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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2), the virus that causes 
coronavirus disease 2019 (COVID- 19), has shifted our paradigms about B cell immu-
nity and the goals of vaccination for respiratory viruses. The development of popula-
tion immunity, through responses directed to highly immunogenic regions of this virus, 
has been a strong driving force in the emergence of progressively mutated variants. 
This review highlights how the strength of the existing global virology and immunol-
ogy networks built for HIV vaccine research enabled rapid adaptation of techniques, 
assays, and skill sets, to expeditiously respond to the SARS- CoV- 2 pandemic. Allying 
real- time genomic surveillance to immunological platforms enabled the characteriza-
tion of immune responses elicited by infection with distinct variants, in sequential 
epidemic waves, as well as studies of vaccination and hybrid immunity (combination of 
infection-  and vaccination- induced immunity). These studies have shown that consec-
utive variants of concern have steadily diminished the ability of vaccines to prevent 
infection, but that increasing levels of hybrid immunity result in higher frequencies of 
cross- reactive responses. Ultimately, this rapid pivot from HIV to SARS- CoV- 2 ena-
bled a depth of understanding of the SARS- CoV- 2 antigenic vulnerabilities as popula-
tion immunity expanded and diversified, providing key insights for future responses 
to the SARS- CoV- 2 pandemic.
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1  |  PANDEMIC PREPAREDNESS THROUGH 
30 YE ARS OF HIV VACCINE RESE ARCH

The emergence of severe acute respiratory syndrome coronavirus 
2 (SARS- CoV- 2) resulted in a global pandemic causing more than 6 
million global deaths and resulting in significant social and economic 
challenges. This pandemic was also coupled with massively acceler-
ated scientific research, the speed and impact of which has never 
been seen before. This rapid response to SARS- CoV- 2 has in large 
part been facilitated by more than 30 years of HIV vaccine research, 
which has long since benefited research on other pathogens of med-
ical significance, but has been most pronounced during the SARS- 
CoV- 2 pandemic.

The HIV vaccine research field has pioneered immunological and 
virological research through in- depth studies of virus- host interplay 
during chronic infection. This has included technical advances in sin-
gle B cell isolation and characterization, and massively deep next- 
generation sequencing of both antibody and viral genes. The field 
has also driven increased reliance on structural biology and rigorous 
immunization studies, both in preclinical settings and in accelerated 
designs for human clinical trials, including experimental medicine. 
Initial HIV vaccine research efforts were directed to eliciting T cell 
responses; however, it soon became apparent that while T cells me-
diated control of viral loads in some individuals, infection had to be 
completely blocked given the ability of HIV to integrate into human 
DNA and remain latent for months to years following initial infection. 
Protection from infection could only be mediated through the pres-
ence of high titer antibodies at mucosal sites. Therefore, the char-
acterization of the antibody response to HIV has been a focus for 
many years, resulting in strong data regarding the role of antibodies 
in protection from infection in passive immunization studies in an-
imal models.1- 4 More recently, the phase 2b AMP trial (HVTN703 
and HVTN704) provided further proof that antibodies could prevent 
infection in humans.5

This emphasis on antibody research and the realization of the 
need to accurately compare results across many studies in different 
laboratories resulted in the development and use of standardized 
pseudovirus neutralization assays,6 using engineered cell lines rather 
than primary cells, the latter which resulted in a high level of variabil-
ity. Apart from the reproducibility of the pseudovirus neutralization 
assay for HIV studies, the single cycle infectious nature of pseudo-
viruses ensured a built- in safety feature, which allowed for these 
assays to be performed in BSL2 rather than BSL3 environments, 
making such assays more accessible in under- resourced areas of the 
world. In addition, the use of the same HIV backbone with different 
envelopes allowed for relatively rapid characterization of multiple 
different forms of HIV, with advances in sequencing (and reduced 
cost) enhancing our understanding of viral envelope quasispecies. 
These assays have been fundamental to HIV vaccine research and 
are now a routine technique that has been implemented in labora-
tories across the world. Along with the development of more stan-
dardized assays came the implementation of proficiency panels using 
well- characterized serum panels and sets of viruses, with a further 

emphasis on ensuring comparability of data. Following the results 
of the RV144 Thai vaccine trial, which implicated non- neutralizing 
antibody functions in protection,7 assays to investigate the role of 
antibody functions such as phagocytosis and antibody- dependent 
cellular cytotoxicity were established.8- 11 In addition to this, several 
HIV laboratories have also refined technologies to isolate antigen- 
specific monoclonal antibodies with broad B cell function, including 
binding, neutralization, and Fc effector function.

With the emergence of SARS- CoV- 2 and the declaration of 
a global pandemic, rapid, and reproducible assays were urgently 
needed to measure antibody responses, initially after infection and 
later after vaccination. The urgency for these assays, and the need 
for them to be rapidly adapted, became particularly evident after 
the first detection of mutated variants with suspected immune es-
cape potential, with potential implications for reinfection and vac-
cine efficacy. Multiple HIV laboratories, including our own, quickly 
converted the HIV pseudovirus neutralization assay and several Fc 
effector function assays to investigate SARS- CoV- 2 antibody resis-
tance, in an effort to link genotype to phenotype.12- 14

As the scientific field scrambled to pivot to SARS- CoV- 2 re-
search, more than 30 different neutralization assays were adapted 
for SARS- CoV- 2, using a wide array of platforms including lentiviral 
backbones, VSV- based and live virus neutralization assays in many 
different cell lines.15- 19 As had previously been seen in the HIV vac-
cine field, this many assays produced quantitatively different results 
and required local standardization to enable cross- comparisons of 
data. These standardization approaches included inter- laboratory 
comparisons, external quality assessments, and the development of 
an international standard for use in assay calibration.20,21 Through 
these endeavors, the SARS- CoV- 2 antibody assays, many adapted 
from the HIV field, have successfully been employed to map anti-
body responses following infection and to confirm the immunogenic-
ity of numerous SARS- CoV- 2 candidate and licensed vaccines.13,22,23 
Lastly, the characterization of these SARS- CoV- 2 responses led to 
the isolation of monoclonal antibody therapeutics to prevent severe 
SARS- CoV- 2 illness and death,24- 27 in large part due to the contribu-
tion of foundational HIV vaccine research.

2  |  LE VER AGING HIV VACCINE RESE ARCH 
IN SOUTH AFRIC A TO CONTRIBUTE TO 
SARS-  COV- 2 RESE ARCH

In South Africa, as the pandemic emerged, we too leveraged many 
years of investment in immunology and virology to pivot to SARS- 
CoV- 2. South Africa has the largest antiretroviral treatment program 
in the world, with more than 4.8 million people accessing drugs. This 
necessitated the development of a large national program to monitor 
the emergence of antiretroviral drug resistance mutations, both at the 
population level and in persons failing treatment. As a consequence, 
HIV researchers in South Africa had built up their next- generation 
sequencing expertise and infrastructure through routine HIV antiret-
roviral drug resistance surveillance28,29 and basic virological studies 
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of HIV30- 34 to inform vaccine design.35,36 In June 2020, several South 
African scientists established a network of sequencing and diagnos-
tic laboratories, led by eight individuals, seven of whom had previ-
ously been involved in HIV research. The newly formed Network 
for Genomic Surveillance in South Africa (NGS- SA)37 centralized 
four sequencing hubs in Durban, Cape Town, Bloemfontein, and 
Johannesburg, to receive specimens from SARS- CoV- 2 testing labora-
tories, in both the public and private sectors, to monitor the evolution 
of SARS- CoV- 2. The expertise of this network was quickly capitalized 
upon and strengthened by the Africa Centres for Disease Control and 
Prevention (Africa CDC)’s Pathogen Genomics Initiative (PGI), which 
was launched in November 2019, fortuitously timed to contribute 
to the SARS- CoV- 2 pandemic. The Africa CDC PGI used two hubs 
within NGS- SA to initially provide SARS- CoV- 2 genomic surveillance 
to numerous countries in southern Africa. Later, this partnership sys-
tematically expanded the reach of next- generation sequencing across 
Africa through virtual and in- person training conducted by NGS- SA. 
In the space of 2 years and under the extremely heavy constraints of 
the pandemic, the Africa CDC PGI38 has expanded next- generation 
sequencing capacity in Africa from just 7 countries in November 
2019 to 31 countries in January 2022.39

South African laboratories have also been heavily involved in 
HIV vaccine and microbicide research since the 1990s, with signif-
icant global investment in South African laboratories and clinical 
trials infrastructure. As a result, we had substantial experience in 

the pseudovirus neutralization assays and the single B cell isolation 
technologies described above, as well as in studies of T cells in HIV 
infection. As with the rest of the HIV vaccine scientific community, 
South African laboratories were therefore poised to make contribu-
tions to SARS- CoV- 2 research. In addition South Africa’s established 
tuberculosis and zoonotic pathogen research programs ensured a 
swift transition to culturing live SARS- CoV- 2 in established facilities 
across the country, and enabled several laboratories to quickly set up 
live virus neutralization assays and to share viral stocks with global 
repositories. Lastly, through well- established and productive groups 
like the Centre for the AIDS Programme of Research in South Africa 
(CAPRISA), South African AIDS Vaccine Initiative (SAAVI), and HIV 
Vaccine Trials Network (HVTN), strong foundations built upon years 
of accredited quality management and assessment enabled clinical 
research systems to be re- purposed expeditiously for SARS- CoV- 2 
vaccine trial immunogenicity and protection studies.

3  |  THE SOUTH AFRIC AN EPIDEMIC AND 
THE EMERGENCE OF T WO VOC S WITH 
GLOBAL R AMIFIC ATIONS

The South African SARS- CoV- 2 epidemic has been characterized 
by four epidemiologic waves between March 2020 and February 
202240 (Figure 1). The first wave of infection was protracted due to 

F I G U R E  1  The SARS- CoV- 2 epidemic in South Africa from 2020 to 2022. Number of diagnosed SARS- CoV- 2 cases and deaths (7- day 
moving average) by sample collection date from March 2, 2020, to March 15, 2022 are shown on the upper and lower graphs respectively. 
Duration of lockdown levels 1 (pink), 2 (blue), 3 (cyan), 4 (teal), and 5 green) are indicated per announcements made by the South Africa 
Presidency at the top of the plot. Number of cases accounted for by each SARS- CoV- 2 epidemiological wave is indicated by brackets at the 
top (wave 1: March 1, 2020- September 30, 2020; wave 2: October 1, 2020- April 7, 2021; wave 3: April 8, 2021- November 9, 2021; wave 4: 
November 10, 2021 -  current). Number of deaths accounted for by each SARS- CoV- 2 epidemiological wave is indicated by brackets at the 
bottom (wave 1: March 1, 2020- November 9, 2020; wave 2: November 10, 2020- May 3, 2021; wave 3: May 4, 2021- November 22, 2021; 
wave 4: November 23, 2021 -  current). Wave periods are staggered for the deaths compared to cases. Dominant variants for each wave are 
represented in colored text boxes with D614G in grey, Beta in purple, Delta in green, and Omicron in red. SARS- CoV- 2 case data obtained 
from the National Institute for Communicable Diseases National COVID- 19 Daily Report. SARS- CoV- 2 genomics surveillance data obtained 
from the Network of Genomics Surveillance Weekly Report
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a “hard lockdown” with extremely restricted interprovincial move-
ment, school closures, and the requirement that non- essential 
workers cease work or function remotely. The first wave was charac-
terized by multiple introductions of ancestral D614G lineages, which 
subsequently diversified into at least 16 novel lineages including C.1 
and several B.1.1 lineages.41,42 Despite several lineage- defining mu-
tations distinguishing each of these novel lineages, none of these 
mutations coded for amino acid substitutions in the spike protein.42 
This first wave resulted in >650 000 infections and >18 000 deaths 
(Figure 1).

In late November 2020, a relatively rapid surge in cases within 
the Eastern Cape40 province of South Africa sparked efforts by the 
NGS- SA consortium to prioritize sequencing of diagnostic speci-
mens from this province. These results revealed, at that time, a rel-
atively mutated version of SARS- CoV- 2. This viral variant had five 
non- synonymous mutations in the spike gene detected in sampling 
from mid- October, and by the end of November had accumulated a 
further three mutations.42 This lineage was assigned B.1.35143 and 
was later classified by the World Health Organization as the Beta 
variant of concern (VOC).44,45 This variant was characterized by 
three substitutions in the receptor binding domain (RBD), namely 
K417N, E484K, and N501Y and four changes in the N- terminal do-
main (NTD), including L18F, D80A, D215G and R246I.46 The clus-
tering of mutations in these two regions, both of which were known 
to be targets of the neutralizing antibody response, suggested more 
than just adaptation toward enhanced engagement with human 
angiotensin- converting enzyme 2 (hACE2), the cellular receptor for 
this virus.

We sought to investigate the impact of these spike mutations by 
testing convalescent plasma from individuals who had been infected 
with ancestral D164G variants, against the Beta variant. Within 
6 weeks of identification of the variant, we showed that these muta-
tions mediated significant escape from neutralizing antibodies, with 
convalescent plasma from 48% of individuals completely unable to 
neutralize the Beta variant and a 13- fold reduction in geometric 
mean titer.13 However, an RBD chimera, which possessed only the 
Beta RBD mutations within a D614G background, was resistant to 
only 27% of plasma, showing that a substantial fraction of the neu-
tralization escape was mediated by the NTD Beta mutations.13 In 
addition, although therapeutic monoclonal antibodies were not (and 
are still not) available in South Africa, we confirmed that the Beta 
variant showed resistance to three classes of therapeutically rele-
vant antibodies.13 These data, which were the first to show that the 
Beta VOC represented a public health threat, were a harbinger of 
the threat of viral evolution for the global response to SARS- CoV- 2.

In addition, in individuals who had received the AstraZeneca 
ChAdOx1 nCoV- 19 COVID- 19 vaccine, we showed that more than 
75% did not have neutralizing antibodies against the Beta variant.47 
This lack of neutralization corroborated the lack of protection from 
infection provided by this vaccine in a clinical trial in South Africa, 
where only 10.4% vaccine efficacy was observed.47 At this time, 
the primary goal of vaccination was to prevent SARS- CoV- 2 in-
fection. Therefore, the neutralization resistant profile of the Beta 

variant resulted in the roll- out of the AstraZeneca ChAdOx1 nCoV- 
19 COVID- 19 vaccine in South Africa being halted, only days after 
the arrival of the vaccine in South Africa. The ability of this vac-
cine to provide protection from severe illness and hospitalization 
could not be accurately assessed in this trial, which was conducted 
in a relatively young population. Given that we now know that the 
ChAdOx1 nCoV- 19 COVID- 19 vaccine performs well in preventing 
illness and hospitalization, this decision, which has yet to be reversed 
in South Africa, was an unfortunate set- back for South Africa’s vac-
cine program.

Interestingly, although neutralization was significantly dimin-
ished against Beta, binding antibody13 and antibody Fc effector 
functions such as antibody- dependent cellular cytotoxicity (ADCC), 
and antibody- dependent cellular phagocytosis (ACDP),48 responses 
were largely unaffected by the mutations within the spike of the Beta 
variant. This is likely related to the fact that the majority of antibody 
responses to spike, including RBD and NTD are non- neutralizing.49 
Similarly T cell responses from ancestral D614G- infected individ-
uals were maintained against the Beta variant, as only about 16% 
of the CD4 T cell response- targeted peptides where mutations in 
the Beta variant had arisen.50 While CD8 T cell responses were 
rarely detected, those that were detected were often directed to 
regions that were conserved between the ancestral D614G and Beta 
variants and were therefore not significantly affected by the Beta 
mutations.50 Despite this conservation of T cell epitopes which is as-
sociated with protection from severe disease,51- 53 the second wave 
of infections in South Africa which were caused almost exclusively 
by the Beta variant, accounted for 34% (>33 000) of the total num-
ber of documented SARS- CoV- 2 deaths in South Africa.54 This was 
likely a result of relatively low population immunity through infec-
tion, and a very slow vaccine roll- out following wave 1 which was 
further delayed by the emergence of the Beta variant and concerns 
of the lack of efficacy of vaccines against this variant (Figure 1). Prior 
to the emergence of Omicron, the Beta variant was the most neu-
tralization resistant variant to be described. However, despite this 
immune evasive phenotype, it failed to expand globally, perhaps 
due to competition from the highly transmissible Alpha variant,55,56 
which emerged and came to dominate globally at the concurrent 
time. It is difficult to disentangle the differences in transmissibility, 
infectivity or founder effects between the Alpha and Beta variants, 
given the severe travel restrictions and bans placed on South Africa 
during the dominance of the Beta variant.

In early 2021, the Delta variant of SARS- CoV- 2 emerged in India57 
and was characterized by mutations associated with increased spike 
cleavage and messenger RNA expression, which resulted in increased 
replicative fitness58 and particle assembly.59 As a consequence, even 
infected but asymptomatic individuals had 1000 times more virus 
than D614G variant infections,60 making the Delta variant extremely 
transmissible and causing the first global variant replacement61,62 by a 
VOC. South Africa was no exception to the dominance of Delta,63 and 
our third wave was the most severe, with the largest number of cases 
(>1,3 million cases) and deaths (>36 000; Figure 1). Again, convales-
cent plasma collected from individuals infected in the first and second 
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waves of infection in South Africa, caused by D614G and Beta, respec-
tively, showed reduced neutralization of Delta,64 however binding, Fc 
effector function48 and T cell reactivity65 remained largely conserved. 
While individuals who received mRNA rather than Ad- vectored vac-
cines had higher neutralization titers against Delta, breakthrough in-
fections were occurring at a higher rate following the emergence of 
Delta than the D614G or Alpha variants.66,67 Despite this, SARS- CoV- 2 
hospitalizations and deaths were drastically skewed toward unvacci-
nated individuals globally and in South Africa during the dominance of 
the Delta variant, regardless of the vaccine platform used.67- 71

Following the third wave of infections in South Africa, the 7- 
day rolling average for SARS- CoV- 2 case numbers were at an “all 
time low” with less than 100 cases per day between the months of 
September and October 2021 (Figure 1). However, the second week 
of November 2021 was met by a sudden and substantial increase 
in the percentage of SARS- CoV- 2 tests returning as positive with 
a concomitant increase in an S gene PCR failure or S gene target 
failure (SGTF) in Gauteng,72 the most populated province in South 
Africa. One of the largest private diagnostic laboratories, Lancet 
Laboratories, reported their observation of this increase in the SGTF 
to the national public health institute of South Africa, the National 
Institute for Communicable Diseases (NICD) and eight of their ran-
domly selected SARS- CoV- 2 diagnostic specimens were sequenced. 
The sequences from these eight specimens, despite being epidemi-
ologically unlinked, from distinct districts within the province and 
from different age groups, contained 45- 52 mutations across the 
entire genome,73 with a concentration of up to 32 mutations within 
the spike region alone. Of the spike mutations, a deletion between 
amino acid positions 69 to 70, which previously characterized the 
Alpha VOC, accounted for the diagnostic PCR SGTF. The prelimi-
nary sequencing results were confirmed in over 200 genomes that 
were generated by NGS- SA within 7 days from diagnostic specimens 
sampled in 3 other provinces, including two coastal provinces be-
tween 600- 1500 km away from Gauteng.73 In addition, using the 
SGTF as a proxy for the detection of this new lineage, we saw rapid 
dissemination throughout South Africa, coupled with an increase in 
the hazards ratio for reinfection risk,74 the first time this signal had 
been seen in South Africa. This resulted in this lineage, designated 
B.1.1.529,43 being classified by the WHO as the Omicron VOC within 
a week of its detection.45 The Omicron lineage has since been fur-
ther classified into multiple sub- lineages,43 including BA.1, BA.2 and 
BA.3, which between them have 17 amino acid substitutions or in-
dels that are unique to each sub- lineage or shared between only two 
sub- lineages. Ongoing genomic surveillance at the time of writing 
this article suggests the likelihood that, as with Delta, we will see the 
emergence of several distinct Omicron sub- lineages.41,75 While BA.1 
dominated the initial Omicron wave of infections in South Africa and 
globally, the frequency of BA.2 has been growing since January 2022 
and it is the dominant sub- lineage in multiple locations, including 
South Africa,76 India,61,62 Denmark,77 and the United Kingdom.78 As 
in many other parts of the word, Omicron was associated with lower 
levels of hospitalization and deaths, and despite causing >750 000 
infections in South Africa, the country recorded only 10 478 deaths 

in the fourth wave.70,72,79 This disconnect between hospitalization 
and deaths was widely attributed both to potentially lower patho-
genicity, but also to the fact that as many as 70% of the population 
were estimated to have been infected in South Africa, at the end of 
the third wave,79 described in more detail below.

In addition to Omicron, two other highly mutated lineages, namely 
C.1.264 and B.1.638,41,61,62 which contained 29 and 26 amino acid 
substitutions or deletions in spike respectively, have been detected in 
South Africa. The former, C.1.2, which was the most mutated lineage 
detected prior to Omicron, was present at low- frequency throughout 
the third wave in South Africa, and is still detected, albeit at relatively 
low levels.41 For this reason, C.1.2 was designated a variant under 
monitoring (VUM) by the WHO.45 The C.1.2 lineage shared multiple 
mutations with previously circulating VOCs and VUIs, including some 
shared with Beta (D215G, del 241- 243, E484K) and others shared 
with Delta (T478K and P681R).64 Despite this vast array of mutations 
in the spike region, the C.1.2 VUM, showed significant neutralization 
sensitivity to both Beta and Delta convalescent plasma64 and had 
decreased hACE2 avidity than Delta.80 The sensitivity of C.1.2 to 
second and third wave convalescent plasma likely contributed to the 
limited, though likely under- detected, transmission of C.1.2.

The B.1.638 lineage was similarly mutated, with multiple substi-
tutions within the NTD (including T95I, del 141- 144) RBD (including 
P384L, N440K, E484K, N460K, A475V), furin cleavage site (H655Y, 
P681H) and S2 (T859N, D936G).41 This lineage was never detected 
outside the initial outbreak within a TB clinic. While the B.1.638 lin-
eage had 8.5- fold reduction in neutralization sensitivity to 2- dose 
BNT162b vaccine plasma,81 given the containment of this lineage, 
it was never evaluated for sensitivity to convalescent plasma. It is 
highly likely that many more such mutated variants emerge but do 
not cause substantial numbers of infections and therefore go unde-
tected. While the structure of the NGS- SA has resulted in an effi-
cient genomics surveillance system across South Africa, less than 1% 
of the diagnosed cases in South Africa are sequenced.40 Additionally, 
the majority of cases are asymptomatic,82 not diagnosed and there-
fore do not filter into the national genomics surveillance program. 
As a striking example of the risk of what remains relatively low- level 
genomic surveillance, the Omicron parental lineage (B.1.1) was not 
detected in South Africa for months prior to the emergence of the 
VOC.41 These examples suggest that multiple lineages are likely 
continually circulating at low frequency, each with the potential to 
evolve given the appropriate driving selection pressures.

A further factor which may contribute to the risk that highly mu-
tated lineages may continue to emerge in South Africa is the high 
prevalence of HIV infection at 13.7%.83 Though most HIV- infected 
South Africans access antiretroviral drugs, a significant number 
of HIV- infected individuals (estimated to be about 2 million South 
Africans84) either fail to access antiretroviral drugs, or do not know 
that they are HIV- infected. This situation may have worsened, re-
cently, with the COVID- 19 pandemic severely impacting access to 
health care, particularly for individuals within the public (govern-
mental) healthcare sector. In those cases where HIV infection has 
resulted in compromised immunity, examples have been described 
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of prolonged infection and viral evolution to acquire immune escape 
mutations,85- 87 similar to what has been described in other immuno-
compromised groups such as those with immune system disorders 
and cancer.88,89 Mitigation of the risk that such individuals may har-
bor highly mutated lineages is two- fold— populations such as South 
Africa need to increase both HIV treatment programs to limit the 
number of immunocompromised individuals and increase vaccine 
access and boosting in at- risk populations where responsiveness to 
vaccines has been shown to be reduced.90

4  |  SARS-  COV- 2 HOST ADAPTATION 
AND POPUL ATION IMMUNIT Y DRIVES 
SELEC TION OF VARIANTS

For the first year of the SARS- CoV- 2 pandemic, infection in a naïve 
population resulted in limited diversification of the virus due to a lack 
of selection pressure from host immune responses. However, changes 
in the viral spike were associated with adaptation to a new host, in-
cluding D614G,91,92 N439K93 and later N501Y56,94 which contributed 
toward enhanced hACE2 receptor binding or increased spike expres-
sion and a concomitant increase in infectivity of the virus. Despite 
this, the spike protein was suspected to be a major target for antibod-
ies, given its surface exposure and its functional importance for cell 
entry. The SARS- CoV- 2 spike is a metastable heterotrimer (Figure 2A 
and B) consisting of an S1 subunit, which mediates hACE2 binding, 
and an S2 subunit, which facilitates fusion of the host and viral mem-
branes.95 The RBD is located at the trimer apex (Figure 2A and B), 
but is only accessible to hACE2 once a hinge- like conformation oc-
curs, shifting RBD from the down to the up conformation.95 Following 
hACE2 engagement by the RBD, the S1 subunit is shed, and the S2 
subunit is able to transition into a fusion- compatible conformation.95

Two highly antigenic regions of the spike protein were identified 
through studies of the immune response in convalescent individu-
als infected with ancestral variants. The most immunodominant of 
these regions, the RBD and accounted for 65%- 90% of the binding 
activity of convalescent plasma and contains the receptor binding 
motif (RBM), which engages with the hACE2 receptor.49,96 The sec-
ond highly antigenic region, the NTD (Figure 2A and B), is thought 
to act as a co- receptor by engaging with DC- SIGN/L- SIGN on cells 
that do not express hACE2 and is located at the trimer face that is 
proximal to the RBD. NTD binding antibodies were present at lower 
frequency (4%- 20%).96 Finally, the smallest fraction of the binding 
antibody response was targeted to the S2 subunit or other unde-
fined regions. These regions were the targets of a large proportion of 
binding (non- neutralizing) antibodies, while the neutralizing fraction 
consisted of a small minority of the overall antibody response.49,96,97 
In addition, the T cell response, like non- neutralizing antibodies, tar-
gets epitopes much more dispersed throughout the spike and are less 
dependent on the quaternary structures of RBD and NTD.50,65 The T 
cells response is heavily CD4- driven, with CD8 responses rarely de-
tected. The relative immunodominance of the RBD and NTD regions 
in the neutralizing response resulted in a global population immunity 

profile that was relatively similar in multiple geographic locations as 
described below and resulted in convergent evolution of similar es-
cape mutations in multiple populations. The targets of these neutral-
izing responses is described in more detail below.

4.1  |  Receptor binding domain

The RBD of SARS- CoV- 2 only possess two glycan sites, which have 
between 80- 100% low density complex glycan occupancy.98 This 
region elicits multiple antibody responses,49,99,100,101 but is less able 
to induce CD4 T cell responses.65 RBD- targeting antibodies can be 
broadly divided into four main classes100 with class 1 antibodies tar-
geting the receptor binding motif, therefore competing for hACE2 
engagement and only able to bind the RBD up conformation of spike. 
Class 1 antibodies were most frequently elicited following infection 
and commonly use the VH3- 53/66 germline antibody genes. Class 2 
and 3 antibodies target the outer face of RBD, which is exposed in both 
the RDB up and down conformations. Class 2 antibodies, which also 
bind to the RBM, typically use a more diverse VH- gene pool, although 
multi- donor VH1- 2 public antibodies belonging to this class have also 
been identified. Class 3 antibodies bind an epitope that is relatively 
conserved within sarbecoviruses and in line with this, these antibod-
ies have been less affected by escape mutations.102 Finally, the class 
4 antibodies target the inner RBD face, or the cryptic epitope, which 
is only exposed in the RBD up conformation and contains antibodies 
that neutralize less potently compared to class 1 and 2 antibodies.

As with most low- resolution classification strategies, antibodies 
do not always fit neatly into one of these four broad classes. Within 
class 1 antibodies, for example, neutralization can be achieved either 
through trimer destabilization and/or blocking hACE2 engagement. 
In addition, like the HIV envelope protein, which is heavily shrouded 
in 26- 30 host- derived glycans, the SARS- CoV- 2 spike protein has 22 
glycan sites.98 However, while approximately 60% of the HIV glycan 
shield consists of large oligomannose type glycans, these high man-
nose glycans are only present in less than 30% of the SARS- CoV- 2 
spike glycan sites,98,103 leaving a substantial proportion of the protein 
surface beneath exposed to immune attack. For this reason, antibod-
ies can bind to the SARS- CoV- 2 spike and especially the RBD, which 
only possess two N- linked glycan sites, without much constraint by 
glycosylation. This has led to the further sub- categorization of anti-
bodies with distinct binding footprints and functional characteristics. 
This higher resolution classification therefore includes seven RBD 
binding groups and 14 sub- groups, which align in terms of antibody 
angle of approach and the stoichiometry of antibody binding.104 
Antibodies within class 1 can be further categorized into three over-
lapping groups, namely RBD 1 to 3, which have decreasing degrees 
of overlap with the RBM and can bind 2- 3 fabs per spike.104 Class 2 
and 3 correspond to RBD 4 and 5 groups, which are further divided 
into 2 and 3 sub- groups, respectively.104 Finally class 4 antibodies 
include RBD 6 and 7. RBD 4- 7 bind outside of the RBM and do not 
compete with hACE2 for binding, while RBD 5- 7 are the most resis-
tant to antibody escape mutations in Omicron and other variants.104
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4.2  |  N- terminal domain

In addition to antibodies targeting the RBD, several potent mono-
clonal neutralizing antibodies isolated from infected donors bind 
to the spike NTD. The NTD ioverall elicits fewer B cell responses96 
than RBD, likely due to the presence of 8 glycans with five having 
80- 100% complex glycan occupancy, and 3 possessing 30- 100% oli-
gomannose glycan occupancy.98 In contrast to RBD, however NTD- 
targeted antibodies are derived from diverse VH- genes, potentially 
reflective of the inherent flexibility of this sub- domain, and there-
fore, these antibodies bind the spike through multiple angles of ap-
proach for convergent recognition of this region. Six antigenically 
distinct sites have been identified within the NTD (sites i- vi), with 
the immunodominant site i preferentially eliciting VH3- 21 antibod-
ies. Antibodies elicited to sites ii- vi can bind trimer, but are unable 
to neutralize. Despite the overall lower frequency of NTD- directed 
antibodies, these potent responses exhibit significant pressure on 
the virus, given that NTD is the most diverse region of the spike 

trimer, with not only amino acid substitutions but also indels used 
to re- structure this domain. Some NTD- directed antibodies may 
also block entry via the endosomal or TMPRSS- independent route, 
therefore changes within this region may have impacts on the vari-
ant preference for cell surface or endosomal entry, as has been ob-
served with Omicron, which has substantial NTD rearrangement.96

4.3  |  S2 subunit

Finally, the S2 region of the spike, which overall bears between 
34- 43% similarity with non- beta coronaviruses, possess 6 glycans 
of which 5 have 90- 100% complex glycan occupancy.98 Antibodies 
elicited by common cold coronaviruses, such as hCoV- HKU1 and 
hCoV- OC43, and those elicited by prior SARS- CoV- 1 infection, 
frequently target the S2 subunit, but are not neutralizing.105 An 
early study in 2020 showed that plasma from SARS- CoV- 2 in-
fected individuals targeted a linear peptide (between positions 

F I G U R E  2  SARS- CoV- 2 spike antigenic diversity. A, Schematic of SARS- CoV- 2 spike depicting the various subunits and domains. SS: 
signal sequence; NTD: N- terminal domain; RBD: receptor binding domain; SD1: subdomain 1; SD2: subdomain 2; S1/S2 CS: S1 S2 cleavage 
site; FP: fusion peptide; HR1: heptad repeat 1; CH: central helix; CD: connector domain; HR2: heptad repeat 2; TM: transmembrane domain; 
CT: cytoplasmic tail. B, SARS- CoV- 1 (left) and SARS- CoV- 2 (right) spike protein molecular surface with electrostatic potentials colored red 
for acid and blue for basic (indicated by the key). Front (top panel) and top (bottom panel) views for receptor binding domain (RBD) down and 
up conformations are shown, with RBD outlined in blue, N- terminal domain (NTD) outlined in purple and S2 stem helix outlined in cyan.   (S2) 
indicated in the front view representations. C, Spike amino acid highlighter plot with ancestral Wuhan- Hu- 1 (Genbank: MN908947.3) as the 
master with differences in the other SARS- CoV- 2 variants (Alpha, Beta, Gamma, Omicron BA.1, Omicron BA.2) and sarbecoviruses (Pang- 17, 
SARS- CoV- 1 and WIV- 1) indicated as dark purple shading. The locations of the NTD, RBD and S2 regions are indicated with percent 
similarity for each of these regions between the ancestral SARS- CoV- 2 and SARS- CoV- 1 shown in circles

(A)

(C)

(B)
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810 and 850) in S2, which included the fusion peptide (starting 
at position 836, Figure 2A) and, moreover, that these polyclonal 
responses were neutralizing.106 Since then two other neutralizing 
anti- S2 epitopes distal from the fusion peptide and targeting the 
S2 stem- helix region (Figure 2A and B), which is functionally con-
served to maintains the fusion machinery, have been identified 
from convalescent plasma.107- 109 The S2 stem antibodies also ap-
pear to target a linear epitopes and inhibit fusion; however, these 
epitopes are distinct from each other with one spanning the stem 
helix N- terminus (1140- 1157)108,109 and the other over the stem 
helix C- terminus and hinge region (1153- 1165).107

4.4  |  Population immunity as a selector of variants

The shared population immunity profile described above resulted in 
convergent evolution of SARS- CoV- 2 by mid- 2020,110 as evidenced by 
the emergence of functionally similar mutations within the NTD and 
RBD regions of spike in multiple geographic locations. This included 
the K417N/T, E484K, and N501Y RBD substitutions and L18F, T95I, 
and D80A, which were first detected in January/February 2020, in 
multiple countries, but were selected for independently in the sec-
ond half of 2020, presumably when a significant level of population 
immunity to ancestral variants had been reached.61,62 This resulted 
in the replacement of ancestral D614G variants with multiple VOCs 
and VUIs, each of which possessed immune escape mutations that 
conferred a selective advantage.92 However, by the end of the first 
quarter of 2021, these were replaced by the replicatively more fit 
Delta variant,58,111 which accounted for more diagnosed infections 
than any previous variant112 but exhibited relatively less immune 
resistance than some previously described variants. Delta infec-
tions therefore established a new population baseline immunity. The 
emergence of Omicron in the face of Delta was mediated in large 
part by immune escape, but also a suggested change in tropism of 
the virus.113,114 Given the high level of population immunity globally, 
the factors that govern the emergence of new variants are becoming 
increasingly difficult to define or predict. These certainly include the 
replicative capacity of emerging variants and their immune evasion 
profiles, both of which are relatively easy to measure, but also the 
qualitatively different immune responses that now occur in different 
regions and populations, determined by vaccine access and varying 
histories of exposure to different spikes. These complex immune his-
tories are described in more detail below.

5  |  DECIPHERING THE EFFEC T OF 
E XPOSURE TO MULTIPLE SPIKE VARIANTS 
ON POPUL ATION IMMUNIT Y

The infection of a naive host with a new pathogen that has immu-
nodominant epitopes can result in a population immune response 
that is very predictable and similar across multiple individuals from 
various geographic locations, as we have seen with SARS- CoV- 2 in 

humans.49,96,97,100,115 As the pandemic progressed and SARS- CoV- 2 
evolved, different networks of individuals had primary infections 
caused by antigenically distinct variants and finally as vaccination 
was rolled out, more individuals were primed by the ancestral vari-
ant spike protein. This shifting of the primary SARS- CoV- 2 antigenic 
exposures in the context of an evolving pathogen and later increas-
ing vaccination coverage, prompted us to study how the immune re-
sponse differs to each SARS- CoV- 2 variant. These types of analyses 
have become increasingly important given the potential effects of 
immune imprinting on vaccine efficacy and boosting strategies.

We and others investigated the effect of D614G versus Beta 
infection on the neutralizing antibody response in hospitalized 
individuals.23 While infection with either variant elicited strong 
responses against itself, only Beta- infected individuals showed 
cross- neutralizing responses that were also able to recognize the 
D614G variant. We showed that 93% of plasma tested from Beta 
infections were able to neutralize the D614G variant at a geometric 
mean titer (GMT) one third that of the neutralization of the infect-
ing Beta variant. In contrast, as previously mentioned, only 52% of 
plasma from ancestral infections had the ability to neutralize the 
Beta variant. This enhanced cross- reactivity of antibodies in Beta 
infections was mirrored by experiments performed using a live virus 
neutralization assay, showing a 15- fold reduction in neutralization 
of the Beta variant by convalescent plasma from D614G infections, 
versus only a 2- fold drop in neutralization of the D614G variant by 
convalescent plasma from Beta infections.14 In addition, likely due 
to convergent evolution (K417N/T, E484K, N501Y) within the Beta 
and Gamma variants, 100% of plasma from Beta infected individu-
als were able to neutralize the Gamma variant at high titer.23 This 
suggested an inherent difference in the quality of the neutralizing 
response elicited by the Beta variant compared to ancestral variants 
and a suggestion that immunogens derived from the Beta spike may 
elicit more cross- reactive responses.

These initial findings were confirmed by an extensive study in-
vestigating the effect of prior infection on the immune response 
after vaccination. This study characterized antibody and T cell re-
sponses in 60 health care workers who had received the AD26.
COV2.S single- dose adenovirus vectored vaccine.116 Two thirds 
of these individuals had been infected prior to vaccination with 
an equal number of individuals infected with either the ancestral 
D614G or Beta variant. The remaining third of these individuals were 
infection- naive prior to vaccination. Vaccination boosted cross- 
reactive anti- spike binding and neutralizing antibody responses 
in all groups. As expected, prior infection resulted in significantly 
higher magnitude of D614G neutralizing antibody titers with 12-  to 
13- fold higher titers in previously infected individuals compared to 
infection- naive, vaccinated individuals. Cross- reactivity against the 
D614G, Beta and Delta variants was observed in all but two individ-
uals with prior infection, compared to <20% of individuals without 
prior infection. However, the cross- reactivity of these neutraliz-
ing responses was dependent on the infecting variant, with Beta- 
infected individuals possessing neutralizing antibodies with titers 
greater than 1:1000 against both the D614G and Beta variants. In 
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contrast, D614G- infected individuals showed significantly lower 
titers against the Beta and Delta variants compared to the D614G 
variant. This may further indicate an inherent ability of the Beta vari-
ant to trigger antibodies with enhanced cross- reactivity, or may be 
a consequence of broadening of antibodies through spike exposures 
that are analogous to a heterologous prime- boost scenario.

Infection with the Delta variant resulted in potent neutraliza-
tion, with GMT exceeding 1 in 4,000 against the infecting variant 
in previously unvaccinated, hospitalized individuals64 as well as in 
individuals with breakthrough infection following single- dose AD26.
COVS.2 vaccination.117 In convalescent plasma from unvaccinated 
individuals, cross- neutralization of the D614G and Beta variants was 
observed, but at markedly lower titers of 6- fold and 39- fold, respec-
tively, than against the infecting Delta variant.118 However, Delta 
breakthrough infection following single- dose AD26.COVS.2 vacci-
nation resulted in cross neutralization of Beta and Gamma VOCs as 
well as other variants of interest and variants under monitoring with 
high levels of mutation, such as C.1.2 and A.VOI.V2 which circulated 
in Africa. These cross- reactive titers, in contrast to those observed 
after D614G and Beta variant infections, were striking with GMT 
ranging between 1 in 3175 and 1 in 8249.117,118 Intriguingly and in 
line with the idea of immune imprinting, the highest titers from these 
breakthrough infection specimens were against the D614G vaccine- 
like variant or priming antigen.

The notion that the spike of the infecting virus impacts the qual-
ity of immune responses is not limited to neutralizing antibodies. A 
study of ADCC responses in hospitalized individuals with Delta in-
fections showed substantial cross reactivity to other variants with 
GMT 1.5-  to 3.7- fold lower than against the infecting variant and the 
lowest GMT being against the Beta variant.48 This was similar to data 
observed for convalescent plasma from D614G and Beta infections, 
showing the highest ADCC reactivity to the infecting strain, with 
convalescent plasma from Beta and Delta infections having higher 
levels of cross- reactivity than D614G. Thus, for both neutralizing 
and non- neutralizing antibodies, different variants such as Beta ap-
pear to elicit qualitatively different responses.

This impact of spike sequence is also true for Omicron infections, 
which trigger responses with a different fine specificity compared to 
those triggered by other variants. Richardson et al investigated the 
B cell immune response to Omicron BA.1 infection in unvaccinated, 
hospitalized individuals.119 Omicron BA.1 convalescent plasma gen-
erally induced relatively high binding, Fc effector function and neu-
tralizing titers to the infecting variant, with GMTs within the range 
of those elicited to the autologous virus in Delta infections. In terms 
of cross- reactivity, anti- spike binding antibodies showed a 1.7-  to 
2.2- fold reduced titers against D614G, Beta and Delta spikes, sim-
ilar to what was observed for cross- reactive spike binding induced 
by Beta and Delta infections. However, unlike with Beta and Delta 
convalescent plasma, 10- 25% of Omicron BA.1 convalescent plasma 
were completely unable to bind to other variant spikes. This was 
consistently mirrored by antibody- dependent cellular phagocytosis 
(ADCP) responses to each of the variant spikes. ADCC was more se-
verely affected with 1.4-  to 3.7- fold reduction in titer and 5- 30% of 

specimens unable to mediate ADCC to other variant spikes. Finally 
cross- neutralization was the most limited B cell response measured, 
with up to 45% of Omicron BA.1 convalescent plasma unable to 
cross- neutralize and of those samples with cross- neutralizing activ-
ity, a 4-  to 31- fold reduction in GMT was observed. Omicron BA.1 
plasma showed the least cross- reactivity with the Beta variant fol-
lowed by the Delta variant, again demonstrating that different vari-
ants elicit qualitatively different antibody responses.

6  |  MECHANISM FOR DIFFERENTIAL 
ELICITATION OF ANTIBODIES BY 
DIFFERENT VOC S

The differential triggering of immune responses by each vari-
ant is a consequence of the location and types of mutations that 
are present in immunodominant regions of spike. The Beta vari-
ant, which had increased hACE2 engagement through the N501Y, 
also contained nine other amino acid changes or deletions in both 
the NTD and RBD of the spike protein. These changes escaped 
neutralization, but not binding antibody responses in individuals 
who had been infected during the first wave by ancestral variants, 
which, in South Africa, was associated with no increase in the haz-
ards ratio for reinfection.74 The restructuring of the NTD within 
the Beta variant, coupled with the 417 and 484 substitutions in the 
RBM, likely caused elicitation of antibodies that bind outside of the 
highly immunogenic portions of these regions or antibodies that 
are less dependent on the specific amino acids side chains found 
in ancestral strains.

As with the Beta variant, Delta also exhibited a different pro-
file of breadth but likely due to a different mechanism. Even with 6 
changes in the Delta spike, the increased replicative fitness, in large 
part due to the spike L452R,120 P681R58 and nucleocapsid R203M59 
substitutions allowed this variant to reach viral loads 1000 times 
that of ancestral strains even during mild or asymptomatic SARS- 
CoV- 2 infection.60 As has been shown in both HIV and SARS- CoV- 2 
infection studies, in general the higher the viral load, the higher the 
virus- specific antibody levels.32,121 In the case of Delta infections, 
this very likely contributed to the higher overall neutralizing titers 
and therefore cross- neutralizing titers that were observed following 
Delta infections.48,64

The strain- specific antigenicity of the currently globally dom-
inant variant, Omicron, is likely linked to its significant evolution 
away from ancestral and other variants. This evolution resulted in 
16 mutations in the RBD alone and two alternate strategies for re-
structuring the NTD, involving multiple substitutions, deletions, and 
insertions, the latter of which was not seen in previous variants.73 
These changes in the immunodominant regions of the spike are likely 
what, in the case of primary infection with or exposure by Omicron, 
results in elicitation of strain- specific responses that can only weakly 
cross- neutralize other variants.119

In conclusion, individuals infected with either the Beta and 
Delta variants had antibodies with greater capacity to neutralize 
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other variants.23,48,64 However, this was likely caused by the differ-
ent mechanisms discussed above, following infection with each. In 
contrast Omicron, though having high titers against itself, had poor 
cross neutralization with other variants, suggesting elicitation of 
strain- specific RBD and NTD regions119

7  |  THE NECESSIT Y FOR MULTIPLE 
VACCINE DOSES WITHIN THE CURRENT 
IMMUNIT Y L ANDSC APE

Vaccines to combat SARS- CoV- 2 illness have resulted in the easing 
up of restrictions and non- pharmaceutical interventions and a start 
to the return to pre- pandemic life. Unfortunately, access and subse-
quent distribution of vaccines in low-  and middle- income countries 
(LMICs) has been unequal and insufficient in comparison to high- 
income countries (HICs).122 Apart from access to vaccines, LMICs 
such as South Africa face unique challenges with regard to the main-
tenance of the cold chain during the transport and storage of vac-
cines, which has made use of the mRNA vaccines in these regions 
difficult. Lastly, relatively low community engagement has resulted 
in a large fraction of individuals who are vaccine hesitant due to con-
cerns about vaccine safety. In South Africa, as of March 29, 2022, 
±44% of the adult population has been vaccinated, but Africa as a 
whole has only 20% vaccine coverage with most countries under the 
30% mark.112

In LMICs, the maintenance of protracted lockdown periods and 
enforcing of restriction to curb SARS- CoV- 2 transmission, has been 
economically disastrous. The result of more relaxed restrictions or 
the limited periods with which they were implemented, has contrib-
uted to a more rapid transmission of SARS- CoV- 2, and is reflected 
in by high sero- prevalence study performed in Gauteng Province,79 
which was the initial epicenter of Omicron, in November 2021, 
between 22 October and December 9, 2021. In this province, an 
overall sero- prevalence of 73% despite only 36% vaccine cover-
age in individuals 12 years of age or older was observed. At this 
time when Omicron emerged, case numbers rapidly increased in 
Gauteng province to peak within a month, in comparison to the 
third wave driven by Delta, where increase to peak occurred over 
2 months.40 Despite this, a decoupling of cases, hospitalizations 
and deaths was seen during this fourth wave of infections, likely in 
part due to the high sero- prevalence seen in this province and by 
extension, South Africa and Africa as a whole.72,79 This high sero- 
prevalence of SARS- CoV- 2, despite relatively low vaccine coverage 
in Africa, resulted in an immunological landscape that is different 
to other parts of the globe where primary exposure to SARS- CoV- 2 
is through vaccination.

The differential exposure to distinct variants and to vaccines 
less commonly used in HICs has necessitated studies of “hybrid” 
immunity in the South African context. Studies of breakthrough 
infection in individuals who had received a single dose of the 
AD26.COV2.S vaccine, widely used in Africa, have been per-
formed.116,117 Neutralizing titers in uninfected individuals were 

low over the course of the first 6 months following vaccination, 
with GMT titers against multiple variants, including the ancestral 
D614G, not exceeding 1:200.117 However, individuals who expe-
rienced a breakthrough infection between 4 and 5 months after 
vaccination displayed significant boosting of neutralizing titers 
between 62-  and 185- fold with titers above 1:3000 for all vari-
ants except Omicron. While Omicron neutralization was lower 
than that for other variants, cross- neutralization of all SARS- CoV- 2 
variants has been confirmed for Delta breakthrough infections 
following vaccination with other regimens, including mRNA- based 
vaccines.117,123,124 In addition, these cross neutralizing titers are 
apparent regardless of whether infection occurred before or after 
vaccination.125,126

The cross- neutralizing capacity of antibodies elicited through 
hybrid immunity, extends to include other sarbecoviruses, like 
SARS- CoV- 1.117,127 SARS- CoV- 1 and SARS- CoV- 2 share an overall 
76% amino acid similarity between their spikes with a similarity hi-
erarchy of S2 region (88%), followed by the RDB (74%), and lastly 
NTD being the most variable (51%) (Figure 2C). In addition, the 
electrostatic conservation of the spike surfaces between these two 
viruses is largely conserved, with the SARS- CoV- 2 RBDs forming a 
more closed protective cap than the SARS- CoV- 1 RBDs (Figure 2B, 
top view). This suggests that exposure to a combination of vaccina-
tion and infection or even vaccination alone, may result in antibody 
specificities that are able to recognize variants of SARS- CoV- 2 that 
are at least 24% divergent in the spike protein. In this study, we 
investigated the effect of infection after vaccination, however, mul-
tiple studies have now shown that infection before vaccination elic-
its similar levels of neutralizing antibody titers against SARS- CoV- 2 
variants. However, what is intriguing is that low level neutraliza-
tion at ID50 titers under 200 of other sarbecoviruses has also been 
observed in individuals who do not possess hybrid immunity (ie, 
uninfected, vaccinated individuals or in individuals who have been 
infected but not vaccinated).117,127,128 In addition, a recent immuni-
zation study in non- human primates shows that ACE2- competing 
mAbs that are able to bind to multiple variants of SARS- CoV- 2 are 
elicited after the priming dose of the mRNA- 1237. These observa-
tions, together with the relatively limited diversity of SARS- CoV- 2, 
even including the Omicron sub- lineages, suggest that primary vac-
cination with either single-  or two- dose regimens may be enough to 
elicit antibodies, albeit at low titer, able to broadly recognize SARS- 
related viruses.

Given that it seems increasingly unlikely that we will be able to 
induce high neutralizing antibody titers in the respiratory mucosa for 
sustained periods, to be able to prevent infection with SARS- CoV- 2, 
the lower titer presence of these anti- sarbecovirus antibodies as 
well as the induction of memory B cell responses, even after infec-
tion or vaccination only, may be sufficient to dampen viral load and 
therefore disease outcome in future infections with progressively 
mutated SARS- CoV- 2 variants. This is supported by recent findings 
showing that vaccination after infection provided significant pro-
tection from re- infection.129,130 Despite the public rhetoric in South 
Africa and elsewhere suggesting that this pandemic is over, these 
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data provide evidence for why it remains critical to extend vaccine 
coverage in Africa and other LMICs, even if only single- dose vaccine 
regimens are feasible.

8  |  THE ROLE OF ANTIBODIES AF TER 
ENDEMICIT Y

Two years into this pandemic and our goals for vaccination have 
drastically changed and have in large part altered our perspective on 
the purpose of vaccines for respiratory diseases. Although antibod-
ies are a likely correlate of protection from SARS- CoV- 2 infection 
as demonstrated through numerous trials and animal immunization 
studies, the ability for antibodies to remain at high titer in the nasal 
mucosa for extended periods of time is unlikely, unless booster shots 
are administered every 3 months. Frequent boosting of antibody re-
sponses, even in key populations, is extremely challenging in Africa 
and other LMICs, making prevention of SARS- CoV- 2 infection im-
practical. Despite this, we know that individuals with breakthrough 
infections have lower viral loads, reflecting the rapid recall of mem-
ory B cell responses as well as their effectiveness in curbing the 
spread of the virus both within the infected individual and to others. 
In addition, the hybrid immune population will only increase going 
forward and this mimics a prime- boost situation, where one of three 
scenarios can occur with the potential to elicit cross- neutralizing an-
tibodies: (i) low- frequency cross- neutralizing antibodies are elicited 
by through priming and the frequency increases upon boosting; (ii) 
strain- specific precursor antibodies are elicited by priming and upon 
boosting, are affinity matured to become cross- reactive, or (iii) de 
novo cross reactive responses are elicited through boosting. These 
cross- reactive responses elicited through heterologous or homolo-
gous prime- boosting may target more constrained sites within the 
RBD and S2 regions.

While increased viral fitness, enhanced hACE2 engagement and 
increased transmissibility, likely caused the replacement of ancestral 
SARS- CoV- 2 variants by the prior variants of concern, namely Alpha, 
Beta, Gamma, and Delta, the role in antibody immunity cannot be 
negated, given antibody durability of between 4 and 8 months fol-
lowing infection or vaccination.101,131,132 Using the example of South 
Africa, where distinct waves of resurgence are observed every 
±6 months, it does seem likely that the waning of antibody responses 
is a contributing factor to the timing of resurgence and therefore to 
the selection of new variants. Despite the fact that the current glob-
ally dominant variant, Omicron, appears to have decreased disease 
severity compared to previous VOCs, it is highly likely that we will 
continue to see the selection of new variants periodically. This is 
likely to occur, given what we know about SARS- CoV- 2 evolution 
due to selection pressure induced by population immunity, which 
will increasingly become more hybrid- like and therefore more di-
verse. It is critical therefore that we continue genomic surveillance 
for SARS- CoV- 2, through established sentinel surveillance systems 
like the Global Influenza Surveillance and Response System (GISRS), 
which has expanded to include routine monitoring of SARS- CoV- 2 

and respiratory syncytial virus (RSV), through influenza- like illness 
and severe acute respiratory illness detections and characterization.

ACKNOWLEDG MENTS
We would like to acknowledge Cathrine Scheepers for generating 
Figure 1 and the members of the Antibody Immunity Research Unit, 
the Centre for Respiratory Diseases and Meningitis (CRDM), and the 
Network for Genomics Surveillance in South Africa (NGS- SA) for 
useful discussions.

CONFLIC T OF INTERE S T
None.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID
Jinal N. Bhiman  https://orcid.org/0000-0001-6354-4003 
Penny L. Moore  https://orcid.org/0000-0001-8719-4028 

R E FE R E N C E S
 1. Moldt B, Rakasz EG, Schultz N, et al. Highly potent HIV- specific 

antibody neutralization in vitro translates into effective protection 
against mucosal SHIV challenge in vivo. Proc Natl Acad Sci U S A. 
2012;109(46):18921- 18925. doi:10.1073/pnas.1214785109

 2. Hessell AJ, Poignard P, Hunter M, et al. Effective, low- titer anti-
body protection against low- dose repeated mucosal SHIV chal-
lenge in macaques. Nat Med. 2009;15(8):951- 954. doi:10.1038/
nm.1974

 3. Veazey RS, Shattock RJ, Pope M, et al. Prevention of virus trans-
mission to macaque monkeys by a vaginally applied monoclonal an-
tibody to HIV- 1 gp120. Nat Med. 2003;9(3):343- 346. doi:10.1038/
nm833

 4. Mascola JR, Stiegler G, Vancott TC, et al. Protection of macaques 
against vaginal transmission of a pathogenic HIV-  1/SIV chime-
ric virus by passive infusion of neutralizing antibodies. Nat Med. 
2000;6(2):207- 210. doi:10.1038/72318

 5. Corey L, Gilbert PB, Juraska M, et al. Two randomized trials of neu-
tralizing antibodies to prevent HIV- 1 acquisition. New Engl J Med. 
2021;384(11):1003- 1014. doi:10.1056/nejmoa2031738

 6. Sarzotti- Kelsoe M, Bailer RT, Turk E, et al. Optimization and 
validation of the TZM- bl assay for standardized assessments 
of neutralizing antibodies against HIV- 1. J Immunol Methods. 
2014;409:131- 146. doi:10.1016/j.jim.2013.11.022

 7. Haynes BF, Gilbert PB, McElrath MJ, et al. Immune- correlates 
analysis of an HIV- 1 vaccine efficacy trial. New Engl J Med. 
2012;366(14):1275- 1286. doi:10.1056/nejmoa1113425

 8. Fischinger S, Fallon JK, Michell AR, et al. A high- throughput, bead- 
based, antigen- specific assay to assess the ability of antibodies to 
induce complement activation. J Immunol Methods. 2019;473:1- 12. 
doi:10.1016/j.jim.2019.07.002

 9. Ackerman ME, Moldt B, Wyatt RT, et al. A robust, high- throughput 
assay to determine the phagocytic activity of clinical antibody 
samples. J Immunol Methods. 2011;366(1– 2):8- 19. doi:10.1016/j.
jim.2010.12.016

 10. Richardson SI, Crowther C, Mkhize NN, Morris L. Measuring 
the ability of HIV- specific antibodies to mediate trogocy-
tosis. J Immunol Methods. 2018;463:71- 83. doi:10.1016/j.
jim.2018.09.009

https://orcid.org/0000-0001-6354-4003
https://orcid.org/0000-0001-6354-4003
https://orcid.org/0000-0001-8719-4028
https://orcid.org/0000-0001-8719-4028
https://doi.org/10.1073/pnas.1214785109
https://doi.org/10.1038/nm.1974
https://doi.org/10.1038/nm.1974
https://doi.org/10.1038/nm833
https://doi.org/10.1038/nm833
https://doi.org/10.1038/72318
https://doi.org/10.1056/nejmoa2031738
https://doi.org/10.1016/j.jim.2013.11.022
https://doi.org/10.1056/nejmoa1113425
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2010.12.016
https://doi.org/10.1016/j.jim.2010.12.016
https://doi.org/10.1016/j.jim.2018.09.009
https://doi.org/10.1016/j.jim.2018.09.009


12  |    BHIMAN ANd MOORE

 11. Richardson SI, Chung AW, Natarajan H, et al. HIV- specific fc ef-
fector function early in infection predicts the development of 
broadly neutralizing antibodies. PLoS Pathog. 2018;14(4):1- 25. 
doi:10.1371/journal.ppat.1006987

 12. Rogers, T. F., Zhao, F., Huang, D., et al. Isolation of potent 
SARS- CoV- 2 neutralizing antibodies and protection from dis-
ease in a small animal model. Science. 2020;369(6506):956- 963. 
doi:10.1126/science.abc7520

 13. Wibmer CK, Ayres F, Hermanus T, et al. Brief CommuniCation 
SARS- CoV- 2 501Y.V2 escapes neutralization by South African 
COVID- 19 donor plasma. doi:10.1038/s41591- 021- 01285- x

 14. Cele S, Gazy I, Jackson L, et al. Escape of SARS- CoV- 2 501Y.
V2 from neutralization by convalescent plasma. Nature. 
2021;593(7857):142- 146. doi:10.1038/s41586- 021- 03471- w

 15. Sholukh AM, Fiore- Gartland A, Ford ES, et al. Evaluation of cell- 
based and surrogate SARS- CoV- 2 neutralization assays. J Clin 
Microbiol. 2021;59(10):1- 15. doi:10.1128/JCM.00527- 21

 16. Lu Y, Wang J, Li Q, Hu H, Lu J, Chen Z. Advances in neutraliza-
tion assays for SARS- CoV- 2. Scand J Immunol. 2021;94(3):1- 15. 
doi:10.1111/sji.13088

 17. Bewley KR, Coombes NS, Gagnon L, et al. Quantification of 
SARS- CoV- 2 neutralizing antibody by wild- type plaque reduction 
neutralization, microneutralization and pseudotyped virus neu-
tralization assays. Nat Protoc. 2021;16:3114- 3140. doi:10.1038/
s41596- 021- 00536- y

 18. Riepler L, Rössler A, Falch A, et al. Comparison of four SARS- 
CoV- 2 neutralization assays. Vaccines (Basel). 2021;9(1):1- 14. 
doi:10.3390/VACCINES9010013

 19. Schmidt F, Weisblum Y, Muecksch F, et al. Measuring SARS- 
CoV- 2 neutralizing antibody activity using pseudotyped and chi-
meric viruses. J Exp Med 2020;217(11):e20201181. doi:10.1084/
jem.20201181

 20. Kristiansen PA, Page M, Bernasconi V, 
et al. WHO international standard for anti- SARS- CoV- 2 immu-
noglobulin. Lancet. 2021;397(10282):1347- 1348. doi:10.1016/
S0140- 6736(21)00527- 4

 21. Joyce MG, Chen WH, Sankhala RS, et al. SARS- CoV- 2 ferri-
tin nanoparticle vaccines elicit broad SARS coronavirus im-
munogenicity. Cell Rep. 2021;37(12):110143. doi:10.1016/j.
celrep.2021.110143

 22. Doria- Rose N, Suthar MS, Makowski M, et al. Antibody per-
sistence through 6 months after the second dose of mRNA- 1273 
vaccine for Covid- 19. New Engl J Med. 2021;384(23):2259- 2261. 
doi:10.1056/nejmc2103916

 23. Moyo- Gwete T, Madzivhandila M, Makhado Z, et al. Cross- reactive 
neutralizing antibody responses elicited by SARS- CoV- 2 501Y.V2 
(B.1.351) _ enhanced reader. N Engl J Med. 2021;384(22):2161- 2163.

 24. Weinreich DM, Sivapalasingam S, Norton T, et al. REGN- COV2, a 
neutralizing antibody cocktail, in outpatients with Covid- 19. New 
Engl J Med. 2021;384(3):238- 251. doi:10.1056/nejmoa2035002

 25. Chen P, Nirula A, Heller B, et al. SARS- CoV- 2 neutralizing anti-
body LY- CoV555 in outpatients with Covid- 19. New Engl J Med. 
2021;384(3):229- 237. doi:10.1056/nejmoa2029849

 26. Marovich M, Mascola JR, Cohen MS. Monoclonal antibodies for 
prevention and treatment of COVID- 19. JAMA. 2020;324(2):131. 
doi:10.1001/jama.2020.10245

 27. Taylor PC, Adams AC, Hufford MM, de la Torre I, Winthrop K, 
Gottlieb RL. Neutralizing monoclonal antibodies for treatment of 
COVID- 19. Nat Rev Immunol. doi:10.1038/s41577- 021- 00542- x

 28. Pillay V, Ledwaba J, Hunt G, et al. Antiretroviral drug resistance 
surveillance among drug- naive HIV- 1- infected individuals in 
Gauteng Province, South Africa in 2002 and 2004. Antiviral 
Therapy. 2008;13(SUPPL. 2):101- 107.

 29. Manasa J, Katzenstein D, Cassol S, Newell ML, de Oliveira T. 
Primary drug resistance in South Africa: data from 10 years 

of surveys. AIDS Res Hum Retroviruses. 2012;28(6):558- 565. 
doi:10.1089/aid.2011.0284

 30. Moore PL, Gray ES, Sheward D, et al. Potent and broad neu-
tralization of HIV- 1 subtype C by plasma antibodies targeting 
a quaternary epitope including residues in the V2 loop. J Virol 
2011;85(7):3128- 3141. doi:10.1128/jvi.02658- 10

 31. Moore PL, Gray ES, Choge IA, et al. The C3- V4 region is a major 
target of autologous neutralizing antibodies in human immunode-
ficiency virus type 1 subtype C infection. J Virol. 2008;82(4):1860- 
1869. doi:10.1128/jvi.02187- 07

 32. Gray ES, Madiga MC, Hermanus T, et al. The neutralization 
breadth of HIV- 1 develops incrementally over four years and is 
associated with CD4 + T cell decline and high viral load during 
acute infection. J Virol. 2011;85(10):4828- 4840. doi:10.1128/
JVI.00198- 11

 33. Wibmer CK, Bhiman JN, Gray ES, et al. Viral escape from HIV- 1 
neutralizing antibodies drives increased plasma neutralization 
breadth through sequential recognition of multiple epitopes and 
immunotypes. PLoS Pathog. 2013;9(10):e1003738. doi:10.1371/
journal.ppat.1003738

 34. Moore PL, Ranchobe N, Lambson BE, et al. Limited neutralizing an-
tibody specificities drive neutralization escape in early HIV- 1 sub-
type C infection. PLoS Pathog. 2009;5(9):e1000598. doi:10.1371/
journal.ppat.1000598

 35. Moore PL, Gray ES, Wibmer CK, et al. Evolution of an HIV glycan- 
dependent broadly neutralizing antibody epitope through immune 
escape. Nat Med. 2012;18(11):1688- 1692. doi:10.1038/nm.2985

 36. Bhiman JN, Anthony C, Doria- Rose NA, et al. Viral variants that 
initiate and drive maturation of V1V2- directed HIV- 1 broadly 
neutralizing antibodies. Nat Med. 2015;21(11):1332- 1336. 
doi:10.1038/nm.3963

 37. Msomi N, Mlisana K, de Oliveira T, Network for Genomic 
Surveillance in South Africa writing group. A genomics network 
established to respond rapidly to public health threats in South 
Africa. Lancet Microbe. 2020;1(6):e229- e230. doi:10.1016/
S2666- 5247(20)30116- 6

 38. Makoni M. Africa’s $100- million pathogen genomics ini-
tiative. Lancet Microbe. 2020;1(8):e318. doi:10.1016/
s2666- 5247(20)30206- 8

 39. Tegally H, San JE, Cotten M, et al. The evolving SARS- CoV- 2 epi-
demic in Africa: insights from rapidly expanding genomic surveil-
lance. medRXiv. Published online April 2022.

 40. National Institute for Communicable Diseases. South Africa 
National COVID- 19 Daily Report.

 41. National Institute for Communicable Diseases and the Network 
for Genomics Surveillance. South Africa Tracking SARS- CoV- 2 
Variants.

 42. Tegally H, Wilkinson E, Lessells RJ, et al. Sixteen novel lineages 
of SARS- CoV- 2 in South Africa. Nat Med 2021;27:440- 446. 
doi:10.1038/s41591- 021- 01255- 3

 43. Rambaut A, Holmes EC, O’Toole Á, et al. A dynamic nomencla-
ture proposal for SARS- CoV- 2 lineages to assist genomic epi-
demiology. Nat Microbiol. 2020;5(11):1403- 1407. doi:10.1038/
s41564- 020- 0770- 5

 44. Konings F, Perkins MD, Kuhn JH, et al. SARS- CoV- 2 variants of 
interest and concern naming scheme conducive for global dis-
course. Nature Microbiol. 2021;6(7):821- 823. doi:10.1038/
s41564- 021- 00932- w

 45. World Health Organization. WHO Tracking SARS- CoV- 2 Variants.
 46. Tegally H, Wilkinson E, Giovanetti M, et al. Detection of 

a SARS- CoV- 2 variant of concern in South Africa. Nature. 
2021;592(7854):438- 443. doi:10.1038/s41586- 021- 03402- 9

 47. Madhi SA, Baillie V, Cutland CL, et al. Efficacy of the ChAdOx1 
nCoV- 19 Covid- 19 vaccine against the B.1.351 variant. New Engl J 
Med. 2021;384(20):1885- 1898. doi:10.1056/nejmoa2102214

https://doi.org/10.1371/journal.ppat.1006987
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1038/s41591-021-01285-x
https://doi.org/10.1038/s41586-021-03471-w
https://doi.org/10.1128/JCM.00527-21
https://doi.org/10.1111/sji.13088
https://doi.org/10.1038/s41596-021-00536-y
https://doi.org/10.1038/s41596-021-00536-y
https://doi.org/10.3390/VACCINES9010013
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1016/S0140-6736(21)00527-4
https://doi.org/10.1016/S0140-6736(21)00527-4
https://doi.org/10.1016/j.celrep.2021.110143
https://doi.org/10.1016/j.celrep.2021.110143
https://doi.org/10.1056/nejmc2103916
https://doi.org/10.1056/nejmoa2035002
https://doi.org/10.1056/nejmoa2029849
https://doi.org/10.1001/jama.2020.10245
https://doi.org/10.1038/s41577-021-00542-x
https://doi.org/10.1089/aid.2011.0284
https://doi.org/10.1128/jvi.02658-10
https://doi.org/10.1128/jvi.02187-07
https://doi.org/10.1128/JVI.00198-11
https://doi.org/10.1128/JVI.00198-11
https://doi.org/10.1371/journal.ppat.1003738
https://doi.org/10.1371/journal.ppat.1003738
https://doi.org/10.1371/journal.ppat.1000598
https://doi.org/10.1371/journal.ppat.1000598
https://doi.org/10.1038/nm.2985
https://doi.org/10.1038/nm.3963
https://doi.org/10.1016/S2666-5247(20)30116-6
https://doi.org/10.1016/S2666-5247(20)30116-6
https://doi.org/10.1016/s2666-5247(20)30206-8
https://doi.org/10.1016/s2666-5247(20)30206-8
https://doi.org/10.1038/s41591-021-01255-3
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-021-00932-w
https://doi.org/10.1038/s41564-021-00932-w
https://doi.org/10.1038/s41586-021-03402-9
https://doi.org/10.1056/nejmoa2102214


    |  13BHIMAN ANd MOORE

 48. Richardson SI, Manamela NP, Motsoeneng BM, et al. SARS- 
CoV- 2 Beta and Delta variants trigger fc effector function with 
increased cross- reactivity. Cell Reports Med. 2022;3(2):100510. 
doi:10.1016/j.xcrm.2022.100510

 49. Robbiani DF, Gaebler C, Muecksch F, et al. Convergent antibody 
responses to SARS- CoV- 2 in convalescent individuals. Nature. 
2020;584:437. doi:10.1038/s41586- 020- 2456- 9

 50. Riou C, Keeton R, Moyo- Gwete T, et al. Escape from recognition 
of SARS- CoV- 2 variant spike epitopes but overall preservation of 
T cell immunity South African cellular immunity network †, Tulio 
de Oliveira. Sci Transl Med. 2022;14:eabj6824. https://www.scien 
ce.org

 51. Saletti G, Gerlach T, Jansen JM, et al. Older adults lack SARS 
CoV- 2 cross- reactive T lymphocytes directed to human corona-
viruses OC43 and NL63. Sci Rep. 2020;10(1):21447. doi:10.1038/
s41598- 020- 78506- 9

 52. Peng Y, Felce SL, Dong D, et al. An immunodominant NP105– 
113- B*07:02 cytotoxic T cell response controls viral replication 
and is associated with less severe COVID- 19 disease. Nat Immunol. 
2022;23(1):50- 61. doi:10.1038/s41590- 021- 01084- z

 53. Moss P. The T cell immune response against SARS- CoV- 2. Nat 
Immunol. 2022;23(2):186- 193. doi:10.1038/s41590- 021- 01122- w

 54. Jassat W, Mudara C, Ozougwu L, et al. Difference in mortal-
ity among individuals admitted to hospital with COVID- 19 
during the first and second waves in South Africa: a cohort 
study. Lancet Glob Health. 2021;9(9):e1216- e1225. doi:10.1016/
S2214- 109X(21)00289- 8

 55. Davies NG, Abbott S, Barnard RC, et al. Estimated transmissi-
bility and impact of SARS- CoV- 2 lineage B.1.1.7 in England. 
Science (1979). 2021;372(6538):eabg3055. doi:10.1126/science.
abg3055

 56. Volz E, Mishra S, Chand M, et al. Assessing transmissibility 
of SARS- CoV- 2 lineage B.1.1.7 in England the COVID- 19 ge-
nomics UK(COG- UK) consortium. Nature. 2021;593:266- 269. 
doi:10.1038/s41586- 021- 03470- x

 57. Dhar MS, Marwal R, Ponnusamy K, et al. Genomic characterization 
and epidemiology of an emerging SARS- CoV- 2 variant in Delhi, 
India. Science. 2021;374(6570):995- 999. https://www.scien ce.org

 58. Mlcochova P, Kemp SA, Dhar MS, et al. SARS- CoV- 2 B.1.617.2 Delta 
variant replication and immune evasion. Nature. 2021;599:114- 
119. doi:10.1038/s41586- 021- 03944- y

 59. Syed AM, Taha TY, Tabata T, et al. Rapid assessment of SARS- 
CoV- 2- evolved variants using virus- like particles. Science. 
2021;374(6575):1626- 1632. https://www.scien ce.org

 60. Li B, Deng A, Li K, et al. Viral infection and transmission in a large, 
well- traced outbreak caused by the SARS- CoV- 2 Delta variant. 
Nat Commun. 2022;13(1):460. doi:10.1038/s41467- 022- 28089- y

 61. Elbe S, Buckland- Merrett G. Data, disease and diplomacy: GISAID’s 
innovative contribution to global health. Global Challenges. 
2017;1(1):33- 46. doi:10.1002/gch2.1018

 62. Shu Y, McCauley J. GISAID: Global initiative on sharing all influenza 
data –  from vision to reality. Eurosurveillance. 2017;22(13):30494. 
doi:10.2807/1560- 7917.ES.2017.22.13.30494

 63. Tegally H, Wilkinson E, Althaus CL, et al. Rapid replacement of 
the Beta variant by the Delta variant in South Africa. medRxiv. 
Published online 2021.

 64. Scheepers C, Everatt J, Amoako DG, et al. Emergence and phe-
notypic characterization of C.1.2, a globally detected lineage that 
rapidly accumulated mutations of concern. Nature Communications. 
2022;13(1). doi:10.1038/s41467- 022- 29579- 9

 65. Keeton R, Tincho MB, Ngomti A, et al. T cell responses to SARS- 
CoV- 2 spike cross- recognize omicron. Veronica Ueckermann. 
2022;16:488- 492. doi:10.1038/s41586- 022- 04460- 3

 66. Abu- Raddad LJ, Chemaitelly H, Ayoub HH, et al. Effect of 
mRNA vaccine boosters against SARS- CoV- 2 omicron infection 

in Qatar. N Engl J Med. 2022;86(19):1804- 1816. doi:10.1056/
NEJMoa2200797

 67. Chadeau- Hyam M, Wang H, Eales O, et al. SARS- CoV- 2 infection 
and vaccine effectiveness in England (REACT- 1): a series of cross- 
sectional random community surveys. Lancet Respiratory Med. 
2022;10(4):355- 366. doi:10.1016/s2213- 2600(21)00542- 7

 68. Butt AA, Dargham SR, Chemaitelly H, et al. Severity of ill-
ness in persons infected with the SARS- CoV- 2 Delta variant vs 
Beta variant in Qatar supplemental content. JAMA Intern Med. 
2022;182(2):197- 205. doi:10.1001/jamainternmed.2021.7949

 69. Singanayagam A, Hakki S, Dunning J, et al. Community transmis-
sion and viral load kinetics of the SARS- CoV- 2 delta (B.1.617.2) 
variant in vaccinated and unvaccinated individuals in the UK: 
a prospective, longitudinal, cohort study. Lancet Infect Dis. 
2022;22(2):183- 195. doi:10.1016/S1473- 3099(21)00648- 4

 70. Nyberg T, Ferguson NM, Nash SG, et al. Comparative analysis of 
the risks of hospitalisation and death associated with SARS- CoV- 2 
omicron (B.1.1.529) and delta (B.1.617.2) variants in England: a 
cohort study. Lancet. 2022;399(10332):1303- 1312. doi:10.1016/
S0140- 6736(22)00462- 7

 71. SAMRC. Johnson & Johnson COVID- 19 Vaccine Demonstrates 
85 Percent Effectiveness against Hospitalization in South Africa 
when Omicron was Dominant. SAMRC News. Published December 
29, 2021. Accessed February 10, 2022. https://www.samrc.ac.za/
news/johns on- johns on- covid - 19- vacci ne- demon strat es- 85- perce 
nt- effec tiven ess- again st- hospi taliz ation

 72. Wolter N, Jassat W, Walaza S, et al. Early assessment of the clinical 
severity of the SARS- CoV- 2 omicron variant in South Africa: a data 
linkage study. Lancet. 2022;399(10323):437- 446. doi:10.1016/
S0140- 6736(22)00017- 4

 73. Viana R, Moyo S, Amoako DG, et al. Rapid epidemic expansion 
of the SARS- CoV- 2 omicron variant in southern Africa. Nature. 
2022;603:679- 686. doi:10.1038/S41586- 022- 04411- Y

 74. Pulliam JRC, van Schalkwyk C, Govender N, et al. Increased risk of 
SARS- CoV- 2 reinfection associated with emergence of Omicron in 
South Africa. Science (1979). 2022;15:2022. doi:10.1126/science.
abn4947

 75. UKHSA Genomics Cell, UKHSA Outbreak Surveillance Team, 
UKHSA Epidemiology cell, et al. SARS- CoV- 2 variants of concern 
and variants under investigation in England. Technical Briefing 25. 
Accessed April 7, 2022. https://assets.publi shing.servi ce.gov.
uk/gover nment/ uploa ds/syste m/uploa ds/attac hment_data/
file/10258 27/Techn ical_Brief ing_25.pdf

 76. Wolter N, Jassat W., Walaza S, et al. Clinical severity of Omicron sub- 
lineage BA.2 compared to BA.1 in South Africa. medRXiv. Published 
online February 19, 2022. doi:10.1101/2022.02.17.22271030

 77. Fonager J, Bennedbæk M, Bager P, et al. Molecular epidemiology 
of the SARS- CoV- 2 variant omicron BA.2 sub- lineage in Denmark, 
November 29, 2021 to January 2, 2022. Euro Surveillance: Bulletin 
Europeen Sur les Maladies Transmissibles = European Communicable 
Disease Bulletin. 2022;27(10):2200181. doi:10.2807/1560- 7917.
ES.2022.27.10.2200181

 78. Kirsebom FCM, Andrews N, Stowe J, et al. COVID- 19 vaccine ef-
fectiveness against the omicron BA.2 variant in England. medRxiv. 
Published online January 1, 2022:March 22, 2022.22272691. 
doi:10.1101/2022.03.22.22272691

 79. Madhi SA, Kwatra G, Myers JE, et al. Population immunity and 
Covid- 19 severity with omicron variant in South Africa. N Engl J 
Med. 2022;386(14):1314- 1326. doi:10.1056/NEJMOA2119658

 80. Tada T, Zhou H, Dcosta BM, et al. High- titer neutralization of mu 
and C.1.2 SARS- CoV- 2 variants by vaccine- elicited antibodies 
of previously infected individuals. Cell Rep. 2022;38(2):110237. 
doi:10.1016/j.celrep.2021.110237

 81. Newman J, Thakur N, Peacock TP, et al. Neutralising antibody 
activity against SARS- CoV- 2 variants, including omicron, in an 

https://doi.org/10.1016/j.xcrm.2022.100510
https://doi.org/10.1038/s41586-020-2456-9
https://www.science.org
https://www.science.org
https://doi.org/10.1038/s41598-020-78506-9
https://doi.org/10.1038/s41598-020-78506-9
https://doi.org/10.1038/s41590-021-01084-z
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/S2214-109X(21)00289-8
https://doi.org/10.1016/S2214-109X(21)00289-8
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1038/s41586-021-03470-x
https://www.science.org
https://doi.org/10.1038/s41586-021-03944-y
https://www.science.org
https://doi.org/10.1038/s41467-022-28089-y
https://doi.org/10.1002/gch2.1018
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://doi.org/10.1038/s41467-022-29579-9
https://doi.org/10.1038/s41586-022-04460-3
https://doi.org/10.1056/NEJMoa2200797
https://doi.org/10.1056/NEJMoa2200797
https://doi.org/10.1016/s2213-2600(21)00542-7
https://doi.org/10.1001/jamainternmed.2021.7949
https://doi.org/10.1016/S1473-3099(21)00648-4
https://doi.org/10.1016/S0140-6736(22)00462-7
https://doi.org/10.1016/S0140-6736(22)00462-7
https://www.samrc.ac.za/news/johnson-johnson-covid-19-vaccine-demonstrates-85-percent-effectiveness-against-hospitalization
https://www.samrc.ac.za/news/johnson-johnson-covid-19-vaccine-demonstrates-85-percent-effectiveness-against-hospitalization
https://www.samrc.ac.za/news/johnson-johnson-covid-19-vaccine-demonstrates-85-percent-effectiveness-against-hospitalization
https://doi.org/10.1016/S0140-6736(22)00017-4
https://doi.org/10.1016/S0140-6736(22)00017-4
https://doi.org/10.1038/S41586-022-04411-Y
https://doi.org/10.1126/science.abn4947
https://doi.org/10.1126/science.abn4947
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1025827/Technical_Briefing_25.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1025827/Technical_Briefing_25.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1025827/Technical_Briefing_25.pdf
https://doi.org/10.1101/2022.02.17.22271030
https://doi.org/10.2807/1560-7917.ES.2022.27.10.2200181
https://doi.org/10.2807/1560-7917.ES.2022.27.10.2200181
https://doi.org/10.1056/NEJMOA2119658
https://doi.org/10.1016/j.celrep.2021.110237


14  |    BHIMAN ANd MOORE

elderly cohort vaccinated with BNT162b2. medRxiv. Published 
online January 1, 2021:December 23, 2021.21268293. 
doi:10.1101/2021.12.23.21268293

 82. Cohen C, Kleynhans J, von Gottberg A, et al. SARS- CoV- 2 inci-
dence, transmission, and reinfection in a rural and an urban set-
ting: results of the PHIRST- C cohort study, South Africa, 2020- 21. 
Lancet Infect Dis. 2022. doi:10.1016/S1473- 3099(22)00069- X

 83. Department of Statistics South Africa. STATS SA Mid- Year 
Population Estimates; 2021. Accessed April 5, 2022. http://www.
stats sa.gov.za/publi catio ns/P0302/ P0302 2021.pdf

 84. World Health Organization. Global Health Observatory Data 
Repository. Accessed April 5, 2022. https://apps.who.int/gho/
data/view.main.23300 ?lang=en

 85. Karim F, Moosa MYS, Gosnell BI, et al. Persistent SARS- CoV- 2 
infection and intra- host evolution in association with advanced 
HIV infection. medRxiv. Published online January 1, 2021:June 3, 
2021.21258228. doi:oi:10.1101/2021.06.03.21258228

 86. Cele S, Karim F, Lustig G, et al. SARS- CoV- 2 prolonged infec-
tion during advanced HIV disease evolves extensive immune es-
cape. Cell Host Microbe. 2022;30(2):154- 162.e5. doi:10.1016/j.
chom.2022.01.005

 87. Maponga TG, Jeffries M, Tegally H, et al. Persistent SARS- CoV- 2 
Infection with Accumulation of Mutations in a Patient with Poorly 
Controlled HIV Infection 1 Title Persistent SARS- CoV- 2 Infection with 
Accumulation of Mutations in a Patient with Poorly Controlled HIV 
Infection. https://ssrn.com/abstr act=4014499

 88. Corey L, Beyrer C, Cohen MS, Michael NL, Bedford T, Rolland M. 
SARS- CoV- 2 variants in patients with immunosuppression. 2021;6.

 89. Choi B, Choudhary MC, Regan J, et al. Persistence and evolution 
of SARS- CoV- 2 in an immunocompromised host. New Engl J Med. 
2020;383(23):2291- 2293. doi:10.1056/nejmc2031364

 90. Ryan A, Lee Yb, Wong SY, et al. Efficacy of covid- 19 vaccines in im-
munocompromised patients: systematic review and meta- analysis. 
doi:10.1136/bmj- 2021- 068632

 91. Volz E, Hill V, McCrone JT, et al. Evaluating the effects of SARS- 
CoV- 2 spike mutation D614G on transmissibility and pathogenic-
ity. Cell. 2021;184(1):64- 75.e11. doi:10.1016/j.cell.2020.11.020

 92. Korber B, Fischer WM, Gnanakaran S, et al. Tracking changes in 
SARS- CoV- 2 spike: evidence that D614G increases infectivity of 
the COVID- 19 virus. Cell. 2020;182(4):812- 827.e19. doi:10.1016/j.
cell.2020.06.043

 93. Thomson EC, Rosen LE, Shepherd JG, et al. Circulating SARS- 
CoV- 2 spike N439K variants maintain fitness while evading 
antibody- mediated immunity. Cell 2021;184(5):1171- 1187.e20. 
doi:10.1016/j.cell.2021.01.037

 94. Starr TN, Greaney AJ, Hilton SK, et al. Deep mutational scan-
ning of SARS- CoV- 2 receptor binding domain reveals constraints 
on folding and ACE2 binding. Cell. 2020;182(5):1295- 1310.e20. 
doi:10.1016/j.cell.2020.08.012

 95. Wrapp D, Wang N, Corbett KS, et al. Cryo- EM structure of 
the 2019- nCoV spike in the prefusion conformation. Science. 
2020;367(6483):1260- 1263. doi:10.1126/science.aax0902

 96. McCallum M, de Marco A, Lempp FA, et al. N- terminal domain 
antigenic mapping reveals a site of vulnerability for SARS- CoV- 2. 
Cell. 2021;184(9):2332- 2347.e16. doi:10.1016/j.cell.2021.03.028

 97. Cerutti G, Guo Y, Zhou T, et al. Potent SARS- CoV- 2 neutralizing 
antibodies directed against spike N- terminal domain target a single 
supersite. Cell Host Microbe. 2021;29(5):819- 833.e7. doi:10.1016/j.
chom.2021.03.005

 98. Watanabe Y, Allen JD, Wrapp D, Mclellan JS, Crispin M. Site- 
Specific Glycan Analysis of the SARS- CoV- 2 Spike; 2020. doi:10.1126/
science.abb9983

 99. Greaney AJ, Starr TN, Barnes CO, et al. Mapping mutations 
to the SARS- CoV- 2 RBD that escape binding by different 
classes of antibodies. Nat Commun. 2021;12(1). doi:10.1038/
s41467- 021- 24435- 8

 100. Barnes CO, Jette CA, Abernathy ME, et al. SARS- CoV- 2 neutral-
izing antibody structures inform therapeutic strategies. Nature. 
2020;588:682- 687. doi:10.1038/s41586- 020- 2852- 1

 101. Gaebler C, Wang Z C, Lorenzi JC, et al. Evolution of antibody 
immunity to SARS- CoV- 2. Nature. 2021;591:639. doi:10.1038/
s41586- 021- 03207- w

 102. Iketani S, Liu L, Guo Y, et al. Antibody evasion properties of 
SARS- CoV- 2 omicron sublineages. Nature. 2022;604:553- 556. 
doi:10.1038/s41586- 022- 04594- 4

 103. Allen JD, Chawla H, Samsudin F, et al. Site- specific steric control of 
SARS- CoV- 2 spike glycosylation. Biochemistry. 2021;60(27):2153- 
2169. doi:10.1021/acs.biochem.1c00279

 104. Hastie KM, Li H, Bedinger D, et al. Defining variant- resistant epi-
topes targeted by SARS- CoV- 2 antibodies: a global consortium 
study. Science (1979). 2021;374(6566):472- 478. doi:10.1126/sci-
ence.abh2315

 105. Wec AZ, Wrapp D, Herbert AS, et al. Broad neutralization of 
SARS- related viruses by human monoclonal antibodies. Science 
(1979) 2020;369(6504):731– 736. doi:10.1126/science.abc7424

 106. Meng Poh C, Carissimo G, Wang B, et al. Two linear epitopes on 
the SARS- CoV- 2 spike protein that elicit neutralising antibodies in 
COVID- 19 patients. Nat Commun. 2020;11(1):2806. doi:10.1038/
s41467- 020- 16638- 2

 107. Li W, Chen Y, Prévost J, et al. Structural basis and mode of ac-
tion for two broadly neutralizing antibodies against SARS- CoV- 2 
emerging variants of concern. Cell Reports. 2022;38(2):110210. 
doi:10.1016/j.celrep.2021.110210

 108. Zhou P, Yuan M, Song G, et al. A human antibody reveals a conserved 
site on beta- coronavirus spike proteins and confers protection 
against SARS- CoV- 2 infection. bioRxiv. Published online January 1, 
2022:March 30, 2021.437769. doi:10.1101/2021.03.30.437769

 109. Dora P, M SM, Nadine C, et al. Broad betacoronavirus neutral-
ization by a stem helix– specific human antibody. Science (1979). 
2021;373(6559):1109– 1116. doi:10.1126/science.abj3321

 110. Martin DP, Weaver S, Tegally H, et al. The emergence and ongo-
ing convergent evolution of the SARS- CoV- 2 N501Y lineages. Cell. 
2021;184(20):5189- 5200.e7. doi:10.1016/j.cell.2021.09.003

 111. Saito A, Irie T, Suzuki R, et al. Enhanced fusogenicity and 
pathogenicity of SARS- CoV- 2 Delta P681R mutation. Nature 
2022;602(7896):300– 306. doi:10.1038/s41586- 021- 04266- 9

 112. Global Change Data Lab. Our World in Data. Accessed April 5, 
2022. https://ourwo rldin data.org

 113. Meng B, Abdullahi A, Ferreira IATM, et al. Altered TMPRSS2 
usage by SARS- CoV- 2 omicron impacts infectivity and fu-
sogenicity. Nature. 2022;603(7902):706- 714. doi:10.1038/
s41586- 022- 04474- x

 114. Peacock TP, Brown JC, Zhou J, et al. The SARS- CoV- 2 variant, 
Omicron, shows rapid replication in human primary nasal epithelial 
cultures and efficiently uses the endosomal route of entry. bioRxiv. 
doi:10.1101/2021.12.31.474653

 115. Barnes CO, West AP, Huey- Tubman KE, et al. Structures of human 
antibodies bound to SARS- CoV- 2 spike reveal common epitopes 
and recurrent features of antibodies. Cell. 2020;182(4):828- 842.
e16. doi:10.1016/j.cell.2020.06.025

 116. Keeton, R, Richardson, SI, Moyo- Gwete, T et al. (2021). Prior in-
fection with SARS- CoV- 2 boosts and broadens Ad26.COV2.S im-
munogenicity in a variant- dependent manner. Cell Host & Microbe, 
29(11), 1611- 1619.e5. doi:10.1016/j.chom.2021.10.003

 117. Kitchin D, Richardson SI, van der Mescht MA, et al. Ad26.COV2.S 
breakthrough infections induce high titers of neutralizing an-
tibodies against omicron and other SARS- CoV- 2 variants of 
concern. Cell Reports Med. 2022;3(3):100535. doi:10.1016/j.
xcrm.2022.100535

 118. Cele S, Jackson L, Khoury DS, et al. Omicron extensively but 
incompletely escapes Pfizer BNT162b2 neutralization. Nature 
2021;602;654- 656. doi:10.1038/s41586- 021- 04387- 1

https://doi.org/10.1016/S1473-3099(22)00069-X
http://www.statssa.gov.za/publications/P0302/P03022021.pdf
http://www.statssa.gov.za/publications/P0302/P03022021.pdf
https://apps.who.int/gho/data/view.main.23300?lang=en
https://apps.who.int/gho/data/view.main.23300?lang=en
https://doi.org/10.1016/j.chom.2022.01.005
https://doi.org/10.1016/j.chom.2022.01.005
https://ssrn.com/abstract=4014499
https://doi.org/10.1056/nejmc2031364
https://doi.org/10.1136/bmj-2021-068632
https://doi.org/10.1016/j.cell.2020.11.020
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1126/science.aax0902
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1016/j.chom.2021.03.005
https://doi.org/10.1016/j.chom.2021.03.005
https://doi.org/10.1126/science.abb9983
https://doi.org/10.1126/science.abb9983
https://doi.org/10.1038/s41467-021-24435-8
https://doi.org/10.1038/s41467-021-24435-8
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-022-04594-4
https://doi.org/10.1021/acs.biochem.1c00279
https://doi.org/10.1126/science.abh2315
https://doi.org/10.1126/science.abh2315
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1038/s41467-020-16638-2
https://doi.org/10.1038/s41467-020-16638-2
https://doi.org/10.1016/j.celrep.2021.110210
https://doi.org/10.1101/2021.03.30.437769
https://doi.org/10.1126/science.abj3321
https://doi.org/10.1016/j.cell.2021.09.003
https://doi.org/10.1038/s41586-021-04266-9
https://ourworldindata.org
https://doi.org/10.1038/s41586-022-04474-x
https://doi.org/10.1038/s41586-022-04474-x
https://doi.org/10.1101/2021.12.31.474653
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.chom.2021.10.003
https://doi.org/10.1016/j.xcrm.2022.100535
https://doi.org/10.1016/j.xcrm.2022.100535
https://doi.org/10.1038/s41586-021-04387-1


    |  15BHIMAN ANd MOORE

 119. Richardson SI, Madzorera VS, Spencer H, et al. SARS- CoV- 2 omi-
cron triggers cross- reactive neutralization and fc effector func-
tions in previously vaccinated, but not unvaccinated individuals. 
Cell Host Microbe. 2022. doi:10.1016/j.chom.2022.03.029

 120. Motozono C, Toyoda M, Zahradnik J, et al. SARS- CoV- 2 spike 
L452R variant evades cellular immunity and increases infectiv-
ity. Cell Host Microbe. 2021;29(7):1124- 1136.e11. doi:10.1016/j.
chom.2021.06.006

 121. Röltgen K, Powell AE, Wirz OF, et al. Defining the features and 
duration of antibody responses to SARS- CoV- 2 infection as-
sociated with disease severity and outcome. Sci Immunol. 
2020;5(54):eabe0240. doi:10.1126/sciimmunol.abe0240

 122. Rydland HT, Friedman J, Stringhini S, Link BG, Eikemo TA. The 
radically unequal distribution of Covid- 19 vaccinations: a pre-
dictable yet avoidable symptom of the fundamental causes of in-
equality. Humanities Soc Sci Commun. 2022;9(1):61. doi:10.1057/
s41599- 022- 01073- z

 123. Walls AC, Sprouse KR, Bowen JE, et al. SARS- CoV- 2 break-
through infections elicit potent, broad, and durable neutralizing 
antibody responses. Cell. 2022;185(5):872- 880.e3. 10.1016/j.
cell.2022.01.011

 124. Collier Aris Y, Brown CM, Mcmahan K, et al. Immune responses in 
fully vaccinated individuals following breakthrough infection with 
the SARS- CoV- 2 Delta variant in Provincetown, Massachusetts. 
medRxiv. Published online January 1, 2021:October 18, 
2021.21265113. doi:10.1101/2021.10.18.21265113

 125. Chibwana MG, Moyo- Gwete T, Kwatra G, et al. AstraZeneca 
COVID- 19 vaccine induces robust broadly cross- reactive antibody 
responses in Malawian adults previously infected with SARS- CoV- 2. 
BMC Med. 2021;20(1):128. doi:10.1186/s12916- 022- 02342- z

 126. Bates TA, Mcbride SK, Leier HC, et al. Vaccination before or 
after SARS- CoV- 2 infection leads to robust humoral response 

and antibodies that effectively neutralize variants. Sci Immunol. 
2022;7. https://www.scien ce.org

 127. He Wting, Musharrafieh R, Song G, et al. Targeted isolation of 
panels of diverse human protective broadly neutralizing anti-
bodies against SARS- like viruses 2 3. Published online 2022. 
doi:10.1101/2021.09.08.459480

 128. Song G, He Wting, Callaghan S, et al. Cross- reactive serum and 
memory B- cell responses to spike protein in SARS- CoV- 2 and 
endemic coronavirus infection. Nat Commun. 2021; 12: 2938. 
doi:10.1038/s41467- 021- 23074- 3

 129. Hall V, Foulkes S, Insalata F, et al. Protection against SARS- CoV- 2 
after Covid- 19 vaccination and previous infection. New Engl J Med. 
2022;386(13):1207- 1220. doi:10.1056/NEJMoa2118691

 130. Hammerman A, Sergienko R, Friger M, et al. Effectiveness of the 
BNT162b2 vaccine after recovery from Covid- 19. New Engl J Med. 
2022;386(13):1221- 1229. doi:10.1056/NEJMoa2119497

 131. Wang Z, Muecksch F, Schaefer- Babajew D, et al. Naturally en-
hanced neutralizing breadth against SARS- CoV- 2 one year 
after infection. Nature. 2021;595(7867):426- 431. doi:10.1038/
s41586- 021- 03696- 9

 132. Ania W, Fatima A, Adolfo F, et al. Robust neutralizing antibod-
ies to SARS- CoV- 2 infection persist for months. Science (1979). 
2020;370(6521):1227- 1230. doi:10.1126/science.abd7728

How to cite this article: Bhiman JN, Moore PL. Leveraging 
South African HIV research to define SARS- CoV- 2 immunity 
triggered by sequential variants of concern. Immunol Rev. 
2022;00:1-15. doi: 10.1111/imr.13086

https://doi.org/10.1016/j.chom.2022.03.029
https://doi.org/10.1016/j.chom.2021.06.006
https://doi.org/10.1016/j.chom.2021.06.006
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1057/s41599-022-01073-z
https://doi.org/10.1057/s41599-022-01073-z
https://doi.org/10.1016/j.cell.2022.01.011
https://doi.org/10.1016/j.cell.2022.01.011
https://doi.org/10.1186/s12916-022-02342-z
https://www.science.org
https://doi.org/10.1038/s41467-021-23074-3
https://doi.org/10.1056/NEJMoa2118691
https://doi.org/10.1056/NEJMoa2119497
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1111/imr.13086

	Leveraging South African HIV research to define SARS-CoV-2 immunity triggered by sequential variants of concern
	Abstract
	1|PANDEMIC PREPAREDNESS THROUGH 30 YEARS OF HIV VACCINE RESEARCH
	2|LEVERAGING HIV VACCINE RESEARCH IN SOUTH AFRICA TO CONTRIBUTE TO SARS-COV-2 RESEARCH
	3|THE SOUTH AFRICAN EPIDEMIC AND THE EMERGENCE OF TWO VOCS WITH GLOBAL RAMIFICATIONS
	4|SARS-COV-2 HOST ADAPTATION AND POPULATION IMMUNITY DRIVES SELECTION OF VARIANTS
	4.1|Receptor binding domain
	4.2|N-terminal domain
	4.3|S2 subunit
	4.4|Population immunity as a selector of variants

	5|DECIPHERING THE EFFECT OF EXPOSURE TO MULTIPLE SPIKE VARIANTS ON POPULATION IMMUNITY
	6|MECHANISM FOR DIFFERENTIAL ELICITATION OF ANTIBODIES BY DIFFERENT VOCS
	7|THE NECESSITY FOR MULTIPLE VACCINE DOSES WITHIN THE CURRENT IMMUNITY LANDSCAPE
	8|THE ROLE OF ANTIBODIES AFTER ENDEMICITY
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


