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Summary
Background More than half the global population has been exposed to SARS-CoV-2. Naturally induced immunity
influences the outcome of subsequent exposure to variants and vaccine responses. We measured anti-spike IgG
responses to explore the basis for this enhanced immunity.

Methods A prospective cohort study of mothers in a South African community through ancestral/beta/delta/omi-
cron SARS-CoV-2 waves (March 2020-February 2022). Health seeking behaviour/illness were recorded and
post-wave serum samples probed for IgG to Spike (CoV2-S-IgG) by ECLISA. To estimate protective CoV2-S-IgG
threshold levels, logistic functions were fit to describe the correlation of CoV2-S-IgG measured before a wave and
the probability for seroconversion/boosting thereafter for unvaccinated and vaccinated adults.

Findings Despite little disease, 176/339 (51¢9%) participants were seropositive following wave 1, rising to 74%, 89¢
8% and 97¢3% after waves 2, 3 and 4 respectively. CoV2-S-IgG induced by natural exposure protected against subse-
quent SARS-CoV-2 infection with the greatest protection for beta and least for omicron. Vaccination induced higher
CoV2-S-IgG in seropositive compared to na€ıve vaccinees. Amongst seropositive participants, proportions above the
50% protection against infection threshold were 69% (95% CrI: 62, 72) following 1 vaccine dose, 63% (95% CrI: 63,
75) following 2 doses and only 11% (95% CrI: 7, 14) in unvaccinated during the omicron wave.

Interpretation Naturally induced CoV2-S-IgG do not achieve high enough levels to prevent omicron infection in most
exposed individuals but are substantially boosted by vaccination leading to significant protection. A single vaccination in
those with prior immunity is more immunogenic than 2 doses in a na€ıve vaccinee and may provide adequate protection.
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Research in context

Evidence before this study

Natural infection with ancestral SARS-CoV-2 virus pro-
vides partial protection against re-infection with the
same and closely related SARS-CoV-2 variants, but
higher rates of re-infection have been described with
Omicron. In addition, vaccination against SARS-CoV2
provides relatively lower protection against symptom-
atic Omicron infection than for other variants. Hybrid
immunity, a combination of immunity induced by natu-
ral infection and vaccination is of critical interest due to
the high incidence of natural infection in many popula-
tions and increased availability of vaccination. Vaccina-
tion following infection may provide more robust
immunity than either infection or vaccination alone, but
there are limited data on the impact of hybrid immunity
for protection against different variants or on the opti-
mal vaccination strategy following natural infection.

Added value of this study

We leveraged a unique South African birth cohort in a
poor peri-urban area, to longitudinally investigate infec-
tion, illness and serological responses to natural expo-
sure to SARS-CoV-2 over 4 waves of the pandemic in
339 mothers between 6th March 2020 and the 28th Feb-
ruary 2022. We also investigated the impact of prior nat-
ural exposure on BNT162b2 mRNA vaccine responses.
We used this information to derive estimates of levels
of spike-specific IgG associated with protection for sub-
sequent infection following natural or hybrid immunity.
Despite little disease, most participants were seroposi-
tive with rates rising from 52% to 74%, 90% and 97%
after waves 1, 2, 3 and 4 respectively. Antibodies to
spike protein induced by natural exposure protected
against subsequent infection with the greatest protec-
tion for beta and the least for omicron. Antibody levels
following vaccination were significantly higher in those
who were seropositive prior to vaccine, compared to
those seronegative. Amongst seropositive participants,
proportions above the 50% protection against infection
threshold were 69% following 1 vaccine dose, 63% fol-
lowing 2 doses and only 11% in unvaccinated during
the omicron wave. In those seropositive prior to vacci-
nation no significant increase in antibody levels
occurred after the 2nd dose of vaccine, unlike the
increase in seronegative participants. A single dose of
vaccine in seropositive individuals induced higher anti-
body concentrations than two doses in seronegative
recipients.

Implications of all the available evidence

Naturally induced spike antibodies do not achieve high
enough levels to prevent omicron infection in most
exposed individuals but are substantially boosted by
vaccination leading to significant protection. A single
vaccination in those with prior natural immunity is
more immunogenic than 2 doses in seronegative peo-
ple and may provide adequate protection against

omicron and other variants. Vaccination programs in
populations with high seroprevalence using a single
vaccination as a primary strategy should be considered.
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Introduction
Since the start of the pandemic in late 2019, it is esti-
mated that as of mid-July 2022 there have been approxi-
mately 558 million confirmed cases of COVID-19,
including more than 6¢36 million deaths (https://
covid19.who.int). Many SARS-CoV-2 infections are
asymptomatic and the latest global estimates suggest
that half the human population are seropositive as a
consequence of exposure.1 While natural infection with
ancestral SARS-CoV-2 virus provides partial protection
against re-infection with the same and closely related
SARS-CoV-2 variants,2,3 infection with Omicron, anti-
genically the most distant of the variants of concern to
the ancestral wild type strain,4 has been associated with
higher rates of re-infection.5,6 Natural infection with
SARS-CoV-2 induces both humoral and cellular immu-
nity and protection against re-infection is likely to be
the result of a combination of receptor binding domain
antibodies preventing SARS-CoV-2 interaction with
ACE2 receptor, thus preventing infection and T cells,
specific for a variety of antigens, stopping or modulating
the progression to symptomatic and or serious disease
and death. Primary immunisation with existing spike-
containing authorised vaccines has provided relatively
poor protection against symptomatic Omicron infec-
tion, most likely due to the variants escape from vac-
cine-induced immunity secondary to critical mutations
in the Receptor Binding Domain.7

While both binding and neutralising antibody are
recognised as correlates of protection against SARS-
CoV-2 infection,8,9 much of the focus on antibody corre-
lates has been in relation to vaccine induced
immunity,10,11 with a focus on future vaccine licen-
sure.12 Relatively little is understood of natural immu-
nity and the relationship between antibodies induced
after exposure to SARS-CoV-2 and subsequent protec-
tion from infection. However such immunity, induced
after natural infection, is becoming of critical interest
due to the observation that vaccination following infec-
tion may provide more robust immunity than either
infection or vaccination alone.13−16 This so called hybrid
immunity17 is associated with a breadth of variant recog-
nition that appears to be a consequence of immune
maturation.18

South Africa has experienced four well-defined
SARS-CoV-2 waves of infection; the first driven by the
ancestral (Wuhan) strain, the second dominated
(>95%) by beta-variant (B.1.351),2 the third predomi-
nantly due to the delta-variant and the 4th wave due to
the Omicron variant.19 We leveraged a unique South
African birth cohort in a poor peri-urban area, to
www.thelancet.com Vol 53 November, 2022
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longitudinally investigate infection, illness and serologi-
cal responses to natural exposure to SARS-CoV-2 in
mothers over 4 waves of the pandemic as well as to
study responses to SARS-CoV-2 vaccine to investigate
the impact of previous natural exposure on vaccine
responses. We used this information to derive estimates
of levels of spike-specific IgG associated with protection
from subsequent infection following natural or hybrid
immunity.
Methods
We studied participants in an established South African
birth cohort, the Drakenstein Child Health Study
(DCHS),20 using a convenience sample of sequential
maternal participants through the COVID-19 pandemic
from 6 March 2020 to 28 February 2022, spanning
four waves. The convenience sample included sequen-
tial mothers attending follow-up visits with their chil-
dren with blood sampling through all 4 waves of the
pandemic. The study is situated in a low-income peri-
urban community, in which there is a strong primary
health care program, well established study surveillance
systems for illness and high cohort retention as previ-
ously described.20 Illness and health seeking behaviour
were monitored throughout and additional study visits
through each wave were initiated with serum samples
obtained.

Serological responses to SARS-CoV2 were measured
in 4 matched sera obtained following each of the 4
waves. These were defined by the SA National Institute
of Communicable Diseases as wave 1 (ancestral strain)
week 24-35 2020, wave 2 (beta variant) week 48 2020-
week 5 2021, wave 3 (delta variant) week 19-37 2021 and
wave 4 (omicron variant) week 45 2021-week 3 2022.21

A national program for SARS-CoV2 vaccination began
for health care workers from March 2021 providing a
single dose of Ad.26COV2.S (Johnson & Johnson vac-
cine; AD26.COV.2.S); this was broadened to include all
adults (>18 years) from June 2021, in which a single
dose Ad26.COV.2.S or 2 doses of BNT162b2 (Pfizer-
BioNTech) vaccine (given 6 weeks apart) became avail-
able. Booster doses of either AD26.COV.2.S or
BNT162b2 became available from January 2022. The
national program is the only source of SARS-CoV-2 vac-
cination available in South Africa.

The study was approved by the Human Research
Ethics Committee, Faculty of Health Sciences Univer-
sity of Cape Town (HREC 401/2009). Mothers provided
written informed consent which was renewed annually.
Antibody measurements
Serum samples from mothers were tested for IgG to
spike (S) protein derived from ancestral SARS-CoV-2
(S-ancestral), beta (S-beta), delta (S-delta) or Omicron
(S-omicron) variants using an Electrochemiluminescent
www.thelancet.com Vol 53 November, 2022
Immunosorbent Assay (ECLISA) on the Meso Scale dis-
covery platform (MSD� Rockville, MD). The description
and qualification of this quantitative binding assay has
been described in detail by us previoulsy.22 The binding
data generated in this assay is expressed in WHO Inter-
national Units as the assay is calibrated against the
WHO international standard and the assay correlates
well with functional measures of SARS-CoV-2 immu-
nity12 The detection of S-ancestral IgG in this assay is
highly specific (97.4%) and sensitive (90.3%) for expo-
sure to SARS-CoV-2 and hence was used to define sero-
positivity (S-ancestral ≥1¢09 WHO BAU/ml).
Geometric mean concentrations (95% CI) of IgG levels
(GMC) for SARS-CoV2 antibodies were calculated. IgG
to spike from different strains cross-reacts but higher
titres are generated to the infecting strain therefore a
ratio of variant S-IgG: S-ancestral IgG was calculated.
Statistical analysis
Data were analyzed using STATA 14.1 (STATA Corpora-
tion, College Station, TX USA) and R (R core team
2021, version 4.1.2). Data were summarised as frequen-
cies (percent) if categorical and median (interquartile
range (IQR)) if continuous. Wilcoxon rank-sum test
(Mann-Whitney U test), Wilcoxon signed-rank test and
Chi-square or Fisher’s exact were used for crude com-
parisons, as appropriate. Seropositivity was measured
longitudinally though each wave; once vaccinated, a par-
ticipant was excluded from calculation of seropreva-
lence. A Kaplan-Meier plot was used to calculate the
time in which unvaccinated participants became sero-
positive through the 4 waves; a participant was censored
at the time of seropositivity.

Generalised estimating equations (GEE) were used
to identify risk factors associated with seropositivity over
the waves. A binomial distribution and logit link func-
tion, as well as robust standard errors to account for the
presence of heteroscedascity, were used in generating
the GEE models. The model was adjusted for age, HIV
infection, marital status, maternal education, maternal
employment, household income, household size,
maternal smoking, asthma diagnosis and maternal
weight.

To estimate threshold levels of antibodies induced by
prior exposure or vaccine which may protect against
subsequent SARS-CoV-2 infection, 4-parameter logistic
functions were fit to spike IgG titres measured before
and after the beta, delta and omicron waves. Similar to a
logistic regression the probability of seroconversion
(defined as titres increasing by more than 1% post wave
after the beta, delta and omicron waves was estimated
as a function of the amount of the antibody prior to a
wave but using a more flexible link function using unin-
formative or weakly informative priors. This allowed
estimation of infection attack rates in na€ıve or vacci-
nated individuals (upper asymptote), the maximal
3
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protection achievable from naturally derived or vaccine
induced antibodies (lower asymptote) and an antibody
threshold associated with protection against seroconver-
sion (the inflection point of the curve where the proba-
bility of protection against seroconversion passes the
50%midpoint between the upper and lower asymptote).
Sensitivity analyses on the choice of % increase thresh-
old (10% as opposed to 1%, and accounting for waning
between samples), were also explored in the Supple-
ment, as well as the inclusion of a vaccine term in the
model to estimate a vaccine effect on probability of sero-
conversion independent of IgG-mediated protection.
The software package R2Jags was used for Bayesian
model fitting. The model code is available from the
github repository: https://github.com/bquilty25/covid_
seroconv.
Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. All authors had full access to all
the data in the study and had final responsibility for the
decision to submit for publication.
Results
The detailed characteristics of 339 mothers [median age
32¢9y (range 23.8-49.8 yr, IQR 28¢9; 37¢2y) participating
in this study are summarised in Table S1. Participants
were predominantly of low socioeconomic status and
self-reported maternal smoking occurred in 124 (36¢
6%). There were 69 (20¢4%) HIV-infected mothers, all
were well established on antiretroviral therapy (ART)
for a median (IQR) of 8¢4 (7¢5,11¢0) years. The median
household size was 5 (4-6) people. During the study
period there were 18 (5¢3%) PCR-confirmed SARS-CoV-
2 infections, 3 COVID-related hospitalizations and no
deaths. Median (IQR) follow-up over this period was
495 (475; 517) days with a median of 184 days between
blood sampling following wave 1 and 2 and 157 days and
132 days between samples for the two subsequent
waves. Two (0¢6%) mothers were vaccinated with
AD26.COV.2.S before their 2nd wave sample, 95 (28¢
0%) were vaccinated before their 3rd wave sample (63
with BNT162b2 dose 1; 13 with 2 BNT162b2 doses and
19 with a dose of AD26.COV.2.S) and 154 (45¢4%) were
vaccinated before the 4th wave (127 with at least 1
BNT162b2 dose, 66 with 2 BNT162b2 doses and 27
with a single dose of AD26.COV.2.S) (Figure S1).

Despite little COVID illness, 176 (51¢9%) mothers
were seropositive following wave 1. Amongst unvacci-
nated mothers levels of seropositivity increased to 74¢
2% (250/337) after wave 2, 89¢8% (219/244) after wave
3 and 97¢3% (180/185) after wave 4 (Table 1 and Figure
S2). Only 5 unvaccinated mothers (2¢7%) remained
seronegative throughout all four waves. Multivariate
analysis of factors associated with seropositivity indi-
cated that, age, HIV infection and maternal weight were
positively associated with seropositivity across the 4
waves in the unadjusted analysis, while current cigarette
smoking was inversely associated (Table S2). In the
adjusted model, those in more crowded households had
greater odds of seropositivity over the 4 waves (adjusted
OR=1¢14, 95% CI: 1¢03; 1¢26, p=0.015) and current
smoking was associated with seronegativity (adjusted
OR=0¢43, 95% CI: 0¢27; 0¢69, p<0.001) but none of
the other covariates remained significant in the adjusted
model.

While 52% of seronegative mothers seroconverted
following the Wuhan and Beta variant waves (1 and 2),
66% and 77% seroconverted after exposure to the
Delta (wave 3) and the Omicron strain (wave 4) respec-
tively consistent with greater transmissibility of these
variants of concern (Table 1). Amongst unvaccinated
mothers, the highest anti-spike IgG concentrations for
all variants were seen after the Omicron wave and con-
centrations were significantly higher after each wave
for mothers seropositive prior to the wave compared to
seronegatives consistent with natural priming (Table 1,
Figure 1A, 1B). Furthermore seronegative mothers
demonstrated a ratio of variant to wild-type Spike IgG
of >1¢0 indicating a primary response to the variant of
concern (VOC) dominant during the wave while sero-
positive mothers, despite an increase in S-IgG, had
VOC:WT ratios <1 indicating possible imprinting fol-
lowing the original exposure. A small number of moth-
ers reverted to become seronegative following waves 2
and 3 [8 (2¢4%) and 2 (0¢8%) respectively] but none fol-
lowing wave 4.

Following the first wave, to explore whether naturally
induced spike-IgG prevented increases in S-IgG (a proxy
for variant infection) in subsequent waves, we analysed
the changes in IgG following waves 2, 3 and 4 in sero-
positive mothers (Table 2). For mothers seropositive
after wave 1, only 28¢2% (49/174) increased S-ancestral
IgG after wave 2 (compared to 52% of seronegative
mothers). Following wave 3, 59% of seropositive moth-
ers responded to Delta (104/176) compared to 67% of
seronegatives and following wave 4, 80% responded to
Omicron (130/163) compared to 77% of seronegatives.
Higher pre-wave antibody levels were associated with a
lower probability of increased IgG following the subse-
quent wave (Table 2 and Figure 1), indicating a poten-
tially protective effect against infection. This was more
pronounced for ancestral strain antibodies against the
beta wave than against the delta and omicron waves.

To explore the impact of infection induced pre-wave
IgG in more detail we estimated that the probability for
boosting in individuals with very low S-ancestral titres
was 53% (95% CrI: 46, 64) during beta, 68% (95% CrI:
60, 85) during delta and 84% (95% CrI: 78, 90) during
the omicron wave. In comparison, estimates for boost-
ing rates in individuals with the very highest antibodies
www.thelancet.com Vol 53 November, 2022
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Post Wave 1 Post Wave 2** Post Wave 3*** Post Wave 4****

All (n=339) Seronegative
pre-wave 1
(n=163)

Seropositive
pre-wave 1
(n=174)

All (n=337) Seronegative
pre-wave 2
(n=68)

Seropositive
Pre-wave 2
(n=176)

All (n=244) Seronegative pre-
wave 3(n=22)

Seropositive
Pre-wave 3
(n=163)

All (n=185)

Seropositive n (%) 176

(51¢9%)

84

(51¢5%)

166

(95¢4%)

250

(74¢2%)#
45

(66¢2%)

174

(98¢9%)

219

(89¢8%)#
17

(77¢3%)

163

(100%)

180

(97¢3%)

GMCS (95% CI) in seropositive mothers

S-Ancestral 30¢58
(23¢77;39¢4)

19¢79
(14¢83;26¢41)

32¢40
(25¢87;40¢58)

27¢45
(22¢95;32¢85)

55¢15
(37¢81;80¢48)

72¢13
(54¢94;94¢71)

68¢26
(54¢28; 85¢84)

138¢01 (42¢11;452¢33) 502¢62
(383¢49;658¢
76)

444¢87
(339¢35;583¢20)

S-Beta 14¢25
(11¢03;18¢41)

30¢09
(21¢07;42¢99)

17¢60
(13¢97;22¢18)

21¢08
(17¢33;25¢64)

46¢37
(32¢16;66¢85)

58¢97
(44¢58;78¢00)

56¢13
(44¢42; 70¢91)

102¢17 (35¢20; 296¢
57)

359¢38
(273¢49;472¢
24)

319¢13
(243¢89;417¢57)

S-Delta 11¢53
(8¢94; 14¢86)

11¢51
(8¢43; 15¢72)

13¢47
(10¢59;17¢14)

12¢75
(10¢55;15¢42)

64¢70
(42¢99;97¢39)

49¢21
(36¢98;65¢48)

52¢05
(40¢90; 66¢25)

76¢49 (25¢61; 228¢43) 325¢97
(248¢82;427¢
04)

284¢26
(217¢22;372¢00)

S-Omicron 5¢23
(4¢12; 6¢63)

5.86

(4¢39; 7¢83)
5¢60
(4¢41; 7¢11)

5¢69
(4¢73; 6¢84)

11¢69
(8¢84; 16¢21) y

21¢55
(16¢33;28¢45)

18¢88
(15¢00;23¢77)***

126¢23 (50¢65; 314¢
59)

183¢25
(136¢91;245¢
28)

176¢91
(134¢31;233¢03)

S-Beta: S-ancestral 0¢47 1¢52 0¢54 n/a 0¢84 0¢82 n/a 0¢74 0¢72 n/a

S-Delta: S-ancestral 0¢38 0¢58 0¢42 n/a 1¢17 0¢68 n/a 0¢55 0¢65 n/a

S-Omicron: S-Ancestral 0¢17 0¢30 0¢17 n/a 0¢21 0¢30 n/a 0¢91 0¢36 n/a

Table 1: Anti-spike IgG concentrations (GMC, 95%CI) in unvaccinated seropositive mothers following each wave of SARS-CoV-2. Mothers are stratified by their serostatus prior to the wave.
S = Spike protein; GMCs = geometric mean concentration; CI = confidence interval; S-ancestral− spike antibodies to ancestral SARSCoV2 virus; S-beta = Spike antibodies to beta variant; S-delta= Spike antibodies to delta variant.

*Seropositive defined as S-antibodies to ancestral virus ≥ 1.09 WHO BAU/ml.

** Wave 2 n in mothers = 337 (2 excluded as vaccinated prior to wave 2 serum sample collection).

*** Wave 3 n in mothers = 244 (95 excluded as vaccinated prior to wave 3 serum sample collection).

**** Wave 4 n in mothers = 185 (154 excluded as vaccinated prior to wave 4 serum sample collection).
y42 mothers with Omicron results were seropositive in Wave 3 and seronegative in Wave 2.
yy152 mothers with Omicron results were seropositive in Wave 3 and seropositive in Wave 2.

Note: Vaccinated mothers excluded; vaccination status is based on receiving at least 1 dose before or at 3 days prior to serum sample collection.

**2 mothers excluded as vaccinated before wave 2 blood sample collection.

***N for unvaccinated mothers with Omicron results= 194; N for vaccinated mothers with Omicron results=91.
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Figure 1. Progression of serostatus during the course of the Covid-19 pandemic in South Africa, and estimated thresholds of protec-
tion against seroconversion. A. Daily reported cases in South Africa from September 2020 to March 2022, coloured by predominant
circulating serotype, from https://covid19.who.int/WHO-COVID-19-global-data.csv. B. Individual level S-ancestral (WT) IgG titres over
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titres were 17% (95% CrI: 4, 26) 39% (95% CrI: 8, 60)
and 23% (95% CrI: 2, 60) respectively (Table 3).

Substantially greater pre-wave S-ancestral IgG titres
were required to provide protection against seroconver-
sion (a threshold defined as the inflection point of the 4-
parameter logistic function) before the omicron wave,
compared to the delta and beta waves (Figure 1C, 1D, 1E;
Table 3). Based on these thresholds 70% (95% CrI: 55,
89), 28% (95% CrI: 1%, 90%) and 8% (95% CrI: 3, 17)
of seropositive, unvaccinated participants had sufficient
pre wave antibodies to be protected against seroconver-
sion in the beta, delta, and omicron waves respectively,
Table 3. These findings were also robust to the use of
variant-specific titres despite a lower estimated thresh-
old for Omicron (Table S3) as the WT and variant con-
centrations were highly correlated (Figure S2).

Of 154 vaccinated participants, 135 (87¢7%) were sero-
positive prior to vaccination (Table S4). As the majority
received BNT162b2 vaccine (127, 82¢5%), GMCs for the
BNT162b2 vaccine recipients, stratified by preceding
serostatus were calculated (Figure 2 and Table S5). Anti-
body levels following one or two doses of vaccine were
significantly higher in those who were seropositive prior
to vaccine, compared to those seronegative, for all anti-
bodies measured including S-ancestral, S-beta, S-delta
and S-omicron. A 2nd dose of vaccine in those seroposi-
tive prior to vaccination showed no significant increase
in IgG following dose 2. In contrast a 2nd dose in sero-
negative vaccine recipients resulted in an expected
increase (Figure 2 and Table S5). A single dose of vac-
cine in seropositive individuals induced a higher IgG
concentration than two doses in na€ıve vaccine recipi-
ents.

A substantially greater proportion of seropositive
(prior to vaccination), vaccinated individuals (1 and 2
doses) were above the estimated protection against sero-
conversion threshold compared to seropositive but
unvaccinated individuals in the omicron wave, with
69% (95% CrI: 62, 72) protected having received 1 dose
and 63% (95% CrI: 63, 75) protected having received 2
doses; a 6.45 fold (95% CrI: 5.01, 9.20, probability of
direction (pd, a Bayesian statistic analogous to a 1-p-
value = 1.00) and 5.99 fold (95% CrI: 4.43, 9.26,
pd = 1.00) higher, respectively, compared to 11% (95%
CrI: 7, 14) protected having received 0 doses (Table 3).
There was no substantial vaccine effect (which may be
immunological or behavioural) independent of IgG-
mediated protection, with -8% (95% CrI: -16, 3%) lower
probability of seroconversion attributable to having
received at least one dose vs. no doses, compared to
-64% (95% CrI: -79, -50%) attributable to having maxi-
mal measured pre-wave titres compared to minimal
time, coloured by vaccine status prior to sampling. C. Wave specific
delta, and omicron waves coloured by whether antibody levels de
threshold (dot and whisker) indicating 50% protection from serocon

www.thelancet.com Vol 53 November, 2022
measured pre-wave titres (Supplement). Sensitivity
analysis on the definition of seroconversion (10% rather
than a 1% increase on pre-wave titres, and accounting
for waning between samples) did not substantially alter
these findings (Supplement, Table S6).
Discussion
More than 2 years since the pandemic started many
communities around the world have been exposed to
successive waves of SARS-CoV-2 infections. This expo-
sure has altered their susceptibility to subsequent infec-
tion23 and is likely responsible for the different disease
profiles witnessed following the omicron wave. In com-
munities with previous widespread exposure and vacci-
nations, omicron infection has been relatively mild
while in communities where zero-tolerance of COVID
has been pursued and thus relatively little disease-modi-
fying population immunity has been acquired the
impact of omicron has been more severe.24 In healthy
mothers resident in the poor peri-urban area of South
Africa which was the focus of this study, 53% were sero-
positive after the first wave of ancestral SARS-CoV-2
and this rose, in unvaccinated mothers, to 97¢3% follow-
ing the omicron wave which swept South Africa
between November 2021 and January 2022. This rate of
seropositivity in an unvaccinated population is to our
knowledge the highest reported and greatly exceeding
population estimates for Africa of 65¢7%.25 Despite
high rates of successive exposure to SARS-CoV-2 very
few of the mothers in this study tested positive for
SARS-CoV-2 (5¢3%), despite ready access to health care
facilities, and only 3 were hospitalized with good out-
comes. This concurs with the recently published WHO
analysis suggesting Africa differentiates itself from
other regions by its high number of asymptomatic
(67%) infections25 as well as a South African based
household infection study which estimated that 85¢3%
of infections were asymptomatic.26

Prior exposure resulting in an immune response to
SARS-CoV-2 was associated with a reduced likelihood
of infection. This finding is consistent with a reduced
risk of reinfection in a household study conducted in
South Africa where prior infection provided durable
protection against reinfection throughout the study
period which included the beta and delta waves.27

Despite antibody levels being in the range of or exceed-
ing those following the beta wave, a substantially lower
proportion of seropositive individuals had pre-wave anti-
body levels above the modelled threshold of protection
in the delta and omicron waves (7% and 4% respectively
vs. 44% for beta), indicating lower cross-protection of
change in S-ancestral (WT) IgG titres over the course of the beta,
clined between samples, with estimated median and 95% CrI
version.

7



Changes in antibody titres between
wave 1 and wave 2 (n=174ǂ)

Changes in antibody titres between
wave 2 and wave 3 (n=176ǂ)

Changes in antibody titres between
wave 3 and wave 4 (n=163ǂ)

Post Wave 1 GMCs (95% CI) Post Wave 2 GMCs (95% CI) Post Wave 2 GMCs (95% CI) Post Wave 3 GMCs (95% CI) Post Wave 3 GMCs (95% CI) Post Wave 4 GMCs (95% CI)

(a) IgG increased n=49 n=49 n=104 n=104 n=130 n=130

S-Ancestral 10¢39 (6¢56; 16¢44)a 34¢16 (21¢37; 54¢63) 21¢34 (16¢17; 28¢17)c 136¢95 (95¢58; 196¢22) 52¢48 (39¢90; 69¢03)g 755¢14 (612¢62; 980¢79)
S-Beta 4¢34 (2¢70; 6¢96)b 20¢80 (12¢75; 33¢94) 16¢10 (11¢81; 21¢96)d 107¢28 (73¢48; 156¢62) 43¢73 (33¢04; 57¢87)h 552¢45 (431¢23; 707¢75)
S-Delta 4¢10 (2¢54; 6¢63) 14¢88 (9¢20; 24¢07) 9¢33 (6¢89; 12¢64) 94¢61 (64¢11; 139¢62) 40¢06 (29¢76; 53¢92)i 494¢51 (388¢30; 629¢77)
S-Omicron 2¢16 (1¢43; 3¢26) 6¢64 (4¢13; 10¢66) 4¢18 (3¢13; 5¢57) 37¢54 (26¢14; 53¢91)e 14¢83 (11¢38; 19¢33)j 303¢83 (234¢46; 393¢71)
(b) IgG did not increase n=125 n=125 n=72 n=72 n=33 n=33

S-Ancestral 46¢94 (35¢70; 61¢73)a 24¢44 (18¢15; 32¢92) 37¢35 (26¢34; 52¢95)c 24¢95 (17¢84; 34¢90) 186¢49 (94¢48; 368¢12)g 91¢22 (43¢70; 190¢42)
S-Beta 22¢66 (17¢31; 29¢67)b 13¢77 (10¢45; 18¢16) 26¢52 (18¢04; 38¢98)d 22¢30 (16¢04; 31¢01) 147¢68 (73¢07; 298¢46)h 66¢05 (32¢92; 132¢55)
S-Delta 17¢18 (13¢07; 22¢59) 12¢88 (9¢75; 17¢02) 18¢00 (12¢69; 25¢53) 17¢74 (13¢17; 23¢90) 149¢85 (76¢00; 295¢48)i 63¢11 (30¢72; 129¢67)
S-Omicron 7¢39 (5¢63; 9¢70) 5¢19 (3¢93; 6¢85) 7¢20 (4¢93; 10¢53) 8¢77 (6¢34; 12¢14)f 44¢52 (22¢27; 89¢00)k 25¢00 (12¢46; 50¢20)

Table 2: Pre and Post wave anti-spike IgG concentrations (GMC, 95% CI) in seropositive unvaccinated mothers following wave-2 (beta), wave-3 (delta) and wave-4 (omicron). Mothers have been stratified
into those whose IgG increased following the wave and those whose IgG did not increase.
S = Spike protein; GMCs = geometric mean concentration; CI = confidence interval; S-ancestral − spike antibodies to ancestral virus; S-beta = Spike antibodies to beta variant; S-delta = Spike antibodies to delta variant.

a Wave-1 maternal S-ancestral levels in those whose titres increased in wave 2 vs those whose titres declined or remained the same, p<0¢001.
b Wave-1 maternal S-beta levels in those whose titres increased in wave 2 vs those whose titres declined or remained the same, p<0¢001.
c Wave-2 maternal S-ancestral levels in those whose titres increased in wave 3 vs those whose titres declined or remained the same, p=0¢011.
d Wave-2 maternal S-beta levels in those whose titres increased in wave 3 vs those whose titres declined or remained the same, p=0¢030.
e 94 mothers with Omicron results whose titres increased between wave 2 and wave 3.
f 58 mothers with Omicron results whose titres declined or remained the same between wave 2 and wave 3.
g Wave-3 maternal S-ancestral levels in those whose titres increased in wave 4 vs those whose titres declined or remained the same, p=0¢001.
h Wave-3 maternal S-beta levels in those whose titres increased in wave 4 vs those whose titres declined or remained the same, p=0¢002.
i Wave-3 maternal S-delta levels in those whose titres increased in wave 4 vs those whose titres declined or remained the same, p<0¢001.
j 112 mothers with Omicron results whose titres increased between wave 3 and wave 4; Wave-3 maternal S-omicron levels in those whose titres increased in wave 4 vs those whose titres declined or remained the same, p=0¢004.
k 32 mothers with Omicron results whose titres declined or remained the same between wave 3 and wave 4; Wave-3 maternal S-omicron levels in those whose titres increased in wave 4 vs those whose titres declined or remained the

same, p=0¢004.
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Wave Probability of
increased titres at
minimal pre-wave
antibody levels
(%, 95% CrI)

Probability of
increased titres at
maximal pre-wave
antibody levels
(%, 95% CrI)

50%
protection
threshold
(WHO BAU/ml,
median, 95%
CrI)

N N increased Doses pre-
and post-
wave

Proportion of seropositives with pre-wave antibody titres
higher than threshold (median, 2¢5% CrI, 97¢5% CrI)

N in
subgroup

Beta 53¢3 (46¢0, 64¢1) 16¢7 (3¢5, 25¢5) 11¢7 (4¢4, 36¢0) 337 135 0 70¢1% (122) 54¢6% (95) 82¢2% (143) 337

Total 69¢9% (123) 54¢5% (96) 82¢4% (145) 339

Delta 67¢7 (59¢5, 85¢3) 38¢9 (8¢2, 60¢0) 63¢6 (3¢7, 757¢5) 242 148 0 27¢7% (48) 0¢6% (1) 89¢6% (155) 241

1 100.0% (1) 0¢0% (0) 100¢0% (1) 1

Total 27¢8% (70) 0¢4% (1) 90¢1% (227) 339

Omicron (threshold exclud-

ing vaccinated)

84¢3 (78¢0, 90¢1) 22¢5 (1¢7, 58¢0) 868¢5 (366¢2,
2162¢9)

185 147 0 8¢0% (13) 2¢5% (4) 16¢6% (27) 185

1 65¢5% (38) 39¢7% (23) 75¢9% (44) 59

2 62¢5% (10) 50¢0% (8) 75¢0% (12) 16

Total 25¢2% (79) 14¢7% (46) 33¢9% (106) 339

Omicron (threshold includ-

ing vaccinated)

84¢3 (78¢7, 89¢5) 12¢0 (4¢1, 23¢8) 668¢6 (468¢6,
920¢3)

260 171 0 11¢0% (18) 6¢7% (11) 14¢1% (23) 185

1 69¢0% (40) 62¢1% (36) 72¢4% (42) 59

2 62¢5% (10) 62¢5% (10) 75¢0% (12) 16

Total 27¢8% (87) 24¢0% (75) 31¢0% (97) 339

Table 3: Estimated levels of protection for minimal and maximal pre-wave S-ancestral antibody titres, 50% protection against infection (seroconversion) antibody titre threshold, and proportion of
individuals with pre-wave titres above threshold.
CrI = credible interval.
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Figure 2. Anti-Spike IgG responses in participants after one or 2 doses of BN162b2 vaccine, stratified by serostatus prior to vaccina-
tion. One dose responses are shown in red and two doses in blue. Concentrations of seronegative vaccinees are illustrated with
closed circles and seropositive with open circles. The boxes and whiskers indicate the 25th-75th percentiles and minuum and maxi-
mum values respectively.
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antibodies against these variants. Furthermore, substan-
tially greater pre-wave S-ancestral IgG titres were required
to provide protection against seroconversion before the
omicron wave, compared to the delta and beta waves.
Rates of infection in the seronegative and seropositive
mothers following the omicron wave were similar and
only those with very high natural antibodies had a reduced
risk of infection explaining the omicron variants propen-
sity for high rates of both primary and reinfection.5

In seropositive mothers, responses to BNT162b2 were
higher after one or two doses, compared to the seronega-
tive mothers. As a consequence of higher titres, a greater
proportion of vaccinated mothers had antibody levels
above the 50% threshold providing protection from omi-
cron infection compared to mothers with naturally
acquired immunity. While 2 doses of COVID-19 vaccines
fail to provide durable protection against omicron infec-
tions, booster doses have been associated with good short
term effectiveness against omicron infection.14,28,29 This
prevention of infection is likely related to the higher con-
centrations of cross reactive IgG induced by the booster.

Hybrid immunity, that seen after a combination of
natural and vaccine induced immunity, is becoming
important as an increasing proportion of the global pop-
ulation becomes exposed to SARS-CoV-2 and more
vaccination takes place on the background of natural
immunity. In our study, responses to either one or two
doses of BNT162b2 in seropositive individuals were
greater than those seen in na€ıve vaccinees and a second
dose in a naturally infected individual was not associ-
ated with the expected increase in IgG. It is also now
well recognized that vaccination following natural expo-
sure is associated with great vaccine effectiveness13-15

compared to either natural or vaccine induced immu-
nity alone. As suggested by our study the greater effec-
tiveness of hybrid immunity is likely linked to
enhanced immunogenicity of vaccine on the back-
ground of natural immunity and the reported increase
in the breadth of immunity.18 We were also able to dem-
onstrate qualitative differences following exposure to
variants between na€ıve and seropositive mothers with
na€ıve mothers mounting an IgG response dominated
by the spike antigen from the VOC while seropositive
mothers responded with a dominant wild type IgG irre-
spective of the VOC they were exposed to suggesting a
degree of imprinting as first suggested by R€oltgen and
colleagues.18 As there are important differences in the
immunogenicity and effectiveness of vaccines when
administered to previously exposed individuals, the
need to provide 2 doses of vaccine to unvaccinated
www.thelancet.com Vol 53 November, 2022
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individuals as a priming schedule should be reconsid-
ered. With high (and increasing) rates of seropositivity
in many unvaccinated communities in the world, there
may be a substantial advantage in focusing efforts on
providing a single dose of vaccine to such communities
rather than having targets for two dose priming as their
natural priming effectively replaces the role of priming
vaccines in those seronegative. It is possible that two
doses in a seropositive individual will provide more
durable and expansive immunity13 particularly in the
light of a booster dose enhancing immunity to variants
including Omicron as compared to 2 priming doses but
this requires further study.

Our study has several limitations including that infec-
tion to a variant was inferred from an increase in anti-
spike IgG. As individuals were not tested for active infec-
tion unless symptomatic, we were unable to determine
whether individuals were exposed during the course of a
wave unless seroconversion occurred; hence, those who
did not seroconvert during a wave may contain a mixture
of those who were exposed and experienced an aborted
infection due to sterilizing immunity, and those who were
unexposed. Additionally a degree of antibody waning may
have taken place between pre-wave sampling and exposure
in the subsequent wave, so antibody levels at exposure are
likely to have been lower than when measured. We did
not measure neutralizing antibody as we have previously
shown excellent correlation between binding antibody as
measured in our laboratory and live virus or pseudovirus
neutralization.12 We also did not have access to stored cells
to evaluate cellular immune mechanism although these
may be more important for disease/serious disease mani-
festation rather than the prevention of infection. Our
cohort consisted of woman with a median age of 33 years
so the generalisability to a more diverse population needs
consideration. While overall levels of seroprevalence are
higher than those reported for other African populations,
those studies predate Omicron.25

In summary this study has shown very high sero-
prevalence to SARS-CoV-2 in a poor, peri-urban South
African community. Seropositivity via natural exposure
to SARS-CoV-2 was associated with subsequent protec-
tion from infection with beta and delta variant but not
Omicron, where only very high levels of natural anti-
body provided protection. Vaccination of seropositive
individuals elicited higher concentrations of Spike IgG
compared to seronegative mothers and a greater propor-
tion of seropositive vaccinated mothers were therefore
protected from Omicron. A single dose of current vac-
cine based on Wild Type SARS-CoV-2 in seropositive
individuals may provide sufficient protection against
known or related SARS-CoV-2 variants.
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