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Introduction: This study investigated the antibody responses to the inactivated
COVID-19 vaccine, CoronaVac (Sinovac Biotech) in the African population to
provide valuable insights into long-term immunity and breakthrough infections
against SARS-CoV-2 in individuals with varying prior IgG seropositivity.

Methods: Real-life cohorts were used to longitudinally track antibody levels
against the SARS-CoV-2 spike and nucleoprotein in 60 participants over 12
months to examine the levels of multiple antibody isotypes (S-1gG, S-IgM, S-1gA,
N-1gG, and N-IgM).

Results: Throughout the 12 months, we observed consistently high and stable
seropositivity rates for spike-1gG antibodies, spike-IgM antibodies showed a
decline in frequencies over time, and spike-IgA levels remained moderate and
stable. Vaccinated individuals previously positive for spike-lgG antibodies
demonstrated strong and persistent seropositivity, while those initially negative
experienced a gradual and delayed increase in seropositivity rates. The fold
change analysis of S- and N- antibody responses demonstrated a consistently
stable and comparable profile over time, indicating that vaccine-induced
antibody responses remain constant and lack significant fluctuations beyond
the initial boost. The study emphasized that individuals lacking previous 1gG
positivity showed reduced vaccine-induced spike-1gG antibodies and were more
susceptible to breakthrough infections, highlighting their higher vulnerability. All
cases of breakthrough infections were asymptomatic, indicating the conferred
protection to the vaccinated individuals.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1255676/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1255676&domain=pdf&date_stamp=2023-11-30
mailto:Jennifer.Serwanga@mrcuganda.org
https://doi.org/10.3389/fimmu.2023.1255676
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1255676
https://www.frontiersin.org/journals/immunology

Sembera et al.

10.3389/fimmu.2023.1255676

Discussion: The findings corroborated earlier studies on the effectiveness of the
CoronaVac vaccine and emphasized the significance of accounting for pre-
existing seropositivity in vaccine assessments. This study effectively
demonstrated durable antibody responses against SARS-CoV-2 in the African
population following the CoronaVac vaccination, providing crucial insights for
informing vaccination strategies and safeguarding vulnerable populations.
Continuous surveillance is imperative for tracking breakthrough infections and
monitoring waning immunity. The insights gained offer crucial direction for
public health strategies and enhance comprehension of vaccine effectiveness
in sub-Saharan Africa. Further research should explore functional outcomes,
cellular immune responses, and the vaccine's effectiveness against different

variants to enhance our understanding and optimize vaccine strategies.

KEYWORDS

CoronaVac, COVID-19, antibody concentrations, seropositivity, antibody persistence,
breakthrough infections, spike protein, sub-Saharan Africa

Introduction

The global fight against infectious viral diseases heavily relies on
the widespread use of vaccines (1, 2), which stimulate the immune
system to combat specific pathogens. In recent years, the world
faced an unprecedented challenge with the Coronavirus Disease
2019 (COVID-19) pandemic caused by the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). To combat
this highly contagious and potentially deadly virus, various vaccines
were developed and deployed worldwide (3). The inactivated
COVID-19 vaccine, CoronaVac, developed by Sinovac Biotech
Ltd. and distributed through the COVID-19 Vaccines Global
Access (COVAX) facility, gained significant prominence in sub-
Saharan Africa (SSA) as one of the region’s primary COVID-19
vaccines. CoronaVac was widely administered in SSA and other
settings, including China, Brazil, and Turkey. In those settings,
CoronaVac showed lower antibody concentrations than other
vaccines (4), a robust but transient peak in IgG levels (3), more
durable immune responses in individuals with prior infection from
the virus (5), and persistence of humoral and cell-mediated
immunity till 12 months post-vaccination, despite declining
antibody titers (6).

Despite its extensive regional distribution in SSA (4), limited
data exist on the population’s response to the CoronaVac vaccine.
Understanding the performance of CoronaVac in the sub-Saharan
African context is essential for formulating effective vaccination
strategies, informing public health decisions, and maximizing the
overall effectiveness of vaccination campaigns in the region.
Evaluating immune responses to CoronaVac in SSA is vital for
maximizing vaccination efforts by tailoring interventions to the
specific characteristics of the local population and accounting for
regional variations in immune traits, genetic diversity, and
coexisting health conditions that may affect the effectiveness of
vaccination (7-9).
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Accurate data on CoronaVac’s performance in sub-Saharan
Africa is vital for informing policymakers and healthcare
professionals in designing tailored immunization programs
considering the region’s resource constraints and unique
healthcare challenges. This study seeks to assess the antibody
responses to CoronaVac in the SSA population. It evaluates the
vaccine’s generation of spike and nucleoprotein-specific IgG, IgM,
and IgA antibodies and examines their longevity in real-
world settings.

Materials and methods
Study population

Over 12 months, from November 25th, 2021, to May 5th, 2023,
423 blood samples were obtained from 60 individuals who had received
both doses of the inactivated COVID-19 vaccine, CoronaVac. A total of
423 samples were collected from 60 participants between November
25, 2021, and May 5, 2023. The participants included 23 females
(38.3%) and 37 males (61.7%), with ages ranging from 18 to 47 years
and a median age of 22.0 years, interquartile range (20.0-24.3) years.
Samples were collected to evaluate the immediate effects of the vaccine
14 days (D14PP, n=54) and 28 days (D28PP, n=54) after the initial
dose. Samples were collected at two additional time points, 14 days
(D14PP), and 28 days (D28PP) after the second dose, from 49
participants. Additional samples were collected at six months (M6PP,
n = 54), nine months (M9PP, n = 52), and twelve months (M12PP,
n = 51) post-initial vaccination to assess the vaccine’s long-term effects.
The study protocols received ethical approval from the Uganda Virus
Research Institute (UVRI REC Ref: GC/127/20/04/773) and the
Uganda National Council for Science and Technology (UNCST Ref:
HS637ES). All study participants provided written informed consent
before participation.
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Binding antibody ELISA to detect SARS-
CoV-2-specific IgG, IgM, and IgA levels

To ascertain the presence and concentrations of SARS-CoV-2-
specific antibodies, we used a binding antibody enzyme-linked
immunosorbent assay (ELISA) previously validated and
optimized for this population. This assay detected the optical
densities at 450 nm (OD at 450nm) and the corresponding IgG,
IgM, and IgA concentrations, expressed in ng/ml, specific to the
spike and nucleoprotein antigens. The comprehensive ELISA
procedure was previously validated in this population (10) and
described in detail elsewhere (11).

Statistical methods

Box plots were used to compare the data’s medians, means, and
quartiles. Horizontal line graphs illustrated each participant’s
seroconversion over the entire study duration. Line plots were
used to present the percentages of seropositive individuals. A
Wilcoxon Rank sum test was employed for pairwise comparisons
to assess the significance of differences in antibody responses
between different time points. To account for multiple testing, a
Bonferroni correction was applied. Since there were missing data/
samples at various time points, unpaired tests were considered. In
the statistical analysis, a p-value greater than 0.05 was deemed
insignificant (indicated as “ns”). Statistical significance was denoted
using asterisks: * represented a p-value less than 0.05, ** denoted a
p-value less than 0.01, and *** indicated a p-value less than 0.001.

Results

S-1gG positive individuals exhibit
early moderate responses with a
subsequent decline and rebound,
while negative individuals equilibrate
by day 28 post-prime

A marked difference was observed in S-IgG OD and
concentration between the positive and negative groups up to 28
days after boosting. From this point, the distribution between the
two groups became indistinguishable. Those testing positive for S-
IgG initially exhibited moderate antibody responses, which
remained stable up to six months post-prime, after which they
began to decline, only to rise again at nine months, possibly due to
re-infection. In contrast, the S-IgG negative group started with
considerably lower antibody levels, aligning with the levels seen in
the positive group by 28 days post-prime. This group also
experienced a decline after six months but witnessed an increase
12 months later.

There were no significant differences between the positive and
negative groups across all time points for S-IgM antibody responses.
S-IgA responses, however, varied between the two groups. The
positive S-IgG group had S-IgA levels slightly above the cut-off and
remained stable until M6PP, whereas the S-IgG negative group had
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values below the cut-off. By six and nine after priming, there was no
discernible difference in S-IgA responses between the groups.

Regarding N-IgG responses, the positive group consistently
showed declining yet higher levels than the negative group at the
onset. The trend for the positive group continued to decline until
MOPP, followed by an increase. The negative group, starting with
notably lower N-IgG responses, saw an increase that, by 14 days
post-prime, nearly matched the levels in the positive group. Lastly,
both groups exhibited low and comparable N-IgM responses, with
no significant difference detected, summarized in Figure 1.

From the baseline onward, we observed a
notable degree of cross-reactivity

A consistently high frequency of seropositivity for spike-IgG
antibodies was observed throughout the follow-up period
(Figure 2), with 76.7% of the cohort being seropositive at
baseline. Seropositivity levels reached 87% before the second dose
administration. They remained stable for 12 months,
demonstrating a persistent and resilient binding antibody
response with consistently high levels of S-IgG antibodies
throughout the study period. There was a consistent decline in S-
IgM antibody frequencies, from 16.7% at baseline to 13% after the
second dose and reaching 3.9% at 12 months, indicating suboptimal
levels of IgM antibody responses with limited detectable responders
during the follow-up period. Spike-IgA antibody levels showed a
moderate increase, with seropositivity rising from a baseline of 55%
to 61% before the second dose and maintaining a steady frequency
of 64.7% at the 12-month mark. Overall, the CoronaVac vaccine
demonstrated sustained IgG antibody seropositivity in individuals
previously exposed to the spike protein.

In the overall cohort, horizontal nucleoprotein line graphs
consistently demonstrated seropositivity of N-IgG in most
participants, persisting for up to six months of the study. The
initial N-IgG positivity rate of 55% demonstrated substantial prior
exposure, slightly decreasing to 46.3% at six months post-primary
vaccination, demonstrating continued nucleoprotein cross-
reactivity. However, at nine months, the rate dropped to 25%,
followed by a significant rise to 64.7% at twelve months, suggesting
the possibility of infection. Baseline IgM antibody levels were
initially low at 20%, with a subsequent gradual decline to 5.6%
and 7.7% at six and nine months, respectively Breakthrough
infections refer to SARS-CoV-2 infections that occur within two
weeks after the completion of a two-dose vaccination and are
characterized by a minimum 11-fold rise in N-IgG concentration.
Out of the 60 individuals who received the CoronaVac vaccine, 11
cases of breakthrough infections were detected, indicating an
incidence rate of 18.3%; notably, one participant experienced two
breakthrough infections 14 days after complete vaccination and
again after 12 months. An additional participant tested positive for
the infection four weeks after receiving the booster shot, while three
individuals contracted the infection after six months, one after nine
months, and five individuals within the one year following
vaccination. The study reveals presumed breakthrough infections
in individuals who have received full vaccination.
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FIGURE 1

Optical Densities and Concentrations of Spike- and Nucleocapsid-Directed Antibodies Following CoronaVac Vaccination, Stratified by Baseline S-1gG
Levels. Figure 1 presents the optical densities (OD) and concentrations of Spike (S) and Nucleocapsid (N) proteins, segmented by subjects with
baseline S-1gG positivity and negativity. An unmatched samples Wilcoxon test was employed to assess the differences in OD or concentration
between the positive (red) and negative (blue) subjects at specific post-vaccination intervals. The thin, lighter lines represent individual profiles,
whereas the bolder, darker lines signify the group’s median. A p-value greater than 0.05 was deemed insignificant (indicated as "ns"; not significant).
Statistical significance is denoted by “*" representing a p-value less than 0.05, "**" for a p-value less than 0.01, “***" indicates a p-value less than

0.001, while "****" indicates a p-value less than 0.0001.

Anti-spike antibody concentrations
showed stable IgG, moderate IgA,
and low IgM levels

The World Health Organization (WHO) classifies anti-SARS-
CoV-2 antibody titers within the ranges of 44-53 BAU/mL as low,
200-300 BAU/mL as moderate, and 700-800 BAU/mL as high (10,
12, 13). The cohort’s anti-spike IgG antibody levels were evaluated

per the World Health Organization (WHO) guidelines.
Assessments of overall antibody concentrations utilized means,
medians, and interquartile ranges (IQR), demonstrating
consistently sustained S-IgG antibodies with no significant
difference between consecutive time points. Overall, the median
concentrations of S-IgG displayed consistent moderate levels
throughout the follow-up period of 12 months, ranging from 207
(65-565) at baseline to 268 at day 28 post-prime and then gradually
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Seropositivity of S-and N-directed Antibodies Following CoronaVac Vaccination. Figure 2 summarizes the temporal seroconversion patterns of
participants. The horizontal line graphs represent the seropositivity status of each participant at various time points. Each line symbolizes an
individual, tracing their shift between positive serostatus (OD antibody response above cut-off, in red) and negative serostatus (OD response below

cut-off, in blue).
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decreasing by half to 118 (70-241) and 131 (68-202) BAU/ml at 9-
and 12-months post-protocol, respectively. The observed results
demonstrate a consistent and robust immune response in the
participants. The median antibody levels of 247.2 BAU/ml (IQR
227.9 - 268.0 BAU/ml) correspond to the WHOQO’s classification of
moderate antibody levels, indicating a sustained and moderate
immune response (Table 1). The reduced levels corresponded to

10.3389/fimmu.2023.1255676

about half of the previous measurements and were observed
concurrently with breakthrough infections.

We found a continuous decrease in S-IgM levels throughout the
study. The median concentration was 26 BAU/ml (IQR: 23-27
BAU/ml), and notable declines were observed at M6PP, M9PP, and
MI12PP, with levels dropping to 11.5, 9.9, and 8.9 BAU/ml,
respectively. A stable and moderate range of S-IgA responses,

TABLE 1 presents the temporal evolution of antibody optical densities (OD) and concentrations in 60 individuals after vaccination with the

CoronaVac vaccine.

Median Conc (IQR) (ng/ml)

Median Conc (IQR) (BAU/ml)

11058.4 (3469.45, 30180.93)
738.750 (364.575, 1666.075)
1872.60 (840.875, 4850.200)

4056.20 (1700.48, 14744.73)

207.193 (65.060, 565.339)
27.7228 (13.917, 61.9383)
357.352 (160.45, 925.630)

41.4352 (17.467, 159.907)

12534.8 (6610.50, 34750.60)

234.845 (123.89, 650.924)

684.400 (408.750, 1714.975)
2297.05 (964.600, 4139.200)
4133.50 (2377.65, 10541.73)
14300.0 (6995.50, 31515.50)

700.800 (311.100, 1617.000)

25.7174 (15.547, 63.7426)
438.358 (184.06, 789.935)
47.7373 (27.593, 122.351)
267.905 (131.10, 590.334)

26.3225 (11.944, 60.1276)

2105.25 (1012.85, 5385.100)

401.753 (193.27, 1027.72)

4346.50 (1712.30, 10004.40)
13511.5 (7245.90, 30514.60)
546.000 (247.100, 1343.900)

1717.68 (860.650, 3594.800)

48.7480 (18.771, 116.501)
253.137 (135.79, 571.588)
20.6109 (9.5823, 50.0510)

327.784 (164.22, 686.035)

3181.55 (1381.18, 8332.275)

36.8016 (16.071, 95.5949)

12879.1 (5565.90, 30871.74)

241.293 (104.32, 578.277)

652.000 (284.200, 1683.200)
1634.63 (579.825, 4967.850)
3118.70 (1632.10, 6673.075)

14318.0 (5056.70, 31017.52)

245220 (10.951, 62.5702)
311.934 (110.62, 948.083)
36.5884 (19.268, 78.0005)

268.243 (94.787, 581.008)

299.800 (205.250, 501.1750)

11.5268 (8.0382, 18.9570)

1508.35 (536.175, 3410.150)

287.834 (102.29, 650.795)

2428.50 (737.100, 5552.000)
6313.80 (3723.65, 12883.52)
255.850 (163.750, 387.3250)
1564.10 (765.000, 3186.050)

1328.35 (638.850, 2529.550)

28.5469 (8.8404, 64.9388)
118331 (69.821, 241.376)
9.90521 (6.5070, 14.7563)
298.474 (145.97, 608.025)

15.7291 (7.6957, 29.7242)

6973.40 (3619.85, 10778.00)

130.685 (67.877, 201.942)

229.800 (149.500, 325.4000)

8.94405 (5.9812, 12.4714)

Time Point  Antibody  Median OD (IQR) (450nm)
DO S-IgG 0.900 (0.476, 1.141)
S-IgM 0.182 (0.059, 0.377)
S-IgA 0.289 (0.074, 0.537)
N-IgG 0.554 (0.306, 0.824)
D14PP S-IgG 0.948 (0.721, 1.148)
S-IgM 0222 (0.078, 0.412)
S-IgA 0.320 (0.125, 0.628)
N-IgG 0.630 (0.345, 0.896)
D28PP S-IgG 0.965 (0.780, 1.175)
S-IgM 0.174 (0.068, 0.388)
S-IgA 0.301 (0.155, 0.604)
N-IgG 0.505 (0.297, 0.849)
D14PB S-IgG 1.036 (0.779, 1.227)
S-IgM 0.184 (0.101, 0.333)
S-IgA 0.260 (0.104, 0.548)
N-IgG 0.546 (0.300, 0.791)
D28PB S-IgG 1.042 (0.773, 1.233)
S-IgM 0.176 (0.093, 0.368)
S-IgA 0.264 (0.119, 0.543)
N-IgG 0.533 (0.274, 0.782)
M6PP S-IgG 1.053 (0.863, 1.421)
S-IgM 0.113 (0.070, 0.157)
S-IgA 0.279 (0.110, 0.499)
N-IgG 0.429 (0.163, 0.740)
M9PP S-IgG 0.846 (0.699, 1.004)
S-IgM 0.102 (0.073, 0.137)
S-IgA 0.345 (0.190, 0.633)
N-IgG 0.332 (0.200, 0.459)
MI2PP S-IgG 0.991 (0.815, 1.205)
S-IgM 0.114 (0.075, 0.163)
S-IgA 0.336 (0.169, 0.766)
N-IgG 0.538 (0.376, 0.980)
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1605.50 (612.700, 3644.150)

2064.60 (1266.00, 5211.250)

05

306.375 (116.90, 695.454)

24.3071 (15.003, 60.9687)
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ranging from 241 to 438 BAU/ml, was consistently observed with
no significant variations across different time points. The
nucleoprotein elicited consistently moderate levels of IgG
throughout, while the concentrations of IgM remained
consistently low, with no notable variation observed across the
evaluated time points. The data demonstrate persistent S-IgG
antibodies, while S-IgM levels remained consistently low.
Furthermore, there were moderate levels of S-IgA antibodies, and
the concentrations of N-IgG remained stable throughout the
observed period.

Median fold changes between each pair of time points were
graphically displayed using color shading, where red represented
increases, green represented decreases, and the size of the circles in
the plots corresponded to the magnitude of the observed changes.
The analysis showed slight increases in IgG and IgA responses
against the spike and noticeable decreases in S-IgM levels. The
longitudinal analysis demonstrated minor changes in antibodies
targeting nucleoprotein, namely N-IgG and N-IgM, except for a
visually discernible surge in median N-IgG responses observed
between M9PP and M12PP, as depicted by a deeper red shade
compared to other time points. Throughout the study, the fold
change between pairwise time points consistently approached 1,
suggesting a consistent and comparable level of S- and N- antibody
responses. These data are summarized in Figure 3.

10.3389/fimmu.2023.1255676

Persistent S-1gG, suboptimal S-IgM, and
low S-IgA levels in previously exposed
individuals after CoronaVac vaccination:
implications for reinfection risk

The spike-directed IgG positivity levels fluctuated, correlating
with the subjects’ baseline prior S-IgG cross reactivity. Using
baseline IgG, the 60 participants were categorized as either
previously exposed (46 positive S-IgG) or unexposed (14 negative
S-IgG). Sustained seropositivity and robust S-IgG antibody
concentrations were observed for the 46 previously exposed
participants, while their S-IgA antibody levels decreased.
Concurrently, N-IgG responses exhibited a modest initial
baseline, declined gradually, reaching suboptimal after six
months, then significantly increased at 12 months, indicating
potential reinfection. Thirteen per cent of the 46 spike
seropositive individuals at baseline experienced breakthrough
infections, with the initial infection occurring six months after
receiving the primary dose, these data are summarized in Figure 4.

Hybrid immunity likely accounts for the consistently high and
comparable S-IgG antibody levels, resulting in a 93% to 100%
seropositivity rate among the 29 participants with baseline
seropositivity for S-IgG and N-IgG. The participants initially had
low levels of S-IgM and S-IgA, with N-IgG responses decreasing
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FIGURE 3

Boxplots illustrating the concentrations of S-and N-directed antibodies and their corresponding fold changes. Figure 3 shows box plots representing
the mean values (dots), medians (horizontal lines), and interquartile ranges (top and bottom of the box) for spike- and nucleoprotein-directed IgG,
IgM, and IgA antibody concentrations over time. The x-axis represents the timeline for specimen evaluations, beginning with the baseline (D0),
followed by 14- and 28-days post-prime (14PP and 28PP), 28 days post-boost (28PB), and then at intervals of 6-, 9-, and 12-months post-prime
(M6PP, MOPP, and M12PP). The y-axis represents concentrations of the respective antibodies in mg/ml Corresponding fold changes in antibody
concentrations are visually presented as median fold changes between consecutive time points, with an increase in red shading and a decrease in
green shading. The size of the circle corresponds to the magnitude of the change. Insignificance is denoted by p-values greater than 0.05,
represented as “ns” (ns; not significant). Statistical significance is indicated by ** (p < 0.01).
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FIGURE 4

Hybrid immunity among the previously exposed group. Figure 4 illustrates the dynamics of antibody responses at various time points in a cohort of
46 individuals who were seropositive for S-IgG+ and 26 individuals with combined seropositivity for S-IgG+ and N-IgG+ at baseline (D0), indicating
prior exposure before vaccination. Box plots represent the summarized data of spike-directed IgG antibody OD values and concentrations, including
the means (represented by dots), medians (horizontal lines), and interquartile ranges (top and bottom of the box). Additional boxplots display the OD
values for S-IgA and N-I1gG antibodies. Infections before the full vaccine dose are highlighted as numbers inside grey circles, while breakthroughs
defined as infections within two weeks of completing the full dose are indicated as numbers inside black circles. The values enclosed in circles
represent absolute numbers. The number of infections is indicated within the corresponding circles, providing insights into the infection patterns
and vaccine efficacy. "*" represents a p-value less than 0.05; ns, not significant.

until nine months after vaccination, followed by a significant rise.
Monitoring long-term antibody response dynamics is crucial for
understanding reinfection occurrences.

Higher breakthrough rates in baseline spike
antibody-naive participants

In a group of 14 participants who were spike antibody naive at
baseline, the S-IgG seropositivity rate steadily increased from 0% to
42% at 14 and 28 days post-primary vaccination (D14PP and
D28PP). Subsequently, seropositivity rose, reaching 68% and 70%
at 14- and 28-days post-booster, respectively. By the sixth month
following the initial vaccination, 78% of vaccinated individuals
demonstrated seropositivity, which increased to a peak of 93%
after nine months and maintained a level of approximately 90% by
the twelfth month, alongside a rise in S-IgG antibody concentration.
We observed a significantly higher incidence of breakthrough
infections (42%) in antibody-naive participants compared to
those with hybrid immunity (13%), possibly contributing to the
persistence of spike-directed antibodies. The findings also revealed
consistently low levels of S-IgM and S-IgA antibodies. All
breakthrough infections were asymptomatic, indicating the
protective benefits conferred to the vaccinated individuals.
Among the 12 individuals lacking both S-IgG and N-IgG
antibodies at baseline, antibody levels peaked at six months but
subsequently declined, summarized in Figure 5. In S-IgG naive
individuals, seropositivity for Spike IgG gradually increased from

Frontiers in Immunology

baseline to 37.5% and 50% at 14 and 28 days after the first dose and
further rose to 78% 14 days after the booster dose, reaching 80%
after six months and eventually reaching 90% by 9 and 12 months
(Table 2). There was a minimal increase in fold changes between
any two-time points. Specifically, the OD responses showed a
doubling effect from DO to D14PP. Following the administration
of the second dose, the S-IgG levels experienced almost no change
(fold change of 1.13). However, no substantial fold changes were
observed after the second dose, as the fold change remained close to
1 for all antibodies. Persistence in vulnerability was observed in a
subset of individuals as breakthrough infections emerged at
different time intervals following primary vaccination, including
14 days, 28 days, six months, nine months, and 12 months, with one
subject experiencing infection at both days 14 post-boost and the
12-month mark. This study offers valuable insights into the
dynamics of antibodies among individuals who were initially
negative for anti-spike antibodies but received the CoronaVac
vaccination. The findings demonstrate an initial rise in S-IgG
antibodies, followed by a decrease after 6 months.

The counterintuitive trend observed, where individuals lacking
seropositivity at baseline (D0) report fewer infections than
presented in Figure 4, warrants careful interpretation. The limited
sample size in our study may not offer the statistical strength to
conclusively determine the variation in infection rates between
seropositive and seronegative groups. Limited datasets can
sometimes produce statistical outliers. Hence, drawing definitive
conclusions based on this observation should be approached
with caution.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1255676
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sembera et al.

10.3389/fimmu.2023.1255676

25 108 25 108
* NS NS NS ns ns ns 006 ns ns ns ns ns ns NS NS NS NS NS ns ns NS Nns Nns Ns ns ns ns
E 220 _10° — 220 ?105 o 020
[ o

“E 210t 3 .| 210 4
g =15 e Q15 < i 8
o > P = 21
S 510 g 1.0 - £
5 o & z 2 2
g Post _ —= 10" 05 10 .
6 @ .

0.0 10° 0.0 10°

25 108 25 10°
a ns Nns NS nNns nNns ns ns Ns ns ns ns ns ns ns ns nNns Nns Nns nNns ns ns NS nNns ns ns ns ns ns
i 5 5
20 210 _20 :10 . m20 o
e 5 £ £ 5
g 3 gm“ 2, 210t .9 3
s 15 5 215 S b - £
25 §10° 8 g1 * @ §
5 240 | © 510 g B |80
¢ B0 21 St 3
=% B o
1 Posp - L% e 2015--‘i é— =0 . ’
s & &
c
s 00 10° 0.0 10° 0 |
(4] Qo o oOmaao oo o mmaao o f ==+ M « W« a B+ o [ M o WY Qo o momaoo [ ==« W« W« o B« o I o WY o B o Y
=] Oooooo oo Ooaooodao oo Ooaoaoao o o Ooaoooo o Ooaoao o o
T TeIgeed Iggeegy TeIgeed TEIgeey T8Iggegy
(2 [a ===} s [al==N=] s [a ===} s [a === s oooa s

Time point after vaccine

FIGURE 5

CoronaVac-induced immunity among the previously naive group. Figure 5 showcases the temporal changes in antibody responses among 14
individuals who lacked seropositivity for S-IgG antibodies and 10 individuals who lacked seropositivity for both S-1gG and N-1gG antibodies at

baseline (D0), indicating a presumed lack of prior exposure to the antigen

before vaccination. Box plots represent the summarized data of spike-

directed IgG antibody OD values and concentrations, including the means (represented by dots), medians (horizontal lines), and interquartile ranges
(top and bottom of the box). Additional boxplots display the OD values for S-IgA and N-IgG antibodies. Infections before the full vaccine dose are
highlighted in pink, while breakthroughs defined as infections within two weeks of completing the full dose are indicated in blue. The number of
infections is indicated within the corresponding circles, providing insights into the infection patterns and vaccine efficacy. A p-value greater than
0.05 was deemed insignificant (indicated as "ns”; not significant). Statistical significance is denoted by “*" representing a p-value less than 0.05.

Discussion

The immune response of African populations to the CoronaVac
inactivated vaccine, which was widely administered during the
COVID-19 vaccination campaigns, remains largely unknown. We
investigated the dynamics of antibody responses targeting the
SARS-CoV-2 spike and nucleoproteins after CoronaVac
vaccination, comparing real-life cohorts with different pre-existing
IgG statuses. Our primary findings shed light on the vaccine’s
effectiveness in eliciting immune responses in different cohorts,
revealing distinct patterns of antibody responses and breakthrough
infections. High levels of prior and subsequent spike-specific IgG

antibody cross-reactivity were noted throughout the follow-up
period in a mixed cohort of varying IgG seropositivity. The study
revealed consistently high and stable seropositivity rates for spike-
IgG antibodies after CoronaVac vaccination of a largely prior
exposed population, indicating the effective stimulation of long-
term immunity against SARS-CoV-2. In contrast, seropositivity
rates of spike-IgM antibodies were limited, indicating a suboptimal
IgM response following vaccination of an exposed population.
There was a decline in spike-IgM positivity frequency over time,
while spike-IgA antibody levels remained moderate and stable
throughout the study period. The fold change analysis across
pairwise time points consistently approached 1 for both S- and

TABLE 2 Seroconversion Rates Over Time for 10 Subjects Identified as Spike and Nucleoprotein Seronegative (S-1IgG and N-IgG) at Baseline.

Overall Cohort D28PP D14PB D28PB MOPP M12PP
(n = 54) (n = 49) (n = 49) (n =52) (n = 51)

S-IgG- and N-IgG- 10 8 8 9 8 10 10 10

at baseline

S-IgG 0 (0.00%) 3 (37.5%) 4 (50.0%) 7 (77.8%) 6 (75.0%) 8 (80.0%) 9 (90.0%) 9 (90.0%)

S-IgM 1 (10.0%) 3 (37.5%) 0 (0.00%) 1(11.1%) 3 (37.5%) 1 (10.0%) 0 (0.00%) 0 (0.00%)

S-IgA 1 (10.0%) 3 (37.5%) 2 (25.0%) 2 (22.2%) 2 (25.0%) 6 (60.0%) 6 (60.0%) 6 (60.0%)

N-IgG 0 (0.00%) 2 (25.0%) 2 (25.0%) 3 (33.3%) 5 (62.5%) 4 (40.0%) 2 (20.0%) 6 (60.0%)

N-IgM 1 (10.0%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 1(10.0%) 2 (20.0%)

Table 2 presents the counts (n) and corresponding proportions (percentages) of subjects exhibiting seropositivity for IgG, IgM, and IgA antibody isotypes against both the spike and
nucleoprotein at each respective time point. The displayed data pertains explicitly to a subset of subjects initially identified as seronegative for antibodies targeting spike and nucleoprotein at
baseline (denoted as baseline S-IgG- and N-IgG-). The table also provides the total number of subjects from the main cohort and those classified as S-IgG- and N-IgG- at baseline.
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N- antibody responses, indicating a relatively stable and comparable
antibody profile over time. These findings suggest that the vaccine-
induced antibody responses remain relatively constant beyond the
initial boost and do not show significant fluctuations. Coinciding
breakthroughs could contribute to spike-directed IgG persistence.

We noted significant differences in individuals with prior IgG
positivity compared to those with IgG negativity at baseline. Those
with prior IgG showed consistently strong and sustained spike-IgG
antibody seropositivity ranging from 93% to 100%, indicating a
robust immune response in those with prior spike protein exposure,
likely due to hybrid immunity as described for other vaccines (14,
15). Individuals who initially tested negative for spike-IgG
antibodies demonstrated a gradual and steady increase in
seropositivity rates following vaccination, indicating the vaccine’s
ability to elicit an immune response even in previously unexposed
individuals. These data show that the baseline IgG status influenced
antibody response to CoronaVac vaccination, underscoring the
importance of considering prior exposure in determining vaccine
efficacy. The CoronaVac vaccine primarily induced a robust IgG
response, while the IgM and IgA responses appeared to have a lesser
role in long-term immunity against SARS-CoV-2.

Consistent with others (16), anti-spike IgG antibodies persisted
but at moderately low levels following CoronaVac vaccination.
Vaccination resulted in substantial increase in the S-IgG levels,
surpassing those observed in participants without prior exposure,
aligning with the concept that hybrid immunity provides a more
robust immune response, described in other studies (17-19). This
study adds to others that showed CoronaVac’s ability to generate
potent antibodies against SARS-CoV-2 (17, 19), underscoring the
importance of boosting, providing evidence of CoronaVac ability to
elicit long-lasting anti-spike antibodies against SARS-CoV-2. The
IgG response induced by CoronaVac remained stable until six
months, when it began to decline. This pattern aligns with this
population’s previously observed response to ChAdOx1-S
(AstraZeneca—University of Oxford) vaccination. Elevated
antibody concentrations remained detectable at 12 months,
regardless of baseline exposure status, mirroring the patterns
observed with ChAdOx1-S in this demographic (15). The
suboptimal IgM response in previously unexposed individuals
agrees with inactivated vaccines being more associated with IgG
dominance than IgA (20) and the decline in IgM levels following
antigenic exposure (7). Also, the moderate IgA response observed
here is consistent with the notion that IgA antibodies have a more
limited contribution to long-term immunity than IgG antibodies
(21, 22). The delayed peaking of antibody responses aligns with
others that showed a gradual but sustained increase in antibody
levels in response to the CoronaVac vaccine over time (20), as
opposed to the rapid development and peaking of antibodies in
response to natural infections (21, 23). The declining levels of
antibodies six months after the initial dose aligns with previously
observed trends elsewhere (24). Given that this is a whole particle
based vaccine, it is crucial to consider measuring immune responses
to other structural targets of the virus, such as the envelope and
membrane, as these have been identified to contribute to the
induced immunity (25-27), although they were not assessed in
this study.
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Individuals without pre-existing cross-reactive spike-directed
IgG antibodies had lower vaccine-induced anti-spike antibody
levels and a four-fold higher risk of breakthrough infections
compared to those with prior spike-IgG positivity, consistent with
reports of weaker immune responses in antibody naive populations
(28). The baseline spike-negative group had higher breakthrough
rates than those with prior exposure, highlighting their increased
vulnerability to breakthrough infections. This is consistent with
previous studies showing that prior seropositivity before
vaccination leads to highly potent antibodies with broader
neutralizing activity (29-31). Understanding the impact of pre-
existing antigen exposure on the immune system is crucial, as it
reveals the potential for enhanced antibody responses and
improved functional capabilities. Incorporating this knowledge
into vaccine strategies becomes imperative, as it highlights the
importance of considering pre-existing seropositivity to optimize
vaccination approaches. By recognizing and accounting for prior
antigenic exposure, we can develop more effective vaccines that
harness the full potential of the immune system, ultimately leading
to better protection against infectious diseases. We found a
breakthrough rate of 20%, which aligns closely with the
documented efficacy of the CoronaVac vaccine in preventing
symptomatic cases at 65.9% (1, 32). In participants who tested
negative for antibodies at baseline, an intriguing, presumed
breakthrough rate of 42% was detected during the study.
Remarkably, despite testing positive for the infection, all these
breakthrough cases reported no symptoms or signs of illness. Our
findings are consistent with a comprehensive clinical trial
conducted in Chile, which proved that the CoronaVac vaccine
prevents severe disease (32).

This study provides valuable real-life insights into the long-term
dynamics of antibody responses to CoronaVac vaccination in the
sub-Saharan setting. The strengths of this data include a
longitudinal analysis that spans up to 12 months, stratification of
the cohort by prior spike-IgG seropositivity status, and the
consistent monitoring of multiple antibody isotypes (S-IgG, S-
IgM, S-IgA, N-IgG, and N-IgM) over time. However, it is
essential to note some limitations to consider when interpreting
the data. First, the relatively small sample size of 60 participants,
further stratified by prior exposure status may restrict
generalizability of the study. Elsewhere, individuals who received
inactivated vaccines but did not have prior infections reduced their
protection against Omicron and its variants, while those with
previous infections exhibit robust neutralizing antibodies and
memory B cells, indicating stronger immunity. Encouragingly, T-
cell responses appeared unaffected, underscoring T-cell-mediated
cellular immunity’s potential to provide substantial protection (33).
We did not assess cellular immune responses or T-cell immunity,
which are important for adequate protection against viral
infections. Lastly, significant variations in population
demographics (34), methodologies (35), and timing of sample
collection should be taken into consideration as potential factors
contributing to these differences, as previous studies have indicated
that females may exhibit higher antibody responses compared to
males (36). We did not stratify the analyses further by gender. Given
the frequencies of baseline exposure, our primary objective was to
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categorize participants based on prior exposure, leaving the sample
size insufficient to enable further stratification by gender.
Furthermore, as this cohort predominantly consisted of youths,
any stratification by age would not provide a substantial sample size
for meaningful comparisons. Future studies should address these
limitations to provide a more comprehensive understanding of the
vaccine’s effectiveness and inform public health strategies.

Overall, this study offers significant insights into the longevity of
spike-directed IgG antibodies post-CoronaVac vaccination,
revealing enduring hybrid immune responses with sustained
levels and high seropositivity rates over 12 months, yet
highlighting the need for continuous monitoring due to
breakthrough infections in some individuals. Robust and long-
lasting antibody responses were observed in individuals with prior
virus exposure and higher baseline antibody levels. In comparison,
those with lower pre-vaccination antibody levels displayed
increased vulnerability to breakthrough infections. Despite
breakthrough infections occurring in some individuals, no
symptoms were reported, highlighting the critical role of

vaccination in providing protection.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Uganda
Virus Research Institute (UVRI REC Ref: GC/127/20/04/773) and
the Uganda National Council for Science and Technology (UNCST
Ref: HS637ES). The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

JaS: Methodology, Project administration, Writing - review &
editing, Data curation. CB: Data curation, Methodology, Project
administration, Writing — review & editing. VA: Data curation,
Methodology, Writing - review & editing, Formal analysis,
Validation, Writing - original draft. JK: Data curation,
Methodology, Writing — review & editing. GOl: Data curation,
Methodology, Writing - review & editing, Formal analysis,
Visualization. CA: Data curation, Methodology, Writing — review
& editing, Validation. LK: Data curation, Methodology, Validation,
Writing - review & editing, Visualization. GOd: Data curation,
Methodology, Writing — review & editing. PE: Data curation,
Methodology, Writing - review & editing, Project administration.
SO: Data curation, Methodology, Writing - review & editing,
Validation. MM: Writing - review & editing, Resources,
Supervision. PK: Methodology, Writing — review & editing,
Formal analysis, Supervision. JeS: Formal analysis, Methodology,

Frontiers in Immunology

10

10.3389/fimmu.2023.1255676

Supervision, Writing - review & editing, Conceptualization,
Funding acquisition, Investigation, Project administration,
Resources, Writing — original draft.

Group member of the COVID-19
immunoprofiling team

Angella Namuyanja, Susan Mugaba, Ivan Ssali, Arthur Kalyebi
Watelo, Hellen Nantambi, Ben Gombe, Betty Auma.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The work
was partly funded by the Government of Uganda under the Science,
Technology, and Innovation Secretariat-Office of the President
(STI-OP), grant number: MOSTI-PRESIDE-COVID-19-2020/15.
The work was conducted at the MRC/UVRI and LSHTM Uganda
Research Unit which is jointly funded by the UK Medical Research
Council (MRC), part of the UK Research and Innovation (UKRI)
and the UK Foreign, Commonwealth, and Development office
(FDCO) under the MRC/FDCO Concordat agreement, and is also
part of the EDCTP2 Programme supported by the European Union.
This publication is based on research funded in part by the Bill &
Melinda Gates Foundation through the GIISER Uganda Grant
Agreement Investment ID INV-036306. The findings and
conclusions contained within are those of the authors and do not
necessarily reflect the positions or policies of the Bill & Melinda
Gates Foundation.

Acknowledgments

The authors sincerely thank the study cohort participants for
their generous contribution of specimens, which were invaluable for
this investigation. The following reagent was produced under
HHSN272201400008C and obtained through BEI Resources,
NIAID, NIH: Monoclonal Anti-SARS Coronavirus Recombinant
Human Antibody, Clone CR3022 (produced in HEK293 Cells), NR-
52481. The following reagent was obtained through BEI Resources,
NIAID, NIH: Monoclonal Anti-SARS Coronavirus Recombinant
Human IgGl, Clone CR3022 (produced in Nicotiana
benthamiana), NR-52392. The Nucleoprotein mAb CR3009
(NIBSC Repository, Product No. 101011) used as a positive
control was obtained from the Centre for AIDS Reagents,
NIBSC, UK.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1255676
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sembera et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Zheng C, Shao W, Chen X, Zhang B, Wang G, Zhang W. Real-world effectiveness
of COVID-19 vaccines: a literature review and meta-analysis. Int ] Infect Dis (2022)
114:252-60. doi: 10.1016/j.ijid.2021.11.009

2. Mistry P, Barmania F, Mellet ], Peta K, Strydom A, Viljoen IM, et al. SARS-CoV-2
variants, vaccines, and host immunity. Front Immunol (2021) 12:809244. doi:
10.3389/fimmu.2021.809244

3. Fiolet T, Kherabi Y, MacDonald CJ, Ghosn ], Peiffer-Smadja N. Comparing
COVID-19 vaccines for their characteristics, efficacy and effectiveness against SARS-
CoV-2 and variants of concern: a narrative review. Clin Microbiol Infect (2022) 28
(2):202-21. doi: 10.1016/j.cmi.2021.10.005

4. Costa Clemens SA, Weckx L, Clemens R, Almeida Mendes AV, Ramos Souza A,
Silveira MBV, et al. Heterologous versus homologous COVID-19 booster vaccination
in previous recipients of two doses of CoronaVac COVID-19 vaccine in Brazil (RHH-
001): a phase 4, non-inferiority, single blind, randomised study. Lancet (2022) 399
(10324):521-9. doi: 10.1016/50140-6736(22)00094-0

5. Wang J, Huang L, Guo N, Yao YP, Zhang C, Xu R, et al. Dynamics of SARS-CoV-
2 antibody responses up to 9 months post-Vaccination in individuals with previous
SARS-CoV-2 infection receiving inactivated vaccines. Viruses (2023) 15(4):917. doi:
10.3390/v15040917

6. Vadrevu KM, Ganneru B, Reddy S, Jogdand H, Raju D, Sapkal G, et al. Persistence
of immunity and impact of third dose of inactivated COVID-19 vaccine against
emerging variants. Sci Rep (2022) 12(1):12038. doi: 10.1038/s41598-022-16097-3

7. Saha D, Ota MOC, Pereira P, Buchy P, Badur S. Rotavirus vaccines performance:
dynamic interdependence of host, pathogen and environment. Expert Rev Vaccines
(2021) 20(8):945-57. doi: 10.1080/14760584.2021.1951247

8. McNicholl JM, Downer MV, Udhayakumar V, Alper CA, Swerdlow DL. Host-
pathogen interactions in emerging and re-emerging infectious diseases: a genomic
perspective of tuberculosis, malaria, human immunodeficiency virus infection,
hepatitis B, and cholera. Annu Rev Public Health (2000) 21:15-46. doi:
10.1146/annurev.publhealth.21.1.15

9. Muyanja E, Ssemaganda A, Ngauv P, Cubas R, Perrin H, Srinivasan D, et al.
Immune activation alters cellular and humoral responses to yellow fever 17D vaccine. |
Clin Invest (2014) 124(7):3147-58. doi: 10.1172/JCI75429

10. Oluka GK, Namubiru P, Kato L, Ankunda V, Gombe B , Cotten M, et al.
Optimisation and Validation of a conventional ELISA and cut-offs for detecting and
quantifying anti-SARS-CoV-2 Spike, RBD, and Nucleoprotein IgG, IgM, and IgA antibodies
in Uganda. Front Immunol (2023) 14:1113194. doi: 10.3389/fimmu.2023.1113194

11. Baine C, Sembera ], Oluka GK, Katende JS, Ankunda V, Serwanga,. J. An
optimised indirect ELISA protocol for detecting and quantifying anti-Viral antibodies
in human plasma or serum: A case study using SARS-CoV-2. Bioprotocol (in
press) 13:917.

12. Knezevic I, Mattiuzzo G, Page M, Minor P, Griffiths E, Nuebling M, et al. WHO
International Standard for evaluation of the antibody response to COVID-19 vaccines:
call for urgent action by the scientific community. Lancet Microbe (2022) 3(3):e235-40.
doi: 10.1016/S2666-5247(21)00266-4

13. Ruetalo N, Flehmig B, Schindler M, Pridzun L, Haage A, Reichenbacher M, et al.
Long-Term Humoral Immune Response against SARS-CoV-2 after Natural Infection
and Subsequent Vaccination According to WHO International Binding Antibody
Units (BAU/mL). Viruses (2021) 13(12):2336. doi: 10.3390/v13122336

14. Pilz S, Theiler-Schwetz V, Trummer C, Krause R, Ioannidis JPA. SARS-CoV-2
reinfections: Overview of efficacy and duration of natural and hybrid immunity.
Environ Res (2022) 209:112911. doi: 10.1016/j.envres.2022.112911

15. Serwanga J, Baine C, Mugaba S, Ankunda V, Auma BO , Oluka GK, et al.
Seroprevalence and durability of antibody responses to AstraZeneca vaccination in
Ugandans with prior mild or asymptomatic COVID-19: implications for vaccine
policy. Front Immunol (2023) 14:1183983. doi: 10.3389/fimmu.2023.1183983

16. Saure D, O'Ryan M, Torres JP, Zuniga M, Soto-Rifo R, Valiente-Echeverria F,
et al. COVID-19 lateral flow IgG seropositivity and serum neutralising antibody
responses after primary and booster vaccinations in Chile: a cross-sectional study.
Lancet Microbe (2023) 4(3):e149-58. doi: 10.1016/52666-5247(22)00290-7

17. Oktelik FB, Yilmaz V, Gelmez MY, Akdeniz N, Pamukcu C, Sutlu T, et al. Decline of
humoral immune responses after natural SARS-CoV-2 infection can be efficiently reversed
by vaccination. Can J Microbiol (2022) 68(8):543-50. doi: 10.1139/cjm-2022-0003

Frontiers in Immunology

11

10.3389/fimmu.2023.1255676

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

18. Tuyji Tok Y, Can Sarinoglu R, Ordekci S, Yilmaz S, Ozcolpan G, Bayram A, et al.
One-Year post-Vaccination longitudinal follow-Up of quantitative SARS-CoV-2 anti-
Spike total antibodies in health care professionals and evaluation of correlation with
surrogate neutralization test. Vaccines (Basel) (2023) 11(2):355. doi:
10.3390/vaccines11020355

19. Li J, Chen W, Chen M, Bai S, Yuan Q, Wu J. Immunogenicity of inactivated
COVID-19 vaccines at different vaccination intervals. Hum Vaccin Immunother (2021)
17(10):3310-3. doi: 10.1080/21645515.2021.1945902

20. Chan RWY, Liu S, Cheung JY, Tsun JGS, Chan KC, Chan KYY, et al. The
mucosal and serological immune responses to the novel coronavirus (SARS-CoV-2)
vaccines. Front Immunol (2021) 12:744887. doi: 10.3389/fimmu.2021.744887

21. Serwanga J, Ankunda V, Sembera J, Kato L, Oluka GK, Baine C, et al. Rapid,
early, and potent Spike-directed IgG, IgM, and IgA distinguish asymptomatic from
mildly symptomatic COVID-19 in Uganda, with IgG persisting for 28 months. Front
Immunol (2023) 14:1152522. doi: 10.3389/fimmu20231152522

22. He Z, Ren L, Yang J, Guo L, Feng L, Ma C, et al. Seroprevalence and humoral
immune durability of anti-SARS-CoV-2 antibodies in Wuhan, China: a longitudinal,
population-level, cross-sectional study. Lancet (2021) 397(10279):1075-84. doi:
10.1016/50140-6736(21)00238-5

23. Kurano M, Morita Y, Nakano Y, Yokoyama R, Shimura T, Qian C, et al.
Response kinetics of different classes of antibodies to SARS-CoV2 infection in the
Japanese population: The IgA and IgG titers increased earlier than the IgM titers. Int
Immunopharmacol (2022) 103:108491. doi: 10.1016/j.intimp.2021.108491

24. Erdogan H, Pehlivanoglu F, Sengoz G, Velaei F. Evaluation of antibody levels
after vaccination (Sinovac-CoronaVac) in healthcare workers. J Microbiol Infect Dis
(2022) 68(12):1769-73. doi: 10.5799/jmid.1218640

25. Escudero-Perez B, Lawrence P, Castillo-Olivares J. Immune correlates of
protection for SARS-CoV-2, Ebola and Nipah virus infection. Front Immunol (2023)
14:1156758. doi: 10.3389/fimmu.2023.1156758

26. Boson B, Legros V, Zhou B, Siret E, Mathieu C, Cosset FL, et al. The SARS-CoV-
2 envelope and membrane proteins modulate maturation and retention of the spike
protein, allowing assembly of virus-like particles. J Biol Chemn (2021) 296:100111. doi:
10.1074/jbc.RA120.016175

27. Yue R, Zeng F, Ma D, Meng Z, Li X, Zhang Z, et al. et al: study of the effects of
several SARS-CoV-2 structural proteins on antiviral immunity. Vaccines (Basel) (2023)
11(3):524. doi: 10.3390/vaccines11030524

28. de Jesus MAS, Hojo-Souza NS, de Moraes TR, Guidoni DL, de Souza FSH.
Profile of Brazilian inpatients with COVID-19 vaccine breakthrough infection and risk
factors for unfavorable outcome. Rev Panam Salud Publica (2022) 46:¢106. doi:
10.26633/RPSP.2022.106

29. Andreano E, Paciello I, Piccini G, Manganaro N, Pileri P, Hyseni I, et al. Hybrid
immunity improves B cells and antibodies against SARS-CoV-2 variants. Nature (2021)
600(7889):530-5. doi: 10.1038/s41586-021-04117-7

30. Bobrovitz N, Ware H, Ma X, Li Z, Hosseini R, Cao C, et al. Protective
effectiveness of previous SARS-CoV-2 infection and hybrid immunity against the
omicron variant and severe disease: a systematic review and meta-regression. Lancet
Infect Dis (2023) 23(5):556-67. doi: 10.1016/S1473-3099(22)00801-5

31. Powell AA, Kirsebom F, Stowe J, Ramsay ME, Lopez-Bernal J, Andrews N, et al.
Protection against symptomatic infection with delta (B.1.617.2) and omicron
(B.1.1.529) BA.l and BA.2 SARS-CoV-2 variants after previous infection and
vaccination in adolescents in England, August, 2021-March, 2022: a national,
observational, test-negative, case-control study. Lancet Infect Dis (2023) 23(4):435-
44. doi: 10.1016/S1473-3099(22)00729-0

32. Duarte LF, Galvez NMS, Iturriaga C, Melo-Gonzalez F, Soto JA , Schultz BM,
et al. Immune profile and clinical outcome of breakthrough cases after vaccination with
an inactivated SARS-CoV-2 vaccine. Front Immunol (2021) 12:742914. doi:
10.3389/fimmu.2021.742914

33. Cui Z, Luo W, Chen R, Li Y, Wang Z, Liu Y, et al. Comparing T- and B-cell
responses to COVID-19 vaccines across varied immune backgrounds. Signal Transduct
Target Ther (2023) 8(1):179. doi: 10.1038/s41392-023-01422-7

34. Eyupoglu G, Guven R, Karabulut N, Cakir A, Sener K, Yavuz BG, et al. Humoral
responses to the CoronoVac vaccine in healthcare workers. Rev Soc Bras Med Trop
(2023) 56:€0209. doi: 10.1590/0037-8682-0209-2022

frontiersin.org


https://doi.org/10.1016/j.ijid.2021.11.009
https://doi.org/10.3389/fimmu.2021.809244
https://doi.org/10.1016/j.cmi.2021.10.005
https://doi.org/10.1016/S0140-6736(22)00094-0
https://doi.org/10.3390/v15040917
https://doi.org/10.1038/s41598-022-16097-3
https://doi.org/10.1080/14760584.2021.1951247
https://doi.org/10.1146/annurev.publhealth.21.1.15
https://doi.org/10.1172/JCI75429
https://doi.org/10.3389/fimmu.2023.1113194
https://doi.org/10.1016/S2666-5247(21)00266-4
https://doi.org/10.3390/v13122336
https://doi.org/10.1016/j.envres.2022.112911
https://doi.org/10.3389/fimmu.2023.1183983
https://doi.org/10.1016/S2666-5247(22)00290-7
https://doi.org/10.1139/cjm-2022-0003
https://doi.org/10.3390/vaccines11020355
https://doi.org/10.1080/21645515.2021.1945902
https://doi.org/10.3389/fimmu.2021.744887
https://doi.org/10.3389/fimmu20231152522
https://doi.org/10.1016/S0140-6736(21)00238-5
https://doi.org/10.1016/j.intimp.2021.108491
https://doi.org/10.5799/jmid.1218640
https://doi.org/10.3389/fimmu.2023.1156758
https://doi.org/10.1074/jbc.RA120.016175
https://doi.org/10.3390/vaccines11030524
https://doi.org/10.26633/RPSP.2022.106
https://doi.org/10.1038/s41586-021-04117-7
https://doi.org/10.1016/S1473-3099(22)00801-5
https://doi.org/10.1016/S1473-3099(22)00729-0
https://doi.org/10.3389/fimmu.2021.742914
https://doi.org/10.1038/s41392-023-01422-7
https://doi.org/10.1590/0037-8682-0209-2022
https://doi.org/10.3389/fimmu.2023.1255676
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sembera et al.

35. Nakagama Y, Komase Y, Kaku N, Nitahara Y, Tshibangu-Kabamba E, Tominaga
T, et al. Detecting waning serological response with commercial immunoassays: 18-
month longitudinal follow-up of anti-SARS-CoV-2 nucleocapsid antibodies. Microbiol
Spectr (2022) 10(4):e0098622. doi: 10.1128/spectrum.00986-22

Frontiers in Immunology

12

10.3389/fimmu.2023.1255676

36. Li Z, Xiang T, Liang B, Deng H, Wang H, Feng X, et al. Characterization of
SARS-CoV-2-Specific humoral and cellular immune responses induced by inactivated
COVID-19 vaccines in a real-world setting. Front Immunol (2021) 12:802858. doi:
10.3389/fimmu.2021.802858

frontiersin.org


https://doi.org/10.1128/spectrum.00986-22
https://doi.org/10.3389/fimmu.2021.802858
https://doi.org/10.3389/fimmu.2023.1255676
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Sustained spike-specific IgG antibodies following CoronaVac (Sinovac) vaccination in sub-Saharan Africa, but increased breakthrough infections in baseline spike-naive individuals
	Introduction
	Materials and methods
	Study population
	Binding antibody ELISA to detect SARS-CoV-2-specific IgG, IgM, and IgA levels
	Statistical methods

	Results
	S-IgG positive individuals exhibit early moderate responses with a subsequent decline and rebound, while negative individuals equilibrate by day 28 post-prime
	From the baseline onward, we observed a notable degree of cross-reactivity
	Anti-spike antibody concentrations showed stable IgG, moderate IgA, and low IgM levels
	Persistent S-IgG, suboptimal S-IgM, and low S-IgA levels in previously exposed individuals after CoronaVac vaccination: implications for reinfection risk
	Higher breakthrough rates in baseline spike antibody-naive participants

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Group member of the COVID-19 immunoprofiling team
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


