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Introduction

The duration and timing of immunity conferred by COVID-19 vaccination in sub-Saharan Africa are crucial for guiding pandemic policy interventions, but systematic data for this region is scarce. This study investigated the antibody response after AstraZeneca vaccination in COVID-19 convalescent Ugandans.





Methods

We recruited 86 participants with a previous rt-PCR-confirmed mild or asymptomatic COVID-19 infection and measured the prevalence and levels of spike-directed IgG, IgM, and IgA antibodies at baseline, 14 and 28 days after the first dose (priming), 14 days after the second dose (boosting), and at six- and nine-months post-priming. We also measured the prevalence and levels of nucleoprotein-directed antibodies to assess breakthrough infections.





Results

Within two weeks of priming, vaccination substantially increased the prevalence and concentrations of spike-directed antibodies (p < 0.0001, Wilcoxon signed rank test), with 97.0% and 66% of vaccinated individuals possessing S-IgG and S-IgA antibodies before administering the booster dose. S-IgM prevalence changed marginally after the initial vaccination and barely after the booster, consistent with an already primed immune system. However, we also observed a rise in nucleoprotein seroprevalence, indicative of breakthroughs six months after the initial vaccination.





Discussion

Our results suggest that vaccination of COVID-19 convalescent individuals with the AstraZeneca vaccine induces a robust and differential spike-directed antibody response. The data highlights the value of vaccination as an effective method for inducing immunity in previously infected individuals and the importance of administering two doses to maintain protective immunity. Monitoring anti-spike IgG and IgA when assessing vaccine-induced antibody responses is suggested for this population; assessing S-IgM will underestimate the response. The AstraZeneca vaccine is a valuable tool in the fight against COVID-19. Further research is needed to determine the durability of vaccine-induced immunity and the potential need for booster doses.
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Introduction

It is essential to comprehend the population-specific dynamics of immune responses to SARS-CoV-2 infection and vaccination to assess the vaccine’s effectiveness, the number of booster doses required, and the timing of vaccination post-infection (1). Herd immunity is a viable approach to combating the spread of many infectious diseases, as it may allow for the rapid development of immunity within a population and prevent the vulnerable from encountering the virus (2). As of January 30, 2023, there were 13,168,935,724 vaccine doses administered globally, with 5,493,549,963 people receiving at least one dose and 5,054,793,316 people receiving complete vaccination. According to the most recent data available as of March 25, 2023, 26,406,936 vaccine doses had been administered in Uganda. 19,488,104 individuals received at least one dose of the vaccine, while 13,043,107 individuals, representing 67% of the vaccinated population, were fully vaccinated (https://covid19.who.int/region/afro/country/ug).

Generating effective antiviral antibodies to natural immunity and vaccines requires de novo B cell responses to SARS CoV-2. After the initial IgM response, which declines relatively rapidly with viral clearance, class-switched antibodies, predominantly IgG and IgA, are produced (3). These class-switched antibodies are responsible for the protective long-term memory responses against SARS-CoV-2 (4, 5), which enables the body to respond rapidly when re-exposed to an infection. Quantifying the levels of circulating class-switched B cell responses is critical for assessing the state of population-wide immunity and informing strategies for boosting immunity. Prior natural infection studies in this population found that IgG titres persist after acute infections and reflect antibody response magnitude, type, and stability (6). Other studies have also shown that IgG titres remain elevated and relatively stable for months or years following acute infections (7, 8). In both natural infection and vaccinees, rates of antibody decline have been shown to depend on the magnitude of the peak response, the antibody isotypes involved, and the relative contributions of circulating IgG levels (9, 10). When previously infected individuals are immunised, antigen-specific memory B cells are rapidly activated, enhancing their immune efficacy (11). This enables a more rapid and robust response to the antigen than seen in someone who has never encountered it. As new virus variants emerge, protective immunity may get compromised due to critical antigenic mutations in the spike glycoprotein epitopes that may reduce the virus’s recognition by antibodies (12), thereby diminishing the effectiveness of vaccination.

Those previously infected with SARS-CoV-2 have a more rapid and robust antibody response following vaccination than those who have never been infected. Hybrid immunity, elicited by a combination of initial infection and subsequent vaccination, produced antibody levels that were often 1,000-fold higher and with greater neutralisation potency than either natural infection or vaccination alone (13, 14). Due to the increased somatic hypermutation and affinity maturation, mRNA-based vaccines have been shown to elicit antibodies that persist much longer than four months after the booster shot (15). In the absence of prior infection, antibodies induced by the mRNA vaccine provided negligible protection three months after vaccination (16), implying that the vaccine’s elicited immunity was short-lived. In contrast, the durability of hybrid immunity has varied among populations, with some studies reporting the persistence of neutralising antibodies beyond seven months (17). For the viral-vectored AstraZeneca vaccine, hybrid immunity persisted six months after vaccination in some populations (18, 19), and three months in others.

AstraZeneca was the first COVID-19 vaccine to be distributed to most African nations (20). However, the development and evolution of the antibody response elicited by this vaccine in the African setting still need to be clarified. We hypothesised that individuals previously infected with mild and asymptomatic SARS-CoV-2 would produce robust and durable antibody responses in response to vaccination. To test this hypothesis, blood samples were taken at various time points up to one year after vaccination, and ELISA was used to measure the levels of IgG, IgM, and IgA antibodies in the plasma samples.





Materials and methods




Study population

This was a prospective study of 86 participants who recovered from mild or asymptomatic primary COVID-19 following rt-PCR-confirmed SARS-CoV-2 infection. All 86 subsequently received both prime and boost doses of the AstraZeneca vaccine and were followed for 12 months after their initial vaccination. Seven individuals who were not observed during the early stages of their infection were omitted from the descriptive analysis. The remaining 79 with available demographic data consisted of 16 females and 63 males with a median age (IQR) of 29 (24–37.5) years. In this study, participants were categorized as asymptomatic or mildly symptomatic based on their hospital records, even though all participants reported experiencing either no or mild symptoms. This classification was used for statistical analysis purposes. Specifically, using clinical records available at the time of infection, 34 individuals were identified as asymptomatic, 13 individuals were found to have mild symptoms, and 32 “mild or asymptomatic” individuals had no symptom records on file. We examined 382 specimens from 86 participants collected between February 24, 2021, and August 3, 2022, to measure the optical densities (ODs) and concentrations of IgG, IgM, and IgA antibodies elicited in response to spike and nucleoprotein antigens over time. The commonly circulating variants at the time of the participants’ infection was the A23.1 variant of interest (21) and the B.1 Lineage (22). All study procedures were approved by the Research and Ethics Committee of the Uganda Virus Research Institute (GC/127/833) and the Uganda National Council for Science and Technology (HS637ES). Participants provided written informed consent to participate in the study.





Study design

Day 0 specimens (n= 64) were obtained before or immediately after (0–7 days) receiving the priming dose, while day 14 post-prime (D14PP) specimens (n= 71) were obtained 12–16 days after vaccination. Day 28 post-prime (D28PP) specimens (n= 84) were collected 28 days following the initial vaccination. The specimens for the booster dose (n= 50) were collected 90 days, or approximately three months, after the initial vaccination. The day-14 post-booster (D14PB) specimens (n= 64) were collected between 12 and 16 days after the booster dose. Post-booster day 28 (D28PB), specimens (n= 66) were collected 26 to 30 days after the second dose. Six months (168–192 days) after the priming dose, or three months after the second vaccination, specimens (n= 75) for the sixth month (M6PP) were collected. The month 9 samples (M9PP) were collected nine months after the first vaccination or six months after the second vaccination (n= 33). The month-12 samples (M12PP) were collected 12 months after the initial vaccination or nine months after the second injection (n= 12), as summarised in Figure 1. The days between the PCR or admission date and the vaccination date ranged from 52 to 557, with a median (IQR) of 286 (220–334) days. 75% of the subjects were vaccinated 334 days after infection (roughly a year after infection).




Figure 1 | Graphical Illustration of the Cohort Time Points and Specimen Collection. Figure 1 summarises the vaccination and specimen collection time points, beginning shortly before priming and continuing for up to one year after the initial vaccination.







Conventional in-house ELISA for detection of anti-SARS-CoV-2 IgG, IgM, and IgA binding antibodies

Spike- and nucleoprotein-directed IgG, IgM, and IgA levels were detected using a locally validated in-house ELISA, as previously described (23). Seropositivity cut-off OD values for IgG, IgM, and IgA for the spike protein were 0.432, 0.459, and 0.226, while the corresponding values for the nucleoprotein were 0.454, 0.229, and 0.225. Controls included predetermined negative and positive plasmas, the monoclonal antibodies CR3009 (2 mg/ml) for N or CR3022 (0.1 mg/ml) for S, and duplicate sets of blank wells. The plates were read at 450 nm using BioTek GEN5 software and a BioTek ELx808 microplate reader. The net OD response was derived by subtracting the blank wells’ OD values from the samples’ OD values.





Estimating the levels of binding IgG, IgM, and IgA antibody concentrations

Antibody concentrations were estimated using the validated indirect ELISA by binding purified human IgG (Sigma, #12511), IgM (Sigma, # 18260), or IgA (Sigma, #12636) commercial antibody standards to anti-human kappa and lambda capture antibodies (Southern Biotech, #2060-01, #2070-0), as previously described (23). Standards were serially diluted and incubated in wells pre-coated with 50 μl of anti-human kappa and lambda at pre-specified dilutions before being subjected to the ELISA procedure described above. Using the BioTek GEN5 software, the OD450 values of the standards were used to generate non-linear, 4-parameter logistic (4-PL) standard curves. Antibody concentrations were extrapolated using the best linear range fit of the standard curves and then corrected for the associated dilution factor. Concentrations below the detection limit were assigned a 0 ng/ml value.





Statistical analysis

Descriptive analysis was used to generate summary statistics for continuous variables and frequencies for categorical variables. Individual profile plots were generated to investigate the evolution of SARS-CoV-2 antibody OD values (nm) and concentrations (ng/ml) per subject. The optical densities (OD) and concentrations of the antibodies were compared using boxplots, and differences in OD values and concentrations between adjacent time points were determined using the Wilcoxon rank sum test. Line graphs of median OD values and concentrations were plotted to examine the overall evolution of antibodies. In addition, fold changes were calculated to determine the extent of the difference between two time points.






Results




Within two weeks of priming, vaccination substantially increased the prevalence of spike-directed antibodies

Administration of the AstraZeneca vaccine to convalescent Ugandans previously infected with rt-PCR-confirmed mild or asymptomatic COVID-19 led to a significant increase in the proportion of participants with spike-directed antibodies within two weeks of the first vaccine dose. This was especially notable for S-IgG and S-IgA, which remained elevated throughout the 12-month study period (Figure 2). At administration of the priming dose, 64.6% of participants possessed spike-directed IgG antibodies, indicating a substantial pre-existing robust virus-specific anti-spike antibodies at baseline, strengthened by vaccination. After the priming dose, the seroprevalence rose to 90.6% and 95.3% at 14 and 28 post-prime and then 96.9% before administering the booster dose. 100% of vaccinated individuals developed S-IgG antibodies two weeks after boosting (Figure 3A). One of the significant findings of previous studies with mRNA vaccines was that a longer duration between the time of initial infection and priming-dose vaccination significantly correlated with a more robust antibody response (24, 25). We did not find any correlation between duration between initial infection and AstraZeneca vaccination, and the magnitude of the peak IgG antibody response.




Figure 2 | Individual profile plots of spike-directed IgG, IgM and IgA antibody optical densities and concentrations after vaccination. Figure 2 shows the individual profile plots of spike-directed IgG (A), IgM (B), and IgA (C) antibody OD values (nm) and concentrations (ng/ml) over 12 months since the initial vaccination of individuals previously infected with mild or asymptomatic COVID-19. The dashed horizontal lines represent the cut-off points for antibody OD value seropositivity. The cut-offs for spike-directed IgG, IgM, and IgA seropositivity were 0.432, 0.459 and 0.226, respectively.






Figure 3 | Percentage of seropositive participants following vaccination. Figure 3 illustrates the proportion (%) of participants with spike-directed IgG (A), IgM (B), IgA (C), and anti-nucleoprotein IgM (D) ad IgG (E) antibodies at various follow-up time points after vaccination (x-axis). (F) is a bar graph depicting the proportion of breakthrough subjects, defined as those who experienced an 11-fold increase in the concentration of nucleoprotein-directed IgG antibodies at each time point.



S-IgM seroprevalence changed marginally after the initial vaccination and barely after the booster (Figure 3B), rising from 14.6% at the start of the study to 35.9% two weeks after priming, 31.3% after 28 days, and 12.5% at the time of the booster dose. After boosting, the S-IgM antibody prevalence increased marginally to 18.8%, where it remained from 14 to 28 days. Boosting had a lower effect on S-IgM antibody production than priming. The modest change in IgM levels following vaccination of this previously infected cohort is not surprising. This is likely because the immune system is already primed to respond to the vaccine, and the memory B cells can quickly switch to producing IgG upon re-exposure to the vaccine (26, 27). Therefore, a booster vaccination would be expected to stimulate the production of IgG antibodies rather than IgM, resulting in a modest change or no change in IgM levels. The initial change in S-IgA prevalence was quite pronounced, increasing from 33.3% to 84.9% within two weeks of priming. After the boost, the seropositivity rate rose from 65.6% to 72.9% within two weeks; by the 28th day, it had reached 75.5% (Figure 3C). These data show that vaccination of COVID-19 convalescent Ugandans with the AstraZeneca vaccine induced an immune response characterised by a significant increase in the prevalence of spike-directed antibodies, highlighting the value of vaccination as an effective method for inducing immunity in individuals who have previously recovered from the disease.





Six months after the initial vaccination, a rise in nucleoprotein seroprevalence, indicative of breakthroughs, emerged

Breakthrough subjects were defined as those who became re-infected at least three months after receiving both vaccine doses. Re-infection was deduced from the fold change in N-IgG concentration (ng/ml) between two consecutive time points and was previously defined for this population as a fold change of 11 or greater in N-IgG concentration (6). A subject with a fold change of 11 or higher was regarded as a breakthrough subject. Individual anti-nucleoprotein antibody profile plots showed some level of baseline N-IgG and N-IgM seropositivity (Supplementary Figure 1) at a prevalence of 33.3% and 56.3%, respectively. The prevalence of nucleoprotein antibody seropositivity was predominantly low but showed an increase of N-IgM to 57.4% by six months then to 63.6% and 72.7% by the ninth month, IgM and IgG respectively, indicating the possibility of reinfection (Figures 3D, E). Eight subjects were presumed breakthroughs (Figure 3F). The findings underscore the importance of administering two doses to maintain the desired level of protective immunity.





Vaccination generated a superior spike-directed antibody response with differentially evolving IgG, IgM, and IgA levels

The levels of spike-directed antibody concentrations significantly increased after AstraZeneca vaccination (Figure 4 and Table 1), with IgG rising from a baseline median (IQR) of 35.6 (7.7 - 95.6) BAU/mL to a peak of 966.1 (305.9 - 1394.5) BAU/mL within two weeks of priming, Wilcoxon signed rank test (p < 0.0001). Afterwards, these levels progressively decayed to 299.3 (135.5 - 1252.2) BAU/mL by the time of boosting. Two weeks after boosting, the concentration of S-IgG rose to 510.9 (162.6 - 1043.6) BAU/mL before declining markedly to 245.1 (72.9 - 637.1) BAU/mL at six months since the initial dose. Taken together, these data show that vaccination elicited a robust S-IgG-directed humoral response that lasted at least six months post-priming before it started declining.




Figure 4 | Box plots comparing vaccine-induced median spike-directed IgG, IgM and IgA antibody levels over time Figure 4 uses the Wilcoxon signed rank test to compare median OD values at 450 nm and concentrations (ng/ml) of the spike-directed IgG, IgM, and IgA antibody levels across time points. OD at 450nm and concentrations are shown for IgG (A), IgM (B), and IgA (C). P-values for differences between OD values or concentrations across adjacent time points are indicated. Horizontal dashed lines indicate cut-offs for the respective antibody isotypes. P values of 0.05 or less are considered statistically significant. The cut-offs for spike-directed IgG, IgM and IgA seropositivity were 0.432, 0.459 and 0.226, respectively.




Table 1 | Shows median antibody levels at different time points.



While most participants’ S-IgM remained below the cut-off, the median OD values significantly rose from a modest baseline of 0.14 (0.08 - 0.28) nm to 0.41 (0.24 - 0.56) nm 14 days later (Figure 3B); Wilcoxon signed rank sum test (p < 0.0001). Corresponding concentrations also changed from 4.5 (IQR: 2.7 - 8.6) BAU/mL to 14.4 (IQR: 7.7 - 24.5) BAU/mL on day 14 (p<0.0001) before dropping to 9.0 (IQR: 5.3 - 19.8) BAU/mL by day 28 after priming (Figure 3B), indicating a rise in S-IgM humoral immunity to SARS-CoV-2. These findings support using vaccination as a SARS-CoV-2 prevention measure, even in people with a mild or asymptomatic infection history. The data suggest that using IgM as a proxy for early antibody responses to vaccination of previously infected individuals may underestimate the levels of antibody response mediated by the vaccine. The data show that vaccination can enhance the humoral immune response of previously infected individuals and that the antibody response mediated by the vaccine may exceed what can be measured by IgM.

The baseline S-IgA concentration was modest at 81.2 (40.7 - 294.7) BAU/mL in 31% of the participants; this increased significantly to 929.8 (352.6 - 1904.6) BAU/mL in 85.2% of the participants (p < 0.0001) two weeks after priming. Corresponding OD values increased from a baseline of 0.14 (IQR: 0.06 - 0.37) nm to a maximum of 1.02 (0.57–1.60) nm 14 days after the initial vaccination (p < 0.0001, Figure 3C). This robust vaccine-induced S-IgA in a population previously demonstrated to lack an IgA response to natural infection (6) suggests a qualitatively superior memory response to the vaccine compared to the response induced by the primary natural infection. Although the vaccine elicited a robust S-IgA response, it was not sustained and had decreased significantly to near the threshold by the time of boosting.

Regarding nucleoproteins, these subjects’ N-IgG and N-IgM antibody levels were low, decreased over time, and stayed below the cut-off in most subjects until nine months, when they began to rise, suggesting the possibility of re-infection (Supplementary Figure 2). The findings imply that re-infection may be unlikely after the initial infection if antibodies are present but will likely occur when they significantly drop. Individuals who have recovered from an initial infection may still be vulnerable to subsequent infections if their antibody concentrations drop below a certain threshold. These findings demonstrate that the AstraZeneca vaccine successfully induced a humoral immune response in individuals with previous mild or asymptomatic COVID-19 infections. The increase in anti-spike antibodies in all subjects after two vaccine doses shows a successful immune response; however, waning immunity six months after the priming dose emphasises the need for boosting six months after the priming dose. In addition, the results demonstrate that vaccination can produce a more robust and qualitatively superior immune response than natural infection. After priming, the dramatic increase in S-IgG and -IgA levels suggests that people with mild or asymptomatic COVID-19 infections can benefit from vaccination. These findings support the use of COVID-19 vaccines to protect against subsequent infections in previously infected individuals, even if they did not exhibit symptoms during primary infection.





Vaccination resulted in an early and rapid rise in S-IgG and S-IgA levels and a longer S-IgG antibody durability

Using median anti-spike antibody trajectories, IgG was the most induced antibody, followed by IgA, while IgM was barely detectable. Initial IgG levels were higher than the threshold and continued to rise until day 28 after the boost (approximately four months after the priming dose), when they started declining. The IgM antibody OD values were consistently lower than the cut-off level, whereas the S-IgA response rose quickly, peaked 14 days after priming, and remained above the cut-off level before declining over time (Figure 5A). Spike-directed IgG and IgA were the most prevalent Immunoglobulins induced by the vaccine, rapidly peaking fourteen days after the priming dose. However, neither N-IgG nor N-IgM was detectable before six months (Figure 5B), indicating no re-infection.




Figure 5 | shows the median trajectories of IgG, IgM, and IgA at after vaccination (Figure 5) shows the median spike - (A) and nucleoprotein-directed (B) IgG, IgM, and IgA antibody OD values (m) and concentrations (ng/ml) over time, medians at a specific time point are plotted. The cut-offs for spike-directed IgG, IgM and IgA seropositivity were 0.432, 0.459 and 0.226, respectively. The cut-offs for nucleoprotein-directed IgG, IgM and IgA seropositivity were 0.454, 0.229 and 0.225, respectively.



Vaccine-induced antibodies that were of significantly higher magnitude than in prior natural immunity (p > 0.05; Supplementary Figures 3A, 3B). These data suggest the importance of S-IgA and S-IgG as essential components of the humoral immunity against SARS-CoV-2 induced by vaccination in this population. The early and rapid increase in S-IgA antibodies in response to vaccination and the longer durability of S-IgG antibodies demonstrate the importance of both short-term and long-term humoral immunity induced by vaccination. S-IgA was essential in developing early humoral immunity against the SARS-CoV-2 virus, acting as a second line of defence alongside S-IgG antibodies. The results demonstrate the importance of S-IgA as a reliable predictor of the humoral immune response to the COVID-19 vaccination, particularly when measured in conjunction with S-IgG. The pattern of S-IgG and S-IgA levels observed in this study suggests that vaccinations of previously infected individuals stimulated an effective immune response. In addition, the results demonstrate that S-IgG and S-IgA antibodies are essential for detecting vaccination exposure and estimating the associated immunity.





The fold change in vaccine-elicited spike antibodies was most pronounced two weeks after priming

The median change in magnitudes of vaccine-induced antibodies was established over time and summarised on heat maps (Figure 6). Levels of anti-spike IgA and IgG antibodies differed significantly before and after vaccination, indicating a substantial immune response due to vaccination. Even though the 1.9- and 1.7-fold increases in S-IgG OD values from baseline to 14 and 28 days were encouraging, the 7.4- and 6.2-fold increases in S-IgA were notable (Figure 6A). These findings demonstrated the vaccine’s effectiveness in priming S-IgA responses, which are critical in protecting against respiratory tract infections. Correspondingly, concentrations of S-IgA and S-IgG rose by 11.5- and 27.2-fold on day 14 and 9.1 and 20.2 times higher 28 days after priming, respectively (Figure 6B). At all subsequent visits, median S-IgG and S-IgA concentrations remained at least three-fold higher than baseline. The higher concentrations of S-IgG overall imply that S-IgG concentrations may be more effective at inducing long-term protection against infection. These findings suggest that S-IgG concentrations should be tracked over time to assess vaccine effectiveness and provide valuable insight into the success of vaccination campaigns. There was minimal change in spike-directed antibody concentrations after the boosting, with only a 1.71-, 0.75-, and 0.86-fold change in IgG, IgM, and IgA antibody concentrations 14 days after the boost and a 1.27-, 0.83-, and 0.93-fold change 28 days after boosting, respectively. Anti-nucleoprotein antibody concentrations changed very little over time (Supplementary Figure 4). However, a significant increase in N-IgG from month 9 indicated the possibility of re-infection. This finding is significant because it suggests that, although the initial infection may result in long-term immunity against re-infection, individuals must maintain adequate antibody levels to maintain this protection. By this, S-IgA and S-IgG antibodies were significantly elevated at month 12, indicating a heightened immune response in the presence of potentially infectious antigens. These findings demonstrate that re-infection after vaccination is possible and emphasise the significance of maintaining a robust immune memory.




Figure 6 | Median fold change in in spike-directed antibody levels over time. Figure 6 summarises the fold change in spike-directed IgG, IgM and IgA antibody OD values (A) and concentrations (B) across the different specimen collection time points. The heat map shows the extent of change (increase or decrease) in vaccine-induced antibody response over time. The change between time points is shown with each cell indicating an increase or decrease between any two timepoints at the x and y axis. Fold change between 0 to 1 indicate a decrease (orange), Fold change of 1 indicates no change while fold change greater than 1 indicate an increase (purple).








Discussion

The timing of booster vaccinations and the chronology and duration of immunity from SARS-CoV-2 infection and vaccination are essential factors that shape pandemic policy interventions. Two years after the initial shipment of COVID-19 vaccines to Africa via the COVAX facility on February 24, 2021, there is still a significant lack of systematic data regarding the evolution of the sub-Saharan African population’s immunity to the vaccines, despite the availability of extensive data from other regions. This knowledge is critical for informing evidence-based policies and practices that will effectively address the pandemic in this region. This study investigated the development, specificity, and durability of SARS-CoV-2-specific IgG, IgM, and IgA antibody responses to AstraZeneca vaccination in a Ugandan population with rt-PCR-confirmed prior infection. We aimed to examine how the immune responses of 86 individuals with prior COVID-19 infection evolved following two vaccination doses. The study’s significance lies in providing the first essential data on the timeline of vaccine-elicited antibody kinetics in a Sub-Saharan African setting in a population with rt-PCR-confirmed prior mild or asymptomatic infection. Anti-spike antibody seropositivity was 65% for IgG and 33% for IgA at baseline. Within two weeks of receiving the priming dose, the seroprevalence increased to 91% and 85%, respectively. Whereas boosting had a significantly smaller effect on the spike antibody levels, it increased the overall spike-directed seropositivity, achieving a 100% success rate within two weeks of the boost. Correspondingly, within two weeks of vaccination, concentrations of S-IgA and S-IgG increased 11- and 27-fold, respectively. These increases persisted 28 days after priming, with S-IgA and S-IgG concentrations remaining nine- and 20-fold higher than baseline, respectively. Antibodies directed against nucleoproteins remained low for nine months before rising, indicating the possibility of reinfection. This study provides valuable data on the evolution and persistence of vaccine-induced antibodies in a sub-Saharan African population with prior COVID-19 infection. These findings can inform evidence-based policies and practices that will effectively address the pandemic in this region.

Infection with and vaccination against SARS-CoV-2 induces functional immune memories that enhance disease protection, a phenomenon known as “hybrid immunity” (28, 29). We showed that vaccination of individuals that recovered from mild or asymptomatic infection elicited rapid and robust antibody responses against the virus that peaked within two weeks of priming and were marked by a significant increase in seroprevalence and levels of spike-directed antibodies. This was especially true for S-IgG and S-IgA, which peaked at a geometric mean concentration (95% CI) of 518.71 (518.69–518.54) BAU/mL and remained elevated throughout the entire 12-month study period, demonstrating the vaccine’s effectiveness in priming a robust and long-lasting memory response. In contrast, after priming, peak levels of S-IgM antibodies were significantly lower at 19.46 (CI 19.43–19.49) BAU/mL, declined rapidly, and remained low for the more significant part of the 12-month study period. These data agree with the more extended durability of IgG and IgA relative to IgM antibodies (4), and the vaccine-induced expansion of S-IgG and IgA levels (5, 30) demonstrated by other vaccines. In contrast, the Oxford-AstraZeneca vaccine elicited a more rapid immune response in this cohort than in two African studies (29, 31), but agreed with an Israeli study where the peak occurred before three weeks (32).

The varying times for the peak of antibodies after priming may be attributable to the design of the studies. For instance, the two African studies only examined antibody levels one month after priming, missing a possible peak at two weeks. Using the same vaccine formulation, Thai researchers noted a dose-dependent antibody boost (33), contrasting starkly with our findings, which revealed the highest antibody responses to form after the priming dose and minor change after the booster dose. This disparity could be explained by factors that affect vaccine effectiveness, such as age, gender, pre-existing immunity, and unknown environmental factors (34, 35). These data highlight the importance of generating population-based data to guide local vaccination strategies. There is a need for research to further understand how different populations respond to vaccines, how potential confounders may alter vaccine efficacy, and how this can be used to improve and maximise vaccination strategies.

The anti-spike antibody levels in this study are comparable to the 588.0 U/mL (IQR, 250.0-2500.0 AU/mL) seen in previously infected and then vaccinated Indians who received the same vaccine (36), but they are significantly higher than the 112.3 BAU/mL (61.7-204.4) observed in a clinical trial for infection-naive subjects in South Africa 28 days after priming (37). Therefore, this study provides evidence that subjects with prior exposure to SARS-CoV-2 responded better to the vaccine and developed higher levels of anti-spike antibody concentrations than those without prior exposure. Those with pre-existing immunity to spike proteins may be more likely to respond favourably to vaccination. This is consistent with the knowledge that pre-existing immunity is more likely to contain memory B cells and plasma cells and is better equipped to rapidly respond when presented with a vaccine antigen than infection-naive B cells (38, 39). Hybrid immunity was found to be robust in this study, which is not surprising given that previous studies have reported similar findings with AstraZeneca (36, 40) and others showed prior infection to provide 80–95% protection against symptomatic COVID-19 reinfections for at least eight months (28, 41–43). These are consistent with our findings that prior infection provides 93% anti-spike seropositivity coinciding with absence of symptomatic COVID-19 reinfection for at least six months. The study’s results echo the outcomes of earlier studies (44, 45), which indicated that individuals who elicit hybrid immunity are highly likely to be protected from reinfection for up to eight months. Similar drops in immunity have been observed six months after the priming dose in Asia (46) other low- and middle-income countries (LMICs) with similar sociodemographic characteristics (47) and high-income countries (43). The fact that the decline in immunity occurs in such a wide variety of settings suggests that it is a phenomenon that is independent of geographical factors. As in other studies (48), a priming dose after infection improved the virus-specific immunity, highlighting the need for a suitable boosting strategy.

There were some limitations to this study. First, the study could only assess the presence of antibodies, not their function. As a result, the findings should be interpreted with caution as they offer limited insight into the potential impact of antibody-mediated protection. As the study lacked information on antibody functionality or its role in protection against disease, reinfection, or transmission of SARS-CoV-2 to other individuals, additional research is necessary to investigate these outcomes. It did, however, indicate that a substantial proportion of the population has developed detectable levels of antibodies and provides some insight into the possibility of protective immunity against SARS-CoV-2. In addition, this study could not determine whether antibodies were associated with a change in symptom severity or with protection against reinfection or transmission of SARS-CoV-2 to other individuals; thus, additional research is required to investigate these outcomes. In order to reliably inform policy, it is also necessary to assess the reinfection rates in the presence of circulating antibodies and identify risk factors for antibody loss.

Another limitation is keeping track of the virus’s rapidly evolving genome. While the predominant virus at the time of infections in this cohort was A23.1, SARS-CoV-2 has evolved, with the Omicron variant having far more mutations in the spike than previously reported variants and circulating the most widely. The rapid evolution of SARS-CoV-2, especially with the emergence of the Omicron variant, poses a significant challenge for monitoring the virus and tracking the induced immune responses. The high mutation rate of Omicron’s spike protein may impede the detectability of spike-binding antibodies, resulting in an underestimation of the actual level of population immunity. This challenge highlights the need to develop new serological assays capable of detecting antibodies to the Omicron variant. These assays could target multiple regions of the spike protein or concentrate on regions of the spike protein that are less likely to undergo significant mutations. Alternately, other measures of the immune response, such as T-cell responses, could be included in monitoring efforts to provide a more thorough understanding of the immune response to SARS-CoV-2 infection or vaccination. In addition, continued genomic surveillance is required to monitor the evolution of the virus and inform public health strategies. Continued studies are needed to assess the effectiveness of existing vaccines and therapeutics against the Omicron variant and to develop new interventions capable of effectively addressing the virus’s rapid evolution.

Although we were able to detect antibody responses in a substantial proportion of participants at the 9-month and 12-month post-primary vaccination (PP) time points, the lower number of specimens evaluated at these later time points limits the statistical power of our analyses and makes it more difficult to draw robust conclusions from these time points. Nevertheless, we included these time points in our study to shed light on the durability of antibody responses to the AstraZeneca vaccine in previously infected individuals over an extended period. These findings demonstrate the need for additional research to substantiate our findings and provide more definitive conclusions. Additionally, this study was conducted to fit into the real-world vaccination policy in the country, and it was impossible to intentionally add investigations of a single-dose cohort. Adding a third cohort receiving only one injection could have provided valuable information on the optimal vaccination strategy for individuals previously infected with SARS-CoV-2. Specifically, this cohort could have helped to determine whether a single dose of the vaccine is sufficient to confer adequate protection in individuals with prior infection, given that their immune systems have already been primed against the virus. Furthermore, this third cohort could have provided real-world data on the proportion of individuals who did not get fully vaccinated, given that as of March 25, 2023, only 67% of Ugandans have received both doses of the vaccine. This information is crucial for informing public health policies and vaccine distribution strategies in Uganda and beyond.

Lastly, the population under consideration was relatively young and predominately male, despite age- and gender-specific correlations. Although the data is exceptionally accurate for the African continent, where an estimated 70% of the population is under 30 years old, it should be interpreted with caution as there may be limitations to the generalizability of the findings to other age groups and females. Concerning is the fact that the study’s age range may not provide adequate information on the elderly, who are at the highest risk for severe COVID-19 infection. Future research should include a more diverse demographic population spanning various age groups and genders to increase the external validity of the findings. Despite these limitations, the results of this study indicate that all individuals with a prior SARS-CoV-2 infection will develop spike-directed antibodies after receiving two doses of the AstraZeneca vaccine. These findings support proponents of routine booster shots to maintain the protective antibody levels necessary for longer SARS-CoV-2 immunity (49, 50). The induced immunity was rapid, robust, sustained, and peaked within two weeks, demonstrating the effectiveness of booster shots for long-term immunity. The lack of anti-nucleoprotein antibodies for nine months suggests that vaccine-induced antibodies protected against reinfection during this period.

In conclusion, the study found that administration of the AstraZeneca vaccine increased the spike-directed IgG, IgM, and IgA antibodies, resulting in a rapid and robust immune response against the virus in most participants two weeks after the initial dose and all participants four weeks after the initial dose. This finding is significant because it suggests that even those with asymptomatic infection can benefit from the vaccine. This study provides policymakers with evidence-based insight into the timing and duration of antibody-mediated immunity conferred by COVID-19 vaccination in a prior mild or asymptomatic sub-Saharan setting. As we face the rapid emergence and evolution of new variants, we must demonstrate these antibodies’ capacity to neutralise emerging viruses. The low levels of induced S-IgM suggest that using it as a surrogate for monitoring vaccine-induced responses would significantly underestimate induced immunity. This suggests that even those with prior asymptomatic infections can benefit from vaccination. The two AstraZeneca vaccine doses effectively induced short-term and long-term immunity and protected against the virus for at least nine months. The absence of anti-nucleoprotein antibodies until nine months, indicating the absence of infection, is an encouraging indication of the vaccine’s efficacy and suggests that vaccine-induced antibodies protected against reinfection during this time. Reinfections in individuals with hybrid immunity imply a potential need for further boosting. Our findings suggest that vaccination can protect against reinfection during this time and provide policymakers with evidence-based insights into the timing and duration of vaccine-induced immunity in this population. However, additional research is needed to understand the chronology of immunity conferred by vaccination in the context of variations in SARS-CoV-2, populations, and age groups. Monitoring anti-spike IgG and IgA when assessing vaccine-induced antibody responses is suggested for this population.
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