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Abstract: Several technological approaches have been used to develop vaccines against COVID-19,
including those based on inactivated viruses, viral vectors, and mRNA. This study aimed to monitor
the maintenance of anti-SARS-CoV-2 antibodies in individuals from Brazil according to the primary
vaccination regimen, as follows: BNT162b2 (group 1; 22) and ChAdOx1 (group 2; 18). Everyone
received BNT162b2 in the first booster while in the second booster CoronaVac, Ad26.COV2.S, or
BNT162b2. Blood samples were collected from 2021 to 2023 to analyze specific RBD (ELISA) and
neutralizing antibodies (PRNT50). We observed a progressive increase in anti-RBD and neutralizing
antibodies in each subsequent dose, remaining at high titers until the end of follow-up. Group 1 had
higher anti-RBD antibody titers than group 2 after beginning the primary regimen, with significant
differences after the 2nd and 3rd doses. Group 2 showed a more expressive increase after the first
booster with BNT162B2 (heterologous booster). Group 2 also presented high levels of neutralizing
antibodies against the Gamma and Delta variants until five months after the second booster. In
conclusion, the circulating levels of anti-RBD and neutralizing antibodies against the two variants
of SARS-CoV-2 were durable even five months after the 4th dose, suggesting that periodic booster
vaccinations (homologous or heterologous) induced long-lasting immunity.

Keywords: COVID-19; neutralizing antibodies; anti-RBD antibodies; vaccine effectiveness; study
longitudinal; ChAdOx1-S; BNT162b2; CoronaVac; dose booster

1. Introduction

COVID-19 is a disease associated with a viral infection caused by SARS-CoV-2, which
spread rapidly across the world. The pandemic caused by this new coronavirus became
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a global public health problem. COVID-19 cases present a broad clinical spectrum, from
asymptomatic cases to mild and severe symptoms such as respiratory failure and death. The
disease’s severity appears to be associated with age and pre-existing comorbidities [1–3].

The SARS-CoV-2 viral particle has a spherical shape of approximately 120 nanome-
ters in diameter. The genome is composed of a single-stranded RNA of positive polarity
(+ssRNA), presenting the following four structural proteins: spike (S), envelope (E), mem-
brane (M), and nucleocapsid (N) [4,5]. The S protein is directly linked to the tropism of
the virus through the attachment of the virus to the host cell, which happens when the
receptor-binding domain (RBD) particle binds to angiotensin-converting enzyme 2 (ACE2)
to enter the cell [6].

Given the importance of the RBD region, several studies were directed toward the
standardization and validation of serological assays using this target, aimed at epidemio-
logical applications and the detection of neutralizing antibodies, with the latter helping
to verify the natural immune protection against infection in individuals, as well as the
verification of the effectiveness of the newly developed vaccines [7,8].

The high replication rate of SARS-CoV-2 contributes to the emergence of new variants
with high-effective mutations, which modulates the adaptation capacity and increases the
transmission efficiency and pathogenicity of the virus. As a result, a worse prognosis is
expected, affecting the established clinical measures to combat the pathogen [9–11].

In this scenario, several measures have been adopted to fight and control infection
by SARS-CoV-2, with the development of vaccines being one of the most sought-after
objectives in the world. This type of immunization has been proven to represent the most
effective means of controlling and interrupting the spread of the disease [12]. There are
currently nine vaccines approved and validated for use by the World Health Organiza-
tion (WHO), which are administered in two doses at an interval of three weeks and an
additional dose (i.e., booster) after six months, as follows: (1) Pfizer/BioNTech Comirnaty
(mRNA); (2) IBS/COVISHIELD (vector—inactivated adenovirus); (3) AstraZeneca/AZD1222
(vector—inactivated adenovirus); (4) Janssen/Ad26.COV2 (inactivated viral vector); (5) Mod-
erna COVID-19 (mRNA 1273); (6) Sinopham COVID-19 (inactivated virus); (7) Sinovac-
CoronaVac (inactivated virus); (8) Bharat Biotech BBV152 COVAXIN (inactivated virus);
(9) Bivalent [13–15].

Clinical studies show that the severity of symptoms was significantly lower in people
who received the booster dose than those vaccinated only with the primary scheme or
those not vaccinated [16]. However, the protection provided by the vaccine decreases over
time, hence the importance of sequential booster doses [17].

Therefore, it is essential to monitor the longitudinal kinetics of antibodies against
SARS-CoV-2 in vaccinated individuals, aiming to evaluate the immunization scheme
established by regulatory institutions. It is necessary to understand the length of time the
organism takes to develop neutralizing antibodies with the stipulated vaccine doses and
the duration of the acquired immunity. The information obtained will be crucial in guiding
health authorities on the necessity of administering future booster doses and the best time
for this.

To contribute to understanding the specific antibody response to SARS-CoV-2 in the
population, our study aimed to monitor the production and maintenance of neutralizing
antibodies and anti-SARS-CoV-2 spike RBD protein in individuals after primary vaccination
with BNT162b2 or ChAdOx1 and two doses of homologous or heterologous boosters.
Furthermore, we tracked the neutralizing antibody response against the variants of concern
(VOCs), as follows: Gamma and Delta.

2. Materials and Methods
2.1. Ethical Aspects, Study Population, and Kinetics

This prospective cohort study was conducted between March 2021 and March 2023
at the Evandro Chagas Institute (IEC), Ananindeua, Pará state, Brazil. This study was
approved by the Institutional Research Ethics Committee (CAAE 43109021.7.0000.0019),
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and all participants signed the informed consent form. The cohort comprised 40 individuals
who were starting the vaccination scheme against COVID-19, residents of the metropolitan
region of Belém, State of Pará, Brazil, who were recruited through institutional information
about voluntary participation in the project. We divided the studied population into
two groups according to the primary vaccination scheme (i.e., 1st and 2nd doses). The
characteristics of the participants are detailed in Table 1.

In group 1 (n = 22), all participants received the BNT162b2 vaccine in their primary
vaccination scheme. In the secondary vaccination scheme, everyone received the BNT162b2
vaccine in the first booster (3rd dose), while twelve participants were vaccinated with
CoronaVac, four with Ad26.COV2.S, and four with BNT162b2 in the second booster (4th
dose) (Figure 1).
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Table 1. General characteristics of the studied population.

Variables Group 1 Group 2

Gender

Female 12 (54.5%) 12 (66.6%)

Male 10 (45.4%) 6 (33.3%)

Age Group

Means (±) 39.8 (±7.5) 39.6 (±12.4)

Median 38.5 39.0
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Table 1. Cont.

Variables Group 1 Group 2

Natural Infection

Symptomatic 17 (77.2%) 9 (50%)

Asymptomatic 5 (22.7%) 9 (50%)

Comorbidities

Psoriasis - 1 (5.5%)

Arterial Hypertension - 1 (5.5%)

Obesity - 1 (5.5%)

Type 2 diabetes 1 (4.5%) -

In group 2 (n = 18), in the primary vaccination scheme, all participants received ChA-
dOx1 (Figure 1), with a first booster dose of BNT162b2. In the second booster, eleven
participants received CoronaVac, two received Ad26.COV2.S, and four individuals had not
yet received this 4th dose during the evaluation. Blood collections in both groups were
carried out immediately before immunization, day 0 (baseline), and serially postimmuniza-
tion, between days 1 and 5, 10 and 15, 20 and 40, 45 and 90, 100 and 150, 160 and 300, 320
and 350, 360 and 510, 525 and 600, and on 878 (Figure 1). All samples were centrifuged at
800 rpm for 10 min to obtain serum and then stored at −80 ◦C for later analysis.

2.2. Indirect Enzyme Immunoassay (ELISA) Specific for SARS-CoV-2 RBD

The receptor-binding domain (RBD) of the spike protein from the ancestral strain of
SARS-CoV-2 (GenBank accession number: MN908947, residues 319–524) was expressed
and purified as described by Rawle and colleagues (2021) [18].

The samples were tested for the detection of total anti-RBD SARS-CoV-2 antibodies by
indirect ELISA, as described by Oliveira and colleagues (2022) [17] Briefly, 96-well plates
(Thermo Fisher Scientific, Waltham, MA, USA) were coated with 50 µL/well of 2 µg/mL
RBD in 0.1 M pH 7.4 buffered saline (PBS) and incubated overnight at 4 ◦C. The next day,
after removal of the coating by three washes with distilled water, we added 150 µL/well
of blocking buffer solution (KPL Milk diluent/Blocking solution concentrate (SeraCare,
Milford, MA, USA), diluted in PBS containing 0.5% Tween 20) and stored for one hour at
room temperature.

After the blocking step, the plates were washed three times by submersion in distilled
water, and we added 50 µL/well of diluted serum samples (1:100 in blocking buffer) and
controls (positive and negative human sera) to the plates and incubated for one hour at
37 ◦C. Following this, the plates were washed with distilled water three times before the
addition of 50 µL/well of goat anti-human kappa secondary antibody (Sigma Aldrich,
Saint Louis, MO, USA) diluted to 1:2000. The plates were incubated for one hour at 37 ◦C.
Next, the unbound secondary antibody was removed by three washes with distilled water,
and 50 µL/well of HRP-conjugated polyclonal anti-goat antibody conjugated to peroxidase
(HRP) (DAKO, Glostrup, Denmark) diluted to 1:1000 was added and incubated for one
hour at 37 ◦C.

Then, three washes were performed to remove all of the unbound polyclonal antibod-
ies. Then, 50 µL/well of the substrate Tetramethylbenzidine (TMB) (SeraCare, Milford,
MA, USA) was added and stored in a dark chamber at room temperature (25 ◦C) for 5 min.
We stopped the reaction by adding 30 µL/well of stop solution (1 M H2SO4). The optical
density (OD) at 450 nm was then read using the LMR-96 microplate reader (Loccus Biotec-
nologia, Cotia, Brazil). The OD of the blank was subtracted from each sample, and the
cutoff was determined using the ROC curve. Samples with antibodies with an OD ≥ 0.200
were considered positive.
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2.3. Plaque Reduction Neutralization Test 50% (PRNT50)

Eight participants from the most homogeneous group (group 1) were randomly chosen
to determine the neutralizing antibody titers based on PRNT50 against the Gamma (P1)
and Delta variants, collected before (baseline, D0) and after vaccination (1–878 days). The
PRNT50 determination was performed as described by Roehrig and colleagues (2008) [19]
with adaptations. Briefly, the samples from CoronaVac-vaccinated individuals and previ-
ously selected controls (positive and negative human sera) were heat-inactivated (56 ◦C
for one hour), and two-fold serial dilutions (1:20–1:1280) were performed in maintenance
medium 199 (M199). Next, the diluted sera were incubated with the SARS-CoV-2 variants
at 37 ◦C and 5% CO2 for one hour.

We used equal amounts of virus suspension containing 100 PFU for the serum–virus
complexes. Then, the immunocomplexes were added to 24-well plates containing a con-
fluent monolayer of Vero CCL-81 cells (ATCC, Manassas, VA, USA) and incubated for
one hour at 37 ◦C and 5% CO2. Subsequently, we added 1.5 mL of the overlay medium
(medium 199 containing 1.5% carboxymethylcellulose and 5% fetal bovine serum (FBS)) to
each well and incubated for four days at 37 ◦C in an atmosphere containing 5% CO2. The
plates were fixed using 10% formaldehyde for four hours and then stained with 1% Crystal
Violet for two hours.

Plaques were counted under an optical microscope (Zeiss, Oberkochen, Germany).
After counting the plaques, the neutralizing antibody titers were determined based on
the PRNT50, considering the positive sera that reduced the number of plaques by 50%
compared to the average of the virus control wells.

2.4. Statistical Analysis

All statistical analyses and graphical representations were performed using GraphPad
Prism software (version 9.0, San Diego, CA, USA). The Mann–Whitney U test was used
to evaluate the statistical difference between group 1 and group 2 in relation to the fourth
dose of the CoronaVac vaccine, comparing the group of immunized individuals who had a
previous natural infection versus individuals without a previous natural infection. These
groups were stratified by days after vaccination. The statistical difference was evaluated
by multiple comparisons of the group mean using two-way ANOVA tests, followed by
Tukey’s post hoc tests. For all analyses, statistical significance was assumed when p < 0.05.
The mean ± standard deviation (SD) was calculated to compare the obtained optical
density (OD) values and/or viral neutralization titers. Linear regression and Spearman’s
correlation were used to evaluate the strength and power of correction between the OD
values obtained and the neutralization titers.

3. Results
3.1. Assessment of the Anti-SARS-CoV-2 Antibody Response: Primary and Booster Doses
3.1.1. Assessment of Total Anti-RBD Antibody Levels in Groups 1 (BNT162b2) and
2 (ChAdOx1)

While monitoring the total anti-RBD antibody response throughout the experimental
kinetics in group 1, we observed a progressive growth, with the average OD levels varying
between 0.196 and 1.712. A linear regression analysis (Figure 2B) confirmed this progression,
with a positive relationship in the anti-RBD antibody titers (r2 = 0.08594, p < 0.0001). It was
possible to observe average antibody levels from 10 to 15 days after the 1st dose; however,
seroconversion of the entire group occurred around days 20–30, with an average OD of
1.092. The titers continued to increase with a maximum average detected after the first
booster (3rd dose), between days 160 and 300, followed by a decline in the titers between
days 320 and 350. After the second booster (4th dose, with Ad26.COV2.S, BNT162b2, or
CoronaVac), the antibody levels remained more stable until the end of follow-up (Figure 2A).
When analyzing the profile of individuals in group 1 who were naturally infected by
SARS-CoV-2 and those not naturally infected, we observed that there was no statistical
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difference between them, although higher average titers were observed almost throughout
the monitoring period in individuals previously infected with SARS-CoV-2 (Figure 2C).

In group 2, we also observed a gradual increase in anti-RBD antibodies with a positive
relationship in the levels of anti-RBD antibody titers confirmed by linear regression analysis
(r2 = 0.2597, p < 0.0001) (Figure 2E). The mean OD titers ranged from 0.216 to 1.480, with
mean levels detectable between 5 and 15 days after the 1st dose. The total seroconversion
of the group occurred after the 2nd dose (45–90 days) with an average OD of 0.748, with a
maximum mean titer observed (OD 1.480) after the first booster (3rd dose) with BNT162b2,
followed by a subtle decline that stabilizes right after the second booster (4th dose, with
Ad26.COV2.S or CoronaVac). Regarding the profile of the individuals in group 2 who had a
natural infection or not by SARS-CoV-2, we did not observe a statistical difference between
them throughout the follow-up (Figure 2F).
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(ELISA) in Group 1 and Group 2: (A) curve of specific antibodies for RBD (Group 1), expressed
as the mean ± standard deviation; (B) linear regression analysis of anti-RBD antibodies along the
experimental kinetics (Group 1); (C) curve of antibodies specific to RBD of those vaccinated (Group 1)
who were infected naturally or not by SARS-CoV-2; (D) curve of antibodies specific to RBD (Group
2), expressed as the mean ± standard deviation; (E) linear regression analysis of anti-RBD antibodies
over time (Group 2); (F) curve of antibodies specific to RBD of individuals in Group 2 who were
infected naturally or not with SARS-CoV-2.

3.1.2. Assessment of Total Anti-RBD Antibody Levels after the Second Booster with the
Different Vaccines Administered

To analyze anti-RBD antibody levels after the second booster, we stratified group 1
and analyzed the profile separately according to the type of vaccine administered. We
observed a subtle increase in antibody levels in individuals who received the second
homologous booster with the BNT162b2 vaccine. In contrast, individuals who received
the second heterologous booster with the Ad26.COV.2 and CoronaVac vaccines showed a
slight decrease in anti-RBD antibody levels. However, all three vaccines administered in
the second booster reached similar average OD levels, which were not significant among
them (Figure 3). This analysis was not carried out with group 2, as only two participants
received the second booster with Ad26COV2. All other participants received CoronaVac.
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3.1.3. Assessment of Total Anti-RBD Antibody Levels between Group 1 (BNT162b2) and
Group 2 (ChAdOx1)

To better understand the dynamics of anti-RBD antibodies, we decided to compare
the results obtained with ELISA from the two established groups based on the primary vac-
cination scheme, group 1 (BNT162b2) and group 2 (ChAdOx1). Our analysis demonstrated
higher levels in group 1 for almost the entire period of the kinetics but with a significant
difference only after the second dose of the primary regimen, at 90 days (p = 0.0038), and
in the first booster (3rd dose), at 150 and 300 days (p < 0.001) of follow-up (Figure 4B). We
also observed that right after the second booster (4th dose), at around 510 and 650 days,
group 1 and group 2 showed similar titers (Figures 4A and 5). Concerning positivity, it
was also possible to observe a difference between these groups, where group 2 achieved
100% seroconversion only after the influence of the 2nd dose (90 days), while group 1, at
between 10 and 15 days, had a positivity rate of around 92%, reaching 100% between 20
and 30 days after the 1st dose (Figure 4C).
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two variants, Gamma and Delta, in participants (n = 8) from group 2. It was possible to 
observe, compared to the Gamma variant, more expressive titers between 20 and 30 days 
after the 1st dose, with an average titer of 1:173 and subtle growth after the 2nd dose; a 
relevant increase was observed after the first booster, with an average of titer 1:834 (Fig-
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Figure 4. Total anti-RBD antibody levels were assessed between groups 1 (BNT162b2) and 2 (ChA-
dOx1), expressed as the mean OD ± standard deviation: (A) comparative analysis between group
1 and group 2 of the mean OD values in the study with a complete vaccination scheme (primary
vaccination scheme + boosters), * p < 0.05; (B) distribution of the OD values per day as a dot plot,
**** p < 0.0001 and ** p = 0.0038; (C) percentage of seroconversion in individuals from group 1 and
group 2; (D) comparison of the OD distribution of groups 1 and 2 with the second booster dose with
the CoronaVac vaccine.
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Figure 5. Levels of anti-SARS-CoV-2 antibodies from the primary vaccination scheme to the second
booster, expressed as the mean OD and as the average by PRNT50 with the Gamma and Delta
variants. BNT, BNT162b2; CHAD, ChAdOx1; Nabs, neutralizing antibodies.

When comparing the two groups after the second booster (4th dose), stratifying only
the individuals who received the CoronaVac vaccine, the statistical analysis showed no
significant difference between them (Figures 4D and 5).



Vaccines 2024, 12, 792 9 of 14

3.1.4. Levels of Neutralizing Antibodies in Individuals Who Received the ChadOx1
Vaccine in the Primary Vaccination Scheme, First Booster with BNT162b2, and Second
Booster with CoronaVac (Group 2)

We analyzed the concentrations of anti-SARS-CoV-2 neutralizing antibodies against
two variants, Gamma and Delta, in participants (n = 8) from group 2. It was possible to
observe, compared to the Gamma variant, more expressive titers between 20 and 30 days
after the 1st dose, with an average titer of 1:173 and subtle growth after the 2nd dose;
a relevant increase was observed after the first booster, with an average of titer 1:834
(Figures 5 and 6A), as well as a 100% seropositivity rate that was maintained until the end
of follow-up (Figure 6B).

Vaccines 2024, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 6. (A) Levels of neutralizing antibodies in individuals from group 2 against the Gamma (P1) 
and Delta variants (values expressed as the average by the PRNT50); (B) percentage of seroconver-
sion in individuals analyzed by PRNT. 

4. Discussion 
As vaccination campaigns gained speed, knowing what level of neutralizing antibod-

ies is associated with the vaccine-induced immunological persistence and the need for 
boosters are questions raised that make evident the need for longitudinal studies in dif-
ferent populations, as well as with various vaccine platforms between homologous and 
heterologous boosters. 

Given the rapid evolution of SARS-CoV-2 and the emergence of new variants of con-
cern, several studies have demonstrated the need for additional booster doses regardless 
of the primary vaccination scheme used [20,21]. In our study, we observed a positive pro-
gression in the mean levels of anti-RBD antibodies, confirmed by linear regression analy-
sis in both groups. However, we observed higher mean titers in group 1 since the primary 
regimen with BNT162b2 significantly differed after the 2nd and 3rd doses (1st booster). 
Other evidence that suggests a greater and faster immune system stimulation by this vac-
cine platform is the fact that 100% seropositivity was achieved 20–30 days after the 1st 
dose. At the same time, in group 2, this positivity was only observed after the 2nd dose of 
ChAdOx1. Although it is not possible to state that the technology used in the production 
of vaccines is the main reason for the variation in effectiveness, numerous comparative 
studies have demonstrated that human vaccination based on SARS-CoV-2 mRNA induces 
a persistent response from B cells of the germinal center, capable of generating a robust 
humoral immunity response [22–25]. 

When analyzing the profiles of individuals who had or had not been infected natu-
rally with SARS-CoV-2 before primary vaccination, studies with different vaccine plat-
forms report that pre-exposure to infection increases the initial antibody response after 
immunization compared to naïve individuals [17,26–28]. However, in our study, no sta-
tistical difference was observed between naïve and previously infected individuals in both 
groups analyzed; it is worth highlighting that most pre-exposed individuals, group 1 and 
group 2, were infected with SARS-CoV-2 between 11 and 12 months before the vaccina-
tion, showing no more seropositivity in the anti-RBD ELISA. This finding was presented 
as a determinant for the similarity of anti-RBD antibody response, as well as neutralizing 
antibodies between the pre-exposed and naïve population in a study with CoronaVac [17], 
suggesting that the production of higher antibody titers observed in pre-exposed 

Figure 6. (A) Levels of neutralizing antibodies in individuals from group 2 against the Gamma (P1)
and Delta variants (values expressed as the average by the PRNT50); (B) percentage of seroconversion
in individuals analyzed by PRNT.

The same anti-SARS-CoV-2 neutralizing antibody response profile was observed
regarding the Delta variant but with lower titers. Between 20 and 30 days after the 1st dose,
the mean titer was 1:120, with an increase observed after the first booster and a mean titer
of 704, followed by a decrease in mean titers even after the second booster, 1:445, which
was maintained until the end of follow-up (Figures 5 and 6A).

4. Discussion

As vaccination campaigns gained speed, knowing what level of neutralizing anti-
bodies is associated with the vaccine-induced immunological persistence and the need
for boosters are questions raised that make evident the need for longitudinal studies in
different populations, as well as with various vaccine platforms between homologous and
heterologous boosters.

Given the rapid evolution of SARS-CoV-2 and the emergence of new variants of
concern, several studies have demonstrated the need for additional booster doses regardless
of the primary vaccination scheme used [20,21]. In our study, we observed a positive
progression in the mean levels of anti-RBD antibodies, confirmed by linear regression
analysis in both groups. However, we observed higher mean titers in group 1 since the
primary regimen with BNT162b2 significantly differed after the 2nd and 3rd doses (1st
booster). Other evidence that suggests a greater and faster immune system stimulation by
this vaccine platform is the fact that 100% seropositivity was achieved 20–30 days after the
1st dose. At the same time, in group 2, this positivity was only observed after the 2nd dose
of ChAdOx1. Although it is not possible to state that the technology used in the production
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of vaccines is the main reason for the variation in effectiveness, numerous comparative
studies have demonstrated that human vaccination based on SARS-CoV-2 mRNA induces
a persistent response from B cells of the germinal center, capable of generating a robust
humoral immunity response [22–25].

When analyzing the profiles of individuals who had or had not been infected naturally
with SARS-CoV-2 before primary vaccination, studies with different vaccine platforms
report that pre-exposure to infection increases the initial antibody response after immu-
nization compared to naïve individuals [17,26–28]. However, in our study, no statistical
difference was observed between naïve and previously infected individuals in both groups
analyzed; it is worth highlighting that most pre-exposed individuals, group 1 and group 2,
were infected with SARS-CoV-2 between 11 and 12 months before the vaccination, showing
no more seropositivity in the anti-RBD ELISA. This finding was presented as a determinant
for the similarity of anti-RBD antibody response, as well as neutralizing antibodies between
the pre-exposed and naïve population in a study with CoronaVac [17], suggesting that the
production of higher antibody titers observed in pre-exposed individuals was generated ex-
clusively by those who had detectable anti-RBD antibodies in the ELISA before vaccination
(i.e., baseline).

Several observational studies have already reported on short-term vaccine immuno-
genicity after primary regimens or 1st booster, demonstrating that heterologous regimens
consistently achieve higher immunogenicity when inactivated vaccines are administered
before or after vectorized or mRNA vaccines [24,29,30], as well as when vectorized vaccines
are administered before or after mRNA vaccines [31–34]. In our study, both groups were
vaccinated with BNT162b2 in the 1st booster (3rd dose), showing a more significant increase
in anti-RBD antibodies in group 2, characterized by a heterologous booster.

Most studies with BNT162b2, comparing homologous and heterologous regimens,
have not demonstrated clear evidence of higher immunogenicity when this vaccine is
administered before or after vectorized vaccines, indicating in these cases an approximate
equivalence of heterologous and homologous regimens [31]. It is important to mention
that most of the studies describe immunogenicity in a shorter postboost period, which
probably still reflects the high levels of antibodies originating from the primary regimen
with BNT162b2, which are significantly higher than with ChAdOx1 [24,35]. Nevertheless,
our results show decreased anti-RBD and neutralizing antibodies after homologous rein-
forcement in group 1. This is probably due to the analyses being carried out 6–7 months
after the booster, which is enough time for these antibodies to decline. However, it is worth
highlighting that despite this decline in antibodies obtained with the homologous booster
(group 1), the levels observed are considered high and do not characterize a decrease
in vaccine effectiveness. In agreement with our heterologous regimen results, Liu and
colleagues (2023) [33] observed a higher and more durable humoral response profile in
heterologous boosters between BNT162b2 and ChAdOx1 up to 8 months after the 3rd dose.

After the 2nd booster, groups 1 and 2 showed more stable and similar average levels
of anti-RBD antibodies until the end of the kinetics, five months after this 4th dose. Several
studies have observed this similarity in antibody levels at a given time after the 2nd dose
of the primary regimen or additional doses between homologous or heterologous boosters
with different vaccine platforms and still between profiles of individuals with or without a
history of previous infection [36,37], which may cause this booster dose to raise the titers
only up to a certain level independent of the initial titers at the starting point [35]. Their
results correlate with our observations after the 3rd dose of little or no anti-RBD antibody
response in group 1, which already maintained high concentrations before this booster and
would probably have overtaken this maximum “level”, as well as in group 2, as the increase
in antibody concentrations was possible as they would not have yet reached this expected
“level”. This event may be related to a possible stabilization of the stimulus generated by
the vaccine doses in the production of antibodies. It would explain why the average final
antibody titers in the different study groups were similar.
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When we stratified group 1 according to the type of vaccine administered in the
2nd booster, analyzing the last two time points corresponding to 2–3 months and five
months after the 4th dose, it was also possible to observe variations in the average anti-RBD
antibody titers among the three vaccine platforms to reach a certain “level” of OD that was
similar without showing a statistical difference between them.

A relevant fact to be presented is that in both groups, even after five months of the 2nd
booster, the average levels of anti-RBD antibodies remained stabilized in concentrations
considered high, even with CoronaVac, which has already demonstrated a significant
decline in anti-RBD and neutralizing antibodies in the same period after the booster in
the primary scheme (2nd dose) [17,38–40], including not being recommended as a 1st
booster after the primary scheme (3rd dose) [41]. This change in profile may be related to
the maturation of memory B cells acquired during the pandemic, which involved some
factors including subsequent doses of immunizing agents. The increase in the affinity of
the immunoglobulin to its specific antigen is possible through affinity maturation which
occurs predominantly after the second and third exposures to the antigen [42].

In individuals who received the ChadOx1 vaccine in the primary vaccination scheme,
a first booster with BNT162b2 and a second booster with CoronaVac (group 2), when we
analyzed the concentrations of neutralizing antibodies against the two variants, Gamma
and Delta, our results indicate the maintenance of high concentrations until the end of
follow-up. For both variants, we observed similar anti-SARS-CoV-2 neutralizing antibody
responses, although the Delta variant demonstrated titers twice as low even with 100%
seropositivity since the 3rd dose.

These superior responses by neutralizing antibodies, which were longer lasting, may
also be related to the epidemiological scenario during the pandemic, whereby natural
exposure to several circulating SARS-CoV-2 variants increases antibody levels, including
heterologous antibodies that will contribute to immunity. It is worth mentioning that
in Para state, Brazil, there was a long circulation period of the Gamma variant and its
subunits. In January 2022, when this variant still predominated [43], almost one-third of
the participants in group 2 became naturally infected shortly before receiving the 3rd dose.
This fact may have favored the significant increase in neutralizing antibodies after this
booster, which is related to the heterogeneity of the SARS-CoV-2 neutralization activities
after infection or vaccination [44].

One of the limitations of our study was the small sample size, a difficulty found in
independent longitudinal studies. Furthermore, we were unable to evaluate postvaccina-
tion neutralizing antibodies against currently circulating VOCs such as Omicron and its
subvariants [45]. These data could confirm or not the reduction in efficacy in the face of
this VOC of neutralizing antibodies generated by the 2nd dose of heterologous vaccine
booster after an extended period. It is known that the most significant characteristic of
Omicron was the immune escape from neutralizing antibodies generated by the vaccine
(evolutionary process) [46]; however, it was observed by Wietschel et al. (2024) [47] that
the 1st homologous booster with BNT was capable of inducing neutralizing antibodies
against the Omicron BA.2 variant. Another point to be investigated is the effectiveness
of successive vaccine doses in different groups, as well as the long-term monitoring of
neutralizing antibodies in individuals who received the bivalent vaccine.

5. Conclusions

In conclusion, it is possible to say that the circulating levels of RBD-specific antibodies
in individuals after primary vaccination with BNT162b2 or ChAdOx1 and two doses of ho-
mologous boosters, BNT162b2, or heterologous, CoronaVac and Ad26.COV2.S, are durable,
with significant average titers even five months after the 2nd booster. The same profile was
observed with neutralizing antibodies without a substantial decrease facing the VOC Delta,
suggesting an increase in the affinity of the immunoglobulin to its specific antigen.
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