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ABSTRACT

Introduction: Immunogenicity has emerged as a challenge in the development of vaccines against coronavirus disease of 2019 
(COVID-19). Immunogenicity is a determinant of the efficacy and safety of vaccines. This systematic review and associated meta-analysis 
summarized and characterized the immunogenicity of COVID-19 vaccines in randomized controlled trials (RCTs).

Methods: Relevant RCTs were systematically sourced from different medical databases in August 2021.  The risk ratios and mean 
differences with 95% confidence intervals were calculated.

Results: Of 2,310 papers, 16 RCTs were eligible for review. These RCTs involved a total of 26,698 participants (15,292 males and 11,231 
females). The pooled results showed a significant difference in the geometric mean titer between the vaccinated and control groups in 
favor of the vaccine group after 1 and 2 months of follow-up, for the young age group (18 - < 55y), and with different doses (P < 0.001).  
The difference in the older age group (>55y) was insignificant (P = 0.24). The seroconversion rate of spike neutralizing antibodies favored 
the vaccine groups 1 or 2 months after vaccination (P < 0.001). The seroconversion rate of the vaccine group was significantly different (P 
< 0.001) from that of the control group. 

Conclusions: Vaccination elicits immunogenicity in the follow-up period for all age groups and at low and large doses. Therefore, people 
should be encouraged to receive vaccines currently being offered. A boost dose has been asserted for the elderly. 
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INTRODUCTION

Immunogenicity has emerged as a challenge in the development 
of vaccines against coronavirus disease 19 (COVID-19)1,2. 
Immunogenicity is a determining factor in the efficacy and safety 
of COVID-19 vaccines3,4,5 for combating severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Over 200 COVID-19 
vaccines were initially tested against SARS-CoV-2, of which only 
a few completed phase I and II clinical trials6. Immunogenicity 
is the ability of a foreign, non-self-substance, for example, an 
antigen, to activate the organism's immune system and provoke 
an immune response. The main mechanism of action of vaccination 
is to provoke an immune response (immunogenicity) against a 
specific antigen, for example, a virus or substance, to protect 
the organism from future harm when re-exposed to the same 
antigen7. Candidate vaccines can be grouped according to three 
major strategies: (1) nucleic acid-based vaccines, either ribonucleic 
acid (RNA-) or deoxynucleic acid (DNA-) based vaccines; (2) 
whole virus vaccines, either inactivated or live vaccines; and (3) 
subunit vaccines8. The first strategy involves the use of nucleic 
acid mRNA-based vaccines. It is a novel technology that utilizes 
a single-stranded RNA molecule carrying the coding sequences 
of the COVID-19 spike protein (S-protein) encapsulated in a lipid 
nanoparticle9,10. Another nucleic acid-based approach involves viral 
vector vaccines that exploit recombinant DNA techniques to clone 
the genes that encode the viral antigen S-protein. The second strategy 
includes whole-pathogen inactivated virus vaccines containing killed 
or inactivated whole vial particles or fragments11,12. That appeal to 
researchers because of the long-term success of polio vaccination. 
The third strategy, subunit vaccines, does not contain viable viral 
pathogen particles or any genetic material, thus enhancing safety. 
The subunit approach uses nanoparticles coated with the synthetic 
COVID-19 signature S-protein and an added adjuvant13,14. 

Although these vaccine technologies can elicit immunogenicity 
with presumed protectiveness, to the best of our knowledge, 
no comprehensive comparative study has addressed their 
immunogenicity through a meta-analysis. The vaccine that 
produces the highest immunogenicity has not yet been addressed. 
Therefore, we conducted a systematic review and meta-analysis 
study of published studies on available randomized controlled 
clinical trials (RCTs). The current study aimed to summarize and 
characterize the immunogenicity of the current COVID-19 vaccines. 
Hopefully, the results of this study could be a foundation for future 
studies to elicit more information regarding the immunogenicity 
of COVID-19 vaccines.  

METHODS

 The Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement guidelines15 were followed 
throughout the processing stages of this study. The processing 
stages were performed in accordance with the Cochrane Handbook 
for Systematic Reviews of Interventions16.

Eligibility Criteria  

Studies were included according to the following criteria: 
(1) studies with multiple age groups including (2) double-arm 
designs, (3) studies that included randomized controlled trials 
(RCTs), (4) studies published in English, and (5) the geometric 
mean titer (GMT) and seroconversion rate of spike neutralizing 
antibodies were selected as the outcome of the study to 
express the immunogenicity of the vaccine under investigation. 

Other immunogenicity data were excluded, including those on 
cellular immunity. Moreover, we excluded conference abstracts, 
unpublished data, studies written in a language other than English, 
in vitro studies, and duplicated papers, whether they included 
longer follow-up studies. 

Outcomes 

The outcomes are attributed to the spike neutralizing 
antibodies, including spike neutralizing antibody GMT after 1 and 2 
months of follow-up, SARS-CoV-2 spike neutralizing antibody GMT 
for different age groups, SARS-CoV-2 spike neutralizing antibody 
GMT at different doses (low dose and high dose), seroconversion 
of spike neutralizing antibodies after 1 month of follow-up, 
seroconversion of spike neutralizing antibodies after 2-month of 
follow-up, and spike neutralizing antibody seroconversion rate.

Endpoints

The endpoints included the GMT of spike neutralizing antibody 
after 1 month and 2 months of follow-up, the GMT of spike 
neutralizing antibodies according to age group (18 – <55 and > 
55 years old) and dose (either low or high dose), and finally the 
seroconversion rate after one month and two months of follow-up. 

Search Strategy and Study Selection

Using relevant keywords, PubMed, Scopus, Cochrane, Web of 
Science, Embase, and Science Direct databases were searched in 
August 2021. The search terms used included COVID-19, SARS-
CoV-2, vaccines, and viral vaccines (Supplementary Material). 

The search results were independently screened by two authors: 
SPV and HAS. The study selection was based on the eligibility 
criteria. Exclusion of studies relied first on the paper’s title and then 
on the abstract, followed by full-text screening. The bibliographic 
references of the included studies were also manually screened 
to identify any other eligible studies that may have been missed 
in the previous stages. Data were extracted and collected on an 
electronic spreadsheet for further processing. The extracted data 
included demographic information, age groups, sex, dose groups, 
and the GMT and seroconversion rate of the spike neutralizing 
antibodies in the vaccinated and control groups. A third author 
(ZSV) resolved any disagreements between the other two authors. 

Quality Assessment

The risk of bias was evaluated using the Cochrane Handbook 
for Systematic Reviews of Interventions, version 5.1.017. The six 
domains of the Cochrane risk-of-bias tool included selection bias,  
performance bias, detection bias, attrition bias, reporting bias, 
and other biases. One or more items were assessed within each 
domain, which could cover different aspects of the domain of 
concern. Performance bias was addressed by blinding participants 
and personnel. Detection bias was addressed by blinding outcome 
assessors. Each bias domain was recorded as low-risk, high-risk, 
or unclear risk). Further details are included in the protocol 
(Supplementary material).

Data Extraction

Data were obtained from text, tables, and supplementary 
data. We focused on the outcome measures that included spike 
neutralizing antibody GMT after 1 month and 2 months of  
follow-up, spike neutralizing antibodies according to age group 
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FIGURE 1: PRISMA flow diagram of the included studies.

(18 – <55 and > 55 years), spike neutralizing antibodies according 
to dose (either low or high dose), and finally the seroconversion 
rate after 1 month and 2 months of follow-up. A summary of the 
baseline patient characteristics is presented in Supplementary 
Table 1.

Statistical Analysis

This meta-analysis was conducted using the Review Manager 
computer program (RevMan, version 5.4 Copenhagen: The 
Nordic Cochrane Centre, The Cochrane Collaboration, 2014). 
Regarding the study outcomes, a risk ratio (RR) with a 95% 
confidence interval (CI) was used for dichotomous variables, 
whereas the mean difference (MD) and 95% CI were presented for 
continuous variables. The 95% confidence interval (CI) between 
the intervention and control groups was recommended by 
Cochrane. Cochrane’s  P values and I2 were tested to examine the 
heterogeneity among the studies16. High heterogeneity was most 
likely due to clinical and methodological factors, so the random 
effect model was adopted in this meta-analysis even if I2 was small. 
Funnel plots and the Egger regression test could not be performed 
because of the limited number of included trials18. In addition, 
sensitivity analysis was performed by sequentially deleting trials 
to check the stability of the outcomes. No significant effect was 

observed after performing the sensitivity analysis because of the 
high variation between the included studies. The heterogeneity 
remained high (I2 > 50%) after sensitivity analysis. Further details 
are included in the protocol (Supplementary material).

RESULTS

Literature Search Results

The initial search resulted in 2,310 papers from six databases: 
PubMed, Cochrane, Scopus, Web of Science (WOS), Embase, and 
Science Direct. Of these 2,310 papers, 355 were excluded because 
of duplication. Subsequently, 1,986 papers underwent title and 
abstract screening and 1,892 were excluded because they did not 
meet the inclusion criteria. The remaining 94 papers were subjected 
to full-text screening. A total of 16 studies were finally included 
for the final qualitative and quantitative analysis: three papers on 
nucleoside-modified mRNA vaccines9,19,20, five papers on DNA-
based vaccines5,21,22,23,24, three papers on subunit vaccines25,26,27, and 
five papers on whole pathogen inactivated virus vaccines4,23,28,29,30. 
Exclusion from the full-text screening was based on the following 
reasons: fifty-two papers with non-eligibility criteria, 11 papers were 
reviews (non-comparative studies not eligible for extraction), nine 
papers were case reports, three papers followed the single-arm 
design, and the final two papers were conference abstracts (Figure 1). 
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Risk of Bias Assessment of the Included Studies

All eligible studies reported allocation concealment and random 
sequence generation with no selection bias. Folegatti et al. is the only 
study that has a high risk of performance bias (blinding of participants 
and personnel) and detection bias (blinding of outcome assessment)21.  
Four studies showed an uncertain attrition bias9,19,22,23. Five studies 
showed selective reporting bias20,22,23,24,29. Other biases were unclear 
in 8 studies9,19,20,22,23,24,28,29. Therefore, the overall quality of the included 
studies was considered high, and there was a low risk of bias 
(Supplementary Figure 1, Supplementary Figure 2).

Descriptive Data

The total number of participants was 26,698 (15,292 males, 
11,231 females). Eligible studies were conducted in nine countries, 
including the USA, the UK, China, Australia, Russia, Belgium, 
Germany, South Africa, and India (Supplementary Table 1). It was 
found that 3 papers were investigating nucleoside-modified mRNA-
based vaccines, 5 papers studying DNA sequences-based vaccines, 
5 papers investigating whole pathogen vaccines, and 3 papers 
investigating subunit-based vaccines (Supplementary Table 1). 
The numbers of participants in the vaccine and control groups are 
summarized in Table 1 and correspond to each outcome analysis. 
Some studies were found to have more than one dataset according 
to the age of the participants, dose schedules, and dose regimens. 
The datasets are summarized in Supplementary Table 2.

Outcomes 

Spike neutralizing antibody GMT after 1 & 2 months of 
follow-up

After one month of follow-up, the pooled analysis of the 
included studies showed a significant difference between the 

TABLE 1: Summarization of analysis outcomes.

Outcomes Subgrouping MD/ RR
CI

P-Value 
Number of each group

Lower limit Upper limit vaccine Control 

Spike neutralizing 
antibody (nAB) GMT

1 month follow-up 219.19 106.78 331.6 0.0001 17,241 5,956

2 months follow-up 1600.03 1537.08 1662.99 < 0.00001 302 171

Total 489.81 375.49 604.13 < 0.00001 17,543 6,127

Spike neutralizing AB 
according to age group

18 – <55 yr age group 350.35 233.63 467.07 < 0.00001 16,967 5,753

> 55 yr age group 859 -581.77 2299.77 0.24 305 175

Total 489.08 366.44 611.72 < 0.00001 17,272 5,928

Spike neutralizing AB 
according to dose

Low dose (age 18 – <55 yr) 57.44 46.84 68.04 < 0.00001 16,695 5,671

High dose (Age 18 – <55 yr) 452.04 403.92 500.17 < 0.00001 203 195

Low dose (age > 55 yr) 240.08 204.12 276.04 < 0.00001 149 175

High dose (age > 55 yr) 230.38 192.08 268.69 < 0.00001 156 175

Total 97.25 87.62 106.88 < 0.00001 17,203 6,216

 Spike neutralizing 
antibodies 

seroconversion
Total 95.20 64.64 125.77 < 0.00001 665 406

MD: Mean difference, RR: Risk Ratio, CI: Confidence interval, AB: Antibody.

vaccinated group and the control group regarding GMT after 
vaccination (MD = 219.19; 95% CI:  106.78, 331.6, P <0.001). 
After two months of follow-up, the pooled results showed a 
significant difference between the vaccinated and control groups  
(MD = 1,600.03; 95% CI:1,537.08, 1,662.99, P < 0.001). The pooled 
studies were heterogeneous (I2 = 100%, P < 0.001), and the 
heterogeneity could not be resolved owing to the high variation 
between the groups (Figure 2).

SARS-CoV-2 spike neutralizing antibody GMT for different 
age groups

The pooled analysis of the included studies showed a 
significant difference between the vaccinated and control groups 
for younger and older age groups (MD = 489.08, 95% CI:366.44, 
611.72, P < 0.001). For younger age groups (18–55 years), there 
was a significant difference between the vaccinated group and the 
control group (MD = 350.35; 95%CI:  233.63, 467.07, P < 0.001); 
however, no significant difference was detected in the older age 
group (> 55 years) between the vaccinated group and the control 
group (MD = 859.00; 95% CI: -581.77, 2,299.77, P = 0.24). The 
pooled studies were heterogeneous (I2 = 100% P < 0.001), and the 
heterogeneity could not be resolved owing to the high variation 
between the groups (Supplementary Figure 3).

SARS-CoV-2 spike neutralizing antibody GMT in different 
doses (low dose and high dose)  

Regarding the low vaccine dose in the younger age group, the 
analysis showed significant results (MD = 57.44; 95% CI:46.84, 68.04,  
P < 0.001). In addition, regarding the low dose for the older age 
group, the analysis showed significant results (MD = 452.04, 95% 
CI:403.92, 500.17; P < 0.001). For higher doses in both age groups, the 
results were significant between the vaccinated and control groups  
(MD = 240.08, 95% CI:204.12, 276.04, P < 0.001) (MD = 230.38, 95% CI 

Vasconcelos ZS et al | Immunogenicity of COVID-19 Vaccines
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FIGURE 2: Forest plot of mean difference in SARS-CoV-2 spike neutralizing antibody genomic mean titer after 1 & 2 months of follow-up.

192.08, 268.69, P < 0.001). The overall pooled results of the included 
studies showed significant GMT results between the vaccinated 
participants and the control group (MD = 97.25; 95% CI:  87.62, 
106.88, P < 0.001). The pooled studies were heterogeneous (I2 = 100%, 
P < 0.001), and the heterogeneity could not be resolved owing to 
the high variation between the groups. (Supplementary Figure 4). 

Spike neutralizing antibodies seroconversion

The pooled analysis of the included studies showed a significant 
difference between the vaccinated and control groups regarding 
seroconversion after one or two months of follow-up (MD = 95.20; 
95% CI: [64.64, 125.77], P < 0.001), favoring the vaccinated group 
over the control group. The pooled studies were heterogeneous 
(I2 = 99%, P<0.001). Heterogeneity could not be resolved due to 
the high variation between the groups.  (Figure 3)

DISCUSSION

The plethora of emerging vaccines against SARS-CoV-2 has 
raised the question of immunogenicity being a detrimental factor 
that confers protection against COVID-191,2. The serum of patients 
with COVID-19 demonstrates high levels of neutralizing antibodies2 
that have been correlated with the severity of COVID-19 infection2 
and protection against SARS-CoV-231,32. Moreover, the level of 
immunoglobulin G against the spike protein receptor-binding 
domain was found to correlate with spike neutralizing antibodies 
against SARS-CoV-2 in the sera of patients with COVID-1933. A 
high level of spike neutralizing antibodies was correlated with a 
reduction in viral load in patients with COVID-1934,35. Developed 
vaccines have been reported to retain the ability to elicit 
neutralizing antibodies against SARS-CoV-2, along with a high 

FIGURE 3: Forest plot of mean difference (MD) in the spike neutralizing antibodies seroconversion rate.

Rev Soc Bras Med Trop | on line | Vol.:56 | (e0661-2021) | 2023
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proportion of seroconversion22,32. Therefore, it was concluded that 
the neutralizing antibodies have implications for the development 
of a protectively effective vaccine against SARS-CoV-22. To 
minimize the death toll of COVID-19, emergency use authorization 
was approved by the US Food and Drug Administration36 and the 
Department of Health and Human Services for some COVID-19 
vaccines. However, the different aspects of vaccine efficacy, 
immunogenicity, cost, and untoward effects (early and remote) 
have not been comprehensively and thoroughly investigated37.

Therefore, a comprehensive evaluation of the datasets through 
a systematic review and meta-analysis would compensate for this 
gap in vaccine research. Given the need for a comprehensive, 
thorough, and punctual evaluation of the immunogenicity of 
different types of vaccines, the current study, a systematic review, 
and a meta-analysis focused on datasets of the spike protein and 
neutralizing antibodies as determinants of the immunogenicity  
(the outcomes) of the vaccines38. This expanded systematic review 
summarizes the available information on vaccine immunogenicity 
based on different parameters.

Summary of the Results 

The purpose of the current study is to summarize the 
available data on the immunogenicity of the current vaccines 
(Supplementary Table 1) in phase I/II, as reported in RCTs, as a 
detrimental factor of vaccine protection. The current study included 
16 RCTs, which encompassed 26,698 participants. 

For immunogenicity, there was a significant increase in the 
spike protein-neutralizing antibody one and two months after 
vaccination, with a remarkable increase in the MD after the second 
month. Moreover, the seroconversion rate increased significantly 
as well.  Therefore, a second booster dose was confirmed.  

While spike neutralizing antibodies showed a significant increase 
in the younger age group, spike neutralizing antibodies showed no 
significant increase in the older age group. However, irrespective 
of the vaccine dose, spike neutralizing antibodies significantly 
increased in both age groups. Moreover, 1 and 2 months of follow-
up showed a significant spike in neutralizing antibody levels, with a 
rapid increase in the MD of spike neutralizing antibodies.

Potential Bias

The included studies were of high quality, and the bias was 
low. Consequently, the derived results are believed to be reliable17.

Context of this Review 

Immunogenicity develops in the first month after vaccination, 
and this increase is remarkably augmented after the second month 
and the second (higher) dose. Immunogenicity was maintained 
for one and two months of follow-up, which suggests extended 
protection against COVID-19.  The younger age group responded 
dramatically to the vaccination and showed a remarkable increase 
after receiving the second (higher) dose. Immunogenicity in older 
age groups requires further attention. These unfavorable results 
can be attributed to immunosenescence, which hinders the innate 
and adaptive immune response with an increase in age39. 

Agreement and Disagreement with Literature

A systematic review conducted to evaluate the immunogenicity 
of SARS-CoV-1 and 2 and MERS-CoV concluded that inactivated 

and adenoviral-vector-based techniques were able to elicit robust 
antibody responses, especially in older and immunocompromised 
participants, while a single dose of mRNA1273 SARS-CoV-2 vaccine 
produced the highest antibody titer level37. Our study concurred 
with the findings of McDonald et al37 as the MD of spike neutralizing 
antibodies in the aged group was not statistically significant. The 
mRNA-based vaccine ( BNT162b2 vaccine by Pfizer-BioNTech and 
mRNA-1273 vaccine from Moderna) elicited a high immunogenic 
response in the elderly, followed by the ChAdOx1 nCoV-19 vaccine 
(AstraZeneca)40.  In our analysis, although the MD of spike neutralizing 
antibodies was statistically significant, irrespective of age and dose, 
the antibody response in the elderly was not promising, even at high 
doses. It is worth noting that antibody responses in the elderly were 
less correlated with immune protection against viral influenza infection, 
and cell-mediated immune responses should be used instead41.    

It was concluded that the RNA-based vaccine showed a high 
level of neutralizing antibodies after one month of the first and 
second doses, and a high level was noticed with the adenovirus-
vectored COVID-19 vaccine (Johnson & Johnson) with only one 
dose42. Contrary to the literature, the subunit vaccine NVX-
CoV237327 showed the highest MD of spike neutralizing antibodies 
in the first month, and the mRNA-based vaccine mRNA-127319 
showed a considerably high difference in the second month. The 
ineligibility of the data for extraction may explain this contradiction. 
However, the mRNA-based vaccine, mRNA-1273, resulted in the 
highest level of neutralizing antibody seroconversion rate after 
one month (Table 1) or the second month. 

Compared with other types of vaccines43, DNA-based vaccines 
have enhanced immunogenicity with fewer side effects attributed 
to antibody reactions. Notwithstanding, the overall seroconversion 
rate showed a significant increase, especially with the whole 
pathogen inactivated vaccine BBV1524. It has been claimed that 
vaccines based on the whole virus or complete spike protein may 
cause a hyperimmune response or post-immunization enhanced 
infectivity44. Therefore, eliciting immune responses should be 
integrated into the clinical safety of the response43.

Strengths and Limitations of the Review

To the best of our knowledge, the current study is the 
first systematic review and meta-analysis to summarize the 
characteristics of immunogenicity of current COVID-19 vaccines. The 
inclusion of RCT only enhances the strength of the study, as well as 
the high number of participants recruited from the eligible papers.  

One substantial limitation was the heterogeneity among the 
included studies. The difference in the type of vaccines and the 
wide variation in the characteristics of the populations, including 
ethnicity, can explain the high variability between the vaccinated 
and control groups, and thus, heterogeneity. However, applying the 
random effects model and dividing the outcomes into subgroup 
analyses was carried out to manage the challenge of heterogeneity. 

Moreover, the data presented in some studies were not 
eligible for extraction, which led to the contraction of the datasets. 
Furthermore, the wide diversity of participants in the included 
studies may have caused bias in the results.  It should be noted 
that the attribution of neutralizing antibodies to antigen-specific 
T-cell responses and disease severity is not well understood. 
Therefore, the results of the present study should be considered 
within this limitation. 

Vasconcelos ZS et al | Immunogenicity of COVID-19 Vaccines



www.scielo.br/rsbmt  I  www.rsbmt.org.br 7

RECOMMENDATIONS 

These three categories of vaccines successfully stimulated 
the human immune system against the COVID-19 antigen and 
elicited presumed protective immunity. Therefore, taking any of 
the vaccines in these categories will enhance protection against 
SARS-CoV-2 infection. Moreover, it is recommended that the 
younger age group, from 18 to 60 years, take the vaccine because 
of the high response of their immune system. The older age group, 
over 60 years, may show a slow response rate and low level of 
immunity; therefore, the second dose would boost immunity and 
increase the chance of protection. 

All included RCTs investigated the immune response within 
a short period (nearly 2 months). Evaluation of the long-term 
immune response to various types of vaccines (6 months to 1 
year) is needed to detect the solidity of the vaccinations and help 
us make further plans. The heterogeneity among RCTs calls for 
standardized RCT studies regarding data collection and reporting. 
Finally, extended standardized research is needed to highlight 
the protective effects of the elicited immunogenicity of current 
vaccines against other SARS-CoV-2 variants. 

CONCLUSION 

It is worth noting that all the vaccines in the three categories 
can elicit human body immune responses. Regardless of the type 
of vaccine, the immune system is sensitized against SARS-CoV-2 
infection. Therefore, current vaccines can be protective tools 
for controlling the COVID-19 pandemic and preventing further 
fatalities. As no vaccine was proven to be more immunogenic, and 
hence more protective, people should be encouraged to receive 
the available vaccine in their country. The older age group is worth 
monitoring for the response of their immune system. 

SUPPLEMENTARY INFORMATION

Registration

This review has not been registered yet. No amendments have 
been made so far. The protocol can be found under the “Submitting 
Information” section.

Data and material availability 

All data are available within the manuscript and supplement.

ACKNOWLEDGMENTS

I would like to express my gratitude and appreciation to Mr. 
Matthew Miller for his sincere effort to standardize the English 
language of the manuscripts to meet the expectations of the 
professional academic English reader.

REFERENCES 

1.	 Ni L, Ye F, Cheng M-L, Feng Y, Deng Y-Q, Zhao H, et al. Detection 
of SARS-CoV-2-Specific Humoral and Cellular Immunity in COVID-19 
Convalescent Individuals. Immunity. 2020;52(6):971-977.e3.

2.	 Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, et al. 
Longitudinal observation and decline of neutralizing antibody 
responses in the three months following SARS-CoV-2 infection in 
humans. Nat Microbiol. 2020;5(12):1598–607.

3.	 Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC, 
Makhene M, et al. Safety and Immunogenicity of SARS-CoV-2 mRNA-
1273 Vaccine in Older Adults. N Engl J Med. 2020;383(25):2427–38.

4.	 Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V, et al. 
Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, 
BBV152: a double-blind, randomised, phase 1 trial. Lancet Infect Dis. 
2021;21(5):637–46.

5.	 Logunov DY, Dolzhikova IV, Zubkova OV, Tukhvatulin AI, Shcheblyakov 
DV, Dzharullaeva AS, et al. Safety and immunogenicity of an rAd26 
and rAd5 vector-based heterologous prime-boost COVID-19 vaccine 
in two formulations: two open, non-randomised phase 1/2 studies 
from Russia. Lancet. 2020;396(10255):887–97.

6.	 World Health Organization. Coronavirus Disease (COVID-19) 
Situation Reports. 2021.

7.	 Ilinskaya AN, Dobrovolskaia MA. Understanding the immunogenicity 
and antigenicity of nanomaterials: Past, present and future. Toxicol 
Appl Pharmacol 2016;299:70–7.

8.	 Amanat F, Krammer F. SARS-CoV-2 Vaccines: Status Report. Immunity. 
2020;52(4):583–9.

9.	 Kremsner PG, Mann P, Kroidl A, Leroux-Roels I, Schindler C, Gabor 
JJ, et al. Safety and immunogenicity of an mRNA-lipid nanoparticle 
vaccine candidate against SARS-CoV-2: A phase 1 randomized clinical 
trial. Wien Klin Wochenschr. 2021:133(17-18):931-41.

10.	 Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines - a new 
era in vaccinology. Nat Rev Drug Discov. 2018;17(4):261–79.

11.	 Bewley KR, Gooch K, Thomas KM, Longet S, Wiblin N, Hunter L, 
et al. Immunological and pathological outcomes of SARS-CoV-2 
challenge following formalin-inactivated vaccine in ferrets and rhesus 
macaques. Sci Adv. 2021;7(37):eabg7996.

12.	 Yue L, Xie T, Yang T, Zhou J, Chen H, Zhu H, et al. A third booster 
dose may be necessary to mitigate neutralizing antibody fading after 
inoculation with two doses of an inactivated SARS-CoV-2 vaccine. J 
Med Virol. 2021.

13.	 Kyriakidis NC, López-Cortés A, González EV, Grimaldos AB, Prado EO. 
SARS-CoV-2 vaccines strategies: a comprehensive review of phase 3 
candidates. Npj Vaccines. 2021;6(1):1–17.

14.	 Roldão A, Mellado MCM, Castilho LR, Carrondo MJT, Alves PM. 
Virus-like particles in vaccine development. Expert Rev Vaccines. 
2010;9(10):1149–76.

15.	 Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group. 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses: 
The PRISMA Statement. PLoS Med. 2009;6(7):e1000097.

16.	 Higgins JPT. Measuring inconsistency in meta-analyses. BMJ. 
2003;327(7414):557–60.

17.	 Green S, Higgins P, alderson P, Clarke M, Mulrow DC, Oxaman. 
Cochrane Handbook: Cochrane Review: Ch 8: Assessing risk of bias 
in included studies. Cochrane Handbook for: Systematic Reviews of 
Interventions, vol. 6. 2011. p. 3–10.

18.	 Lin L, Chu H. Quantifying Publication Bias in Meta-Analysis. Biometrics. 
2018;74(3):785.

19.	 Chu L, McPhee R, Huang W, Bennett H, Pajon R, Nestorova B, et al. 
A preliminary report of a randomized controlled phase 2 trial of the 
safety and immunogenicity of mRNA-1273 SARS-CoV-2 vaccine. 
Vaccine. 2021;39(20):2791–9.

20.	 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. New Engl J Med. 2020;383(25):2439–50.

21.	 	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(10249):467–78.

Rev Soc Bras Med Trop | on line | Vol.:56 | (e0661-2021) | 2023



8 www.scielo.br/rsbmt  I  www.rsbmt.org.br

22.	 Sadoff J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de Groot AM, 
et al. Interim Results of a Phase 1-2a Trial of Ad26.COV2.S Covid-19 
Vaccine. N Engl J Med. 2021;384(19):1824–35.

23.	 Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and 
immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: 
a randomised, double-blind, placebo-controlled, phase 1/2 trial. 
Lancet Infect Dis. 2021;21(1):39–51.

24.	 Zhu F-C, Guan X-H, Li Y-H, Huang J-Y, Jiang T, Hou L-H, et al. 
Immunogenicity and safety of a recombinant adenovirus type-5-
vectored COVID-19 vaccine in healthy adults aged 18 years or older: 
a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. 
2020;396(10249):479–88.

25.	 Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I, et al. 
Safety and immunogenicity of S-Trimer (SCB-2019), a protein 
subunit vaccine candidate for COVID-19 in healthy adults: a phase 
1, randomised, double-blind, placebo-controlled trial. Lancet. 
2021;397(10275):682–94.

26.	 Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et 
al. Efficacy of NVX-CoV2373 Covid-19 Vaccine against the B.1.351 
Variant. N Engl J Med. 2021;384(20):1899–909.

27.	 Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, et al. Phase 
1-2 Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle 
Vaccine. N Engl J Med. 2020;383(24):2320–32.

28.	 Che Y, Liu X, Pu Y, Zhou M, Zhao Z, Jiang R, et al. Randomized, 
double-blinded and placebo-controlled phase II trial of an 
inactivated SARS-CoV-2 vaccine in healthy adults. Clin Infect Dis. 
2021:73(11):e3949-e3955.

29.	 Pu J, Yu Q, Yin Z, Zhang Y, Li X, Yin Q, et al. The safety and 
immunogenicity of an inactivated SARS-CoV-2 vaccine in Chinese 
adults aged 18-59  years: A phase I randomized, double-blinded, 
controlled trial. Vaccine. 2021;39(20):2746–54.

30.	 Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, et al. Safety, tolerability, 
and immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy 
adults aged 18-59 years: a randomised, double-blind, placebo-
controlled, phase 1/2 clinical trial. Lancet Infect Dis. 2021;21(2):181–92.

31.	 Mercado NB, Zahn R, Wegmann F, Loos C, Chandrashekar A, Yu J, et 
al. Single-shot Ad26 vaccine protects against SARS-CoV-2 in rhesus 
macaques. Nature. 2020;586(7830):583–8.

32.	 Yu J, Tostanoski LH, Peter L, Mercado NB, McMahan K, Mahrokhian 
SH, et al. DNA vaccine protection against SARS-CoV-2 in rhesus 
macaques. Science. 2020;369(6505):806–11.

33.	 Han Y, Liu P, Qiu Y, Zhou J, Liu Y, Hu X, et al. Effective virus-
neutralizing activities in antisera from the first wave of survivors of 
severe COVID-19. JCI Insight. 2021;6(4):146267.

34.	 Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, et al. Human 
neutralizing antibodies elicited by SARS-CoV-2 infection. Nature. 
2020;584(7819):115–9.

35.	 Shi R, Shan C, Duan X, Chen Z, Liu P, Song J, et al. A human neutralizing 
antibody targets the receptor-binding site of SARS-CoV-2. Nature. 
2020;584(7819):120–4.

36.	 Center for Biologics Evaluation and Research. Emergency Use 
Authorization for Vaccines Explained. FDA 2020.

37.	 McDonald I, Murray SM, Reynolds CJ, Altmann DM, Boyton RJ. 
Comparative systematic review and meta-analysis of reactogenicity, 
immunogenicity and efficacy of vaccines against SARS-CoV-2. NPJ 
Vaccines. 2021;6:74.

38.	 He Q, Mao Q, Zhang J, Bian L, Gao F, Wang J, et al. COVID-19 
Vaccines: Current Understanding on Immunogenicity, Safety, and 
Further Considerations. Front Immunol. 2021;12:669339.

39.	 Palacios-Pedrero MÁ, Osterhaus ADME, Becker T, Elbahesh H, 
Rimmelzwaan GF, Saletti G. Aging and Options to Halt Declining 
Immunity to Virus Infections. Front Immunol. 2021;12:681449.

40.	 Teo SP. Review of COVID-19 Vaccines and Their Evidence in Older 
Adults. Ann Geriatr Med Res. 2021;25(1):4–9.

41.	 McElhaney JE, Xie D, Hager WD, Barry MB, Wang Y, Kleppinger A, et 
al. T Cell Responses Are Better Correlates of Vaccine Protection in the 
Elderly. J Immunol. 2006;176(10):6333–9.

42.	 Pormohammad A, Zarei M, Ghorbani S, Mohammadi M, Razizadeh 
MH, Turner DL, et al. Efficacy and Safety of COVID-19 Vaccines: A 
Systematic Review and Meta-Analysis of Randomized Clinical Trials. 
Vaccines. 2021;9(5):467.

43.	 Sathian B, Asim M, Banerjee I, Roy B, Pizarro AB, Mancha MA, et al. 
Development and implementation of a potential coronavirus disease 
2019 (COVID-19) vaccine: A systematic review and meta-analysis of 
vaccine clinical trials. Nepal J Epidemiol. 2021;11(1):959–82.

44.	 Jiang S, Bottazzi ME, Du L, Lustigman S, Tseng C-TK, Curti E, et al. 
Roadmap to developing a recombinant coronavirus S protein 
receptor-binding domain vaccine for severe acute respiratory 
syndrome. Expert Rev Vaccines. 2012;11(12):1405–13.

Vasconcelos ZS et al | Immunogenicity of COVID-19 Vaccines

OPEN
ACCESS

https://creativecommons.org/licenses/by/4.0/


www.scielo.br/rsbmt  I  www.rsbmt.org.br

Revista da Sociedade Brasileira de Medicina Tropical/Journal of the Brazilian Society of Tropical Medicine SUPPLEMENTARY MATERIAL

SUPPLEMENTARY MATERIAL

Keywords and search strategy for identification of studies:

The search will be conducted by using the databases PubMed, 
Scopus, Web of Science, Cochrane, Embase, Science Direct, and 
Google Scholar using the following keywords: “COVID 19 vaccine” 
AND “Antibodies” OR “Immunoglobulins” (“COVID 19 Vaccines 
“OR “Vaccines,  COVID-19” OR “COVID-19  Virus Vaccines “OR 
“COVID 19  Virus Vaccines” OR “Vaccines,  COVID-19  Virus” OR 
“Virus Vaccines,  COVID-19” OR “COVID-19  Virus Vaccine” OR 
“COVID 19 Virus Vaccine” OR “Vaccine, COVID-19 Virus” OR “Virus 
Vaccine, COVID-19” OR “COVID19 Virus Vaccines” OR “Vaccines, 
COVID19 Virus” OR “Virus Vaccines, COVID19” OR “COVID19 Virus 
Vaccine” OR “Vaccine, COVID19 Virus” OR “Virus Vaccine, COVID19” 
OR “COVID19 Vaccines” OR “Vaccines, COVID19”  OR “COVID19 
Vaccine” OR “Vaccine, COVID19” OR “SARS-CoV-2 Vaccines” OR 
“SARS CoV 2 Vaccines” OR “Vaccines,  SARS-CoV-2” OR “SARS-
CoV-2  Vaccine” OR “SARS CoV 2 Vaccine” OR “Vaccine,  SARS-
CoV-2” OR “SARS2 Vaccines” OR “Vaccines, SARS2” OR “SARS2 
Vaccine” OR “Vaccine, SARS2”).

Types of included studies:

1. Inclusion criteria: 
•	 Studies including patients undergoing COVID vaccination. 

•	 Studies written in English.

•	 Studies published in 2020 and 2021.

•	 Studies reporting the genomic mean titer (GMT) of nAB and 
seroconversion rates. 

•	 Prospective randomized controlled trials.

•	 Human studies.

2. Exclusion criteria
•	 Publications including conference abstracts, case reports, case 

series, review articles, and letters to the editor. 

•	 Studies not written in English. 

•	 Studies with incomplete outcome data.

•	 Studies with selective outcome reporting.

Types of included participants:

Patients undergoing COVID vaccination with no restriction for 
a specific vaccine. 

Statistical considerations:

Search results will be uploaded to the systematic review 
manager software, manually screened for eligibility, and then 
included. A PRISMA flowchart was produced based on the search 
results and the inclusion/exclusion criteria1. 

To facilitate the assessment of the possible risk of bias for each 
study, information was collected using the Cochrane Collaboration 
Tool for Assessing the Risk of Bias2.Heterogeneity will be explained 
and, when necessary, a sensitivity analysis will be performed based 
on methodological quality and random effect versus fixed effect 
modeling. After pooling the collected data from the included 

studies, the relative risk of each of the intended outcome measures 
of interest was calculated with the aim of reaching a satisfactory 
conclusion.

Statistical Package:

Data will be collected, summarized, and reported on data 
collection sheets. Data were entered into Microsoft Excel 
spreadsheets with appropriate tabulation and graphical 
presentation and analyzed using Review Manager software 
(RevMan) version 5.4.

Statistical Analysis:  

This meta-analysis was conducted using the Review Manager 
computer program (RevMan, version 5.4 Copenhagen: The Nordic 
Cochrane Centre, The Cochrane Collaboration, 2014). Regarding 
the study outcomes, a risk ratio (RR) with a 95% confidence 
interval (CI) was used for dichotomous variables, whereas the 
mean difference (MD) and 95% CI were presented for continuous 
variables. 95% confidence intervals (CI) between the intervention 
and control groups, as recommended by Cochrane.

Cochrane’s P-values and I2 were tested to examine heterogeneity 
among the 16 studies2. High heterogeneity was most likely due to 
clinical and methodological factors, so the random effect model 
was adopted in this meta-analysis even if I2 was small. Funnel plots 
and the Egger regression test could not be performed because of 
the limited number of included trials183.  In addition, a sensitivity 
analysis was performed by sequentially deleting the trials to check 
the stability of the primary outcomes.

Continuous numerical data in the form of means and standard 
deviations were described as quantitative data. Qualitative 
variables are presented in the form of frequency and percentages. 
The significance level (P) indicated the significance of the calculated 
tests. When the P-value was greater than 0.05, the result was 
considered insignificant. The result was considered significant if P 
< 0.05, and highly significant when P <0.001. Statistical significance 
was defined as a two-tailed p-value of < 0.05. 

In accordance with the conventional acceptance of statistical 
significance at a P-value of 0.05 (or 5%), the CI was frequently 
calculated at a confidence level of 95%. In general, if an observed 
result is statistically significant at a P-value of 0.05, then the null 
hypothesis should not fall within the 95% CI. Calculating P-values 
depended on the deviation between the observed value and 
a chosen reference value, given the probability distribution of 
the statistic, with a greater difference between the two values 
corresponding to a lower p-value. The P-value was directly linked 
to the test statistic z=b/sb, which follows a standard normal 
distribution with mean 0 and unit variance, where b is an estimator 
of β and sb  is the estimated standard error of b for any study 
included in the meta-analysis.

Heterogeneity was assessed using the  I2  statistic, which 
states the percentage of variability in effect estimates due to 
heterogeneity rather than chance.  Thresholds for the interpretation 
of heterogeneity were based on Cochrane guidelines  as follows:0% 
= no heterogeneity; > 0–40%: might not be important; 30–60%, 
moderate heterogeneity; 50–90%, substantial heterogeneity; 
75–100%, considerable heterogeneity.  
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Risk of Bias Assessment of the Included Studies

Based on the Cochrane risk of bias tool found in chapter 8.5 of 
the Cochrane Handbook for Systematic Reviews of Interventions 
5.1.0, random sequence generation, allocation concealment, 
selective reporting, and attrition bias met the standard criteria and 
had a low risk of bias. We assessed publication bias by investigating 
funnel plot symmetry and performing Egger’s test using Review 
Manager software version 5.4.   Two reviewers independently 
assessed the risk of bias using the Cochrane Collaboration tool for 
the risk of bias domains. Regarding funnel plot asymmetry, we used 
a linear regression approach to measure funnel plot asymmetry on 
the natural logarithm scale of the odds ratio. If there is asymmetry, 
with smaller studies showing effects that differ systematically from 
larger studies, the regression line will not run through origin. 

In contrast to the overall test of heterogeneity, the funnel plot 
asymmetry test assesses a specific type of heterogeneity and 
provides a more powerful test in this situation. However, any 
analysis of heterogeneity depends on the number of trials included 
in a meta-analysis, which is generally small, limiting the statistical 
power of the test.
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SUPPLEMENTARY TABLE 1: Summary of the included studies.

Study ID Study design Trial phase Type of vaccine
Generic name 

vaccine for SARS 
Cov2

Developer 
company

Place of the 
study

Che et al., 2020 RCT II whole inactivated 
vaccine

Number 
2020L00020 & China

Chu et al., 2021 RCT II Nucleoside-
modified mRNA mRNA-1273 Moderna USA

Ella et al., 2021 RCT I Whole pathogen 
inactivated virus BBV152 Bharat Biotech’s India

Folegatti et al., 2020 RCT I/II

DNA sequences 
integrated into 
a modified safe 

adenovirus

ChAdOx1 nCoV-19 Oxford-AstraZeneca UK

Keech et al., 2020 RCT I/II
Subunit vaccine 

(no viable 
particles)

NVX-CoV2373 Novavax Australia

Kremsner et al., 2021 RCT I
mRNA-lipid 
nanoparticle 

vaccine
CVnCoV vaccine CureVac N.V., 

Tübingen, Germany

Hannover, 
Munich and 
Tübingen, 

Germany, and 
Ghent, Belgium

Logunov et al., 2020 RCT I/II

Vector-based 
heterologous 
prime-boost 

vaccine

rAd26 and rAd5 Gamaleya Russia

Logunov et al., 2021 RCT III

DNA sequences 
integrated into 
a modified safe 

adenovirus

rAd26 & rAd5 Gamaleya Russia

Pu et al., 2021 RCT I Whole pathogen 
inactivated virus

CTR20200943 &

NCT04412538
IMB-CAMS China

Richmond et al., 2021 RCT I Subunit vaccine SCB-2019
Clover 

Biopharmaceuticals, 
Chengdu, China

Australia

Sadoff et al., 2021 RCT I/II a

DNA sequences 
integrated into 
a modified safe 

adenovirus

Ad26 - Belgium and the 
USA

Walsh et al., 2020 RCT I Nucleoside-
modified mRNA

BNT162b2/1 
mRNA Pfizer USA

Xia et al., 2020 RCT I/II

DNA sequences 
integrated into 
a modified safe 

adenovirus

rAd5 –vectored 
vaccine - China

Xia et al., 2021 RCT I/II Whole pathogen 
inactivated virus BBIBP-CorV Sinopharm China

Zhang et al., 2021 RCT I/II Whole pathogen 
inactivated virus CoronaVac Sinovac Life Sciences 

(Beijing, China) China

Zhu et al., 2020 RCT II

DNA sequences 
integrated into 
a modified safe 

adenovirus

rAd5 –vectored 
vaccine

University of Oxford 
(Oxford, UK) China
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SUPPLEMENTARY TABLE 2: Dataset summary for the included studies.

Study ID Dataset Vaccination schedule (days) Dose Age groups

Walsh et al. 2020
(A) 7 days BNT162b1 (100 ug) 18–55 Years

(B) 14-28 days BNT162b1 (30 ug) 65–85 Years 

Chu et al. 2021

(A) 14 days Low dose mRNA-1273 (50 ug) 18 - <52 years

(B) 28-29 days High dose mRNA-1273 (100 ug) > 55 years

(C) 57 days mRNA-1273 (50, 100 ug) > 18 years

Ella et al. 2021

(A) 0-7 days BBV152 3 µg ≥18 to ≤25

(B)  14–21 days BBV152 6 µg ≥26 to ≤40

(C) > 42 days BBV152 6 µg with Algel >40 to ≤55

Keetch et al. 2020

(A) 7 days 0 30.3±10.92

(B) 7 -14 days Low dose 29.5±7.99 

(C) 7-21 days High dose 27.2±9.38 

Logunov et al. 
2020

(A) Day 28 post first dose ChAdOx1 (one dose) 18 to <65

(B) Day 28 post second dose ChAdOx1 (Two doses) 18 to <65

SUPPLEMENTARY FIGURE 1: Cochrane risk of bias assessment graph of the included trials.
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SUPPLEMENTARY FIGURE 2.: Cochrane risk of bias assessment graph of the  
individual trials.
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SUPPLEMENTARY FIGURE 3: Forest plot of mean difference in the spike neutralizing antibodies according to age group.

SUPPLEMENTARY FIGURE 4: Forest plot of mean difference in the spike neutralizing antibodies according to high or low dose in different age groups.


