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A B S T R A C T   

Background: Priming with two doses of AZD1222 (Oxford-AstraZeneca; ChAd) followed by a third mRNA vaccine 
boosting is considered in several countries, yet comparisons between heterologous and homologous booster 
efficacy remain unexplored. 
Aim: To evaluate and contrast the immunogenicity of homologous and heterologous boosting regimens. 
Method: The study examined antibody responses in 1113 subjects, comprising 895 vaccine-naïve individuals 
across different vaccination strategies (partial, primary series, heterologous booster, homologous booster) and 
218 unvaccinated, naturally infected individuals. Assessments included neutralizing total antibodies (NTAbs), 
total antibodies (TAbs), anti-S-RBD IgG, and anti-S1 IgA levels. 
Results: The study found mRNA vaccines to exhibit superior immunogenicity in primary series vaccination 
compared to ChAd, with mRNA-1273 significantly enhancing NTAbs, TAbs, anti-S-RBD IgG, and anti-S1 IgA 
levels (p < 0.001). Both booster types improved antibody levels beyond primary outcomes, with no significant 
difference in TAbs and anti-S-RBD IgG levels between regimens. However, homologous mRNA boosters signif
icantly outperformed heterologous boosters in enhancing NTAbs and anti-S1 IgA levels, with the BNT/BNT/BNT 
regimen yielding particularly higher enhancements (p < 0.05). 
Conclusion: The study concludes that although TAbs and anti-S-RBD IgG antibody levels are similar for both 
regimens, homologous mRNA boosting outperform heterologous regimen by enhancing anti-S1 IgA and 
neutralizing antibody levels.   

1. Introduction 

The SARS-CoV-2 pandemic has inflicted severe global impacts, 
recording over 800 million infections and 6.5 million deaths by 

December 10, 2023, a count likely underestimated due to case under- 
reporting [1]. In response, over 13.33 billion vaccine doses have been 
administered globally [2], with vaccines like Oxford-AstraZeneca 
(ChAd), Pfizer-BioNTech (BNT), and Moderna (m1273) receiving 
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Table 1 
Demographic and clinical characteristics of samples collected from the vaccinated naïve (VN) cohort (n = 895) and unvaccinated SARS-CoV-2 naturally infected (NI) cohort (n = 218).  

A. Vaccinated Naïve (VN) (n = 895)  

Partially vaccinated (n = 65) Primary series (n = 766) Primary series plus one 
heterologous booster dose (n = 19) 

Primary series plus one homologous 
booster dose (n = 45) 

Total 
(n=895)  

ChAd m1273 BNT ChAd/ChAd m1273/ 
m1273 

BNT/BNT ChAd/ChAd/ 
m1273 

ChAd/ChAd+
BNT 

m1273/m1273/ 
m1273 

BNT/BNT/BNT   

(n = 40) (n = 11) (n = 14) (n = 40) (n = 131) (n = 595) (n=10) (n=9) (n=7) (n=38)  

Median age (IQR) 57 54-59 22 20-38 26 21-41 56 54-59 23 20-32 32 22- 
44 

55 52-58 59 57-61 22 21-45 24 21-50 32 21- 
46 

Gender                        
30 75 5 45 9 64 30 75 70 53 288 48% 7 70 8 89 3 43 18 47 468 52 

Male, n (%) 10 25 5 45 2 14 10 25 60 46 268 45% 3 30 1 11 4 57 11 29 374 42 
Unspecified, n (%) 0 0 1 9 3 21 0 0 1 1 39 7% 0 0 0 0 0 0 9 24 53 6 
No. of days after 

administration of 1st dose, 
median (IQR) 

46 36-75 19 16-24 19 7.5- 
37 

111 104- 
205 

121 65- 
168 

131 69- 
191 

311 280- 
323 

286 275- 
300 

360 303- 
364 

351 313- 
381 

124 66- 
200 

No. of months after 
administration of 1st dose, 
median (IQR) 

1.5 1.18- 
2.47 

0.63 0.53- 
0.8 

0.63 0.25- 
1.23 

3.63 3.42- 
6.73 

4.02 2.18- 
5.58 

4.37 2.3- 
6.37 

10.21 9.21- 
10.6 

9.4 9.03- 
9.85 

11.98 10.12- 
12.12 

11.68 10.42- 
12.68 

4.13 2.2- 
6.61  

B. Unvaccinated Naturally Infected (NI) (n = 218)  

Symptomatic Pauci-symptomatic Asymptomatic Unkown Total  

(n=51) (n=20) (n=135) (n=12) (n = 218) 

Median age (IQR) 33 28–40 27 13–35 37 31–46 43 34.25–49 36 29–43.25 
Gender           
Female, n (%) 18 35.3 6 30 4 3 2 17 30 14 
Male, n (%) 33 64.7 14 70 131 97 10 83 188 86 
Unspecified, n (%) 0 0 0 0 0 0 0 0 0 0 
No. of days post-COVID-19 infection, median (IQR) 63 44–146 63 43–149 70 48–86 124 62–156 69 46–100 
No. of months post-COVID-19 infection, median (IQR) 2.07 1.43–4.80 2.05 1.40–4.85 2.3 1.57–2.83 4.08 2.03–5.12 2.27 1.53–3.30 

ChAd: ChAdOx1 nCoV-19 (AstraZeneca) vaccine. m1273: mRNA-1273 (Moderna) vaccine. BNT: BNT162b2 (Pfizer-BioNTech) vaccine. Partially vaccinated: one dose. Partially vaccinated individuals have received only 
one dose of the vaccine. The primary series refers to the initial series of vaccinations, which includes two doses required to achieve full vaccination status. A primary series plus one heterologous booster dose involves an 
additional booster dose using a different vaccine from the primary series. In contrast, a primary series plus one homologous booster dose involves a booster dose using the same vaccine as the primary series. Median age 
(IQR): The median age of participants, with the interquartile range in parentheses. Gender: Distribution of gender among participants, with the number and percentage in parentheses. No. of days after administration of 1st 
dose, median (IQR): The median number of days since the first dose, with the interquartile range in parentheses. No. of months after administration of 1st dose, median (IQR): The median number of months since the first 
dose, with the interquartile range in parentheses. 
Demographic and Clinical Characteristics of Study Participants. This table presents a breakdown of the study cohort, comprising 1113 participants, into two main groups: Vaccinated Naïve (VN) and Unvaccinated 
Naturally Infected (NI). A. Vaccinated Naïve (VN) Group (n ¼ 895): This subgroup includes individuals who received COVID-19 vaccinations but had no prior confirmed SARS-CoV-2 infection. The VN group is further 
categorized based on their vaccination schedules: Partially Vaccinated (n ¼ 65): Participants who received a single dose of a COVID-19 vaccine, specified by vaccine type as ChAd, m1273, or BNT. Primary Series (n ¼
766): Individuals completing a two-dose regimen with the same vaccine type, labeled as ChAd, m1273, or BNT. Primary Series plus One Heterologous Booster Dose (n ¼ 19): Participants initially receiving two doses 
of ChAd, followed by a booster dose of a different mRNA vaccine, either m1273 or BNT. These regimens are denoted as ChAd/ChAd/m1273 and ChAd/ChAd/BNT. Primary Series plus One Homologous Booster Dose 
(n ¼ 45): Individuals who received three doses of the same type of mRNA vaccine, either all m1273 or all BNT, marked as m1273/m1273/m1273 or BNT/BNT/BNT. B. Unvaccinated Naturally Infected (NI) Group (n 
¼ 218): Participants in this subgroup had a confirmed diagnosis of SARS-CoV-2 infection and did not receive any COVID-19 vaccine prior to their inclusion in the study. Based on clinical manifestations post-infection, they 
are divided into: Symptomatic (n ¼ 51): Individuals who exhibited common COVID-19 symptoms. Pauci-symptomatic (n ¼ 20): Participants who showed very few or mild symptoms. Asymptomatic (n ¼ 135): 
Individuals with no symptoms post-infection. Unknown (n ¼ 12): Participants whose symptom status post-infection was not recorded or was unclear. For each subgroup, the table details median age with interquartile 
range (IQR), gender distribution (male, female, unspecified), and the median number of days and months post-administration of the first vaccine dose for the VN group, and post-COVID-19 infection for the NI group, with 
IQR. 
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emergency use authorization and have been widely distributed across 
various regions [3]. 

As the COVID-19 pandemic progresses into 2024, the emergence of 
newer SARS-CoV-2 variants post-Omicron highlights the critical need 
for effective vaccination strategies. Initial vaccine regimens have shown 
declining effectiveness over time [4–8], particularly against milder 
disease manifestations and in combating novel variants [9,10]. This 
decline in effectiveness is further influenced by factors such as age, sex, 
and underlying comorbidities [11–14]. Consequently, the importance of 
booster doses has become evident [9,15–17]. The scientific and medical 
communities have rigorously evaluated booster vaccination strategies, 
focusing on both homologous and heterologous approaches. Homolo
gous booster vaccinations, involving three consecutive doses of either 
BNT or m1273 vaccines, have been foundational in maintaining high 
levels of immunity and offering continued protection against severe 
COVID-19. 

Conversely, the heterologous booster approach, particularly two 
doses of the ChAd vaccine followed by an mRNA booster, has emerged as 
a focal point of interest. Initially sparked by concerns about rare adverse 
events and optimizing immune responses [18–20], the heterologous 
strategy aims to harness the unique immunogenic properties of both 
vaccine types [21,22], potentially offering a broader and more durable 
immune response, and have been used in previous vaccine studies 
[23,24]. 

The inquiry into the comparative efficacy of homologous versus 
heterologous booster strategies against SARS-CoV-2 variants is crucial 
for global health policies and vaccine distribution. Despite multiple in
vestigations, rigorous studies directly comparing antibody responses for 
homologous and heterologous vaccination regimens are lacking. Most 
research has primarily focused on NTAb, TAbs, and anti-S-RBD IgG. Our 
study stands out by also examining the less-studied anti-S1 IgA response, 
providing a more holistic view of the immune response. Additionally, we 
analyzed anti-N antibodies, which are crucial for identifying individuals 
who were asymptomatically infected before immunization. To address 
these gaps, we prospectively enrolled two matched cohorts, comprising 
vaccinated naïve (VN) and naturally infected (NI) individuals. We 
studied the immunogenicity of two heterologous and two homologous 
mRNA-vaccination regimens, comprehensively assessing antibody 
responses. 

2. Methodology 

2.1. Ethical approval and sample collection 

The Qatar University Institutional Review Board (QU-IRB 1537-FBA/ 
21) and Ethical Committee of the Tor Vergata University Hospital of 
Rome (protocol no. R.S.44.20) approved this study. Before sample 
collection, participants completed an informed consent form, which 
included questions about their demographics and any previous diseases 
they may have had. 

Between January 2021 and April 2022, we collected a comprehen
sive set of 1113 peripheral blood samples from participants at Qatar 
University, including two primary study groups: unvaccinated naturally 
infected (NI; n = 218) and vaccinated naïve (VN; n = 895). 

The NI group consisted of individuals who had confirmed SARS-CoV- 
2 infections, with samples taken at a median of 67 days post-diagnosis 
(n = 218). This group was subdivided based on the presence and 
extent of COVID-19 symptoms into four categories: those who experi
enced full symptoms (n = 51), those with very few symptoms (pauci- 
symptomatic, n = 20), those without any symptoms (asymptomatic, n =
135), and those for whom the symptomatology was not recorded or was 
unclear (unknown manifestations, n = 12). 

The VN group consisted of samples collected from vaccinated sub
jects (~115 days from the first dose) with no previous history of infec
tion, confirmed to be anti-N negative (n = 895). Within the VN group, 
the subgroups were delineated based on the number of doses adminis
tered: 1. Partially vaccinated (n = 65, samples collected ~37 days post 
first dose), 2. Primary series (n = 766, samples collected ~128 days post 
first dose), 3. Primary series plus one heterologous booster dose (n = 19, 
samples collected ~296 days post first dose), and 4. Primary series plus 
one homologous booster dose (n = 45, samples collected ~286 days post 
first dose). 

2.2. Serology testing and immunoassays 

2.2.1. Antibody assessments 
After collection, whole blood samples were centrifuged to separate 

plasma for testing: [1] neutralizing Antibodies (NTAbs), [2] total anti
bodies (TAbs), [3] anti-S-RBD IgG, [4] Anti-S1 anti-S1 IgA. 

Fig. 1. Summary of the study cohort. A total of 1113 subjects were classified study subjects into two mutually exclusive groups: 1- vaccinated naïve (VN; n = 895), 
and 2- unvaccinated naturally infected (NI; n = 218). The VN group was further classified to four subgroups; 1- partially vaccinated group included samples collected 
post-one dose of either ChAd, m1273, or BNT. The primary series group included samples collected post-two homologous doses of either ChAd, m1273, or BNT. The 
primary series plus one heterologous booster dose group included samples collected post-two doses of ChAd, followed by a heterologous booster shot of either m1273 
or BNT. The primary series plus one homologous booster dose group included samples collected post-three homologous doses of either m1273 or BNT. The NI group 
was further classified to symptomatic, pauci-symptomatic, and asymptomatic. Grey text indicates the number of days post-administration of the 1st dose. The sy
ringes are color-coded by vaccine type. The number of doses is indicated by the number of syringes. 
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The SARS-CoV-2 Neutralizing Antibody chemiluminescent immu
noassay (CLIA) (Cat No. SARS-CoV-2 Neutralizing Antibody 121, 
Mindray, China) was utilized to measure NTAbs. This assay has a 
measuring range of 2.0–400.0 AU/ml, with results ≥10.0 AU/ml 
considered reactive for NTAbs. Samples exceeding 400 AU/ml were 
diluted with phosphate-buffered saline (PBS) and re-analyzed. Results 
were standardized using the WHO conversion factor (1 AU = 3.31 IU/ 
mL). 

Total Antibodies (TAbs), including anti-S-RBD IgG, anti-S1 IgA, and 
IgM, were quantified using the CL-900i® CLIA assay (Cat No. SARS-CoV- 
2 Total 91 Antibodies 121, Mindray, China). The assay features a 
measuring and linearity range from 3 to 2000 AU/ml. Samples with 
values >2000 AU/ml were diluted in PBS and re-analyzed. According to 
the manufacturer’s criteria, readings <10 AU/ml indicated a negative 
result, and those ≥10 AU/ml indicated positivity for TAbs to SARS-CoV- 
2. 

Anti-S-RBD IgG levels were measured using the SARS-CoV-2 S-RBD 
IgG CLIA assay (Cat No. SARS-CoV-2 Anti-S-RBD IgG122, Mindray, 
China). This assay has a range of 3.0–1000.0 AU/ml, with results ≥10.0 
AU/ml considered positive for S-RBD IgG. Samples exceeding 1000.0 
AU/ml were diluted and re-analyzed. Results were standardized to 1.15 
BAU/mL using WHO guidelines. 

The Euroimmun Anti-SARS-CoV-2 anti-S1 IgA assay (Euroimmun, 

Germany; Cat. No. EI 2606-9601 A) was performed according to the 
manufacturer’s instructions. The computed ratios were interpreted in 
accordance with the manufacturer’s recommendations. A ratio <0.8 was 
designated negative, ≥ 0.8 to <1.1 was considered borderline, and ≥1.1 
was considered positive [25]. 

Samples were screened for past SARS-CoV-2 infection using the Ar
chitect automated chemiluminescent assay (Abbott Laboratories, USA) 
and Euroimmun ELISA (catalog no. El 2606-9601-2 G). This detected 
SARS-CoV-2 anti-nucleoprotein anti-S-RBD IgG antibodies (anti-N), 
distinguishing them from anti-S-RBD IgG antibodies generated against 
the spike protein’s RBD. Positive anti-N results indicate prior exposure 
to the whole virus [26], leading to exclusion from the VN group. 

2.3. Statistical analysis 

Data were analyzed using GraphPad Prism 9.2.0. (San Diego, CA, 
USA). The gathered dataset was evaluated for normality using the 
Shapiro–Wilk normality test. Due to the lack of a normal distribution, 
nonparametric tests using the Kruskal-Wallis test for the differences 
between independent samples were conducted. In the bar charts, the 
horizontal bar line represents the median titer, and the error bars 
represent the interquartile range (IQR). Using the Spearman rank cor
relation test, the correlation between NTAbs/anti-S-RBD IgG and 

Fig. 2. Comparative Analysis of Antibody Responses Following Vaccination with Oxford-AstraZeneca (ChAd), Pfizer-BioNTech (BNT), and Moderna 
(m1273) COVID-19 Vaccines. Panels A to C depict the concentrations of neutralizing antibodies (NTAbs), total antibodies (TAbs), and antibodies specific to the 
spike-receptor binding domain IgG (anti-S-RBD IgG), respectively. Panel D shows the ratio of anti-S-RBD IgA post-vaccination. Statistical significance is denoted by 
asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Comparisons that did not reach statistical significance are marked with “ns”. Box plots display the median and 
interquartile range, with outliers represented as individual points. 
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NTAbs/Anti-S1 IgA levels was analyzed. A scatterplot was used to 
illustrate the direction, form, and magnitude of the correlation. The 
significance level was set at P < 0.05. 

3. Results 

3.1. Descriptive statistics and participant characteristics 

A total of 1113 samples were included in this study, comprising 
samples collected from VN (n = 895) and NI (n = 218) individuals 
(Table 1 [13], Fig. 1). In the VN group, samples were collected at me
dian: 115 days (~3.8 months) after receiving the first dose of either 
BNT, m1273 or ChAd vaccines. The VN group comprised 52 % females, 
42 % males, and 6 % of unspecified gender. 

In the VN group (n = 895), the partially vaccinated group (n = 65) 
included samples collected post-one dose of either ChAd (61.5 %), 
m1273 (16.9 %), or BNT (21.5 %). The primary series group (n = 766) 
included samples collected post-two homologous doses of either ChAd/ 
ChAd (5.2 %), m1273/m1273 (17.1 %), or BNT/BNT (77.7 %). The 
heterologous regimen: primary series plus one booster dose group (n =
19) included samples collected post-two homologous doses of ChAd, 
followed by a heterologous booster shot of either ChAd/ChAd/m1273 
(52.6 %), or ChAd/ChAd/BNT (47.4 %). The homologous regimen: 
primary series plus one booster dose of the same mRNA vaccine used in 
the primary series, (n = 45), included samples collected post-three ho
mologous doses of either m1273/m1273/m1273 (15.6 %) or BNT/BNT/ 
BNT (84.4 %). 

Samples were collected from individuals in the NI group at a median 
of approximately 2.2 months (67 days) after SARS-CoV-2 infection. The 
NI group consisted of 86.2 % males and 13.8 % females as indicated in 
Table 1. Out of the 218 individuals in the NI group, 23 % were symp
tomatic (n = 51), 9.2 % were pauci-symptomatic (n = 20), 61.9 % were 
asymptomatic (n = 135), and 5.5 % were of unidentified manifestations 
(n = 12). 

3.2. Comprehensive analysis of antibody response (NTAb, TAb, anti-S- 
RBD IgG, and S-RBD anti-S1 IgA) among the different study groups 

3.2.1. Primary series mRNA vaccination regimens induce strong antibody 
responses compared to vector virus vaccine 

The comparison between primary series vaccination regimens and 
partial vaccination regimens revealed significant enhancements in 
antibody responses. Individuals who completed the primary vaccination 
series exhibited notably higher levels of NTAb, TAb, and anti-S-RBD IgG 
compared to those who received only one dose of the same vaccine type 
(p < 0.05) as shown in Fig. 2 A-C. Conversely, the difference in anti-S1 
IgA levels between primary and partial vaccination were significant only 
for the BNT (P < 0.05), but not with ChAd or m1273 (Fig. 2D). 

Among primary series vaccination regimens, ChAd/ChAd elicited 
weaker immune responses (NTAb, TAb, anti-S-RBD IgG, and anti-S1 
IgA) compared to BNT/BNT or m1273/m1273 (P < 0.05). Addition
ally, ChAd/ChAd resulted in approximately 4.6 times less anti-S1 IgA 
response compared to natural infection (P < 0.001). mRNA vaccination 
regimens induced robust antibody responses compared to ChAd/ChAd 

Fig. 3. Immunogenicity Profile of Homologous and Heterologous COVID-19 Vaccination Schedules. Panels A to D illustrate the concentrations of neutralizing 
antibodies (NTAbs), total antibodies (TAbs), antibodies specific to the spike-receptor binding domain IgG (anti-S-RBD IgG), and antibodies specific to the S1 subunit 
IgA (anti-S1 IgA) post-vaccination. Statistical significance is marked by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). For clarity and emphasis on relevant findings, 
only significant comparisons are illustrated in the figure.Box plots represent the median and interquartile range, with outliers shown as separate points. 
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(P < 0.05), with m1273/m1273 showing the strongest enhancement, 
including a 3.2-fold increase in NTAbs (p < 0.001), 3.9-fold rise in TAbs 
(p < 0.001), 19.6-fold increase in anti-S-RBD IgG levels (p < 0.001), and 
an 18.9-fold elevation in anti-S1 IgA ratios (Fig. 2). 

3.2.2. Homologous mRNA vaccination demonstrated a significantly 
superior capacity to elicit robust NTAb and anti-S1 IgA responses when 
compared to heterologous regimens 

The data in Fig. 3 demonstrate the immunogenic profile post- 
vaccination with primary series and booster regimens against SARS- 
CoV-2. m1273/m1273 exhibits the strongest response across all anti
body measures (NTAb, TAb, anti-S-RBD IgG), followed by BNT/BNT, 
while ChAd/ChAd shows lower responses (P < 0.05). mRNA vaccines 
consistently outperform the ChAd/ChAd regimen in NTAbs, Tabs, anti- 
S-RBD IgG, and anti-S1 IgA (p < 0.001). Boosters with heterologous 
regimens (ChAd/ChAd/m1273 or ChAd/ChAd/BNT) enhance antibody 
levels compared to primary ChAd/ChAd. No significant differences were 
observed between homologous (m1273/m1273/m1273 or BNT/BNT/ 
BNT) and heterologous (ChAd/ChAd/m1273 or ChAd/ChAd/BNT) 
boosting regimens for Tabs and anti-S-RBD IgG. However, mRNA ho
mologous BNT/BNT/BNT shows significantly superior capacity for 
NTAb and S-RBD anti-S1 IgA responses, by 4.3-fold and 4.4-fold, 
respectively (p < 0.05), compared to the heterologous boosting 
regimen ChAd/ChAd/BNT. 

3.2.3. Predominant role of Anti-S-RBD IgG in virus neutralization among 
VN individuals 

In the evaluation of post-vaccination neutralizing potency, the 

correlation between NTAbs/anti-S-RBD IgG and NTAbs/anti-S1 IgA 
among VN subjects was examined (Fig. 4). Anti-S-RBD IgG demonstrated 
a more pronounced role in virus neutralization compared to anti-S1 IgA, 
with particularly strong correlations noted in ChAd/ChAd/BNT VN in
dividuals (r = 0.983). Consistently strong to very strong correlations 
were observed between NTAbs and anti-S-RBD IgG across all VN groups, 
while the correlation with anti-S1 IgA, although significant, was less 
robust. The overall correlation between NTAbs and anti-S1 IgA varied 
among different groups. 

3.2.4. Anti-anti-S-RBD IgG and anti-S1 IgA significantly contribute to virus 
neutralization among NI individuals 

In the investigation of post-SARS-CoV-2 infection serological dy
namics and neutralizing potency, the correlation between NTAbs/anti- 
S-RBD IgG and NTAbs/anti-S1 IgA among NI subjects (n = 218) was 
analyzed (Fig. 5). The NI group displayed significant correlations be
tween NTAbs and both anti-S-RBD IgG and anti-S1 IgA (p < 0.001). 
Notably, NTAbs/anti-S-RBD IgG exhibited a very strong overall corre
lation (r = 0.809, p < 0.001) compared to NTAbs/anti-S1 IgA, which 
showed significant but moderate correlations (r = 0.501, p < 0.001). 
Stratification by clinical manifestations revealed significant correlations 
among symptomatic, asymptomatic, and pauci-symptomatic groups, 
with the strongest observed for NTAbs/anti-S-RBD IgG in pauci- 
symptomatic and symptomatic individuals (r = 0.949, p < 0.001, and 
0.835, p < 0.001, respectively). 

Fig. 4. Correlation between Neutralizing Antibodies and Anti-Spike Protein Antibodies Post-Vaccination in Vaccinated Naïve (VN) Individuals. Panels A 
and B showcase scatter plots and correlation analyses for neutralizing antibodies (NTAbs) against antibodies specific to the spike-receptor binding domain IgG (anti- 
S-RBD IgG) and antibodies specific to the S1 subunit IgA (anti-S1 IgA), respectively. Spearman’s correlation coefficients (r) and corresponding p-values are provided 
for each vaccine regimen. p-values < 0.001 being represented as 0.001. 
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4. Discussion 

The study presents a comprehensive comparison of immune re
sponses triggered by various COVID-19 vaccination strategies and nat
ural SARS-CoV-2 infections. Analyzing 1113 samples from VN and NI 
individuals (Fig. 1), the findings suggest that while heterologous mRNA 
boosters offer improvement over primary vaccination, homologous 
mRNA boosting regimens demonstrate potential benefits in enhancing 
anti-S1 IgA antibody levels and neutralizing capacity. 

Significant differences were observed in immune responses between 
mRNA vaccines and the vector-based ChAd vaccine. mRNA vaccines 
demonstrated a pronounced superiority in inducing comprehensive 
antibody responses, including NTAbs, TAb, and anti-S-RBD IgG levels 
(Fig. 2). Notably, m1273 emerged as the most potent in stimulating 
these immune markers, outperforming both BNT and ChAd (Fig. 2). This 
is consistent with the literature, which has highlighted the robust anti
body responses triggered by mRNA vaccines over vector-based vaccines 
[27–29]. 

Additionally, primary vaccination with BNT showed notable in
creases in anti-S1 IgA levels (Fig. 2), highlighting its unique ability to 
engage mucosal immunity. This finding is particularly interesting, given 
the role of anti-S1 IgA in neutralizing pathogens at mucosal sites [30]. 

Investigation into booster vaccination strategies revealed that het
erologous boosting, starting with ChAd followed by an mRNA vaccine 
booster, improved antibody levels compared to the primary ChAd 
regimen alone. This observation suggests that booster vaccines may not 
necessarily need to align with the vaccines used for the primary series, as 
indicated by previous research [31]. Conversely, homologous mRNA 
boosting, particularly with BNT, proved more effective in bolstering 
both neutralizing antibodies and anti-S1 IgA levels (Fig. 3). This un
derscores the strategic preference for homologous mRNA boosters to 

optimize both neutralizing and mucosal immune defenses. 
Assessing neutralizing antibody levels on an individual basis is 

crucial for determining the necessity of additional doses and avoiding 
unnecessary vaccinations [32]. The analysis also highlighted the distinct 
contributions of anti-S-RBD IgG and anti-S1 IgA to virus neutralization, 
with vaccinated individuals relying more on anti-S-RBD IgG, while both 
isotypes played significant roles in the NI group, particularly in symp
tomatic individuals. 

While the study had limitations, including not adressing confounding 
factors, the absence of data on antibody responses against different 
variants and the predominantly asymptomatic nature of the NI group, 
which may not fully represent the range of responses seen in individuals 
with more severe infections [33], it also possesses several notable 
strengths. First, the study design facilitates a direct comparison of 
vaccination regimens. This is critical to inform public health policies and 
vaccination strategies, especially as the world continues to grapple with 
the pandemic and the emergence of new variants. Moreover, unlike most 
research focusing on NTAb, TAbs, and anti-S-RBD IgG, our study also 
examines the less-studied anti-S1 IgA response. Second, in this research, 
we analyzed anti-N antibodies, which are essential to identify people 
who were infected with a virus but had no symptoms before 
immunization. 

5. Conclusion 

The study conclusively demonstrates that mRNA-based COVID-19 
vaccines significantly outperform vector-based counterparts in eliciting 
a robust immunological profile. While heterologous boosting effectively 
enhanced antibody levels, homologous mRNA boosting, particularly 
with BNT, significantly outperformed heterologous boosting in 
enhancing neutralizing and anti-S1 IgA antibody titers, emphasizing the 

Fig. 5. Correlation between Neutralizing Antibodies and Anti-Spike Protein Antibodies in Naturally Infected (NI) Individuals. Panels A and B present scatter 
plots depicting the relationship between neutralizing antibodies (NTAbs) and antibodies specific to the spike-receptor binding domain IgG (anti-S-RBD IgG), and 
antibodies specific to the S1 subunit IgA (anti-S1 IgA), across different clinical manifestations. Spearman’s correlation coefficients (r) and p-values are provided for 
each clinical group. p-values < 0.001 being represented as 0.001. 
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immunological superiority of a uniform vaccine platform. Furthermore, 
correlation analyses revealed that both, anti-S-RBD IgG and anti-S1 IgA 
substantially contribute to viral neutralization in NI individuals, 
whereas, among VN individuals, anti-S-RBD IgG was the main contrib
utor to virus neutralization. These findings strongly support the strategic 
emphasis on homologous mRNA vaccine regimens as a crucial compo
nent of effective public health strategies to combat COVID-19. 
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