Therefore, understanding the effects of vaccination and prior infection 

on viral evolution is essential in navigating the pandemic as they significantly shape 

the immune environment at the individual and population level. 

 

1.2 SARS-CoV-2 genome and spike glycoprotein structure 

SARS-CoV-2 is a positive sense single stranded RNA virus that belongs to the genera 

of Betacoronaviruses. The genome size is approximately 30 kilobase pairs in size and 

codes for 16 non-structural proteins. It is an enveloped virus with its genome packaged 

within a capsid. The envelope proteins and the spike glycoproteins cover the 
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nucleocapsid protein and are located on the surface of the virion (10–12). Most SARS-

CoV-2 vaccines are based on the spike glycoprotein as it mediates entry into host cells 

and therefore blocking this protein will prevent infection (13). The spike glycoprotein is 

encoded by the s gene and consists of 3 protomers (14). Each protomer contains an 

S1 and an S2 subunit. The N-terminal domain (NTD) and the receptor-binding domain 

(RBD) that engages the host cell receptor are located on the S1 subunit (Figure 1.2). 

The fusion protein (FP), heptad repeat 1 (HR1), heptad repeat 2 (HR2), 

transmembrane domain (TM)and cytoplasmic domain (CP) are located on the S2 

subunit. The S2 subunit is essential for fusion with the host plasma membrane 

following S1 and Angiotensin Converting Enzyme 2 (ACE2) receptor binding on host 

cells (15). Of note, SARS-CoV-2 requires cleavage at the S1/S2 of the spike 

glycoprotein before viral membrane fusion with the host cell preceding entry. This 

cleavage is mediated by furin (16). 

    

 

 

 

 

 

 

 

 

Figure 1.2: Structure of the SARS-CoV-2 spike glycoprotein (a) Schematic of the 

SARS-CoV-2 virion. Spike glycoproteins are shown protruding from the virus surface 

(created with BioRender.com) (b) The spike protein trimer is composed of three 

protomers (black, dark grey, and light grey). Each protomer is composed of a S1 

(residues 1 - 679) and S2 subunit (residues 680 - 1273). (c) One protomer of the 

SARS-CoV-2 spike protein highlighting the location of the NTD (orange), RBD (purple), 

FP (teal), and S2 region (pink) (17). The SARS-CoV-2 structure was obtained from the 

protein databank (PDB ID:7DK3) and analysed using Pymol version 2.4.1.  

 

 

1.3 Humoral immune response to SARS-CoV-2 

a. b. c. 

https://biorender.com/
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SARS-CoV-2 S1-specific IgM and RBD IgM peak at approximately 21 days post 

symptom onset (PSO). RBD-specific, S1 and S2 IgG antibodies peak at approximately 

28 and 33 days PSO, respectively, with asymptomatic and non-severe COVID-19 

patients having significantly lower levels of anti-spike IgG response than individuals 

with severe illness (18). Furthermore, viral neutralization was associated with S1-

specific IgA as well as RBD-specific IgA and IgG responses suggesting an important 

role for mucosal immunity in COVID-19 disease (18). RBD-specific IgA responses 

occur as early as 7 days with peak titres approximately three weeks PSO (19).  RBD-

specific IgA occurs earlier than RBD-IgM and wanes shortly after becoming 

undetectable after 1 month (18,19). Anti-spike IgG levels remained stable for at least 

6 months with studies reporting that over 90% of convalescents maintain sero-positivity 

within a six to eight-month period post infection. Anti-SARS-CoV-2 spike IgA was 

shown to wane by as early as 12 weeks (20).  

Humoral responses following vaccination have been characterized, One study showed 

that anti-SARS-CoV-2 IgG was elicited by vaccination in all vaccinees regardless of 

previous history of disease, However, individuals without previous history of disease 

had increased IgM and IgA antibody levels after primary immunization. Furthermore, 

after a single dose of an mRNA based vaccine, antibody levels were significantly higher 

in individuals who had a history of COVID19 compared to their counterparts who had 

no history of the disease. Notably, humoral responses were similar among both groups 

after administration of the second dose (21).  

 

1.3.1 Neutralizing antibodies against the SARS-CoV-2 spike glycoprotein 

Although binding antibodies may mitigate disease via Fc-effector function (22), a 

subset of anti-spike SARS-CoV-2 antibodies is able to prevent infection as they have 

neutralizing activity. These antibodies target epitopes on the S1 and S2 subunits of the 

spike protein and prevent infection by various mechanisms including blocking receptor 

binding or inhibiting membrane fusion (23). The S1 subunit elicits the majority of 

neutralizing antibodies with most targeting the RBD (24). Anti-RBD antibodies have 

been classified into four different classes (Figure 1.3).  
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Figure 1.2: Classification of antibodies based on location of epitope on RBD of 
the  spike glycoprotein. RBD Class I (light green) and Class II (orange) antibodies 
block the ACE2 binding site. RBD Class III (navy blue) and Class IV (red) antibodies 
bind to sites outside the ACE2 receptor binding site. Figure adapted from Barnes et. al 
(25). 

RBD Class I antibodies block binding to the ACE2 receptor when the RBD is in the 

open conformation. RBD Class II antibodies neutralize SARS-CoV-2 by blocking the 

ACE2 binding site when the RBD is in an open or closed state. RBD Class III antibodies 

neutralize the virus by binding to sites outside the ACE2 receptor binding site, and are 

able to bind to both open and closed conformations of the RBD. RBD Class IV 

antibodies do not inhibit ACE2 binding and only bind when the RBD is in an open 

conformation (25). In convalescent plasma elicited by the original wild type strain, the 

dominant antibodies are Class I or Class II antibodies (26,27). Less is known about the 

immunodominace hierarchy in infections by other variants.  

 

NTD-directed neutralizing antibodies recognize conformational epitopes on designated 

loops, particularly the N1 loop spanning residues 14 to 26, N2 loop spanning residues 

67 to 79, N3 loop spanning residues 141 to 156, N4 loop spanning residues 177 to 

186, and N5 loop spanning residues 246 to 260 (28). The N1, N3, and N5 loops (Figure 

1.4) have been referred to as the NTD-supersite as most potent anti-NTD antibodies 

including COV2-2676, COV2-2489 (29), S2L28, S2M28, S2X333 (30), and 4A8 (28) 

recognize epitopes within these loops (31). This supersite is largely glycan free and 

positively charged while antibody paratopes are negatively charged (31). These 

antibodies facilitate neutralization by blocking both the fusion of the virus to the host 

cell membrane and the post-virus attachment step (31). 



14 
 

 

 

 

 

 

 

 

 

Furthermore, mutations to specific residues within the NTD supersite are reported to 

drive antibody escape. For instance mutations to spike residue positions 146, 147, and 

150 (N3 loop) may disrupt salt bridges and hydrogen bonds that form during the binding 

of neutralizing mAb 4A8. Mutations at residue positions 246 and 248 (N5 loop) may 

impact spike binding to the Complementarity-determining region 1 of the 4A8 mAb 

(28). Although S2-specific neutralizing antibodies are rare, they have been isolated 

(24). Pan-coronavirus cross-reactive S2-specific antibodies have also been isolated 

(32) although these mAbs are limited to high binding reactivity and not neutralization 

(33). 

 

1.4 SARS-CoV-2 spike evolution and the emergence of VOC/VOIs 

Region-specific lineages first emerged and did not differ from the ancestral Wuhan 

strain by more than twelve single nucleotide polymorphisms (SNPs) (34). These 

lineages were replaced by the D614G lineage by March 2020. The D614G lineages 

conferred greater replicative fitness by increasing furin cleavage efficiency and the 

ratio of open to closed spike protein trimers that interact with the ACE2 receptor 

(34,35). In addition, individuals infected with the D614G variant had increased viral 

load (36). Other SNPs that emerged include the S477N and the N439K substitution 

that enhanced viral fitness and ACE2 binding while the latter further mediated escape 

from neutralizing monoclonal antibodies and convalescent plasma (37,38). In South 

Africa, 42 SARS-CoV-2 phylogenetic lineages were in circulation before the peak of 

Figure 1.3: SARS-CoV-2 NTD structure. A schematic of the SARS-CoV-2 NTD 
region. The N1 loop is shown in green. The N3 loop is shown in orange and the N5 
loop is shown in blue (26). The SARS-CoV-2 structure was obtained from the protein 
databank (PDB ID:7DK3) and analysed using Pymol version 2.4.1. 
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the 1st epidemiological wave with 16 of the lineages first being identified in South Africa 

(39). The three largest lineages were the C.1, B.1.1.54 and B.1.1.56 lineages that 

descended from a single ancestral strain and resulted in the greatest number of 

transmissions. All the defining non-synonymous mutations within these lineages occur 

outside the spike protein (39).  

The SARS-CoV-2 virus is continuously evolving and has resulted in the emergence of 

VOCs. Similar to VOCs, variants of interest (VOIs) - SARS-CoV-2 viral genomes with 

distinct mutational profiles that affect transmission, diagnostic and immune profiles – 

have emerged but are still limited in prevalence. By late November 2021, the WHO 

declared five variants as VOCs (40) and other variants as variants of interest (VOI) that 

originated in different geographic regions across the globe (Table 1.1) (41). When 

VOCs were compared, the Alpha VOC is less associated with reduced sensitivity to 

neutralization by convalescent plasma when compared to the Beta/Gamma VOCs 

(42). However, the Delta variant showed a 4-fold reduction in neutralization sensitivity 

when compared to the Apha Variant (43). Sera from individuals infected with the Beta 

SARS-CoV-2 variant were able to neutralize the Gamma variant (44). New lineages 

continue to emerge, for instance, the C.1.2 (45) lineage and the Omicron variant (46) 

that are characterized by a combination of mutations including some that have not 

previously been observed. Within the viral spike protein, the C.1.2 lineage has the  

R190S, D215G, N484K, N501Y, H655Y and T859N substitutions and the Y144, L242-

A243 deletions may be present in VOCs/VOIs. It also is defined by C136F, Y449H and 

N679K mutations that may improve replicative viral fitness and drive antibody escape 

(45). This variant has several mutations (T95I, S477N, T478K,  N501Y, D614G, 

P681H, K417N) that are shared among VOCs/VOIs and a larger number that are 

unique to itself (A76V, Y145del, G339D, N440K, G446S, E484A, Q493R, G496S, 

Q498R, Y505H, T547K, H655Y, N679K, N764K, D796Y, N856K, Q954H, N969K, 

L981F). Of the 23 mutations in the spike protein (46), the Omicron variant  has 15 

mutations within the RBD. Of these 15 mutations, 10 mutations are located within the 

receptor binding motif (RBM) of the spike protein (47,48) which are the actual residues 

of the spike that are in contact with the ACE2 recptor during binding and entry. Some 

mutations within the variant have unknown individual and combined phenotypic 

characteristics (46). The variant largely escapes from immune responses elicited from 

infection and vaccination due to the increased number of mutations in the spike protein 

that may result in the loss of antibody binding and interaction (40). 
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Evolutionary changes in SARS-CoV-2 have implications for strategies such as 

vaccination and immunotherapies. Notably, some vaccine boosters are being adapted 

to accommodate mutated spike antigens (49). Despite the fact that the variant 

demonstrated a 22-fold reduction in neutralization by BNT162b2 vaccine elicted 

plasma, the vaccine was shown to retain effectiveness against the Omicron VOC (50).  

The evolutionary changes within the spike warrant the continuous monitoring of viral 

evolution and assessment of the phenotypic impacts these can have in the context of 

the immune responses that exist within populations. SARS-CoV-2 convalescent 

plasma has been used throughout the pandemic to evaluate the effectiveness of 

humoral responses in viral neutralization. Convalescent plasma from different variants 

has been used to determine cross-reactivity and changes in neutralization sensitivity 

between ancestral strains and emerging VOCs to evaluate the likelihood of re-infection 

and potential impacts on vaccine effectiveness (51–57). 
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Table 1.1: VOC/VOI impact on neutralization sensitivity to convalescent plasma 

VOC Lineage Spike Mutations (Fold change 
between WT and 

VOC) 

Alpha B.1.1.7  DEL69-70, DEL144, N501Y, A570D, D614G, 
P681H, T716I, S982A, D1118H 
(58) 

 2.9-fold lower▪ (51) 
1.6-fold lower• (52) 
 

Beta B.1.351  L18F, D80A, D215G, DEL241-243, K417N, 
E484K, N501Y, D614G, A701V, 
(53) 

13.3-fold lower▪ (53) 

Gamma P.1  L18F, T20N, P26S, D138Y, R190S, K417T, 
E484K, N501Y, D614G, H655Y, T1027I, 
V1176F 
(59) 

6.7-fold lower • (52) 

Delta B.1.617.2  T19R, DEL156-157, R158G L452R, T478K, 
D614G, P681R, D950N 
(60) 

3-fold lowerΔ  (54) 

Omicron B.1.1.529 A67V, T95I, Y145D, L212I, G339D, S371L, 
S373P, S375F, K417N, N440K, G446S, 
S477N, T478K, E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, T547K, D614G, 
H655Y, N679K, P681H, N764K, D796Y, 
N856K, Q954H, N969K, L981F, Del H69/V70, 
DelG142/V143/Y144, DelN211, and insertion 
(EPE) at position 214 (61) 

4–6-fold lower Δ (62) 

 

VOI Lineage Spike Mutations (Fold change 
between WT and 
VOI) 

Eta B.1.525  Q52R, A67V, DEL69-70, DEL144, E484K, 
D614G, Q677H, F888L 
(63) 

 

Iota B.1.526  L5F, T95I, D253G, E484K, D614G, A701V 
(64) 

3.8-fold lowerΔ (55) 

Kappa B.1.617.1  E154K, L452R, E484Q, D614G, P681R, 
Q1071H 
(65) 

1.8-fold lowerΔ (54) 

Lambda C.37  G75V, T76I, Δ246-252, D253N, L452Q, 
F490S, D614G, T859N, 
(66) 

3.3-fold lowerΔ  (56) 

Mu 21H/B.1.621  T95I, Y144S, Y145N, R346K, E484K, N501Y, 
D614G, P681H, D950N 
(67) 

12.4-fold lowerΔ (57) 

• Relative to SARS-CoV-2 lineage B.1, clade 20A.EU1 
▪ Relative to SARS-CoV-2 lineage Victoria (Victoria (SARS-CoV-2/ human / AUS/ VIC01/2020) 
Δ Relative to D614G WT 

 
The Alpha variant is susceptible to neutralization by D614G convalescent sera (68) 

and had negligible impact on vaccine efficacy (69). The Gamma variant demonstrated 

partial loss of neutralization against both convalescent plasma and Pfizer vaccine sera 

(70). Studies showed that the Beta SARS-CoV-2 variant had a 9-fold reduction in 

neutralization sensitivity to SARS-CoV-2 D614G convalescent plasma, while a 10-fold 
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reduction in neutralization was also observered when vaccine sera were assessed for 

neutralization sensitivity against the SARS-CoV-2 D614G lineage (71). The Delta VOC 

showed a 3-fold reduction to convalescent plasma (54) and a 5-fold reduction to sera 

from vaccine recipients (72,73). 

The SARS-CoV-2 VOCs share several mutations that affect ACE2 receptor binding or 

antibody binding and neutralization. For instance, The N1, N3 loop and N5 loops of the 

NTD commonly possess antibody escape mutations (74). For example the L18F 

mutation located in the N1 loop is associated with escape from several NTD-directed 

mAbs (75). Several deletions have also been characterized, for instance, the deletion 

in the N3 loop at residue 144, which have been associated with antibody escape (76).  

In the RBD, the mutation N501Y enhances binding of the spike to the human ACE2 

receptor increasing viral transmissibility (76,77). The K417N and E484K/Q mutations 

are associated with antibody escape (57,78). The K417N RBD mutation abolishes salt-

bridge interactions between both the spike protein and the human ACE2 receptor and 

the spike protein and epitopes on mAbs e.g. CB6 (79). The RBD E484K mutation is 

associated with increased neutralization resistance by SARS-CoV-2 convalescent 

plasma and vaccine sera (80) as mutations result in the loss of antibody epitope 

recognition (27). Furthermore researchers noted that these three RBD mutations in 

combination have unique conformational changes that increase contact of the spike 

RBD with the ACE2 receptor resulting in greater binding affinity (81). The Beta variant 

has these mutations which lead to both immune escape and increased ACE2 binding 

(Table 1.1) (26,53). A notable mutation in VOC/VOIs is the L452R substitution present 

in the Delta VOC and, Kappa and Lambda VOIs. It increases infectivity by stabilizing 

the interaction between the viral spike protein and the human ACE2 receptor. 

Furthermore, antibodies show reduced binding and up to 4-fold reduction in 

neutralization attributable to conformational changes induced by the mutation (82). 

SARS-CoV-2 strains with mutations at spike residue position L452R were found to 

have reduced neutralization titers against SARS-CoV-2 convalescent plasma and 

vaccine sera (83).  

Mutations may affect binding and neutralization across numerous RBD antibody 

classes (Figure 1.5) (27) and therefore antibody escape from multiple classes may 

result in one VOC/VOI. For instance, the Mu VOI contains mutations that are known to 

affect both class II (E484K) and class III (R346K) antibodies as well as mutations within 

the NTD supersite (Y144S, Y145N) (57). 
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Figure 1.4: Mutations affecting antibody classes. Schematic representation of 
antibody classes with respective antibodies showing shared SARS-CoV-2 spike 
epitopes implicated in antibody escape (red) following mutation. Class I antibodies are 
labelled in magenta, class II antibodies are labelled in purple, and class III antibodies 
are labelled in light blue. Residues that do not tolerate mutations are indicated in grey. 
Figure taken from Greaney et. al (27). 
 
Other notable mutations have been reported including the P681H/R (84) mutations 

which are associated with increased spike furin cleavage resulting in increased viral 

replication fitness and these mutations are found in Alpha, Delta, Kappa and Mu 

VOC/VOIs (84). In addition to improving cell mediated entry by improved spike 

cleavage, these mutations are reported to increase spike-mediated cell fusion 

facilitating infection of cells even in the presence of neutralizing antibodies (85). This 

may provide insight into the continued spread of the Delta variant despite the ongoing 

immunization efforts. 

 

1.5 SARS-CoV-2 vaccine efficacy against VOCs/VOIs 

Since the rapid development of SARS-CoV-2 vaccines begun in 2020, several 

vaccines have been licensed for use and are in use in vaccination programs (86,87). 

The impact of combined mutations within VOCs may be assessed by determining 

whether there are changes in vaccine effectiveness before and after the emergence of 
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VOCs (Table 1.2). For instance, researchers noted that the overall vaccine 

effectiveness of the COVID-19 vaccines against infection was 91%, however after the 

emergence and widespread of the SARS-CoV-2 Delta variant the vaccine 

effectiveness declined to 66% (88). One study estimated the vaccine effectiveness of 

the BNT162b2 vaccine against infection to be 88% before the emergence of VOCs 

(89). Other studies showed that the BNT162b2 vaccine effectiveness against infection 

with the Beta variant was 75% (90) and even lower (53%) for the Delta variant (91). 

Studies have shown the decline in vaccine effectiveness due to circulating SARS-CoV-

2 variants that are resistant to immune responses elicited by infection or vaccination 

(76).  
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Table 1.2: World Health Organization prequalified SARS-CoV-2 vaccines and 

their effectiveness against SARS-CoV-2 VOCs 

Vaccine 
code name 

Manufacturer 
Vaccine 
Efficacy 

against WT 

Vaccine 
effectiveness 

against 
ancestral 
strains 

 
Vaccine Effectiveness 

against VOC 

 
BNT162b2 
 

Pfizer/BioNTech 
95%^(92,93)  
 
 

72%+Δ  

United Kingdom 
(94) 

Alpha 89%^˚ (95) 

60% +Δ 
Israel (94) 

Beta 75.0%+˚(90) 

 77.6%+Δ 

 United States 
(89) 

Beta/ 
Gamma 

84%^˚(95) 

88.8%+˚ 
United States(89) 

Delta 
53.5%+˚(91) 
89.7%˚∞ (91) 

AZD1222 Astrazeneca 62.6%^ (92)  

Alpha 37%Δ (96) 

Delta 
81·5˚∞ (97) 
79·2 Δ∞ (97) 

Ad26.COV2.S Johnson & Johnson 66.%+(92,98)   Delta 51%+˚(98) 

mRNA-1273 Moderna 

94.% (93) 
 
95%^(92) 
 
 

88.9%  
United States(89) 

Alpha 92%^˚ (95) 

 96.3%+˚ 
United States(89) 
 

Beta 96% ˚+ (99) 

 Delta 
 84.8%+˚ (66) 
100.0% ˚∞ 
(66) 

BBIBP-CorV Sinopharm   Delta 
59.0%˚+ (100) 
70.2%)^˚(100) 

˚ fully vaccinated 
Δ partial vaccination 
+ Vaccine efficacy against infection 
∞ Vaccine effectiveness against severe disease 
^ Vaccine effectiveness against symptomatic infection  
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1.6 Study Aims and Objectives 

SARS-CoV-2 is continually evolving and immune responses elicited by vaccination and 

infection may be less effective in providing protection from infection with future 

VOC/VOIs. Public health measures such as vaccination and monoclonal antibody 

treatments rely heavily on what is known about the viral sensitivity to immune 

responses. Therefore, paired genomic surveillance and testing sensitivity to immune 

responses elicited by vaccination or infection are crucial. This study was undertaken 

to identify and probe the effect of spike mutations detected in South Africa on 

neutralization by SARS-CoV-2 directed antibodies in convalescent plasma. 

The specific objectives of this study were to: 

1. To identify locally relevant mutations within SARS-CoV-2 spike gene sequences 

and utilize site-directed mutagenesis to introduce these mutations into 

recombinant spike protein and pseudovirus constructs. 

2. To generate and characterize soluble wild type and mutated SARS-CoV-2 spike 

trimer proteins by mammalian cell expression, chromatography-based protein 

purification and sodium dodecyl-sulfate polyacrylamide gel electrophoresis . 

3. To assess the effect of mutations on binding and neutralization of SARS-CoV-

2 directed antibodies in convalescent plasma by enzyme-linked immunoassay 

and pseudovirus neutralization assays.  
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CHAPTER TWO: METHODS 

2.1 Cohort description 

Plasma samples used in this study were obtained from an observational cohort study 

that evaluated COVID-19 outcomes in both HIV-seropositive and HIV-seronegative 

individuals at the Steve Biko Hospital in Johannesburg. Of the samples obtained for 

use in the parental study, forty-two samples were collected prior to the 15th of 

September, 2020. This subset of samples was included in this study to ensure that the 

convalescent plasma obtained was from individuals that were infected with strains – 

likely ancestral D614G strains – that circulated prior to the emergence of the Beta VOC. 

An ongoing SARS-CoV-2 household transmission study (HTS) in Soweto, Gauteng 

and Jouberton, Mpumalanga enrolled SARS-CoV-2 positive participants who 

presented at healthcare centres with mild or asymptomatic disease that did not require 

hospitalization. Each participant’s household was subsequently enrolled in the study 

and followed for a period of six to eight weeks. Three nasopharyngeal swabs were 

collected at two-week intervals by researcher collaborators from the National Institute 

for Communicable Diseases (NICD) of the National Health Laboratory Services 

(NHLS) in the aforementioned study. Samples from SARS-CoV-2 positive participants 

were collected during December 2020 and were sequenced by the same researchers.  

 

2.2 Ethical Approval 

The principal investigator of the parent study (entitled “Observational cohort study of 

the natural progression of COVID-19 in a high HIV prevalence area”) obtained ethical 

approval from the Faculty of Health Sciences, University of Pretoria, Research Ethics 

Committee for the collection of participant data, samples, and for these research 

studies (Ethics reference number: 247/2020).  

Sequences for the identification of SARS-CoV-2 lineages were obtained from the 

SARS-CoV-2 household transmission study (HTS) in Soweto, Gauteng and Jouberton, 

Mpumalanga. Ethical clearance for the study was obtained from the University of the 

Witwatersrand, Human Research Ethics Committee, (Ethics clearance certificate 

number: M2008114).  

Ethics clearance for this sub-study was obtained from the Faculty of Health Sciences, 

Human Research Ethics Committee, University of the Witwatersrand (Ethics clearance 

certificate number: M2011190). 
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2.3 Identification of sub-lineages 

SARS-CoV-2 sub-lineages were identified from positive samples in the HTS study that 

was wholly conducted by our collaborators at the NICD. Ninety-five sequences were 

obtained and analysed in this study. The lineage that each sequence belonged to was 

determined using the Pangolin COVID-19 Lineage Assigner (https://pangolin.cog-

uk.io/) and Nextclade version 1.1.0 (https://clades.nextstrain.org/) tools. The local and 

global frequency of mutations in each sub-lineage was determined by assessing 

sequences from the GISAID database (https://www.gisaid.org/).  

 

2.3 Protein Structural Analysis 

UCSF Chimera version 1.15 and ICM Browser version 3.9 were used to visualise cryo-

electron microscopic structures of SARS-CoV-2 in complex with the ACE2 receptor 

protein or relevant monoclonal antibodies. Interactions between proteins were 

observed and changes in structural interactions were observed after mutating relevant 

residues in the protein structure in silico. 

 

2.4 Site Directed Mutagenesis 

The Quick Change Lightning Site-Directed Mutagenesis Kit was used to introduce 

mutations into a plasmid encoding a SARS-CoV-2 soluble spike, that contains six 

proline substitutions that stabilize the protein in a prefusion state. This enables high 

expression as well as stability during storage, freeze-thaw cycles and heating (101). 

The Hexapro spike plasmid, which contains a Kanamycin antibiotic resistance gene 

and a his-tag was obtained from Jason McLellan (University of Texas). Mutagenesis 

was also used to introduce mutations into SARS-CoV-2 spike plasmids that have been 

codon optimized for expression in Chinese hamster ovary (CHO) cells (26) and used 

to generate pseudoviruses.  

Synthetic oligonucleotide primers were designed using the Agilent QuikChange Primer 

Design tool (www.agilent.com/store/primerDesignProgram.jsp). The double-stranded-

DNA template, mutagenic primers, dNTPs, QuikChange Lightning buffer, QuikChange 

Lightning enzyme, QuikSolution Enzyme, double distilled H2O and mutagenic primers 

were added according to protocol. Mutagenic primers were used to introduce single-

point mutations into the wild type plasmids. The PCR of 1 cycle of 95˚C for 2 minutes, 

30 cycles of 95˚C for 20 seconds, 55˚C for 30 seconds, 65˚C for 4 minutes 30 seconds, 

and 1 cycle of 65˚C for 5 minutes was used to denature templates, and subsequently 

anneal and extend the mutagenic primers resulting in the amplification of the 

https://pangolin.cog-uk.io/
https://pangolin.cog-uk.io/
https://clades.nextstrain.org/
https://www.gisaid.org/
http://www.agilent.com/store/primerDesignProgram.jsp
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recombinant protein-coding sequences and pseudovirus plasmids with desired single 

point mutations. DpnI enzyme was used to digest the parental methylated DNA leaving 

only synthesized mutant plasmids with staggered nicks that were subsequently used 

to transform XL-10 Ultracompetent E. coli cells. 

 

2.5 XL-10 Gold Ultracompetent E. Coli Cell Transformation 

According to the manufacterer’s  protocol, two microliters (ul) 2-Beta-mercaptoethanol 

was added to a 45 µl aliquot of XL-10 Gold Ultracompetent E. Coli cells to inactivate 

surface nucleases. DpnI enzyme treated DNA (2µl) was added and incubated for 30 

minutes before heat shocking the cells at 42˚C to ensure migration of plasmid DNA 

into the cells through pores. A 500 µl volume of Super Optimal Broth was added and 

cells were incubated for 1 hour with shaking at 200 – 250 revolutions per minute (rpm) 

to allow for the recovery and stabilization of cells. Cells transformed by soluble spike 

protein-coding plasmids and pseudovirus spike-coding plasmids were cultured on LB 

agar plates containing Kanamycin and Carbenicillin antibiotic, respectively. After 16-

24 hours a colony was inoculated into 15ml LB broth and further incubated at 37˚C 

with shaking (200 – 250 rpm). 

 

2.6 DNA Extraction 

Mutated DNA was extracted from E. coli cells using QIAGEN® Plasmid Plus Maxi Kit 

and the ZymoPURE™ II Plasmid Maxiprep Kit as per manufacturer instructions. Cells 

were harvested from bacterial cultures that were grown in 15 ml of LB broth at 37˚C 

with shaking for 16-24 hours after transformation by mutated plasmids. After 

centrifugation at 2504 relative centrifugal force (rcf) or g force for 5 minutes at 15 - 

25˚C, bacterial pellets were resuspended into the lysate buffer solution that releases 

nucleic acid from the bacterial cells. A binding buffer was used to optimize the binding 

of nucleic acids to the column. Subsequently, washing buffers were used to remove 

contaminants without interfering with the bound plasmid DNA. High quality plasmid 

DNA was eluted using 10 mM TrisCl (pH 8.5), or 0.1 mM EDTA (pH 8.5) and the 

concentration of DNA was determined using the Nanodrop-1000 using 

spectrophotometry to quantify nucleic acids by determining the amount and pattern of 

ultraviolet light absorbed at a wavelength of 260 nm.  
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2.7 DNA Sequencing 

Extracted DNA was evaluated for successful mutagenesis by Sanger sequencing. The 

ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit and forward and 

reverse sequencing primers that targeted the nucleotide region with the mutation were 

used to sequence the plasmid insert. The polymerase chain reaction (PCR) was 

performed at 25 cycles of 96˚C for 10 seconds, 50˚C for 05 seconds, 60˚C for 4 

minutes. The sequencing reaction was purified using a freshly prepared mixture of 

sodium acetate prepared by combining 8 ml of 100% ethanol and 320 µl of 3M sodium 

acetate. This mixture causes the precipitation of nucleic acids in the sequencing 

reaction solution which can further be separated by centrifugation. A 50 µl volume of 

the ethanol sodium acetate mix was added to each well and centrifuged for 30 minutes 

at 2000 rcf after mixing. Subsequently, supernatant was discarded and 100 µl of cold 

70% ethanol was added to the pellet before further centrifuging for 5 minutes at the 

same speed. The supernatant was discarded and the pellet was dried at 65˚C for 3 

minutes. Sequences were resolved on an automated genetic analyser and the 

chromatograms were viewed on Sequencher® (Gene Codes, version 5.4.6) to 

determine whether the desired mutations were obtained.  

 

2.8 Maintenance of 293F, 293T, 293T/ACE2 cell lines 

Human Embryonic Kidney (HEK) 293F, 293T, and 293T/ACE2 cells were used for the 

expression of soluble SARS-CoV-2 spike trimer, the production of SARS-CoV-2 spike 

pseudovirus, and the assessment of viral infectivity by neutralization assays, 

respectively. 

HEK 293F suspension cells efficient for the growth of recombinant protein were 

maintained in Freestyle media and incubated at 5% CO2, and 37˚C with shaking (200 

– 250 rpm). HEK 293T adherent cells have a SV40 origin of replication and are efficient 

for producing large amounts of viral particles. These cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) enriched with 10% FBS, 3% HEPES 

buffer and 0.5% Gentamycin and incubated at 37˚C. HEK 293T/ACE2 cells were 

maintained in DMEM media enriched with 10% FBS, 3% HEPES buffer, 0.5% 

Gentamycin and 0.03% Puromycin (3 µg/ml) and incubated at 37˚C. 
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2.9 SARS-CoV-2 trimer expression, purification and size exclusion 

chromatography (SEC) 

Expression of SARS-CoV-2 trimer was carried out in HEK 293F suspension cells. 

SARS-CoV-2 plasmid DNA was mixed with freshly prepared 1 mg/ml Polyethylenimine 

hydrochloride (PEI-MAX) transfection reagent at a ratio of 1:3, in serum free culture 

medium, Opti-Pro. PEI-MAX forms positively charged particles with the DNA. 

Transportation into the cell occurs via endocytosis once positively charged complexes 

have been bound to negatively charged surfaces of cells (102). The transfection mix 

was filter sterilized using a 0.22 micron filter and added to HEK 293F seeded cells at 

1 x 106 cells/ml in a volume of 1 litre in erlenmeyer flask the previous day. The cell 

culture was incubated at 37˚C, 70% humidity, 8-10% CO2 in a shaking incubator (200 

– 250 rpm).  

After six days, the supernatant containing the histidine-tagged SARS-CoV-2 trimers 

was filtered using a 0.22 micron filter to remove cells and was loaded onto a nickel 

sepharose column for immobilized metal affinity chromatography. The column was 

washed using wash buffer with a 20 mM concentration of imidazole to remove unbound 

proteins. Subsequently, a high imidazole containing buffer was used to elute the 

protein as the higher concentration of imidazole (235 mM) in the elution buffer 

competes with the his-tag on the protein for binding to the metal-charged resin. The 

protein was then concentrated in a centrifugal concentrator with a 50 000 dalton 

molecular weight cut-off membrane by centrifugation at 3399 rcf for approximately 30 

minutes in preparation for size-exclusion chromatography (SEC). 

SEC was used to separate the eluted protein by size and molecular weight. 

Concentrated protein was loaded onto a HiloadTM 16/60 SuperdexTM 200 prep grade 

column equilibrated in 3mM HEPES, 150mM sodium chloride and 0.02% sodium azide 

buffer. SEC separates molecules based on their molecular size by filtration through a 

gel composed of spherical beads with pores of different sizes. Molecules of various 

sizes are included or excluded from the pores in the matrix allowing for separation. 

Molecules are eluted in decreasing order of molecular size by time as smaller 

molecules are obstructed by the pores of the gel matrix and take a longer time to be 

eluted. The fractions eluted at 42 – 55 minutes were collected and concentrated as the 

SARS-CoV-2 spike trimer (180 kDa) falls within the fractionation range. Aliquots were 

stored at - 80˚C until use. 
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2.11 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis  

Reducing and non-reducing sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis (SDS-PAGE) were used to confirm protein size. For non-reducing and 

reducing SDS-PAGE, LDS sample buffer was added to protein and heated at 100˚C 

to allow for denaturation. 15% Beta-mercaptoethanol was used as the reducing agent. 

Subsequently, protein was loaded onto a Novex™ Invitrogen™ Thermo Fisher 

Scientific, precast polyacrylamide gel (polyacrylamide percentage: 4-12%). Novoxex 

Pre-Stain Sharp Molecular Marker was used to determine the molecular weight. 

NuPAGE MOPS SDS running buffer was used to run the gel at charge of 200 volts. 

PageBlue™ Protein Staining Solution was used for staining the gel which was 

subsequently visualized on a GelDoc reader. 

2.12 Enzyme Linked Immunosorbent Assay (ELISA)  

An established, in-house SARS-CoV-2 indirect ELISA assay was used to determine 

the presence of antibodies in convalescent plasma directed against the wild type (WT) 

and mutant spike proteins (103).  WT and mutant SARS-CoV-2 spike protein (2 µg/ml) 

were used to coat a 96-well high-binding plate. After washing the plates three times in 

the wash buffer (1x PBS, 0.05% Tween 20) and blocking the plates with 5% skimmed 

milk the plasma samples (diluted to 1:100 in blocking buffer) were added to the plates. 

Monoclonal antibodies, diluted to a concentration of 5 µg/ml were used as positive 

controls (CR3022, 4A8, P2B-2F6 and CC12.23) and negative controls (Palivizumab). 

Samples were run in duplicate at 3-fold serial dilutions. The secondary antibody (anti-

human horse radish peroxidase-conjugated antibody) was diluted to 1:3,000 in 

blocking buffer and added to the plates.  A 1-step 3,3'5,5'-Tetramethylbenzidine (TMB) 

substrate was added to wells according to protocol to detect any bound antibody. The 

reaction was stopped using 1M H2SO4. The SpectraMax® ABS Plus Microplate Reader 

was used to measure optical density at 450nm wavelength and therefore detect 

binding. The area under the curve (AUC) was determined for each sample. The 

Friedman’s test with Dunn’s correction was used to compare data from each sub-

lineage. 

 

2.13 Pseudovirus production 

SARS-CoV-2 pseudoviruses were prepared according to an established in-house 

protocol using HEK 293T cells. Filter sterilized PEI-Max at a concentration of 1 mg/ml 

was added to 479.0 µl of Opti-Pro media and incubated for 5 minutes according to 

protocol.  The modified HIV proviral molecular clone pNL4 backbone with the nef 
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reading frame substituted with firefly luciferase gene was used as it lacks a functional 

HIV env allowing for the expression of SARS-CoV-2 spike proteins. The pNL4  

backbone with luciferase gene  (6 µg) and WT or mutant spike vector (6 µg) were added 

to Opti-Pro (479 µl) media according to procedure. DNA/Media mixture was transferred 

to the PEI/Media and the transfection reagent-DNA complex were added to HEK 293T 

cells previously seeded at 1x106 cells  in a T-75 flask and incubated for 72 hours. The 

supernatants were harvested and filtered using a 0.45-micron filter. The fetal bovine 

serum (FBS) concentration in the virus-containing culture medium was adjusted to 

20% and aliquots of the virus were stored at –80°C in sterile cryogenic tubes.  The  

dilution of virus required to yield 50 000 – 250000 relative light units (RLUs) in the 

assay was determined by TCID50 titration of each batch of virus produced.  

2.14 Neutralization assay 

A pseudotype neutralization assay previously described (26) was used to determine 

whether SARS-CoV-2 antibodies present in convalescent plasma could neutralize the 

pseudotyped viruses that contain relevant mutations.  Plasma samples from COVID-

19 convalescent donors were heat-inactivated at 56°C degrees to inactivate 

complement proteins that may interfere with the assay. Samples were clarified by 

centrifuging at 2000 rcf for 10minutes. Growth media and convalescent plasma 

containing SARS-CoV-2 antibodies was added to flat-bottom 96-well plates and titrated 

in 5-fold serial dilutions. A volume of 50 µl of SARS-CoV-2 pseudovirus (at a 

concentration that achieved 25000 – 250000 RLU during TCID) was added to the plate 

and incubated for 45-90 minutes to allow antibodies to bind to the spike protein. To 

each well, 100 µl of 293T-ACE2 expressing cells at a concentration of 1 x 106 were 

added to the wells and further incubated at 37 °C for 72 hours. Subsequently, media 

was aspirated from wells and 1x Promega lysis buffer was added to lyse cells. Bright 

Glow Luciferase reagent was used to detect luciferase released by lysed infected cells 

as a measure of infectivity. After transfer to a 96-well black and white plate, light signals 

produced in each well were read by the Perkin Elmer XL luminometer and compared 

to the results of the cell control and virus control wells that were prepared in the same 

manner. Neutralization assays were run in duplicate to determine inter-assay variation. 

Dose-response curves were generated using GraphPad Prism (version 8.0.1). The 

ID50 which is the serum dilution that inhibits 50% of the infectivity was also determined. 

The Friedman’s test with Dunn’s correction was used to compare data between the 

four sub-lineages. 
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CHAPTER THREE: RESULTS 

3.1 Sub-lineage mutations identified from SARS-CoV-2 infected individuals 

Researchers in the HTS study obtained nasopharyngeal swabs from SARS-CoV-2 

positive individuals participants in Soweto, Gauteng and Jouberton, Mpumalanga. 

Samples from SARS-CoV-2 positive participants were sequenced. The HTS study 

sequenced samples and grouped sequences into sub-lineages that have not 

previously been defined in other studies. In this study sub-lineage 1 is defined by the 

D215G, deletion 241-243, L452R, Y508H and D614G mutations in the spike protein. 

Sub-lineage 2 is defined by D80A, D215G, deletion 241-243, L452R, E484K, D614G 

and A701V mutations in the spike protein. Sub-lineage 3 is defined by D80A, L452R, 

Y508H, D614G and A701V spike protein while sub-lineage 4 is defined by D215G, 

L452R, Y508H, D614G and A924T mutations in the spike protein (Figure 3.1a - d). Of 

the 95 sequences obtained by the HTS study in December 2020, five sequences 

(0.05%) were classified under Sub-lineage 1, one sequence (0.01%) belonged to Sub-

lineage 3, and one sequence (0.01%) was identified as belonging to sub-lineage 4. No 

viruses belonging to Sub-lineage 2 were identified. Fifteen sequences had D80A, 

D215G, Del241-243, E484K, D614G, A701V mutations, however, they could not be 

classified as Sub-lineage 2 sequences as they did not have the L452R mutation.  

Sequences from sub-lineages were analysed using Nextclade clades.nextstrain.org 

(version 1.7.1). Sub-lineage 3 was classified under clade 19B lineage and Sub-lineage 

4 was categorized as part of clade 20B. Both clade 19B and 20B have less than 10 

mutations in their genome compared to the VOC/VOIs which belong to other clades 

that have greater than 10 mutations in their genomes (Figure 3.1e). The Pangolin 

COVID-19 Lineage Assigner was unable to determine the pangolin lineage of all 

sequences in the four sub-lineages.  

 

 

 

 

 

 

https://clades.nextstrain.org/
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Figure 3.1: Schematic representation of the mutations in each sub-lineage and 
Nextclade sequence lineage assignment. The S1 and S2 demarcations are indicated. 
The NTD is shown in orange, the RBD is shown in purple, RBM is are shown in light purple, 
the FP is shown in teal, and the HR1 is shown pink. HR2, TM and CP are also shown(a)   
Mutations present in  (a) sub-lineage 1, (b) sub-lineage 2, (c) sub-lineage 3 (d) sub-lineage 
4. (e) SARS-CoV-2 global clades as shown in the radial phylogenetic tree. The number of 
mutations in each clade (range 0 – 50) is indicated. Distance from the reference strain 
represents genetic variability. Sub-lineage 3 (green) sequence belongs to the clade 19B. 
Sub-lineage 4 (maroon) sequence belongs to the clade 20B. 

 

a.  

b.  

c.  

d.  

Sub-lineage 4 

Sub-lineage 3 

e. 
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After sub-lineages were defined from the HTS study, this study utilized the GISAID 

database to determine the frequency of individual mutations that define the four sub-

lineage of mutations evaluated in this study. The D614G mutation was found in over 

98% of sequences that were deposited onto the database from across the globe. In 

South Africa, the D614G mutation was present in 97% of the reported sequences 

(Figure 3.2) as of 6th December, 2020. The L452R mutation was observed in 

approximately a third of all reported sequences both globally and locally. The A701V 

and E484K substitutions were also observed in a third of locally reported sequences. 

In addition, the D80A and D215G substitutions were observed in a quarter of locally 

reported sequences. All other mutations were represented in less than 25% of the 

reported sequences (Figure 3.2). 
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Figure 3.2: Percentage of GISAID sequences with mutations of interest. The 
percentage of global and local (South Africa) GISAID sequences that contain 
mutations of interest that define the four sub-lineages evaluated in this study is 
displayed. The y-axis shows the percentage and the x-axis shows the mutation of 
interest. Black and grey columns represent percentage of sequences globally and in 
South Africa, respectively. 

3.2 Protein Structural Analysis 

Protein modelling was used to observe the structural interactions between the SARS-

CoV-2 spike protein and ACE2 receptor or monoclonal antibodies in order to determine 



33 
 

structural changes that result from point mutations that may have an impact on binding 

affinity and consequently viral infectivity and immune evasion. Cryo-EM structures of 

SARS-CoV-2 in complex with the ACE2 receptor protein or relevant monoclonal 

antibodies were obtained from the Protein Data Bank (PDB) and were visualized using 

UCSF Chimera version 1.15. Changes to interactions between amino acids were 

determined after mutating relevant residues in the protein structure in silico.  

The L452R mutation found within the Delta, Kappa, and Lambda VOCS is also present 

within all sub-lineages evaluated in this study. Mutation at this residue results in a 

change from a non-polar, aliphatic amino acid group (leucine) to a positively charged 

amino acid group (arginine). Located within the receptor binding motif (RBM) of the 

spike glycoprotein, studies have noted that the L452R mutation increases spike protein 

stability and results in higher binding affinity between the spike  RBD and the ACE2 

receptor (104). Structural analysis within this study suggested that molecular 

interactions were significantly altered between the spike and the AEC2 receptor as a 

result of this mutation (Figure 3.3a - b). P2B-F26, a Class II mAb, and the mutant spike 

were analysed and the residues R452 of the spike and V105 of heavy chain showed a 

steric clash (0.7 Å) (Figure 3.3a - b) which suggest that the binding previously seen 

between the two residues was abolished. The E484 residue which is located within the 

RBM can contact the ACE2 receptor. The substitution of a lysine changes the amino 

acid at that position from being negatively charged to having a positive charge. Sub-

lineage 2 strains as well as the Beta, Iota, Eta, Mu VOC/VOCs carry this substitution 

in the spike glycoprotein. Several studies have noted that E484 spike mutations 

significantly affect the binding of Class II monoclonal antibodies (27). In congruence 

with these findings, CB6, a Class I mAb, did not show any significant change in 

interaction when the mutation was introduced, however, P2B-F26 showed a significant 

change with the loss of a hydrogen bond (2.4 Å) between the 484 residue of the spike 

and the Y34 residue of the monoclonal antibody light chain (Figure 3.3c – d).  



34 
 

 

 

 

 

The Y508 mutation found in Sub-lineage 1, Sub-lineage 3 and Sub-lineage 4 is located 

in the RBD of the spike. The substitution of the tyrosine by a histidine changes the non-

polar aromatic amino acid at that position to a positively charged amino acid. This 

mutation has not occurred in previously described VOCs. In this study, the mutation 

did not show significant changes to interactions between the spike protein RBD and 

the ACE2 receptor, CB6, or P2B-F26 mAbs (Figure 3.3e - f). 

 

 

Figure 3.3: Change in protein interactions due to mutations in the spike 
glycoprotein (a) L452 WT and P2BF26. (b) R452 Mutant and P2BF26. (c) E484 WT 
and P2BF26. (d) K484 Mutant and P2BF26 (e) Y508 WT and P2BF26 (f) H508 Mutant 
and P2BF26. The mAb heavy chain is shown in cyan and the mAb light chain purple. 
The red and blue on the amino acid structures represent oxygen molecules and 
nitrogen molecules, respectively. Binding between residues is indicated by the black 
line between relevant amino acid residues.  
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The D80, D215 and D241- 243 residues are located within the NTD of the spike protein. 

The substitution of aspartic acid by arginine at residue position 80 changes the amino 

acid at that position from polar a uncharged amino acid to a positively charged amino 

acid. Sub-lineage 2 and Sub-lineage 3 strains as well as the Beta VOCs carry this 

substitution in the spike glycoprotein. Studies have shown that this mutation decreases 

neutralization sensitivity to some NTD-directed mAbs (71). This study did not identify 

any significant alterations to interactions between the spike and the 4A8 mAbs (Figure 

3.4a - b).  

The aspartic acid to glycine mutation at position 215 changes the amino acid from a 

negatively charged amino acid to a non-polar aliphatic amino acid. Sub-lineage 2 and 

Sub-lineage 4 strains as well as the Beta VOC carry this mutation. Other studies have 

shown that this mutation decreases neutralization sensitivity to some NTD-directed 

mAbs (71). The structural analysis of mAb 4A8 in complex with mutant spike did not 

show any significant changes in interactions (3 Å or less) were observed between the 

spike protein and the mAbs (Figure 3.4c - d).  

Figure 3.4: Change in protein interactions due to mutations in the spike 
glycoprotein (a) D80 WT and 4A8. (b) A80 mutant and 4A8. (c) D215 WT and 4A8. 
(d) G215 mutant and 4A8. The spike glycoprotein is shown in grey and the the mAb 
heavy chain is shown in cyan. The red on the amino acid structures represents oxygen 
molecules. 
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3.3 Sanger Sequencing 

For each of the four spikes representing each of the sub-lineages, mutations  were 

introduced into SARS-CoV-2 spike plasmids and confirmed by Sanger sequencing. 

The mutated spikes were compared to reference sequences to confirm the substitution 

of the residues and high plasmid yields were further obtained by maxiprep. 

 

3.4 SARS-CoV-2 spike protein expression and purification  

SARS-CoV-2 spike trimers with relevant mutations for each of the four sub-lineages 

were expressed in HEK 293F cells. Six days post-transfection, protein was harvested 

from the supernatant and a nickel resin column was used to purify protein trimers. Size 

exclusion chromatography was used to separate protein by molecular size. Proteins 

eluted between 44 – 54 minutes were collected (Figure 3.5a).  

 

 

Figure 3.5: Size exclusion chromatograph profiles for purification of sub-lineage 
1 – 4 proteins and Reducing and Non-reducing SDS PAGE confirm size of spike 
protein trimer. (a)Protein trimer eluted from the Nickel sepharose column was 
separated using the HiloadTM 16/60 SuperdexTM 200 column and eluted in 3Mm 
HEPES buffer. Proteins eluted between 44 – 54 minutes were collected. The X-axis 
shows the time each fraction was eluted. The Y-axis indicates the concentration of 
protein that was eluted at each time point. Sub-lineage 1, Sub-lineage 2, Sub-lineage 
3 and Sub-lineage 4 spike proteins are represented by brown, yellow, green and cyan 
colours, respectively.   (b) Reducing (R) (with 15% β-mercaptoethanol) and non-
reducing (NR) SDS PAGE was carried out on purified soluble mutated spike trimers to 
confirm the size of protein by comparison against a known molecular weight protein 
marker.  Sub-lineage 1 (brown), Sub-lineage 2 (yellow), and Sub-lineage 3 (green) 



37 
 

protein size (160KDa) and purity were confirmed. The Sub-lineage 4 protein (cyan) 
was observed below the expected 160kDa molecular weight band. 
 

The SARS-CoV-2 spike protomer and each of its composing trimers has a molecular 

weight of approximately 600kDa and 180 kDa, respectively. Sub-lineage 1, 2, and 3 

proteins which were visualized above the 160kDa marker (Figure 3.5b), corresponding 

to a band at 180kDa and these were used for subsequent ELISA experiments. The 

purity of Sub-lineage 4 spike proteins was shown to be sub-optimal (Figure 3.5b) as 

multiple protein bands were observed in the non-reducing well indicating that further 

purification would be required before the protein could be used for ELISA experiments. 

Therefore, this protein was excluded from subsequent experiments. 

 

3.5 Change in binding between WT and Sub-lineage spike proteins 

Polyclonal sera collected during the first wave of infection (where the D614G was the 

dominant lineage) were used to determine whether sub-lineage spike proteins were 

recognized by binding antibodies from the first wave. Three-fold serial dilutions were 

performed starting at a 1:100 plasma dilution (Figure 3.6).  
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The optical densities were obtained and GraphPad Prism was used to determine the 

area under the curve for each sample. The graphs above show that the titration of 

samples was performed adequately during the study. Of the 42 samples tested, 33% 

(14/42) of samples show a greater than two-fold reduction in binding Sub-lineage 1 

while 28.5% (12/42) of samples showed greater than two-fold reduction in binding Sub-

lineage 2 proteins when compared to the WT . A comparison betweenSub-lineage 2 

and Sub-lineage 3 proteins showed that 26% (11/42) of samples had a greater than 

two-fold increase in binding. 

Figure 3.6: ELISA titration graphs for SARS-CoV-2 spike proteins. A graphical 
representation of ELISA results for convalescent samples by SARS-CoV-2 spike 
antigen. 3-fold serial dilutions were performed starting at a 1:100 serum plasma 
dilution. 
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Geometric mean titres (GMT) for each group were determined. Statistical analysis 

using the  Friedman’s test with Dunn’s correction revealed that binding of polyclonal 

plasma to sub-lineages 1 (p<0.01) and sub-lineage 2 (p<0.001) spike proteins was 

significantly reduced compared to the WT. Furthermore, there was a significant 

(p<0.01) increase in binding to Sub-lineage 3 spike protein compared sub-lineage 2 

spike protein (Figure 3.7). 

 

Figure 3.7: Comparison of Area Under the Curve (AUC) between SARS-CoV-2 
wild type and sub-lineage spike proteins. A graphical presentation of the change 
in AUC values between SARS-CoV-2 Wild type, SARS-CoV-2 Sub-lineage 1, SARS-
CoV-2 Sub-lineage 2 and SARS-CoV-2 Sub-lineage 3. Geometric mean titres (GMT) 
for each group are shown. For all experimental tests the statistical significance was 
calculated using the Friedman’s test with Dunn’s correction for multiple comparisons. 
Significant differences between groups where determined where ns p>0.05, * p<0.05, 
** p<0.01 and *** p<0.001. 
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3.6 Change in Neutralization Titres 

Neutralization assays were used to determine whether SARS-CoV-2 antibodies 

present in convalescent plasma from the first wave could neutralize the pseudotyped 

viruses with SARS-CoV-2 sub-lineage spike glycoproteins. Five-fold serial dilutions 

were performed from a starting dilution of 1:20. Samples were run in duplicate. SARS-

CoV-2 strains and ACE2 HEK 293T cells were added and plates were incubated 

according to protocol. RLUs were obtained and dose response curves were generated 

for a subset of plasma samples (11/42) representing high, low and medium binding 

samples (Figure 3.8). The data from these graphs indicate that the plasma samples 

were able to neutralize the WT and all the sub-lineages pseudoviruses. 
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We assessed whether there was any significant change in neutralization sensitivity 

between the WT and sub-lineage pseudotype viruses. When sub-lineages were 

compared to the WT pseudovirus, there was no significant change in neutralization 

sensitivity. The neutralization sensitivity of Sub-lineage  pseudovirus to polyclonal 

plasma was significantly increased compared to the Sub-lineage 1 pseudovirus 

(p<0.01) (Figure 3.9). 

  

Figure 3.8: Neutralization plot dose-response curves for SARS-CoV-2 wild 

type and sublineage pseudoviruses. A graphical representation of neutralization 

results for eleven convalescent samples. Five-fold serial dilutions were performed.  
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Figure 3.9: Comparison of neutralization titres of SARS-CoV-2 wild type and 
sub-lineages. A graphical presentation of the change in neutralization titres (ID50) 
between SARS-CoV-2 Wild type, SARS-CoV-2 Sub-lineage 1, SARS-CoV-2 Sub-
lineage 2 and SARS-CoV-2 Sub-lineage 3. Geometric mean titres (GMT) for each 
group are shown. A significant increase (p-value 0,0069) in neutralization titres was 
observed between Sub-lineage 1 and Sub-lineage 3. For all experimental tests the 
statistical significance was calculated using the Friedman’s test with Dunn’s correction 
for multiple comparisons. Significant differences between groups where determined 
where ns p>0.05, * p<0.05, ** p<0.01 and *** p<0.001. 
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Results showed that 63% (7/11) of samples showed a greater than two-fold increase 

in neutralizing potency from Sub-lineage 1 to Sub-lineage 4 SARS-CoV-2 pseudotype 

virus (Figure 3.10). Thirty-six percent (4/11) of samples showed a greater than two-

fold reduction in neutralization sensitivity to Sub-lineage 2 and Sub-lineage 3spike 

protein, however, these changes were not statistically significant.   

 

 

Figure 3.10: ID50 for each sample against the SARS-CoV-2 wild type and sub-

lineages pseudovirus. Change in neutralization sensitivity for each sample. The fold 

change neutralization sensitivity was determined and samples with a greater than two-

fold increase or decrease were highlighted in red and green. 
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CHAPTER FOUR: DISCUSSION 

The continuous evolution of SARS-CoV-2 has resulted in the emergence of 

VOCs/VOIs with increased transmissibility and reduced immune sensitivity, which has 

implications for vaccine efforts and re-infections. Monitoring evolutionary changes and 

their phenotypic characteristics is crucial to support ongoing interventions. Of note are 

the Delta and Omicron variants. The Delta variant became dominant across the globe 

due to greater transmissiblility when compared  to earlier VOCs including Alpha 

(105,106). Within VOCs there are sub-lineages with subtle changes to the mutation 

profile that may have significally different immune escape profiles (107). For example, 

the Delta variant consists of over 40 sub-lineages (107) including B.1.617.2, AY.1, 

AY.2, AY.3-AY.12 with defining mutations primarily occurring in the NTD and RBD 

regions (107,108). The Omicron variant is also characterized by distinct sub-lineages 

that responded differently to diagnostic tools (109). The differences in non-defining 

mutations in VOC sublineages may further contribute to differences in viral fitness and 

immune evasion and therefore, it is crucial to identify and characterize various 

lineages and sub-lineages that are occurring in different geographic locations. The 

Omicron variant which was reported in over 34 countries by early December 2021(61) 

is likely more infectious compared to other VOCs such as the Delta and Beta variants 

(61). This variant is characterized by multiple mutations within antibody-targetting sites 

located on the spike protein hence high levels of immune evasion have been reported 

(46). Nevertheless, the anti-SARS-CoV-2 vaccines still remain effective against this 

and other variants of concern (50). 

From samples collected in December 2020, other researchers from the HTS study 

identified four sub-lineages of the Beta VOC that contain mutations with potential for 

immune evasion. The sub-lineages we characterized had mutations in common with 

those found in the variants that emerged after the second epidemiological wave of 

infections in South Africa including substitutions located in the NTD and the RBD 

region. Sub-lineages 1 and 2 showed reduced binding when compared to the WT 

virus. Reduction in binding of first wave plasma to Sub-lineage 1 spike protein may be 

a result of the L452R mutation located in the RBD of the spike as shown by results 

from the in silico protein analysis and which is an important immune escape modulator 

in the Delta and now Omicron variants. The D215G substitution and 241-243 deletion 

which are associated with decreased binding in the Beta variant likely have contributed 

to the observed results. Decreases in binding activity - including those directed 
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towards the NTD - may have implications in the effectiveness of the immune response 

to SARS-CoV-2 infection as it may be responsible for reduced immune activity such 

as Fc effector functions (110). Further work may provide insight as to whether 

mutations in these two sub-lineages have significant impact on Fc-mediated functions. 

The E484K mutation located in the RBM of the spike protein may explain the greater 

reduction in binding observed in Sub-lineage 2 as compared to the binding observed 

in Sub-lineage 1. Despite reduced binding, Sub-lineage 1 and Sub-lineage 2 strains 

did not show any reduced sensitivity to neutralization. These findings may be due to 

combined effects of the mutations in the sub-lineages. This may be one reason why 

these sub-lineages did not significantly increase in frequency so as to alter the 

epidemiology of SARS-CoV-2 virus in South Africa. Alternatively, the lack of significant 

changes to neutralization sensitivity for these samples may have resulted from the 

small number of samples that we used in this study to evaluate neutralization 

sensitivity.  

The Sub-lineage 3 spike protein had a significant increase in binding when compared 

to Sub-lineage 2 spike protein. The higher binding observed in Sub-lineage 3 spike 

protein compared to Sub-lineage 2 spike protein may be due to the lack of antibody 

escape mutations as Sub-lineage 3 only contains the D80A, L452R, Y508H, D614G 

and A701V mutations while Sub-lineage 2 spike protein differs by having the D215G 

substitution, the 241-243 deletion, and the E484K mutation in addition to those seen 

in sub-lineage 3. No significant difference in neutralization sensitivity was observed 

between the Sub-lineage pseudoviruses and the WT. Furthermore, Sub-lineage 3 

pseudovirus and the Sub-lineage 2 pseudovirus did not show significant changes in 

neutralization sensitivity when compared against each other. This may suggest that 

the antibodies that were affected by the mutations merely recognized binding epitopes 

but not neutralizing epitopes. This may suggest that vaccine design should target spike 

proteins with mutations that are known to affect neutralizating epitopes. 

A significant increase in neutralization sensitivity was observed when Sub-lineage 4 

pseudovirus neutralization was compared to that of the Sub-lineage 1 pseudovirus. 

Sub-lineage 4 and Sub-lineage 1 differed by the presence of the deletion at positions 

241-243 and the mutation A924T in Sub-lineage 1 and Sub-lineage 4 respectively. 

The effects of the A924T mutation on neutralization sensitivity have not been 

characterized, however, the deletion at positions 241-243 in the NTD may contribute 

to neutralization escape.  This NTD deletion has been shown to increase neutralization 
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resistance, however, in this study no significant change was observed when sub-

lineages were compared to the WT pseudovirus. The effects of the deletion at 

positions 241-243 in Sub-lineage 2 may have been affected by the presence of other 

mutations within that sub-lineage. Furthermore, these results may be due to the small 

number of samples that were used by the researcher to assess neutralization. 

Structural analysis revealed that amino acid clashes resulting from the L452R mutant 

spike and the heavy chain of Class II mAb P2B-F26 resulted in the decreased binding 

affinity of mutant spike to the heavy chain of Class II mAb P2B-F26. The L452R 

mutation identified by the HTS study in December 2020 has become more dominant 

since the Delta variant begun circulating in South Africa. The L452R strains may 

escape neutralization and increase viral infectivity potentially driving infection and re-

infection by lineages that carry the L452R mutation. In contrast, the E484K mutation 

showed a loss of hydrogen bond resulting in a decrease in the binding affinity of mutant 

spike to the light chain of Class II mAb P2B-F26. In accordance with other studies, 

findings within this study suggest that the Class II mAbs may exhibit reduced binding 

and neutralization of viral strains with this mutation. 

D614G is present in over 98.5% of circulating SARS-CoV-2 strains and also present 

in the sub-lineages investigated in this study. This mutation improved the stability of 

the S1/S2 inter-domain interactions within the spike protein allowing for binding of 

antibodies when RBD is in the open state (81–83). Furthermore, the D614G change 

increases the rate of S1/S2 cleavage (84) as well as the number of spike proteins 

present on the surface of the virion (85,86). 

The A701V mutation in the Beta VOC, Sub-lineage 2 and Sub-lineage 3 is located 

near the furin cleavage site (66). The furin cleavage site is an important determinant 

of SARS-CoV-2 transmission as mutations occurring within this site potentially 

increase the cleavage of S1/S2 subunits of the spike protein enhancing viral cell entry 

(87), however, there is no evidence that the mutation affects neutralization sensitivity  

of mAbs (66). 

One limitation of the study is that we only made use of convalescent plasma from 

individuals infected with the WT strain from the first wave of infections in South Africa 

(D614G variant) to determine the changes in binding and neutralization sensitivity of 

the sub-lineages tested. Future studies on the sensitivity of these and other sub-

lineages should include the use of convalescent plasma from currently circulating 

VOCs to provide more relevant and timely data to the field as antibodies elicited from 
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other variants may be more cross-reactive compared to the WT and ancestral strains 

(44). In addition, The impact of mutations that occur outside the spike glycoprotein 

within these sub-lineages should be investigated for potential effects on the replicative 

fitness of the virus as this may have contributed to the lack of continued expansion of 

these lineages. 

Our study highlights the need for continuous surveillance of changes to the SARS-

CoV-2 spike glycoprotein and the impact these mutations may have on viral 

transmission, disease severity and immune escape from mAbs used in therapy as well 

as polyclonal sera elicited by infection and vaccination. Despite reported reduction in 

vaccine effectiveness against some VOCs, all anti-SARS-CoV-2 vaccines currently in 

use remain beneficial for immune responses to the virus. SARS-CoV-2 vaccination 

therefore, remains a key strategy in mitigating the pandemic as vaccines have proved 

to reduce the burden of disease amid the continued emergence of SARS-CoV-2 

variants. 

 

CONCLUSION 

This study characterized the antibody responses to four SARS-CoV-2 sub-lineages 

identified in South Africa. Mutations within these sub-lineages are relevant for immune 

evasion as they are primarily located in the NTD and the RBD of the spike protein, 

which are regions where most neutralizing antibody epitopes are located. Several 

mutations identified in these sub-lineages were defining mutations which are shared 

by circulating VOC/VOIs. This suggests that the change in the antigenic phenotype of 

SARS-CoV-2 resulting from viral evolution may drive immune escape. In this study, 

antibodies showed reduced binding to Sub-lineage 1 and Sub-lineage 2 viruses when 

compared to the WT virus. Although changes in binding were observed, no significant 

change was observed in the neutralization sensitivity when the WT was compared to 

sub-lineage pseudoviruses. The change in binding may be due to mutations that result 

in the loss of binding epitope recognition, therefore, further research may investigate 

whether these specific mutations affect Fc receptor binding functions. This study also 

highlights the importance of genomic surveillance for SARS-CoV-2 coupled with 

phenotypic investigation of how viral evolution affects immune responses and 

intervention efforts directed against the pandemic. These findings have implications 
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for vaccine effectiveness, monoclonal antibody therapies, convalescent plasma and 

other drug therapies.  
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Appendix  

 

 

Supplementary Figure 1: The change in binding between wild type and sub-

lineage spike proteins. Data showing the change in binding for each sample as a 

result of the Sub-lineage mutations in the SARS-CoV-2 spike glycoprotein. The fold 

change in binding was determined and samples with a greater than two-fold increase 
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were highlighted in green while those with a greater than two-fold decrease were 

highlighted red. 


