

[image: Cover: Neutralizing antibody response to different COVID-19 vaccines in Brazil: the impact of previous infection and booster doses]




  

Table of Contents

  
    	Cover

    	Neutralizing antibody response to different COVID-19 vaccines in Brazil: the impact of previous infection and booster doses 
    
      	Introduction

      	Methods

      	Results

      	Discussion

      	1 Introduction

      	2 Materials and methods 
      
        	2.1 Study population

        	2.2 Sample collection and study design

        	2.3 Quantification of SARS-CoV-2-specific neutralizing activity

        	2.4 Quantification of neutralizing antibodies against SARS-CoV-2 using classical PRNT

        	2.5 Quantification of SARS-CoV-2-specific N antibody response

        	2.6 Statistics

      


      	3 Results 
      
        	3.1 Study population characteristics

        	3.2 Variation in the SARS-CoV-2 NAb response induced by CoronaVac, ChAdOx1, and BNT162b2 vaccination

        	3.3 Previous infection with SARS-CoV-2 impacts the vaccine-induced NAb response after CoronaVac, ChAdOx1, and BNT162b2 vaccination

        	3.4 Dynamic comparison of NAb induced by CoronaVac, ChAdOx1, or BNT162b2 vaccination and their respective booster doses in individuals with and without previous SARS-CoV-2 infection

        	3.5 Cross-reactivity of NAb response induced by CoronaVac, ChAdOx1, or BNT162b2 vaccination directed to Gamma, Delta, and Omicron variants

      


      	4 Discussion

      	Data availability statement

      	Ethics statement

      	Author contributions

      	Funding

      	Acknowledgments

      	Conflict of interest

      	Generative AI statement

      	Supplementary material

      	References

    


  

Landmarks

  
    	Cover

    	Table of Contents

    	Start of Content


  


Print Page List

  
    	 Page 01. 

    	 Page 02. 

    	 Page 03. 

    	 Page 04. 

    	 Page 05. 

    	 Page 06. 

    	 Page 07. 

    	 Page 08. 

    	 Page 09. 

    	 Page 10. 

    	 Page 11. 

    	 Page 12. 

    	 Page 13. 

    	 Page 14. 

    	 Page 15. 

    	 Page 16. 

  




ORIGINAL RESEARCH

published: 04 August 2025

doi: 10.3389/fimmu.2025.1603612

[image: Frontiers: Stamp Date]



Neutralizing antibody response to different COVID-19 vaccines in Brazil: the impact of previous infection and booster doses



Beatriz L. L. Caetano 1†, Paolla B. A. Pinto 1†, Agatha R. Pacheco 1, Agnes R. Lage 1, Aline S. G. Pereira 1, Amanda V. P. Nascimento 1, Thiago R. Machado 1, Anderson Paulino 1, Thiago L. Medeiros 1, Lorena O. Fernandes-Siqueira 2, Andrea T. Da Poian 2, Ingrid S. Horbach 3, Adriana S. Azevedo 3, Simone M. Costa 1 and Ada M. B. Alves 1*


1 Laboatório de Biotecnologia e Fisiologia de Infecções Virais, Instituto Oswaldo Cruz, Fundação Oswaldo Cruz, Rio de Janeiro, RJ, Brazil, 2 Instituto de Bioquímica Médica Leopoldo de Meis, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, Brazil, 3 Laboratório de Análise Imunomolecular, Instituto de Tecnologia em Imunobiológicos, Bio-Maguinhos, Fundação Oswaldo Cruz, Rio de Janeiro, RJ, Brazil





Edited by: 

Sonia Jangra, The Rockefeller University, United States

Reviewed by: 

Guilherme Campos, Faculdade de Medicina de São José do Rio Preto, Brazil

Annapina Palmieri, National Institute of Health (ISS), Italy

Ramu Subbramanian, Cellular Technology Limited (CTL), United States

*Correspondence: 

Ada M. B. Alves
 ada@ioc.fiocruz.br

†These authors have contributed equally to this work and share first authorship



Received: 31 March 2025

Accepted: 11 July 2025

Published: 04 August 2025

Citation:
Caetano BLL, Pinto PBA, Pacheco AR, Lage AR, Pereira ASG, Nascimento AVP, Machado TR, Paulino A, Medeiros TL, Fernandes-Siqueira LO, Da Poian AT, Horbach IS, Azevedo AS, Costa SM and Alves AMB (2025) Neutralizing antibody response to different COVID-19 vaccines in Brazil: the impact of previous infection and booster doses
. Front. Immunol. 16:1603612. doi: 10.3389/fimmu.2025.1603612








Introduction


In Brazil, three COVID-19 vaccines were among the first widely used (CoronaVac, ChAdOx1, and BNT162b2), which aimed to induce neutralizing antibodies (NAbs) against the original SARS-CoV-2 strain. Although effective against severe disease, they showed waning NAb levels and reduced efficacy against variants, prompting booster doses. Thus, it is important to investigate and compare the response induced by these vaccines and boosters.







Methods


In this study, we compare the magnitude, durability, and cross-reactivity of NAbs among vaccinated volunteers in Brazil using an enzyme-linked immunosorbent assay (ELISA)-based assay that measures Abs capable of blocking the interaction between the receptor binding domain (RBD) and human angiotensin-converting enzyme 2 (ACE2) receptor.







Results


The BNT162b2 two-dose regimen resulted in the highest and most durable NAb levels, followed by ChAdOx1, while those induced by CoronaVac significantly declined over time. Breakthrough infections boosted NAb levels, especially for CoronaVac and ChAdOx1. All vaccines showed reduced neutralizing capacity against Gamma, Delta, and Omicron variants. Booster doses, particularly the first one, significantly increased and maintained NAb levels, including those against Omicron.







Discussion


Our findings provide valuable population-based comparison of NAb levels elicited by different vaccines following primary inoculation and booster doses. Notably, the mRNA vaccine exhibited a strong primary and initial booster NAb response against SARS-CoV-2.
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1 Introduction


In Brazil, three COVID-19 vaccines were initially widely used following approval by the National Health Surveillance Agency (ANVISA): CoronaVac, which was composed of the inactivated SARS-CoV-2 developed by the Sinovac Biotech Company (1) and produced by the Brazilian Butantan Institute; ChAdOx1 nCoV-19, which was based on an adenoviral vector developed by the Oxford University together with AstraZeneca Pharmaceutical (2) and produced in Brazil by the Oswaldo Cruz Foundation; and the mRNA-based BNT162b2 vaccine, developed by the BioNTech Company together with Pfizer Pharmaceutical (3). All these vaccines target the spike protein of the original SARS-CoV-2 strain as their main antigen aiming to reach a neutralizing antibody (NAb)-centered immunity. Unlike the other two platforms, CoronaVac may additionally induce antibodies against other structural viral proteins, although the spike protein remains the primary target for neutralization. Phase 3 clinical trials showed effectiveness against COVID-19, with CoronaVac at 50.7%–83.5% (4–6), ChAdOx1 at 70.4% (7), and BNT162b2 at 94%–95% (3). All three vaccines have shown seroconversion with neutralizing activity against SARS-CoV-2. However, follow-up studies revealed a decline in SARS-CoV-2 vaccine-induced antibody levels over time, along with lower vaccine efficacy against the constantly emerging SARS-CoV-2 viral variants (8–11). As a result, booster vaccinations using either the original or updated COVID-19 vaccines were recommended and remain in place today.


Although controlled clinical studies have confirmed the efficacy and safety of COVID-19 vaccines, direct comparisons are challenging due to variations in different populations and regions of the world, vaccination timing, and the prevalence of emerging viral variants. Population-based data offer a valuable and comprehensive source of tracking vaccination outcomes and should be considered when formulating future COVID-19 vaccination strategies (12).


The present study compares the magnitude, durability, and cross-reactivity of the NAb response among volunteers in Brazil who were vaccinated first with two doses of CoronaVac, ChAdOx1, or BNT162b2, followed by homologous or heterologous booster doses. The two-dose standard vaccination with BNT162b2 induced the strongest and most sustained responses, while CoronaVac showed the fastest decline. Prior infection enhanced responses across all groups. Boosters—especially the first—were essential to restore and maintain antibody levels, improve protection against variants like Omicron, and support long-term immunity up to 1 year post-vaccination. This study provides valuable insights into the dynamics and duration of vaccine-induced antibody responses, which are crucial for informing future guidelines on vaccine dosing regimens and heterologous dose combinations in combating the pandemic.






2 Materials and methods





2.1 Study population


The study included healthy volunteers residing in Rio de Janeiro, Brazil, who had received one or two doses of routine COVID-19 vaccination either with CoronaVac (Sinovac/Butantan), ChAdOx1 (Oxford/AstraZeneca), or BNT162b2 (Pfizer/BioNTech) and who were subsequently administered heterologous or homologous booster doses. Participants in the study were required to be over 18 years of age, sign an informed consent form, and provide detailed demographic information, including sex and date of birth, as well as data on previous SARS-CoV-2 infections identified through rapid tests and polymerase chain reaction (PCR). The study protocol was approved by the Ethics Committee of Oswaldo Cruz Institute (CEP-IOC) - Fiocruz (license numbers: CAAE 51345021.5.1001.5248 and CAAE 56246022.1.0000.5248) and of the Federal University of Rio de Janeiro (license number: 35.303.120.5.0000.5257).


A total of 506 individuals voluntarily participated in the study. The age distribution was categorized into two groups: 18 to 59 years old (n = 425), comprising 307 women and 118 men, and 60 years or older (n = 81), comprising 57 women and 24 men. Determination of previous SARS-CoV-2 infection was based on participants’ self-reported positive results from PCR and/or rapid tests, as well as specific seroconversion to the viral nucleocapsid protein in the enzyme-linked immunosorbent assay (ELISA).






2.2 Sample collection and study design


Blood samples were collected by venipuncture in vacuum tubes (BD Vacutainer, BD Bioscience) containing sodium heparin anticoagulant by trained personnel. Each volunteer donated two tubes with 9 mL of blood. Plasma was obtained after centrifugation of heparinized blood at 1,000 × g for 10 min at room temperature (R.T.), aliquoted, and stored at −80°C until use.


Participants were vaccinated according to Brazil’s national immunization campaign, which began in January 2021, with prioritization based on age, comorbidities, and occupational exposure. The sample collection occurred between mid-2021 and late 2023, depending on volunteer availability, and was not restricted to specific variant of concern (VOC) waves or vaccine batches. There was no active control over participants’ vaccination timing, beyond their self-reported vaccination status and willingness to participate in this study. It is worth mentioning that between early 2021 and 2023, Brazil experienced distinct SARS-CoV-2 waves driven by variants like Gamma (early 2021), Delta (mid- to late 2021), and Omicron (December 2021 through 2023 with sub-lineages), each significantly impacting public health.


The study design included the collection of plasma samples after each dose of the COVID-19 vaccine at different time intervals. Groups were stratified according to their initial vaccination regimen of first and second homologous doses with either CoronaVac, ChAdOx1, or BNT162b2. Sample collections after the third and fourth vaccine doses were adopted as subsequent heterologous or homologous booster doses. In Brazil, the CoronaVac vaccine fell into disuse during the COVID-19 booster vaccination, leading to a preference for heterologous booster regimens involving either the ChAdOx1nCoV-19 or BNT162b2 vaccines. The sample collection timing intervals varied by each vaccine-recommended protocol and volunteer willingness and availability. Sample times were designated as follows: T1, average time according to each vaccine stipulated regimen, varying from 15 to 86 days; T2, 15 to 75 days after the second dose; T3, 90 to 365 days after the second dose; T4, 15 to 75 days after the third dose; T5, 90 to 365 days after the third dose; T6, 15 to 75 days after the fourth dose; and T7, 90 to 365 days after the fourth dose. The average time of T1 collection varied according to the vaccine due to different vaccination regimens in Brazil: 23 days for CoronaVac, 71 days for ChAdOx1, and 66 days for BNT162b2. We clarify that the data presented in this study are predominantly treated as a cross-sectional cohort, with statistical treatment of individual samples as independent observations. While a limited subset of participants provided samples at multiple time points, it was not possible to monitor and collect samples from all participants at all designated time points throughout the study period (withdrawal from vaccination or participation in the study).






2.3 Quantification of SARS-CoV-2-specific neutralizing activity


Detection of NAb was performed using the cPass™ SARS-CoV-2 Neutralization Antibody kit (GenScript, cat# L00847), according to the manufacturer’s instructions. The assay utilizes a recombinant receptor binding domain (RBD) of the SARS-CoV-2 spike protein. It quantifies Abs that block the interaction between the RBD and the human angiotensin-converting enzyme 2 (ACE2) receptor. The cPASS assay has received regulatory validation from the U.S. Food and Drug Administration as a reliable tool for SARS-CoV-2 neutralization, since, as stated by the agency document, “the test mimics the virus neutralization process” (13).


Briefly, plasma samples along with positive and negative controls provided with the kit were diluted in the sample dilution buffer and incubated with RBD conjugated to horseradish peroxidase (RBD-HRP) for 30 min at 37°C. Following incubation, the reaction mixtures were transferred to microplates pre-coated with ACE2 protein for 15 min at 37°C. The RBD-HRP bound to ACE2 was detected using tetramethylbenzidine (TMB, Sigma) substrate for 15 min at R.T. followed by a stopping solution. Optical density (O.D.) was measured at 450 nm using a GloMax Explorer GM3500 microplate reader (Promega). Plasma samples were incubated in single replicates, while controls were incubated in duplicates.


The NAb data were expressed in percentage or concentration in international units/mL (IU/mL).


For the percentage representation, the binding inhibition was calculated as follows:
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As standardized by the manufacturer, the ≥30% cutoff was adopted for interpretation of positive SARS-CoV-2 neutralization activity. An inhibition percentage of ≥30% indicates the presence of Abs interacting with SARS-CoV-2 RBD and blocking the RBD–hACE2 interaction. The percentage of inhibition in plasma samples was assessed against original SARS-CoV-2 RBD (Wuhan isolate) as well as against its variants Gamma (GenScript, cat# Z03601), Delta (GenScript, cat# Z03614), and Omicron BA.1 (GenScript, cat# Z03730).


For the concentration representation as IU/mL, a semiquantitative analysis was also conducted, especially those collected after the third and fourth vaccine doses, using commercially provided SARS-CoV-2 Neutralizing Antibody Standard curves (GenScript, cat# A02087). This methodological shift was necessary due to the higher antibody levels, which approached the percentage detection threshold. Results were also expressed as antibody concentrations in IU, facilitating comparison with other assays that quantify SARS-CoV-2 NAbs (14).






2.4 Quantification of neutralizing antibodies against SARS-CoV-2 using classical PRNT


The Plaque Reduction Neutralization Test (PRNT), considered the gold standard for assessing NAbs against various viruses, including SARS-CoV-2, was also used in this study. Its results were compared with the cPass™ SARS-CoV-2 Neutralization Antibody kit as a way to validate our findings on viral neutralization inhibition. This comparison was performed with a total of 114 plasma samples, including CoronaVac (n = 38), ChAdOx1 (n = 37), and BNT162b2 (n = 40).


The PRNT protocol was previously described in detail (15). In summary, Vero cells (CCL81, ATCC) were seeded into 24-well plates (2 × 105 cells/well) in 199 media with Earle salts (E199, Sigma) supplemented with 5% fetal bovine serum (FBS, Invitrogen) 1 day before the assay. Plasma samples were heat-inactivated at 56°C for 30 min, serially diluted in culture medium (1:10 to 1:31,250), and incubated with approximately 60 plaque-forming units (PFU) of the ancestral strain of SARS-CoV-2 (SISGEN A994A37—donation from the Laboratory of Respiratory Viruses, Exanthematics, Enteroviruses and Viral Emergencies at IOC/Fiocruz) for 1 h at 37°C in a 5% CO2 atmosphere. The plasma–virus mixture was added to Vero cell monolayers and incubated for 1 h at 37°C in 5% CO2. After this incubation, the supernatants were discarded, and cells were covered with 199 media supplemented with 5% FBS and 1.5% carboxymethylcellulose (CMC, Sigma), incubated for 3 days at 37°C in 5% CO2, followed by fixation and inactivation with 1.25% (v/v) formalin solution and stained with 0.04% (w/v) crystal violet dye. Plaques were counted manually. Finally, NAb titers were expressed as the highest serum dilution that resulted in 50% plaque reduction (PRNT50), considering samples with titers ≥ 1:14 seropositive to SARS-CoV-2. This threshold was established based on a receiver operating characteristic (ROC) curve analysis, which used 46 negative and 378 positive samples. The analysis identified 1.64 log5 as the optimal cutoff, corresponding to a dilution of 1:14. This point achieved the best balance between sensitivity and specificity, maximizing the assay’s discriminatory power between positive and negative samples. PRNT assays were handled in a BSL-3 laboratory Multi-user Research Facility of Biosafety Platform BSL3-HPP, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, following the approved international laboratory biosafety guidelines (CDC, Interim Laboratory Biosafety Guidelines for Handling and Processing Specimens Associated with Coronavirus Disease 2019).






2.5 Quantification of SARS-CoV-2-specific N antibody response


Plasma samples from all time points were evaluated for specific nucleocapsid (N) seroconversion as an indicator of previous SARS-CoV-2 infections. We quantified specific IgG Abs against the N protein from the original SARS-CoV-2 strain (Wuhan isolate) using a previously developed and validated ELISA protocol (16).


In summary, 96-well plates (Corning) were coated with the recombinant N protein (0.2 μg/mL) produced in human embryonic kidney (HEK) 293 cells and incubated overnight at 4°C. The following day, plates were washed with PBST [0.1% Tween in phosphate-buffered saline (PBS)] and blocked with 3% bovine serum albumin (BSA) in PBST for 1 h at R.T. The blocking solution was removed, and samples diluted 50-fold were added to the plates and incubated for 2 h at room temperature. After washing, the plates were incubated with secondary antibody (anti-IgG-HRP) diluted 1:5,000 in PBST for 1 h at 4°C. Plates were washed again and reactions were developed with TMB (50 μL per well) for 16 min at room temperature and then stopped with 3M HCl (50 μL per well). Absorbances were read at 450 nm on a spectrophotometer (Glomax Discover, Promega).


In this study, 15 samples collected prior to the COVID-19 pandemic (from individuals who had never been exposed to SARS-CoV-2) were used to determine the seroconversion positivity threshold for the N protein. The mean O.D. values plus three times the standard deviation was calculated and set as the cutoff for positivity. A pool of these samples was used as a control on all ELISA plates. Volunteers’ samples with O.D. higher than the stablished threshold were considered positive for previous SARS-CoV-2 infection.






2.6 Statistics


Results were statistically analyzed using GraphPad Prism software, version 9.0 (La Jolla, USA). All graphical data are presented as the median and interquartile range (IQR). Statistical differences were assessed using the non-parametric Mann–Whitney test for two groups; non-parametric Kruskal–Wallis test with post hoc Dunn’s correction for multiple comparisons was used for more than two groups. Correlation analyses were performed by computing Spearman’s rank correlation coefficient and significance in GraphPad Prism. A p-value< 0.05 was considered statistically significant. Statistical comparisons involving very small sample sizes (n< 5) should be interpreted with caution.







3 Results





3.1 Study population characteristics


The study cohort comprises 452 volunteers initially vaccinated with two homologous doses of CoronaVac, ChAdOx1, or BNT162b2, including a total of 321 female and 131 male participants. Participants were categorized by age: 354 individuals were between 18 and 59 years old (272 women and 82 men), and 98 were aged 60 and above (49 women and 49 men).


Among those vaccinated with CoronaVac (n = 108), there were 81 women (75%) and 27 men (24%), with median ages of 47 and 45 years, respectively. In this group, 59 women (54.6%) and 18 men (16.6%) were aged 18 to 59 years, while 22 women (20.4%) and 9 men (8.4%) were ≥60 years. The ChAdOx1 group (n = 285) was the most representative cohort, consisting of 206 women (72.2%) and 79 men (27.8%), with median ages of 40 and 47 years, respectively. Within this group, 180 female (63.2%) and 40 male participants (14%) were aged 18 to 60 years, and 26 women (9.1%) and 39 men (13.7%) were 60 years or older. The BNT162b2 vaccine was used later in Brazil; thus, this group is smaller and with young volunteers, with 33 women (55.9%) and 24 men (40.7%), with median ages of 28 and 31 years, respectively. Of these, 33 women (55.9%) and 24 men (40.7%) were aged 18 to 59 years, and 1 woman (1.7%) and 1 man (1.7%) were ≥60 years (
Table 1
). The impact of sex and age groups was assessed during the data analysis in this study.



Table 1 | 
Demographic data for the COVID-19 vaccinated volunteers.





	
	All volunteers (n = 452)

	CoronaVac (n = 108)

	ChAdOx1 (n = 285)

	BNT162b2 (n = 59)




	Female

	Male

	Female

	Male

	Female

	Male

	Female

	Male






	
Total,



n (%)

	321
(71.0)
	131
(29.0)
	81
(75.0)
	27
(25.0)
	206
(72.2)
	79
(27.8)
	34
(57.6)
	25
(42.3)



	
Median age 


(range)

	40
(15-92)
	44
(18-84)
	47
(19-86)
	45
(21-62)
	40
(20-83)
	47
(19-84)
	28
(18-61)
	31
(18-60)



	

n (%) of Age group: 18 to 59

	272
(60.2)
	82
(18.2)
	59
(54.6)
	18
(16.6)
	180
(63.2)
	40
(14.0)
	33
(55.9)
	24
(40.7)



	

n (%) of Age group: ≥ 60

	49
(10.8)
	49
(10.8)
	22
(20.4)
	9
(8.4)
	26
(9.1)
	39
(13.7)
	1
(1.7)
	1
(1.7)







The demographic data for the volunteer cohort were stratified based on the initial vaccination regimen, which included two homologous doses from the CoronaVac, ChAdOx1, and BNT162B2 vaccine groups, followed by sex and age of each group. Age is represented in years.




The distribution of the total samples for each vaccine group collected at the different time points (T1 to T7) is detailed in 
Table 2
. Specifically, 183 samples were collected from volunteers vaccinated with CoronaVac, 630 samples were collected from volunteers vaccinated with ChAdOx1, and 129 samples were collected from volunteers vaccinated with BNT162b2, totaling 942 samples at different times throughout the study (
Table 2

, top). The distribution of samples across time points was not uniform because participant recruitment occurred continuously throughout the study period. The increased number of participants at T3 is likely attributable to a rise in public interest regarding vaccine effectiveness, together with the relaxation of social distancing measures. In general, participation in the study decreased over time as the COVID-19 pandemic progressed and booster doses were administered, affecting the number of samples of all vaccine groups.



Table 2 | 
Total number of collected samples by time point.





	
	All samples (n = 937)

	CoronaVac (n =183)

	ChAdOx1 (n = 626)

	BNT162b2 (n = 128)






	Total of collected samples, n (%)




	 T1
	197 (21.0)
	22 (12.0)
	141 (22.5)
	34 (26.6)



	 T2
	149 (15.9)
	26 (14.2)
	94 (15.0)
	29 (22.7)



	 T3
	217 (23.2)
	65 (35.5)
	127 (20.3)
	25 (19.5)



	 T4
	112 (12.0)
	25 (13.7)
	73 (11.7)
	14 (10.9)



	 T5
	149 (15.9)
	30 (16.4)
	108 (17.3)
	11 (8.6)



	 T6
	31 (3.3)
	4 (2.2)
	24 (3.8)
	3 (2.3)



	 T7
	82 (8.7)
	11 (6.0)
	59 (9.4)
	12 (9.4)



	*#Previous SARS-CoV-2 infection, n (%)




	 T1
	27 (13.7)
	3 (13.6)
	20 (14.2)
	4 (11.8)



	 T2
	34 (22.8)
	10 (38.5)
	18 (19.1)
	6 (20.7)



	 T3
	39 (18.0)
	16 (24.6)
	18 (14.2)
	5 (20.0)



	 T4
	39 (34.8)
	5 (20.0)
	27 (37.0)
	7 (50.0)



	 T5
	73 (49.0)
	17 (56.7)
	52 (48.1)
	4 (36.4)



	 T6
	12 (38.7)
	1 (25.0)
	9 (37.5)
	2 (66.7)



	 T7
	51 (62.2)
	7 (63.6)
	38 (64.4)
	6 (50.0)







*Previous SARS-CoV-2 infection was determined through self-reported information from volunteers up to 6 months before sample collection, and/or by detecting seropositivity for the viral N protein.

#The numbers and percentages shown represent the proportion of positive samples out of the total samples collected at each time point.

Collection time intervals: T1—average time according to each vaccine stipulated regimen, varying from 15 to 86 days; T2—15 to 75 days after the second dose; T3—90 to 365 days after the second dose; T4—15 to 75 days after the third dose; T5—90 to 365 days after the third dose; T6—15 to 75 days after the fourth dose; T7—90 to 365 days after the fourth dose.




Previous SARS-CoV-2 infection was determined either by self-reported positive results from PCR and/or rapid tests from volunteers up to 6 months prior to sample collection or by specific seroconversion to the viral nucleocapsid protein. The number of samples considered positive for previous SARS-CoV-2 infection is detailed in 
Table 2
 (bottom). The impact of prior infection on the vaccine-induced antibody response was evaluated in the study.






3.2 Variation in the SARS-CoV-2 NAb response induced by CoronaVac, ChAdOx1, and BNT162b2 vaccination


The dynamics of NAb induced by vaccination were evaluated in samples from volunteers who received two homologous doses of CoronaVac, ChAdOx1, or BNT162b2 at three time points: collection after the first dose (T1: average time according to each vaccine stipulated regimen, varying from 19 to 84 days), short-term collection after the second dose (T2: 15 to 75 days), and long-term collection after the second dose (T3: 90 to 365 days). The average time of T1 collection varied according to the vaccine due to different vaccination regimens in Brazil: 23 days for CoronaVac, 71 days for ChAdOx1, and 66 days for BNT162b2. The total number of volunteers per group and the average time intervals for each time point are summarized in 
Figure 1A
.
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Figure 1 | 
SARS-CoV-2 NAb response induced by two homologous doses of CoronaVac, ChAdOx1, and BNT162b2 vaccination. (A) Timeline of sample collection of vaccinated volunteers who received standard two-dose vaccine regimens with CoronaVac, ChAdOx1, or BNT162b2. Plasma samples were collected at the following time points: T1—15 to 86 days after the first dose; T2—15 to 75 days after the second dose; T3—90 to 365 days after the second dose. The average time for T1 varied according to the recommended schedule for each vaccine, being shorter for CoronaVac (average of 23 days) and longer for ChAdOx1 (average of 71 days) or BNT162b2 (average of 66 days). The number of volunteers per group and the average time of collection ± standard deviation are detailed. (B) Percentage of NAb in individuals vaccinated with one or two homologous doses of CoronaVac, ChAdOx1, or BNT162b2 vaccines. (C) Longitudinal follow-up of vaccinated volunteers with at least two subsequent collections through time points. Medians for each time point were connected by a bold line to better represent the results. (D) Comparison of NAb percentages at each time point according to the three different vaccine regimens. (B–D) Specific NAb percentages were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate). The dashed line at 30% indicates the test positivity threshold. Red arrows indicate vaccine doses. The bars indicate the median and IQR. Non-parametric Kruskal–Wallis test was used for statistical analyses. *p< 0.05, **p< 0.01, ***p< 0.001. Sample sizes of (C)—CoronaVac: T1 (n = 14), T2 (n = 19), and T3 (n = 13); ChAdOx1: T1 (n = 62), T2 (n = 75), and T3 (n = 49); BNT162b2: T1 (n = 19), T2 (n = 22), and T3 (n = 10). Samples sizes of (B, D) are detailed in (A).




The NAb response against SARS-CoV-2 was measured using the cPass™ SARS-CoV-2 Neutralization Antibody ELISA kit (GenScript). Results were expressed as percentage inhibition, with 30% considered the positive threshold. CoronaVac induced the lowest NAb response (median: 24%), followed by ChAdOx1 (median: 47%) and BNT162b2 (median: 51%) after the first dose (T1), with the respective seroconversion rates of 45%, 67%, and 71%. All vaccinated groups showed a significant increase in the percentage of NAb shortly after the second dose (T2), with 67% for CoronaVac, 89% for ChAdOx1, and 93% for BNT162b2. The second dose was crucial (T2), also evidenced by the high seroconversion rates 48 days after vaccination with CoronaVac (92%; 24 out of 26 individuals), 43 days after vaccination with ChAdOx1 (97%; 91 out of 94 individuals), and 42 days after vaccination with BNT162b2 (100%; 29 out of 29 individuals). Antibody persistence was assessed at T3 (90 to 365 days after the second dose). Individuals vaccinated with CoronaVac showed a significant decline in neutralizing capacity in T3 compared to T2, approximately 179 days after the second dose, with an average of 24% of NAb and 27 out of 65 individuals considered positive for seroconversion. ChAdOx1 and BNT162b2 groups showed a slight decline in NAb levels, with an average of 129 and 127 days after the second dose of each, although no statistically significant difference was observed comparing T2 and T3. Both groups maintained high seroconversion rates of 88% (112 out of 127 individuals) and 100% (25 out of 25 individuals), respectively (
Figure 1B
).


Longitudinal analysis of ChAdOx1 and CoronaVac vaccinees showed an initial increase in NAb levels shortly after the second dose (T2) followed by a decline long after the second dose (T3). However, BNT162b2 consistently maintained high and uniform NAb levels (
Figure 1C
). Comparative analysis of NAb levels shortly (T2) and long (T3) after the second dose demonstrated significant differences between vaccine strategies, with BNT162b2 showing a more homogeneous and higher NAb response compared to the other two. Notably, the standard two-dose CoronaVac regimen consistently induced lower percentages of NAb than ChAdOx1 and BNT162b2 at the two time points evaluated (T2 and T3) (
Figure 1D
). Our findings indicate that the standard two-dose regimen induces varying NAb responses against the original SARS-CoV-2 virus. CoronaVac elicited lower and less durable NAb, while ChAdOx1 produced a robust but also less durable response. In contrast, BNT162b2 generated a significantly stronger NAb response, characterized by higher levels, greater persistence, and overall robustness.


To validate the use of the cPass SARS-CoV-2 Neutralization Antibody ELISA kit with our cohort, we performed the gold standard plaque reduction neutralization titer assay (PRNT50) using plasma samples previously characterized as low, medium, and high neutralizing. A significant correlation was observed between the two assays, with a Spearman’s rank correlation coefficient of r = 0.74 (p< 0.0001) (
Supplementary Figure S1A
). Individually, the correlations were as follows: r = 0.72 (p< 0.0001) for CoronaVac (
Supplementary Figure S1B
), r = 0.73 (p< 0.0001) for ChAdOx1 (
Supplementary Figure S1C
), and r = 0.69 (p< 0.0001) for BNT162B2 (
Supplementary Figure S1D
).






3.3 Previous infection with SARS-CoV-2 impacts the vaccine-induced NAb response after CoronaVac, ChAdOx1, and BNT162b2 vaccination


To assess the impact of previous SARS-CoV-2 infection on the vaccine-induced NAb response, we considered self-reported information from volunteers up to 6 months before the sample collection and/or detection of seropositivity for the viral N protein.


Previous SARS-CoV-2 infection significantly increased NAb levels against the original SARS-CoV-2 strain (Wuhan isolate) after the first dose (T1) in all vaccinated groups (
Figure 2
). In the CoronaVac and ChAdOx1 groups, individuals with previous infection exhibited higher average NAb levels shortly after the second dose (T2) and, more notably, at a later time point (T3), when these differences were statistically significant for both vaccines (
Figures 2A, B
). In contrast, individuals vaccinated with BNT162b2, regardless of having a previous SARS-CoV-2 infection, achieved high levels of NAb shortly and long after the second dose (T2 and T3), approaching the assay’s limit of detection (
Figure 2C
). Because of the limited number of samples at certain time points in the vaccinated and infected groups, we combined the results from the three vaccinated groups (CoronaVac, ChAdOx1, and BNT162b2) and assessed the impact of prior infection, irrespective of the vaccination regimen. The average NAb values were higher in the group with prior SARS-CoV-2 exposure, both after the first dose (T1) and long-term follow-up after the second dose (T3) (
Figure 2D
).
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Figure 2 | 
SARS-CoV-2 NAb in individuals vaccinated with CoronaVac, ChAdOx1, or BNT162b2, with and without previous SARS-CoV-2 infection. Percentage (%) of NAb in individuals vaccinated with the standard two-dose regimen with CoronaVac (A), ChAdOx1 (B), BNT162b2 (C), and all vaccines together (D). Specific NAb percentages were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate). Previous SARS-CoV-2 infection was determined by self-reported positive results from PCR and/or rapid tests, as well as specific seroconversion to the viral nucleocapsid protein. The dashed line at 30% indicates the test positivity threshold. Red arrows represent vaccine doses. The bars indicate the median and IQR. Non-parametric Mann–Whitney test was used for statistical analyses. *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001. Sample sizes: T1—CoronaVac (n = 19/3), ChAdOx1 (n = 121/20), and BNT162b2 (n = 30/4); T2—CoronaVac (n = 16/10), ChAdOx1 (n = 76/18), and BNT162b2 (n = 23/6); T3—CoronaVac (n = 49/16), ChAdOx1 (n = 109/18), and BNT162b2 (n = 20/5); values indicate number of vaccine-only/vaccine + infection participants.




These results indicate that prior infection with SARS-CoV-2 enhanced the specific NAb induced by two-dose vaccinations with CoronaVac and ChAdOx1, including the durability of these neutralizing responses. However, this prior infection had a minimal impact on the BNT162b2 regimen.






3.4 Dynamic comparison of NAb induced by CoronaVac, ChAdOx1, or BNT162b2 vaccination and their respective booster doses in individuals with and without previous SARS-CoV-2 infection


As the COVID-19 pandemic evolved with the emergence of new variants, booster vaccine dose regimens were implemented. To better quantify high-level NAb responses that may exceed the limits of percentage-based measurements following booster doses, we expressed NAb levels in international units per milliliter (IU/mL), calculated by using a commercially SARS-CoV-2 NAb standard curve. Samples were collected at various time points following the recommended vaccination schedule: after the first dose (T1), 15 to 75 days after the second dose (T2), 90 to 365 days after the second dose (T3), 15 to 75 days after the third dose (T4), 90 to 365 days after the third dose (T5), 15 to 75 days after the fourth dose (T6), and 90 to 365 days after the fourth dose (T7). The total number of volunteers per group and the average time intervals for each time point are summarized in 
Figure 3A
. In Brazil, heterologous booster doses (using a different vaccine platform than the initial regimen) were prioritized. Moreover, CoronaVac was less commonly used for boosters. Most booster doses for ChAdOx1 recipients were BNT162b2, and contrariwise. For the CoronaVac group, both ChAdOx1 and BNT162b2 were administered as boosters.
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Figure 3 | 
SARS-CoV-2 NAb response induced by two homologous doses of CoronaVac, ChAdOx1, and BNT162b2 vaccination followed by booster doses. (A) Timeline of sample collection of vaccinated volunteers who received the first standard two-dose vaccine regimen with CoronaVac, ChAdOx1, or BNT162b2 vaccines followed by the booster doses. Plasma samples were collected at the following time points: T1—15 to 86 days after the first dose; T2—15 to 75 days after the second dose; T3—90 to 365 days after the second dose. The average time for T1 varied according to the recommended schedule for each vaccine, being shorter for CoronaVac (average of 23 days) and longer for ChAdOx1 (average of 71 days) or BNT162b2 (average of 66 days). The number of volunteers per group and the average time of collection ± standard deviation are detailed. (B) Concentration (IU/mL) of NAb against the original SARS-CoV-2 strain (Wuhan isolate) in volunteers who received the initial vaccine regimen of CoronaVac, ChAdOx1, or BNT162b2, followed by one or two booster doses of any of these vaccines. (C) Longitudinal follow-up of the NAb concentration (IU/mL) for participants with two or more consecutive sample collections from T1 to T7. Medians for each time point were connected by a bold line to better represent the results. (D) Concentration (IU/mL) of NAb against the original SARS-CoV-2 strain (Wuhan isolate) in vaccinees at long-term time points (T3, T5, and T7). Concentrations (IU/mL) of NAb were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate) and a standard monoclonal antibody curve (GenScript). (E) Concentration of NAb in vaccinated individuals (CoronaVac, ChAdOx1, and BNT162b2) followed by booster doses with or without previous SARS-CoV-2 infection. (B–D) The bars indicate the median and IQR. Red arrows indicate vaccine doses. (B, D) Non-parametric Kruskal–Wallis test was used for statistical analyses. *p< 0.05, ***p< 0.001. (E) Non-parametric Mann–Whitney test was used for statistical analyses. **p< 0.01. Sample sizes of (C)—CoronaVac: T1 (n = 20), T2 (n = 23), T3 (n = 15), T4 (n = 8), T5 (n = 6), T6 (n = 3), and T7 (n = 3); ChAdOx1: T1 (n = 70), T2 (n = 75), T3 (n = 70), T4 (n = 56), T5 (n = 54), T6 (n = 25), and T7 (n = 23); BNT162b2: T1 (n = 14), T2 (n = 19), T3 (n = 29), T4 (n = 20), T5 (n = 10), T6 (n = 4), and T7 (n = 2). Sample sizes of (E)—Vaccine only: T4 (n = 73), T5 (n = 76), T6 (n = 19), and T7 (n = 31); Vaccine + infection: T4 (n = 39), T5 (n = 73), T6 (n = 12), and T7 (n = 51). Samples sizes of (B, D) are detailed in (A).




The first booster dose (third vaccine dose) was crucial in increasing NAb levels shortly after that dose, particularly in individuals who received CoronaVac (479.7-fold increase) or ChAdOx1 (14.1-fold increase) as the initial vaccine regimen, where T4 was statistically higher than T3. Although not statistically significant in the BNT162b2 group, NAb levels showed a 4.4-fold increase shortly after the first booster dose (third vaccine dose) between T3 and T4. The short-term impact of the second booster dose (fourth vaccine dose) seems less prominent regarding the NAb response against the original virus, as there was no significant statistical increase in values observed at T6 (shortly after the fourth dose) compared to the values observed both shortly and long after the third dose (T3 and T4, respectively) (
Figure 3B
). Longitudinal analysis of vaccinees showed a similar pattern of responses, with a prominent increase in NAb levels shortly after the first booster dose, especially for CoronaVac and ChAdOx1, followed by high and uniform NAb levels (
Figure 3C
).


The long-term persistence of NAb following vaccination is evident in the extended collection times, ranging from 90 to 365 days after each dose: T3 (after the second dose), T5 (after the third dose), and T7 (after the fourth dose) (
Figure 3D
). Comparatively, we observe much lower NAb levels long after the second dose (T3) compared to long after the third dose (T5) in the CoronaVac and ChAdOx1 vaccinees, underscoring the importance of the first booster dose in enhancing the durability of NAb responses against SARS-CoV-2 regarding these vaccines. In the CoronaVac group, NAb levels were approximately 386.1-fold lower in T3 (average of 179 days after the second dose) compared to T5 (average of 178 days after the third dose). However, the fourth dose resulted in a non-significant small decrease comparing NAb in T5 (average of 178 days after the third dose T5) and T7 (average of 249 days after the fourth dose). Regarding the ChAdOx1 vaccine, NAb levels were statistically 7.3-fold lower in T3 (average of 128 days after the second dose) compared to T5 (average of 167 days after the third dose), with a less pronounced increase (1.3-fold) in T7 (average of 206 days after the fourth dose) compared to T5. In contrast, individuals who initially received the BNT162b2 regimen maintained consistently high and long-lasting NAb levels, with no significant difference observed between T3 (average of 127 days after the second dose), T5 (average of194 days after the third dose), and T7 (average of 200 days after the fourth dose) (
Figure 3D
).


We assessed the influence of sex and age on the NAb response. Owing to the limited number of individuals in some subgroups, we combined all vaccinated individuals at different time points and also separated them by the first vaccine regimens (the first two homologous doses) (
Supplementary Figure S2
). The influence of sex was only evident shortly after the second booster dose (T6), where male individuals had higher NAb levels than female individuals (
Supplementary Figure S2A
). Regarding age, we observed that individuals aged 60 years or older had lower NAb levels only at the longest time point after vaccination (T3), but this difference was not seen in either shortly (T4 and T6) or long (T5 and T7) after booster doses (
Supplementary Figure S2A
).


To assess the influence of prior SARS-CoV-2 infection on NAb dynamics after booster doses, we analyzed data from all vaccinated individuals together (CoronaVac, ChAdOx1, and BNT162b2). While no significant impact of prior infection was observed in the shorter follow-up times after the third (T4) and fourth (T6) vaccine doses, we found statistically higher NAb levels in vaccinated individuals and individuals previously infected with SARS-CoV-2 at the longer time points (T5 and T7) (
Figure 3E
). This suggests that prior infection mainly affects the durability of NAb responses rather than their magnitude.


Taken together, these results highlight the importance of booster doses in enhancing the antibody response to the original SARS-CoV-2 strain. The first booster played a significant role in increasing the NAb levels both shortly and long after vaccination, while the second booster was slightly more relevant in promoting greater durability of these antibodies (Abs), which was also correlated with the impact of prior SARS-CoV-2 infection.






3.5 Cross-reactivity of NAb response induced by CoronaVac, ChAdOx1, or BNT162b2 vaccination directed to Gamma, Delta, and Omicron variants


A major difficulty in COVID-19 vaccination is promoting a robust and durable cross-protective immune response against emerging SARS-CoV-2 VOCs leading to ongoing infection waves and prolonging the pandemic. To assess antibody cross-reactivity, we examined their neutralization capacity against Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) VOCs.


A standard vaccination regimen with two homologous doses of CoronaVac, ChAdOx1, or BNT162b2 showed a greater capacity to neutralize the original SARS-CoV-2 strain compared to the Gamma, Delta, and Omicron variants shortly after vaccination (T2) (
Figure 4
). The NAb median response against the Gamma and Delta variants was above the positive threshold for all three vaccines, though it remained lower compared to the original strain. For Gamma, the NAb percentages were approximately 47.9% for CoronaVac, 41.9% for ChAdOx1, and 82.9% for BNT162b2 groups. Against Delta, the averages were 55.9%, 45.6%, and 81.4%, respectively. However, none of the regimens demonstrated effective neutralization against the highly mutated Omicron variant, which exhibited the lowest average NAb levels (CoronaVac: 12.8%, ChAdOx1: 2.6%, and BNT162b2: 16.3%) and the largest reduction ratio relative to the original strain (CoronaVac: 5.3-fold, ChAdOx1: 29.9-fold, and BNT162b2: 5.6-fold). Comparatively, CoronaVac and BNT162b2 groups showed the lowest rates of antibody reduction against VOCs, while the ChAdOx1 vaccinees exhibited the highest reduction (
Figure 4
).
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Figure 4 | 
Neutralizing antibody response to SARS-CoV-2 Gamma, Delta, and Omicron variants induced by two homologous doses of CoronaVac, ChAdOx1, and BNT162B2 vaccination. Percentage (%) of NAb in individuals shortly after vaccination with CoronaVac, ChAdOx1, or BNT162b2, against the original virus RBD or its VOCs Gamma, Delta, and Omicron. The bars represent the median and IQR. Different plasma dilutions were used for samples of each vaccination regimens: CoronaVac, 10-fold; AstraZeneca, 50-fold; Pfizer, 100-fold. The dashed line at 30% represents the positivity detection threshold of the test. Values above the bars represent the average ratios between the NAb percentage against the original virus RBD and against the RBDs of the Gamma, Delta, and Alpha VOCs. The Kruskal–Wallis non-parametric test was used for statistical analysis. ***p< 0.001. Sample sizes—CoronaVac (n = 24), ChAdOx1 (n = 94), and BNT162b2 (n = 29).




Given the widespread prevalence of Omicron since late 2021, the cross-reactivity of Ab induced by booster doses was evaluated exclusively against this variant shortly after vaccination. Statistically, all vaccine regimens showed lower levels of NAb against Omicron compared to the original strain, both after the second (T2) and third doses (T4). While a reduction in NAb levels was observed after the fourth dose, it was statistically significant only in the ChAdOx1 group (
Figure 5A
). Over time (T2 to T6), NAb levels showed a tendency to increase. To investigate whether this rise was driven solely by the booster doses or also by natural infections with ongoing Omicron waves, samples from all vaccine groups were analyzed, distinguishing between vaccination alone and vaccination with SARS-CoV-2 infection before collection. A clear increase in NAb levels against both the original strain and Omicron was observed after booster doses compared to the initial response from the homologous vaccine regimen (
Figure 5B
). Antibody levels against Omicron were higher in individuals who had both been vaccinated and infected with SARS-CoV-2, with statistically significant differences at T2 and T4 (
Figure 5C
). After the second dose of the homologous regimen (T2), SARS-CoV-2 infection increased the Omicron NAb response, even though the Omicron variant was not circulating when these samples were collected. This increase was more evident after the third (T4) dose, with NAb levels rising from 76% to 87.2% (
Figure 5C
).


[image: Bar graphs showing inhibition percentages against Wuhan and Omicron variants. (A) Compares CoronaVac, ChAdOx1, and BNT162b2 at time points T2, T4, and T6. (B) Omicron response with vaccine and vaccine plus infection. (C) Omicron response at T2, T4, T6 for vaccine versus vaccine plus infection. Statistical significance indicated by asterisks.]
Figure 5 | 
Neutralizing antibodies against the original virus and the Omicron VOC in individuals vaccinated with CoronaVac, ChAdOx1, or BNT162b2 followed by booster doses, with and without previous SARS-COV-2 infection. (A) Percentage (%) of NAb against the original SARS-CoV-2 virus and Omicron variant at the different time points. (B, C) Percentage (%) of NAb against the Omicron variant in vaccinated individuals with and without previous virus infection. Plasma samples were collected at the following time points: T2—15 to 75 days after the second dose; T4—15 to 75 days after the third dose; T6—15 to 75 days after the fourth dose. Specific NAb percentages were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate) or Omicron (B.1.529.1). Previous SARS-CoV-2 infection was determined by self-reported positive results from PCR and/or rapid tests, as well as specific seroconversion to the viral nucleocapsid protein. The bars represent the median and IQR. Red arrows indicate vaccine doses. Non-parametric Mann–Whitney test was used for statistical analyses. **p< 0.01; ***p< 0.001; **** p< 0.0001. Sample size of (A)—CoronaVac: T2 (n = 24), T4 (n = 25), and T6 (n = 4); ChAdOx1: T2 (n = 94), T4 (n = 73), and T6 (n = 22); BNT162b2: T2 (n = 29), T4 (n = 14), and T6 (n = 3). Sample size of (B, C)—Vaccine only: T2 (n = 113), T4 (n = 73), and T6 (n = 18); Vaccine + infection: T2 (n = 34), T4 (n = 39), and T6 (n = 11).









4 Discussion


The unprecedented development of COVID-19 vaccines has been crucial in combating the pandemic. The ongoing accumulation of population-based vaccination data provides valuable insights to understand how to optimize vaccine use in the future. Although not exclusively, the development of COVID-19 vaccines prioritized inducing a NAb response, primarily targeting the highly antigenic S protein, which is crucial for viral entry. Several studies with individuals vaccinated against COVID-19 demonstrate a positive correlation between high levels of NAb and vaccine protective efficacy (17–19). In Brazil, the population was primarily vaccinated with three COVID-19 vaccines: CoronaVac (inactivated virus), ChAdOx1 (viral vector), and BNT162b2 (mRNA). Since different vaccine platforms can induce varying immune responses, this study aimed to evaluate the magnitude and durability of NAb up to 365 days after the vaccination following booster doses and its ability to neutralize viral variants.


While PRNT50 is the gold standard for measuring NAb against SARS-CoV-2 (20) and other viruses, its complexity limits its use (costly, time-consuming, and the need for a BSL3 facility). As an alternative, this study used a commercially available Food and Drug Administration (FDA)-approved immunoenzymatic assay (cPass Neutralizing Antibody kit) that measures ACE2-RBD binding inhibition as a surrogate for NAb levels (13, 21). Previous studies correlate well such an assay with PRNT results (22–26), which was also seen here with a subset of our vaccinated cohort.


Our initial data show that the two-dose homologous regimen of the BNT162b2 vaccine generated higher and long-lasting NAb levels against SARS-CoV-2, followed by ChAdOx1 and finally CoronaVac. Direct comparisons of our findings with the literature are challenging, as COVID-19 vaccination worldwide involved not only these vaccines but also several others, administered in varying orders and schedules. Similar results were seen comparing these three different vaccine platforms (27, 28). Healthcare workers vaccinated with mRNA vaccines (mRNA-1273 and BNT162b2) exhibited significantly higher NAb titers after the first dose, and these levels remained elevated 6 months after the second dose, compared to those vaccinated with ChAdOx1 or Sinopharm (28). Similar patterns have been reported in Mexico (29), Thailand (30), Chile (31), Indonesia (32), and Brazil (33, 34), where studies consistently showed that BNT162b2 induced superior NAb responses compared to other vaccine platforms. Other studies have shown that vaccine-induced SARS-CoV-2 NAb tends to decrease over time (8–10, 35), affecting the long-lasting protective immunity against this virus. One multicentric study conducted in Brazil and Mexico has shown that BNT162b2 offers a more sustained SARS-CoV-2 Spike IgG response in a 6-month follow up (36). Our results, in addition to others (36–38), revealed that CoronaVac induced lower and less durable levels of NAbs than BNT162b2 and ChAdOx1, indicating that the platform of the inactivated virus is less effective. Furthermore, the immunogenic epitopes of the spike protein may undergo structural changes during the virus inactivation process, potentially affecting and reducing its immunogenicity (39). However, it is important to note that the CoronaVac and its platform was of extreme importance at the beginning of the pandemic in Brazil, by inducing protection against severe COVID-19 and deaths, being applied to health workers and the elderly (40), as well as in other countries around the world (4–6). The mRNA vaccines, in turn, mimic natural infection, leading to high-affinity antibody production and prolonged antigen protein production, which sustained the immune response (41).


Initially, vaccines were administered in a single vaccination schedule with two homologous doses, followed by booster doses in response to the observed decline in antibody neutralization over time and the ongoing evolution of viral variants capable of evading vaccine-induced immunity. In Brazil, boosters were primarily BNT162b2 for the CoronaVac and ChAdOx1 groups, and mainly ChAdOx1 for the BNT162b2 group. The first booster dose (third vaccination) significantly strengthened and sustained the NAb response over time, especially for CoronaVac and ChAdOx1 initial regimens. Booster doses of COVID-19 vaccines, particularly with heterologous regimens, have been shown to enhance antibody responses, including against emerging variants responsible for new infection waves (42–45). According to our findings, the mRNA vaccines (BNT162b2 and mRNA-1273) have been especially effective in reinforcing immunity initially induced by inactivated or viral vector vaccines (46–48). Studies from Brazil (49), Chile (50), and Thailand (51) show a robust increase in vaccine-induced NAb response when the BNT162b2 vaccine was administered as booster for individuals initially vaccinated with CoronaVac. These findings are important for designing future vaccine guidelines in low- and middle-income countries that relied on CoronaVac for their vaccination campaigns.


Several factors can alter the production and durability of NAb generated by COVID-19 vaccines, such as age, sex, and previous infections (52). In general, vaccines have lower efficacy in older individuals due to age-related immunosenescence (53, 54). However, our results showed similar immunogenicity regardless of age, in accordance with other vaccination studies (55, 56). Elderly individuals showed lower NAb levels in long-term follow-up after the initial vaccination regimen, suggesting an age-related impact in sustaining the vaccine’s immunogenicity, but this difference was no longer apparent after booster doses. A single difference emerged after the booster dose, with men demonstrating higher NAb titers. This sex-specific difference, though not widely observed, has been reported previously (57) and may be related to factors not investigated here such as hormonal factors, genetic variations, or testosterone’s impact on immune response activation (58).


The challenge of evaluating COVID-19 vaccine immunogenicity is that vaccination has occurred alongside waves of breakthrough infections likely caused by VOCs with high capacity to evade vaccine-induced immunity (59). Therefore, assessing the NAb response against these VOCs and the impact of natural infection on vaccine immunity is essential. Our findings demonstrate that regardless of the initial vaccine (CoronaVac, ChAdOx1, or BNT162b2), the Gamma, Delta, and especially Omicron variants showed reduction in NAb recognition. The reduced recognition of NAb against SARS-CoV-2 VOCs has been demonstrated for all vaccines, highlighting mutations mainly in the RBD as potent mediators of immune escape from the vaccine response (60–62). Even with NAb evasion, individuals infected with Omicron, which presents substantial differences compared to the original virus (63), typically experience mild disease (64), suggesting the involvement of other immune mechanisms, such as the T-cell response, in disease control and modulation.


One of the major benefits of administering booster doses against COVID-19 was the increase in protection against SARS-CoV-2 VOCs (65, 66). We observed an increase in NAb against Omicron booster doses, which may be associated with the stimulation of the immune system following antigen re-exposure, either from natural infection or from an additional vaccine booster dose. We showed that individuals previously infected with SARS-CoV-2 exhibited higher NAb levels after COVID-19 vaccination and that this prior infection had a significant impact on the long-term sustainability of the antibody response after booster doses, according to other studies (29, 31, 33, 67–69). Our data support that not only the effect of booster doses was responsible for increasing vaccine-induced immunity against the Omicron VOC, but also natural breakthrough infections occurring concomitantly with the immunization period, even when another VOC was circulating. These findings align with previous studies showing higher NAb production, including an enhanced ability to recognize VOCs (70, 71), probably due to an amplification of vaccine-induced memory immune response either by hybrid immunity from natural infection or by booster vaccination. In line with our findings where the majority of vaccinees received BNT162b2 as a heterologous booster dose, the use of mRNA vaccines has been of important value in strengthening immunity against SARS-CoV-2 VOCs (72–74).


This study has limitations. First, sample sizes were uneven across time points and participant subgroups, with relatively fewer elderly individuals and a higher proportion of women than men. Similarly, the representation of previously infected individuals varied across time points. Sample size for stratification based on the different vaccines used for booster doses (ChAdOx1 or BNT162b2) was also insufficient to clearly determine whether the results observed were associated with the vaccine platforms or even the impact of homologous boosters. Second, we were unable to follow all participants longitudinally, which constrained our ability to assess individual-level antibody dynamics over time. Third, we did not assess comorbidities, medication use, or other medical factors, as this information was not available for all volunteers, preventing us from establishing their potential impact on the NAb vaccine-induced response. Finally, the study focused exclusively on humoral immune responses, without evaluating cellular immunity, which plays a crucial role in vaccine-induced protection and long-term immune memory. Our population-based data indicate that the two-dose mRNA BNT162b2 vaccine generated stronger and more durable NAb responses compared with inactivated and vector-based vaccines. The booster doses, particularly the third vaccination, were essential, especially for CoronaVac and ChAdOx1, significantly increasing NAb levels, including against VOCs like Omicron, which was previously undetectable. This enhanced response was attributed to booster doses and/or natural infection. The mRNA platform proved more effective in generating a stronger and more durable NAb response and played a highly effective role as a booster vaccine.









Data availability statement


The data of this study can be provided but not the confidential information about the participants. Requests to access the datasets should be directed to ada@ioc.fiocruz.br.







Ethics statement


The studies involving humans were approved by Ethics Committee of Oswaldo Cruz Institute (CEP-IOC) - Fiocruz (license numbers: CAAE 51345021.5.1001.5248 and CAAE 56246022.1.0000.5248) and of Federal University of Rio de Janeiro (license number: 35.303.120.5.0000.5257). 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


BC: Data curation, Formal Analysis, Investigation, Methodology, Validation, Writing – original draft. PP: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft. ARP: Data curation, Investigation, Methodology, Writing – original draft. AL: Data curation, Investigation, Methodology, Writing – original draft. ASGP: Data curation, Methodology, Writing – original draft, Investigation. AN: Data curation, Investigation, Methodology, Writing – original draft. TRM: Data curation, Investigation, Methodology, Writing – original draft. APA: Data curation, Investigation, Methodology, Writing – original draft. TLM: Investigation, Methodology, Writing – original draft. LF-S: Investigation, Methodology, Writing – original draft, Data curation. AD: Investigation, Writing – original draft, Resources. IH: Investigation, Writing – original draft, Methodology. ASA: Investigation, Methodology, Writing – original draft. SC: Investigation, Methodology, Writing – original draft, Conceptualization, Data curation, Formal Analysis, Validation. AMBA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Funding acquisition, Project administration, Resources, Supervision, Visualization, Writing – review & editing.







Funding


The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the Brazilian National Research Council (CNPq) (grants numbers: 302639/2022-5; 312650/2021-3), the Carlos Chagas Filho Foundation for Research Support of the State of Rio de Janeiro (FAPERJ) (grants numbers: E-26-210.244/2020; E-26/210.784/2021; E-26/211.134/2021; E-26/210.090/2023; E-26/211.128/2021; E-26/204.287/2024), the Oswaldo Cruz Institute and Oswaldo Cruz Foundation, Inova Program (grant number: 135951354149900), the National Institute of Science and Technology in Vaccines (INCTV) (grant number: 573547/2013), the Coordination of Improvement of Higher Education Personnel (CAPES) (grant number: 88887.694977/2022-00).






Acknowledgments


We would like to thank all the volunteers who agreed to participate in this study. Without them, we could not perform such a study. We also acknowledge Dr. Luzia M. O. Pinto (Viral Immunology Laboratory, IOC, Fiocruz – RJ, Brazil) for providing pre-pandemic, non-SARS-CoV-2 exposed samples.







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.


The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.







Generative AI statement


The author(s) declare that no Generative AI was used in the creation of this manuscript.







Supplementary material


The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1603612/full#supplementary-material










References

	

 Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, et al. Development of an inactivated vaccine candidate for SARS-CoV-2. Science. (2020) 369:77–81. doi: 10.1126/science.abc1932, PMID: 32376603





	

 Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Rammerstorfer S, et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind, randomised controlled trial. Lancet. (2020) 396:467–78. doi: 10.1016/S0140-6736(20)31604-4, PMID: 32702298





	

 Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. N Engl J Med. (2020) 383:2603–15. doi: 10.1056/NEJMoa2034577, PMID: 33301246





	

 Palacios R, Patiño EG, de Oliveira Piorelli R, Conde MTRP, Batista AP, Zeng G, et al. Double-Blind, Randomized, Placebo-Controlled Phase III Clinical Trial to Evaluate the Efficacy and Safety of treating Healthcare Professionals with the Adsorbed COVID-19 (Inactivated) Vaccine Manufactured by Sinovac - PROFISCOV: A structured summary of a study protocol for a randomised controlled trial. Trials. (2020) 21:853. doi: 10.1186/s13063-020-04775-4, PMID: 33059771





	

 Fadlyana E, Rusmil K, Tarigan R, Rahmadi AR, Prodjosoewojo S, Sofiatin Y, et al. A phase III, observer-blind, randomized, placebo-controlled study of the efficacy, safety, and immunogenicity of SARS-CoV-2 inactivated vaccine in healthy adults aged 18–59 years: An interim analysis in Indonesia. Vaccine. (2021) 39:6520–8. doi: 10.1016/j.vaccine.2021.09.052, PMID: 34620531





	

 Tanriover MD, Doğanay HL, Akova M, Güner HR, Azap A, Akhan S, et al. Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): interim results of a double-blind, randomised, placebo-controlled, phase 3 trial in Turkey. Lancet. (2021) 398:213–22. doi: 10.1016/S0140-6736(21)01429-X, PMID: 34246358





	

 Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet. (2021) 397:99–111. doi: 10.1016/S0140-6736(20)32661-1, PMID: 33306989





	

 Fonseca MHG, de Souza T de FG, de Carvalho Araújo FM, de Andrade LOM. Dynamics of antibody response to CoronaVac vaccine. J Med Virol. (2022) 94:2139–48. doi: 10.1002/jmv.27604, PMID: 35060174





	

 Mishra SK, Pradhan SK, Pati S, Sahu S, Nanda RK. Waning of anti-spike antibodies in AZD1222 (ChAdOx1) vaccinated healthcare providers: A prospective longitudinal study. Cureus. (2021) 13:e19879. doi: 10.7759/cureus.19879, PMID: 34976499





	

 Naaber P, Tserel L, Kangro K, Sepp E, Jürjenson V, Adamson A, et al. Dynamics of antibody response to BNT162b2 vaccine after six months: a longitudinal prospective study. Lancet Reg Health Eur. (2021) 10:100208. doi: 10.1016/j.lanepe.2021.100208, PMID: 34514454





	

 Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N, Araos R, Goldberg Y, et al. Duration of effectiveness of vaccines against SARS-CoV-2 infection and COVID-19 disease: results of a systematic review and meta-regression. Lancet. (2022) 399:924–44. doi: 10.1016/S0140-6736(22)00152-0, PMID: 35202601





	

 SChad F, Thronicke A. Real-world evidence—Current developments and perspectives. Int J Environ Res Public Health. (2022) 19:10159. doi: 10.3390/ijerph191610159, PMID: 36011793





	

 Food and Drug Administration (FDA)
. Guidance for Industry: cPass SARS-CoV-2 Neutralization Antibody Detection Kit . Available online at: https://www.fda.gov/media/143584/download (Accessed December 16, 2021).




	

 Jung J, Rajapakshe D, Julien C, Devaraj S. Analytical and clinical performance of cPass neutralizing antibodies assay. Clin Biochem. (2021) 98:70–3. doi: 10.1016/j.clinbiochem.2021.09.008, PMID: 34560062





	

 Horbach IS, de Souza Azevedo A, Schwarcz WD, Alves NDS, de Moura Dias B, Setatino BP, et al. Plaque reduction neutralization test (PRNT) accuracy in evaluating humoral immune response to SARS-coV-2. Diseases. (2024) 12:29. doi: 10.3390/diseases12010029, PMID: 38248380





	

 Fernandes-Siqueira LO, Ferreira FAP, Sousa BG, Mebus-Antunes NC, Neves-Martins TC, Almeida FCL, et al. On the caveats of a multiplex test for SARS-CoV-2 to detect seroconversion after infection or vaccination. Sci Rep. (2022) 12:10366. doi: 10.1038/s41598-022-14294-8, PMID: 35725758





	

 Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med. (2021) 27:1205–11. doi: 10.1038/s41591-021-01377-8, PMID: 34002089





	

 Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neutralising antibody titres as predictors of protection against SARS-CoV-2 variants and the impact of boosting: a meta-analysis. Lancet Microbe. (2022) 3:e52–61. doi: 10.1016/S2666-5247(21)00267-6, PMID: 34806056





	

 Carpp LN, Hyrien O, Fong Y, Benkeser D, Roels S, Stieh DJ, et al. Neutralizing antibody correlate of protection against severe-critical COVID-19 in the ENSEMBLE single-dose Ad26.COV2.S vaccine efficacy trial. Nat Commun. (2024) 15:9785. doi: 10.1038/s41467-024-53727-y, PMID: 39532861





	

 Perera RA, Mok CK, Tsang OT, Lv H, Ko RL, Wu NC, et al. Serological assays for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), March 2020. Eurosurveillance. (2020) 25:2000421. doi: 10.2807/1560-7917.ES.2020.25.16.2000421, PMID: 32347204





	

 GenScript USA Inc
. Nanjing GenScript Diagnostics Technology Co., Ltd. cPass SARS-CoV-2 Neutralization Antibody Detection Kit - Instructions for Use. (2022). Available at: https://www.genscript.com/gsfiles/techfiles/GS%2dSOP%2dCPTS001G%2d05_L00847%2dC.pdf





	

 Taylor SC, Hurst B, Martiszus I, Hausman MS, Sarwat S, Schapiro JM, et al. Semi-quantitative, high throughput analysis of SARS-CoV-2 neutralizing antibodies: Measuring the level and duration of immune response antibodies post infection/vaccination. Vaccine. (2021) 39:5688–98. doi: 10.1016/j.vaccine.2021.07.098, PMID: 34426026





	

 Zhu F, Althaus T, Tan CW, Costantini A, Chia WN, Van Vinh Chau N, et al. WHO international standard for SARS-CoV-2 antibodies to determine markers of protection. Lancet Microbe. (2022) 3:e81–2. doi: 10.1016/S2666-5247(21)00307-4, PMID: 34901897





	

 Graninger M, Jani CM, Reuberger E, Prüger K, Gaspar P, Springer DN, et al. Comprehensive comparison of seven SARS-coV-2-specific surrogate virus neutralization and anti-spike igG antibody assays using a live-virus neutralization assay as a reference. Microbiol Spectr. (2023) 11:e0231422. doi: 10.1128/spectrum.02314-2, PMID: 36622205





	

 Tan CW, Chia WN, Qin X, Liu P, Chen MI-C, Tiu C, et al. A SARS-CoV-2 surrogate virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-protein interaction. Nat Biotechnol. (2020) 38:1073–8. doi: 10.1038/s41587-020-0631-z, PMID: 32704169





	

 Valcourt EJ, Manguiat K, Robinson A, Chen JC-Y, Dimitrova K, Philipson C, et al. Evaluation of a commercially-available surrogate virus neutralization test for severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Diagn Microbiol Infect Dis. (2021) 99:115294. doi: 10.1016/j.diagmicrobio.2020.115294, PMID: 33387896





	

 Adjobimey T, Meyer J, Sollberg L, Bawolt M, Berens C, Kovačević P, et al. Comparison of igA, igG, and neutralizing antibody responses following immunization with moderna, bioNTech, astraZeneca, sputnik-V, johnson and johnson, and sinopharm’s COVID-19 vaccines. Front Immunol. (2022) 13:917905. doi: 10.3389/fimmu.2022.917905, PMID: 35799790





	

 Maher S, Assaly NME, Aly DM, Atta S, Fteah AM, Badawi H, et al. Comparative study of neutralizing antibodies titers in response to different types of COVID-19 vaccines among a group of Egyptian healthcare workers. Virol J. (2024) 21:277. doi: 10.1186/s12985-024-02546-0, PMID: 39501293





	

 Morales-Núñez JJ, Muñoz-Valle JF, MaChado-Sulbarán AC, Díaz-Pérez SA, Torres-Hernández PC, Panduro-Espinoza BV, et al. Comparison of three different COVID-19 vaccine platforms (CoronaVac, BTN162b2, and Ad5-nCoV) in individuals with and without prior COVID-19: Reactogenicity and neutralizing antibodies. Immunol Lett. (2022) 251–252:20–8. doi: 10.1016/j.imlet.2022.10.002, PMID: 36279685





	

 Sudjaritruk T, Mueangmo O, Saheng J, Winichakoon P, Salee P, Wongjak W, et al. Comparison of Immunogenicity and Reactogenicity of Five Primary Series of COVID-19 Vaccine Regimens against Circulating SARS-CoV-2 Variants of Concern among Healthy Thai Populations. Vaccines. (2023) 11:564. doi: 10.3390/vaccines11030564, PMID: 36992147





	

 Muena NA, García-Salum T, Pardo-Roa C, Avendaño MJ, Serrano EF, Levican J, et al. Induction of SARS-CoV-2 neutralizing antibodies by CoronaVac and BNT162b2 vaccines in naïve and previously infected individuals. eBioMedicine. (2022) 78:103972. doi: 10.1016/j.ebiom.2022.103972, PMID: 35366624





	

 Fadlyana E, Setiabudi D, Kartasasmita CB, Putri ND, Rezeki Hadinegoro S, Mulholland K, et al. Immunogenicity and safety in healthy adults of full dose versus half doses of COVID-19 vaccine (ChAdOx1-S or BNT162b2) or full-dose CoronaVac administered as a booster dose after priming with CoronaVac: a randomised, observer-masked, controlled trial in Indonesia. Lancet Infect Dis. (2023) 23:545–55. doi: 10.1016/S1473-3099(22)00800-3, PMID: 36640798





	

 do Nascimento TA, Nogami PY, de Oliveira CF, Neto WFF, da Silva CP, Ribeiro ACS, et al. Equal maintenance of anti-SARS-coV-2 antibody levels induced by heterologous and homologous regimens of the BNT162b2, chAdOx1, coronaVac and ad26.COV2.S vaccines: A longitudinal study up to the 4th dose of booster. Vaccines (Basel). (2024) 12:792. doi: 10.3390/vaccines12070792, PMID: 39066430





	

 Daher IP, Almeida B da S, de Souza-Silva GA, Marques RF, Soares GHC, Andreata-Santos R, et al. Neutralizing antibody responses after a two-dose regimen with BNT162b2, CoronaVac or ChAdOx1-S in Brazil: Differential neutralization of SARS-CoV-2 omicron variants. Clin Immunol. (2025) 276:110492. doi: 10.1016/j.clim.2025.110492, PMID: 40185297





	

 Levin EG, Lustig Y, Cohen C, Fluss R, Indenbaum V, Amit S, et al. Waning immune humoral response to BNT162b2 covid-19 vaccine over 6 months. New Engl J Med. (2021) 385:e84. doi: 10.1056/NEJMoa2114583, PMID: 34614326





	

 Romero-Ibarguengoitia ME, Rivera-Salinas D, Sarti R, Levi R, Mollura M, Garza-Silva A, et al. Efficacy of six different SARS-coV-2 vaccines during a six-month follow-up and five COVID-19 waves in Brazil and Mexico. Vaccines (Basel). (2023) 11:842. doi: 10.3390/vaccines11040842, PMID: 37112754





	

 Mok CKP, Cohen CA, Cheng SMS, Chen C, Kwok K, Yiu K, et al. Comparison of the immunogenicity of BNT162b2 and CoronaVac COVID-19 vaccines in Hong Kong. Respirology. (2022) 27:301–10. doi: 10.1111/resp.14191, PMID: 34820940





	

 Jantarabenjakul W, Chantasrisawad N, Puthanakit T, Wacharapluesadee S, Hirankarn N, Ruenjaiman V, et al. Short-term immune response after inactivated SARS-CoV-2 (CoronaVac®, Sinovac) and ChAdOx1 nCoV-19 (Vaxzevria®, Oxford-AstraZeneca) vaccinations in health care workers. Asian Pac J Allergy Immunol. (2022) 40:269–77. doi: 10.12932/AP-250721-1197, PMID: 34717527





	

 Kordyukova LV, Moiseenko AV, Serebryakova MV, Shuklina MA, Sergeeva MV, Lioznov DA, et al. Structural and immunoreactivity properties of the SARS-coV-2 spike protein upon the development of an inactivated vaccine. Viruses. (2023) 15:480. doi: 10.3390/v15020480, PMID: 36851694





	

 Victora PC, Castro PMC, Gurzenda S, Medeiros AC, França GVA, Barros PAJD. Estimating the early impact of vaccination against COVID-19 on deaths among elderly people in Brazil: Analyses of routinely-collected data on vaccine coverage and mortality. EClinicalMedicine. (2021) 38:101036. doi: 10.1016/j.eclinm.2021.101036, PMID: 34308302





	

 Verbeke R, Hogan MJ, Loré K, Pardi N. Innate immune mechanisms of mRNA vaccines. Immunity. (2022) 55:1993–2005. doi: 10.1016/j.immuni.2022.10.014, PMID: 36351374





	

 Flaxman A, Marchevsky NG, Jenkin D, Aboagye J, Aley PK, Angus B, et al. Reactogenicity and immunogenicity after a late second dose or a third dose of ChAdOx1 nCoV-19 in the UK: a substudy of two randomised controlled trials (COV001 and COV002). Lancet. (2021) 398:981–90. doi: 10.1016/S0140-6736(21)01699-8, PMID: 34480858





	

 Zeng G, Wu Q, Pan H, Li M, Yang J, Wang L, et al. Immunogenicity and safety of a third dose of CoronaVac, and immune persistence of a two-dose schedule, in healthy adults: interim results from two single-centre, double-blind, randomised, placebo-controlled phase 2 clinical trials. Lancet Infect Dis. (2022) 22:483–95. doi: 10.1016/S1473-3099(21)00681-2, PMID: 34890537





	

 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) 399:521–9. doi: 10.1016/S0140-6736(22)00094-0, PMID: 35074136





	

 Meeraus W, Stuurman AL, Durukal I, Conde-Sousa E, Lee A, Maria AS, et al. COVID-19 vaccine booster doses provide increased protection against COVID-19 hospitalization compared with previously vaccinated individuals: Interim findings from the REFORCO-Brazil real-world effectiveness study during Delta and Omicron. Vaccine. (2023) 41:6366–78. doi: 10.1016/j.vaccine.2023.08.085, PMID: 37704499





	

 Ranzani OT, Hitchings MDT, de Melo RL, de França GVA, Fernandes C de FR, Lind ML, et al. Effectiveness of an inactivated Covid-19 vaccine with homologous and heterologous boosters against Omicron in Brazil. Nat Commun. (2022) 13:5536. doi: 10.1038/s41467-022-33169-0, PMID: 36202800





	

 Glatman-Freedman A, Bromberg M, Hershkovitz Y, Sefty H, Kaufman Z, Dichtiar R, et al. Effectiveness of BNT162b2 vaccine booster against SARS-coV-2 infection and breakthrough complications, Israel. Emerg Infect Dis. (2022) 28:948–56. doi: 10.3201/eid2805.220141, PMID: 35361311





	

 Campos GRF, Almeida NBF, Filgueiras PS, Corsini CA, Gomes SVC, de Miranda DAP, et al. Booster dose of BNT162b2 after two doses of CoronaVac improves neutralization of SARS-CoV-2 Omicron variant. Commun Med (Lond). (2022) 2:76. doi: 10.1038/s43856-022-00141-4, PMID: 35784447





	

 Cerqueira-Silva T, Katikireddi SV, de Araujo Oliveira V, Flores-Ortiz R, Júnior JB, Paixão ES, et al. Vaccine effectiveness of heterologous CoronaVac plus BNT162b2 in Brazil. Nat Med. (2022) 28:838–43. doi: 10.1038/s41591-022-01701-w, PMID: 35140406





	

 Acevedo J, Acevedo ML, Gaete-Argel A, Araos R, Gonzalez C, Espinoza D, et al. Neutralizing antibodies induced by homologous and heterologous boosters in CoronaVac vaccines in Chile. Clin Microbiol Infect. (2023) 29:541.e1–7. doi: 10.1016/j.cmi.2022.11.017, PMID: 36436704





	

 Takheaw N, Liwsrisakun C, Laopajon W, Pata S, Chaiwong W, Inchai J, et al. Levels and durability of neutralizing antibodies against SARS-CoV-2 Omicron and other variants after ChAdOx-1 or BNT162b2 booster in CoronaVac-primed elderly individuals. Heliyon. (2023) 9:e15653. doi: 10.1016/j.heliyon.2023.e15653, PMID: 37095993





	

 Excler J-L, Saville M, Privor-Dumm L, Gilbert S, Hotez PJ, Thompson D, et al. Factors, enablers and challenges for COVID-19 vaccine development. BMJ Glob Health. (2023) 8:e011879. doi: 10.1136/bmjgh-2023-011879, PMID: 37277195





	

 Tartof SY, Slezak JM, Fischer H, Hong V, Ackerson BK, Ranasinghe ON, et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the USA: a retrospective cohort study. Lancet. (2021) 398:1407–16. doi: 10.1016/S0140-6736(21)02183-8, PMID: 34619098





	

 Ward H, Whitaker M, Flower B, Tang SN, Atchison C, Darzi A, et al. Population antibody responses following COVID-19 vaccination in 212,102 individuals. Nat Commun. (2022) 13:907. doi: 10.1038/s41467-022-28527-x, PMID: 35173150





	

 Walsh EE, Frenck RW, Falsey AR, Kitchin N, Absalon J, Gurtman A, et al. Safety and immunogenicity of two RNA-based covid-19 vaccine candidates. N Engl J Med. (2020) 383:2439–50. doi: 10.1056/NEJMoa2027906, PMID: 33053279





	

 Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti PM, Owens DR, et al. Safety and immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-boost regimen in young and old adults (COV002): a single-blind, randomised, controlled, phase 2/3 trial. Lancet. (2020) 396:1979–93. doi: 10.1016/S0140-6736(20)32466-1, PMID: 33220855





	

 Boedecker-Lips SC, Lautem A, Runkel S, Klimpke P, Kraus D, Keil P, et al. Six-month follow-up after vaccination with BNT162b2: SARS-coV-2 antigen-specific cellular and humoral immune responses in hemodialysis patients and kidney transplant recipients. Pathogens. (2022) 11:67. doi: 10.3390/pathogens11010067, PMID: 35056015





	

 Mori M, Yokoyama A, Shichida A, Sasuga K, Maekawa T, Moriyama T. Impact of sex and age on vaccine-related side effects and their progression after booster mRNA COVID-19 vaccine. Sci Rep. (2023) 13:19328. doi: 10.1038/s41598-023-46823-4, PMID: 37935801





	

 Mistry P, Barmania F, Mellet J, Peta K, Strydom A, Viljoen IM, et al. SARS-coV-2 variants, vaccines, and host immunity. Front Immunol. (2022) 12:809244. doi: 10.3389/fimmu.2021.809244, PMID: 35046961





	

 Kuzmina A, Khalaila Y, Voloshin O, Keren-Naus A, Boehm-Cohen L, Raviv Y, et al. SARS-CoV-2 spike variants exhibit differential infectivity and neutralization resistance to convalescent or post-vaccination sera. Cell Host Microbe. (2021) 29:522–528.e2. doi: 10.1016/j.chom.2021.03.008, PMID: 33789085





	

 Garcia-Beltran WF, Lam EC, St Denis K, Nitido AD, Garcia ZH, Hauser BM, et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell. (2021) 184:2372–2383.e9. doi: 10.1016/j.cell.2021.03.013, PMID: 33743213





	

 Dejnirattisai W, Huo J, Zhou D, Zahradník J, Supasa P, Liu C, et al. SARS-CoV-2 Omicron-B.1.1.529 leads to widespread escape from neutralizing antibody responses. Cell. (2022) 185:467–484.e15. doi: 10.1016/j.cell.2021.12.046, PMID: 35081335





	

 Wang Q, Iketani S, Li Z, Liu L, Guo Y, Huang Y, et al. Alarming antibody evasion properties of rising SARS-CoV-2 BQ and XBB subvariants. Cell. (2023) 186:279–286.e8. doi: 10.1016/j.cell.2022.12.018, PMID: 36580913





	

 Goldblatt D, Alter G, Crotty S, Plotkin SA. Correlates of protection against SARS-CoV-2 infection and COVID-19 disease. Immunol Rev. (2022). 6–26. doi: 10.1111/imr.13091, PMID: 35661178





	

 Pérez-Then E, Lucas C, Monteiro VS, Miric M, Brache V, Cochon L, et al. Neutralizing antibodies against the SARS-CoV-2 Delta and Omicron variants following heterologous CoronaVac plus BNT162b2 booster vaccination. Nat Med. (2022) 28:481–5. doi: 10.1038/s41591-022-01705-6, PMID: 35051990





	

 Yorsaeng R, Suntronwong N, Phowatthanasathian H, Assawakosri S, Kanokudom S, Thongmee T, et al. Immunogenicity of a third dose viral-vectored COVID-19 vaccine after receiving two-dose inactivated vaccines in healthy adults. Vaccine. (2022) 40:524–30. doi: 10.1016/j.vaccine.2021.11.083, PMID: 34893344





	

 Anichini G, Terrosi C, Gandolfo C, Gori Savellini G, Fabrizi S, Miceli GB, et al. SARS-coV-2 antibody response in persons with past natural infection. N Engl J Med. (2021) 385:90–2. doi: 10.1056/NEJMc2103825, PMID: 33852796





	

 Bates TA, McBride SK, Leier HC, Guzman G, Lyski ZL, Schoen D, et al. Vaccination before or after SARS-CoV-2 infection leads to robust humoral response and antibodies that effectively neutralize variants. Sci Immunol. (2022) 7:eabn8014. doi: 10.1126/sciimmunol.abn8014, PMID: 35076258





	

 Srivastava K, Carreño JM, Gleason C, Monahan B, Singh G, Abbad A, et al. SARS-CoV-2-infection- and vaccine-induced antibody responses are long lasting with an initial waning phase followed by a stabilization phase. Immunity. (2024) 57:587–599.e4. doi: 10.1016/j.immuni.2024.01.017, PMID: 38395697





	

 Lake DF, Roeder AJ, Gonzalez-Moa MJ, Koehler M, Kaleta E, Jasbi P, et al. Third COVID-19 vaccine dose boosts neutralizing antibodies in poor responders. Commun Med. (2022) 2:1–7. doi: 10.1038/s43856-022-00151-2, PMID: 35832309





	

 Zheng Y, Pan J, Jin M, Wang J, Tung T-H, Chen S, et al. Efficacy of the neutralizing antibodies after the booster dose on SARS-CoV-2 Omicron variant and a two-year longitudinal antibody study on Wild Type convalescents. Int Immunopharmacol. (2023) 119:110151. doi: 10.1016/j.intimp.2023.110151, PMID: 37044040





	

 Monge S, Rojas-Benedicto A, Olmedo C, Mazagatos C, José Sierra M, Limia A, et al. Effectiveness of mRNA vaccine boosters against infection with the SARS-CoV-2 omicron (B.1.1.529) variant in Spain: a nationwide cohort study. Lancet Infect Dis. (2022) 22:1313–20. doi: 10.1016/S1473-3099(22)00292-4, PMID: 35658998





	

 Zedan HT, Nasrallah GK. Effectiveness of mRNA booster doses against the omicron variant. Lancet Infect Dis. (2022) 22:1257–8. doi: 10.1016/S1473-3099(22)00319-X, PMID: 35658999





	

 Grewal R, Nguyen L, Buchan SA, Wilson SE, Nasreen S, Austin PC, et al. Effectiveness of mRNA COVID-19 vaccine booster doses against Omicron severe outcomes. Nat Commun. (2023) 14:1273. doi: 10.1038/s41467-023-36566-1, PMID: 36882416













Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.




Copyright © 2025 Caetano, Pinto, Pacheco, Lage, Pereira, Nascimento, Machado, Paulino, Medeiros, Fernandes-Siqueira, Da Poian, Horbach, Azevedo, Costa and Alves.. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/cover.jpg
& frontiers | Frontiers in Immunology

Neutralizing antibody response to different
COVID-19 vaccines in Brazil: the impact of
previous infection and booster doses





OEBPS/Images/fimmu-16-1603612-g004.jpg
ChAdOx1 BNT162b2

CoronaVac

% %k k

* %k %

%k %k %

%k %k %k
* % %
% %k %

%k %k %k

%k %k %k

(

%

s '@
® QCOTGRM
“ X

1,1x

uoJoIWQ

>-Eled

(P EAR®w cLuLED

o o OO o
© < MO

) uomqiyuyj

ueynpA

uoIOIWQO

ejled

 ewweo

uBynAA

1. 1x~

1,7x

—5,6x

—1,8x

=1,4xr

—29,9x

5,3X

—1,2x—






OEBPS/Images/fimmu-16-1603612-g001.jpg
(A) & e

o 1st'dose 2nd’dose
Vaccination » | | |

Sample > T1:15-86d T2:15-75d T3:90 - 365d
collection = after 1stdose after 2" dose after 2" dose

CoronaVac T1:22d+5 T2:48d+10 T3:179+36

n=113 (n=22) (n= 26) (n= 65)
ChAdOx1 T1:71d+11 T2:43dx12 T3: 128 + 41
n=362 (n=141) (n=94) (n=127)
BNT162b2 T1:66d+16 T2:42d+14 T3:127 + 41
n=88 (n=234) (n=29) (n=25)
(B) CoronaVac ChAdOXx1 BNT162b2
00n 1T
— 80
é
c 60
S
2 40
-E 30+--98 ..} 95 o .. -
20
0 O
Time point$T1 *TZ
Positive (%) 45 92 42 67 97 88 71 100 100
Positive () 10 24 27 95 91 112 24 29 25
total 22 26 65 141 94 127 34 29 25
(C) CoronaVac ChAdOx1 BNT162b2
< 80 /—‘
5

Oz T—T1— | | '
it T3 Tt T3
— I
100 .‘; "") -
— 80 :
2 :
c 60
S
S 40 2!
E 304- " . . . . .
20 23
0 S I S s
g O (0] (qy] o O @© © ©
°© < bk 8 £ E °o < FE
c O Z o O Z c O Z
O m O aal @) m

=
—
N
—
w





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1603612-g003.jpg
(A) e ra e rd

o 1stdose 2"d dose 3 dose 4 dose
Vaccination » | | | | >

Sample | T1:15-86d T2:15-75d T3: 90-365d T4:15-75d T5:90-365d T6:15-75d T7:90-365d
U collection = after 1stdose after 2"d dose after 2" dose after 3@ dose after 39 dose after 4t dose  after 4™ dose

CoronaVac T1:22d+5 T2:48d+10 T3:179+36 T4:38d+12 T5:178+86 T6:50d+17 T7:249+66

n=183  (n=22) (n= 26) (n= 65) (n= 25) (n= 30) (n= 4) (n= 11)

C ChAQOx! TA:TAd+11 T2:43d£12 T3:128+41 T4:54d+35 T5167+51 T6:43d=15 T7:206 57
U626 (n=141) (n=94) (n=127) (n=73) (n= 108) (n= 24) (n= 59)

CUBNT16262 T1:66d+16 T2 42d+14 T3 127+41 T4 52d+13 T5194+95 T6:54d+19 T7: 200+ 66
1 T n=128  (n=34) (n=29) (n= 25) (n=14) (n=11) (n=3) (n=12)

(B) CoronaVac ChAdOX1 BNT162b2

3
£
=
=
S
QO
<
Z
ritrz 1atra Tstre 17 Yritr2 T3tta Tstte 7 AritT2 T3tTa T5tTe T7
(C) CoronaVac ChAdOX1 BNT162b2
5
3
E 4
=
2 3
(@)
S
g 2
<
Z

—

it 13tta tstte 17 AmitT2 T3tta Tstte 17 ATitm2 T3tT4 TSt T7

(D) CoronaVac  ChAdOx1 BNT162b2 (E)

S .
= — Vaccine
‘_EI 4 - 75' Vaccine
> - infection

23 o 5
(@) (@)]
O 9
a 2 2 e
< <
= pd

1

I

I I

T3 T5 T7






OEBPS/Images/fimmu-16-1603612-g005.jpg
ChAdOx1 BNT162b2

CoronaVac

(%) uomaiyuy

4

[QV

©

[QV

Omicron

(C)

Omicron

%k %k k %k

%k %k %k %

(%) uoniqiyuj

(%) uoniqiyui

UOIJO3JUI + SUIDOBA

5> 3UIDOB A\
AAI

UOIJO3JUI + SUIDOBA

QUIDOBA

3 UOIJO3JUI + BUIDOBA

SUIDOBA

T4'T6
Vaccine

+.
infection

T2

16

T4t
Vaccine

12

T6

T4

T2





OEBPS/Images/fimmu-16-1603612-g002.jpg
(A) 100 o o CoronaVac
80 Z . C_oroggVac
o\\‘i S infection
C (0]

O
E I
-C .......
£
(B)
100 =
ChAdOx1
—~ 80 o ChAdOX1
< i + |
o infection
c 60
O
9 40
E 30450 ... KN B el B
20
0

(C)

100 o BNT162b2
—~ 80 BNTl 62b2
&\o, ® infection
c 60
O
S 40
E 30 o b lod

20

(

=

Inhibition (%)

100

Qo
o

60
40
20

),
CAA
'
N
| )
\)
D
2

O

Vaccine
Vaccine

) + .
infection





