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A B S T R A C T   

Background: Children 6 months to < 5 years old are recommended to receive 3-dose regimen of BNT162b2. 
Children previously infected with Omicron variant of SARS-CoV-2 develop immunity from natural infection, 
therefore may require fewer doses of vaccine. 
Objective: To compare immunogenicity of 1- or 2-dose BNT162b2 in healthy children post COVID-19 with 3-dose 
BNT162b2 in COVID-naïve children. 
Methods: Children aged 6 months to < 5 years who developed COVID-19 during the Omicron-predominant period 
were enrolled; Group A 3–6 months(N = 40) and Group B > 6 months(N = 40) prior to vaccination. Participants 
in Group A and B received 2-dose BNT162b2 intramuscularly 1 month apart. COVID-naïve children were 
enrolled as a control group (N = 40) and received 3-dose BNT162b2 at month 0,1,3. Neutralizing antibody 
against Omicron variant(BA.2.75 and BA.4/5) was determined by pseudovirus assays(pVNT) as reported by 
neutralization dilution for 50%inhibition (ID50) at 28 days after the 1st and 2nd dose. 
Results: From October-November 2022, 120 children with a median age of 2.8 years (IQR 1.6–4.0) were enrolled. 
The median duration since COVID-19 to vaccination was 4.4 months(IQR 3.8–5.4) in Group A and 7.9 months 
(7.0–8.5) in Group B. In Group A, the geometric means(GMs) of pVNT-BA.2.75 ID50 were 553 (95%CI 338–906) 
and 753(516–1098) after 1 and 2 doses, respectively, and the GMs of pVNT-BA.4/5 ID50 were 1936(1402–2673) 
and 1885(1414–2512), respectively. In Group B, the GMs of pVNT-BA.2.75 ID50 were 1383(1100–1742) and 
1419 (1104–1823), and the GMs of pVNT-BA.4/5 ID50 were 2627(2048–3367) and 2056(1546–2735), respec-
tively. Meanwhile in COVID-naïve group, the GMs of pVNT-BA.2.75 and pVNT-BA.4/5 ID50 were 158(98–255) 
and 59(31–114) after the 3rd dose, respectively. The geometric mean ratio(GMR) of pVNT-BA.2.75 ID50 after 1 
dose in Group A and B compared with after 3 doses in COVID-naïve group were 3.50 (1.93–6.34) and 8.74 
(4.79–15.95), respectively. The GMR of pVNT-BA.2.75 ID50 after 1 dose in Group B compared with Group A was 
2.50 (1.45–4.31). 

Abbreviations: AU, Arbitrary unit; COVID-19, Coronavirus disease 2019; GM, Geometric mean; GMR, Geometric mean ratio; ID50, Neutralization dilution for 50% 
pseudovirus inhibition; pVNT, Pseudovirus neutralization test; S-RBD, Spike receptor binding domain; sVNT, Surrogate virus neutralization test. 
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Conclusions: Children previously infected with SARS-CoV-2 Omicron variant, developed robust neutralizing 
antibody response against Omicron variant after single-dose BNT162b2. Children with an interval of > 6 months 
since COVID-19 infection developed higher neutralizing antibody response compared to those with a 3-to-6- 
month interval.   

Introduction 

The World Health Organization classified SARS-CoV-2 Omicron 
variant (B.1.1.529) as a “Variant of Concern” on November 26, 2021 [1]. 
Omicron variant spread rapidly and has become the dominant circu-
lating strain worldwide since January 2022, including in Thailand [2]. 
The evolving changes of SARS-CoV-2 might affect the effectiveness of 
SARS-CoV-2 vaccines, which are based on the ancestral strain. In 
Thailand, since January 2022, the predominant sublineage was BA.1, 
followed by sublineages BA.2, BA.5 in July-October 2022, and BA.2.75 
in November 2022 [3]. Meanwhile BQ.1 and XBB.1.5 predominated in 
Europe and the United States since November 2022 and January 2023, 
respectively [3]. Approximately 20% of children were reported to have 
Coronavirus Disease 2019 (COVID-19) in the United States, as of 
February 2023; although this number was likely underreported [4]. In 
February 2022, after the Omicron surge in the United States, the sero-
prevalence of infection-induced SARS-CoV-2 antibodies increased 35% 
in children aged 1 – 4 years, from 33% to 68% [5]. 

Three-dose regimen of BNT162b2 in children 6 months to under 5 
years of age was demonstrated to be safe and efficacious [6], and has 
been recommended by the Advisory Committee on Immunization 
Practices (ACIP) in the United States, since June 2022 [7]. Phase 1 and 2 
– 3 trials of BNT162b2 in children aged 6 months to under 5 years 
receiving 3 doses of 3-µg BNT162b2 at 21 days and at least 60 days apart 
demonstrated good immunogenicity and met the immunobridging 
criteria compared with 2 doses of 30-µg BNT162b2 in young adults aged 
16 to 25 years [6]. This study reported a vaccine efficacy of 73.2% 1 
week – 2 months after dose 3 in 2022, the Omicron-predominant period 
[6]. Following ACIP’s recommendation for the use of a 3-dose regimen 
of BNT162b2, 3 and 8 weeks apart, in June 2022, the vaccine effec-
tiveness against symptomatic SARS-CoV-2 infection in children aged 3 
to 4 years was 31% during 2 weeks – 4 months after dose 3 [8]. In 
Thailand, The Royal College of Pediatricians of Thailand recommended 
a three-dose regimen of 3-µg BNT162b2 at 4 (3 – 8) and 8 weeks apart 
[9]. However, there is no specific recommendation for previously 
infected children who may require fewer doses of the vaccine. 

Previous SARS-CoV-2 Omicron variant infection provided some de-
gree of protection against re-infection and may require fewer doses of 
the vaccine. Past Omicron infection demonstrated higher protection 
against Omicron re-infection than past infection with pre-Omicron 
variants, with the protection levels of 59 – 94% [10]. In the cohort of 
children aged 5 to 11 years, previous Omicron infection reduced the risk 
of Omicron re-infection with an effectiveness of 90.7% at 2 months and 
62.9% at 4 months [11]. The effectiveness increased to 94.3% at 2 
months and 79.4% at 4 months in vaccinated children with past Omi-
cron infection [11]. In adults previously infected with SARS-CoV-2, a 
single-dose booster vaccination demonstrated protective effects against 
COVID-19 during the Omicron-variant dominant period over no vacci-
nation, while 2- or 3-dose booster vaccinations provided no additional 
protection over a single-dose [12]. The systematic reviews showed that 
previous infection yielded protective effectiveness of 80.1% against 
hospitalization and severe disease at 6 months [13]. Vaccination in 
previously infected individuals, resulting in hybrid immunity, provided 
benefits in protection against hospitalization and severe disease [13]. 

We hypothesized that one or two doses of BNT162b2 induced robust 
immunologic responses in children with past COVID-19. This study 
aimed to compare immunogenicity against Omicron variant of 1- or 2- 
dose BNT162b2 in healthy children post COVID-19 with 3-dose 
BNT162b2 in COVID-naïve children 6 months to under 5 years of age 

in Thailand. 

Method 

Study design and participants 

This is an open-label, controlled, phase 2 clinical trial, conducted at 
Center of Excellence for Pediatric Infectious Diseases and Vaccines, 
Chulalongkorn University, Bangkok, Thailand. Healthy children aged 6 
months to under 5 years who had never received vaccination against 
SARS-CoV-2 were recruited and screened for eligibility. Children with a 
history of SARS-CoV-2 infection during the Omicron-predominant 
period in Thailand, from January 2022 onwards [2], were grouped by 
interval from SARS-CoV-2 infection to first vaccination: 3 to 6 months 
(Group A) or >6 months (Group B). The date of past SARS-CoV-2 
infection was determined by interviewing the parents for the date of 
positive test for SARS-CoV-2, either by rapid antigen test or polymerase 
chain reaction, or the date of close contact with COVID-19 cases plus 
positive neutralizing antibodies against Omicron sublineage BA.4/5, as 
determined by surrogate virus neutralization test (sVNT-BA.4/5) of over 
30% inhibition. Children without a history of SARS-CoV-2 infection and 
negative anti-nucleocapsid antibody were also recruited to serve as 
controls (COVID-naïve). Children with a history of known anaphylaxis 
to any of the vaccine components, receipt of immunoglobulins or blood 
products within 3 months, use of immunosuppressive medication, and 
any illness within 14 days were excluded. Parents of children enrolled 
signed informed consent forms to participate in this trial. This study was 
approved by the institutional review board of Faculty of Medicine, 
Chulalongkorn University (IRB no. 661/65), and registered in tha 
iclinicaltrials.org (TCTR20220927003). 

Study procedure 

Before the first vaccination, blood samples were collected from all 
participants to test for immunity against SARS-CoV-2 Omicron variant. 
For COVID-naïve children, anti-nucleocapsid IgG antibody, performed 
at Faculty of Medicine, Chulalongkorn University (by chemiluminescent 
microparticle immunoassay, SARS-CoV-2 IgG, Abbott Laboratories, 
Abbott Park, IL, USA), was also tested to exclude prior infection. All 
participants were vaccinated with 3-µg BNT162b2 in 0.2 ml, lot number 
GE0695 and GG3683, intramuscularly at the deltoid muscle in children 
aged 2 to under 5 years or anterolateral thigh in children aged < 2 years. 
The children with a history of SARS-CoV-2 infection (Group A and B) 
received 2 doses of BNT162b2, 4 weeks apart. The COVID-naïve children 
received 3 doses of BNT162b2, 4 and 8 weeks apart, respectively. 
Immunogenicity was assessed at 4 weeks after the first and second doses 
in Group A and B, and at 4 weeks after the second and third doses in the 
COVID-naïve group. Immunogenicity against Omicron variant was 
assessed by neutralizing antibody using pseudovirus neutralization test 
(pVNT) and surrogate virus neutralization test (sVNT); and anti-spike 
receptor binding domain (anti-S-RBD). Any history of COVID-19 diag-
nosis or close contact with COVID-19 patients was obtained at all visits. 

Solicited reactogenicities, both local and systemic, were documented 
in a structured diary by the parents or caregivers for 7 days after each 
vaccination. Pain at injection site, swelling, and erythema were reported 
for local reactogenicities. Systemic reactogenicities included fever, 
vomiting, and diarrhea for all participants; decreased appetite, drowsi-
ness, and irritability for participants aged 6 months to under 2 years; 
headache, fatigue, chills, myalgia, and arthralgia for participants aged 2 
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to under 5 years. Unsolicited adverse events were recorded by the study 
team until 1 month after final vaccination. 

Immunogenicity outcomes 

Immunogenicity was assessed by functional neutralizing antibody 
against SARS-CoV-2 Omicron sublineage BA.2.75, BA.4/5 by pseudo-
virus neutralization test (pVNT-BA.2.75 and pVNT-BA.4/5) and surro-
gate virus neutralization test (sVNT-BA.4/5); and IgG antibody against 
spike-receptor-binding domain of Omicron sublineage BA.4/5 (anti-S- 
RBD IgG-BA.4/5). 

Pseudovirus neutralization test against SARS-CoV-2 Omicron sublineage 
BA.2.75 and BA.4/5 (pVNT-BA.2.75 and pVNT-BA.4/5) 

Pseudovirus neutralization test (pVNT) against the Omicron variants 
was performed as described previously [14]. Two-fold serial dilutions of 
serum samples (starting 1:40 or 1:80) were incubated with pseudovi-
ruses displaying the Omicron (BA.2.75 or BA.4/5) spikes in a 1:1 vol/vol 
ratio in a 96-well culture plate for 1 h at 37 ◦C. The pseudovirus input 
used was normalized to 1 × 105 RLU/well. Subsequently, suspensions of 
HEK293T-ACE-2 cells (2 × 104 cells/ml) were mixed with the serum- 
pseudovirus mixture and seeded into each well. At 48 h, the neutral-
izing antibodies were determined based on luciferase activity following 
entry of pseudovirus. Values were normalized against signals from no- 
serum controls. The ID50 values were calculated by determining the 
half-maximal inhibitory dilution. The limit of detection (LOD) for the 
pVNT assay is 40 (1:40 dilution). We used pVNT ID50 at 185 as a cutoff 
for correlation with 80% vaccine efficacy, which was derived from 
ChAdOx1 nCoV-19 vaccine (Oxford/AstraZeneca) correlates of protec-
tion study [15]. 

Surrogate virus neutralization test against SARS-CoV-2 Omicron sublineage 
BA.4/5 (sVNT-BA.4/5) 

The surrogate virus neutralization test was adjusted from Tan et al. 
(2020) [16] and performed as described previously [17,18], utilizing the 
HRP-tagged recombinant SRBD from Omicron (BA.4/5) strain. The 96- 
well plates coated with 0.1 µg/well purified recombinant human ACE2 
ectodomain were used to incubate with serum samples (at 1:10 dilution) 
- SRBD mixture. Then, ELISA was performed by incubating the mixture 
with the hACE2 coated plates for one hour and adding TMB substrate 
with ample washing in between. OD450 was measured. Purified Human 
IgG (50 µg/mL) was used as the negative sample. Two dilutions of 
“OM1” were used as the positive controls. “OM1”, collected from an 
individual infected with the Omicron strain of SARS-CoV-2 and tested >
40000 AU/mL by SARS-CoV-2 IgG II Quant (Abbott) and > 1000 ID50 by 
pVNT-BA.4/5, was designated the standard Omicron serum for both the 
quantitative anti-S-RBD IgG-BA.4/5 ELISA and sVNT-BA.4/5 assays. The 
percentage inhibition was calculated as follows: 

%inhibition = 100 ×

[

1 −
sampleOD450

negativeOD450

]

Quantitative spike receptor binding domain IgG against SARS-CoV-2 
Omicron sublineage BA.4/5 (anti-S-RBD IgG-BA.4/5) ELISA 

The ELISA protocol was modified from Amanat et al. [19] and per-
formed as described previously [17,18]. Briefly, the ELISA plates were 
coated with purified recombinant Myc-His-tagged S-RBD, residues 
319–541 from SARS-CoV-2 Omicron sublineage BA.4/5 (produced in- 
house from transfection in HEK 293T cells at the Virology and Cell 
Technology Lab, BIOTEC, Thailand). Participants’ sera were diluted 
1:1000 in PBS-Tween 20 buffer containing 2.5% skim milk and used as 
primary antibodies. HRP-conjugated human IgG was used as a second-
ary antibody (Anti-human IgG-HRP cat. no. A8667, Sigma). After 
addition of TMB substrate, OD450 was measured for each sample and 
converted into arbitrary units (AU/mL) of anti-S-RBD IgG-BA.4/5, using 
the standard curve prepared from dilutions of the standard Omicron 

serum (OM1, positive serum from an individual infected with the Om-
icron strain). The dilutions used to construct the standard curve 
(500–15.6 AU/mL) span the linear range of OD450 measurements 
similar to those in anti-S-RBD IgG wild-type ELISA using the WHO in-
ternational standard (NIBSC 20/136). The positive cutoff for anti-S-RBD 
IgG-BA.4/5 ELISA is 92 AU/mL. The cutoff value was based on the 
average and standard deviation of 121 negative samples collected before 
COVID-19 pandemic (values range from 2 to 127 AU/mL). 

Statistical analysis 

The sample size calculation was based on a non-inferiority criterion 
of pVNT against SARS-CoV-2 Omicron sublineage BA.4/5 geometric 
mean ratio (GMR) at 4 weeks after the 2nd dose of BNT162b2 vaccina-
tion in children with previous SARS-CoV-2 infection for 3 to 6 months or 
>6 months, compared with at 4 weeks after the 3rd dose in children 
without previous SARS-CoV-2 infection. At 0.67 non-inferiority margin, 
90% power, 0.85 GMR, 0.32 standard deviation on a logarithmic scale, 
and a ratio of 1:1 for both comparing groups, the minimum participants 
per group was 31. Considering the 30% drop-out rate, a total of 40 
participants per group was required. 

Demographic characteristics were described. Continuous variables 
were expressed as median with interquartile range (IQR), and as fre-
quency with percentage for categorical variables. Differences in 
continuous variables between two or three groups were assessed using a 
Wilcoxon rank sum test or Kruskal Wallis test. Differences in proportion 
between groups were assessed using a Chi-square test. 

The primary outcomes were GMRs of pVNT against Omicron sub-
lineage BA.2.75 and BA.4/5 at 4 weeks after the 2nd dose of BNT162b2 
vaccination in children with previous SARS-CoV-2 infection, compared 
with at 4 weeks after the 3rd dose in children without previous SARS- 
CoV-2 infection. The secondary outcomes were anti-S-RBD against 
Omicron sublineage BA.4/5, neutralizing antibodies against Omicron 
sublineage BA.2.75 and BA.4/5 by sVNT and pVNT. The calculation of 
geometric means (GMs) and GMRs with 95% confidence interval (95% 
CI) was done by two-independent sample t-test. Non-inferiority criterion 
was the lower bound of the 95% CI did not exceed 0.67. Spearman’s rank 
correlation coefficient was used to determine the correlation of anti-S- 
RBD IgG-BA.4/5 and pVNT-BA.4/5. Reactogenicity was reported as a 
percentage. All reported P-values were two-sided. Statistical signifi-
cance was defined as P < 0.05. Stata version 15.1 (Stata Corp., College 
Station, Texas) was used for the analysis. 

Results 

Baseline characteristics 

From October to November 2022, 120 children were enrolled, as 
shown in Fig. 1. Five participants were excluded from the COVID-naïve 
group due to probable past COVID-19 according to high baseline anti-
body against Omicron variant (sVNT-BA.4/5 of >30% inhibition) and 
history of close contact to COVID-19 cases. The median age (IQR) was 
2.8 (1.3 – 4.1), 3.0 (2.3 – 4.2), and 2.8 (1.3 – 3.8) years for Group A, B, 
and control, respectively, as shown in Table 1. The numbers of partici-
pants in each age group (6 months to under 2 years of age and 2 to under 
5 years of age) and of male participants were not statistically different 
between groups. The dates of prior COVID-19 were determined by the 
date of positive test for SARS-CoV-2, either by rapid antigen test or 
polymerase chain reaction in 38 participants of Group A and B. Two 
participants from each group had baseline sVNT-BA.4/5 of >30% in-
hibition and history of close contact to COVID-19 cases, which the dates 
were used to determine the time of past infection. The median interval 
between COVID-19 to first vaccination (IQR) was 4.4 (3.8–5.4) months 
and 7.9 (7.0–8.5) months in Group A and B, respectively. During the 
study period, 7 participants acquired COVID-19, 1 from Group B and 6 
from COVID-naïve group and were excluded from immunogenicity 

R. Nantanee et al.                                                                                                                                                                                                                              



Vaccine: X 15 (2023) 100367

4

analyses. From 6 COVID-naïve children acquiring COVID-19, 4 got 
infected after vaccinated with 1 dose of BNT162b2 and 2 got infected 
after 2 doses. All experienced upper respiratory symptoms. Four par-
ticipants were hospitalized due to COVID-19 causing high-grade fever. 

Immunogenicity after BNT162b2 vaccination 

Neutralizing antibody assessed by pseudovirus neutralization test (pVNT) 
against SARS-CoV-2 Omicron sublineage BA.2.75 and BA.4/5 

After vaccination, pVNT-BA.2.75 was evaluated in all participants, as 
shown in Table 2 and Fig. 2A. The GMs of pVNT-BA.2.75 were high after 
the first dose of BNT162b2 in Group A and B, and comparable to the GMs 

after the second dose. The GMs after 1- and 2-dose BNT162b2 in chil-
dren with history of COVID-19 were significantly higher than after 3- 
dose BNT162b2 in COVID-naïve children, with the GMRs of 3.50 
(95% CI 1.93–6.34) for Group A, 8.74 (95% CI 4.79–15.95) for Group B 
after 1 dose, 4.76 (95% CI 2.82–8.02) for Group A, and 8.97 (95% CI 
5.31–15.15) for Group B after 2 doses. The > 6-month interval since 
previous COVID-19 (Group B) had elevated GMs of pVNT-BA.2.75 than 
3-to-6-month interval group (Group A), with the GMRs of 2.50 (95% CI 
1.45–4.31) after the first dose and 1.88 (95% CI 1.15–3.09) after the 
second dose. 

Before vaccination, pVNT-BA.4/5 was assessed in Group A and B, as 
shown in Table 2 and Fig. 2B. After BNT162b2 vaccination, the GMs of 
pVNT-BA.4/5 remained elevated after the first and the second dose of 
BNT162b2 in both Group A and B. The GMs after 1- and 2-dose 
BNT162b2 in children with past SARS-CoV-2 infection were signifi-
cantly higher than after 3-dose BNT162b2 in children without past 
SARS-CoV-2 infection, with the GMRs of 32.68 (95% CI 18.68–57.18) 
for Group A, 44.35 (95% CI 25.27–77.84) for Group B after 1 dose, 31.82 
(95% CI 18.25–55.49) for Group A, and 34.72 (95% CI 19.9–60.54) for 
Group B after 2 doses. The different intervals since previous SARS-CoV-2 
infection groups had similar pVNT-BA.4/5 at baseline (p 0.25), after the 
first dose (p 0.13), and after the second dose (p 0.71). 

Neutralizing antibody levels by surrogate virus neutralization test (sVNT) 
against SARS-CoV-2 Omicron sublineage BA.4/5 

The results of sVNT-BA.4/5 showed the same trends as pVNT results, 
as shown in Table 2 and Fig. 3. At baseline, children with past SARS- 
CoV-2 infection had higher sVNT-BA.4/5 GMs than children without 
past infection, with GMRs of 73.0 (95% CI 20.3–262.7) for Group A, and 
69.2 (95% CI 19.2–249.8) for Group B. For Group A and Group B, the 
GMs of sVNT-BA.4/5 increased after the first BNT162b2 and remained 
high after the second dose. The GMs after 1- and 2-dose BNT162b2 in 
children with previous SARS-CoV-2 infection were significantly higher 

Fig. 1. Flow diagram of study participants included in immunogenicity analyses.  

Table 1 
Demographic characteristics of participants in this study.   

Group A 
(n = 40) 

Group B 
(n = 40) 

COVID- 
naïve 
(n = 35) 

P-value 

Age (years), median (IQR) 2.8 (1.3 – 
4.1) 

3.0 (2.3 – 
4.2) 

2.8 (1.3 – 
3.8)  

0.21†

Age group     0.19‡

− 6 months to under 2 years, 
n (%) 

13 (32.5) 7 (17.5) 12 (34.3)  

− 2 to under 5 years, n (%) 27 (67.5) 33 (82.5) 23 (65.7)  
Male sex, n (%) 23 (57.5) 22 (55.0) 19 (54.3)  0.96‡

Interval between COVID-19 
to first vaccination 
(months), median (IQR) 

4.4 
(3.8–5.4) 

7.9 
(7.0–8.5) 

–  <0.001§* 

Group A: Past COVID-19 for 3–6 months; Group B: Past COVID-19 for > 6 
months. 
*p < 0.05. 

† Kruskal–Wallis test. 
‡ Chi-square. 
§ Wilcoxon rank sum test. 
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than after 3-dose BNT162b2 in COVID-naïve children, with the GMRs of 
2.95 (95% CI 2.35–3.71) for Group A, 3.00 (95% CI 2.39–3.77) for 
Group B after 1 dose, 2.73 (95% CI 2.15–3.48) for Group A, and 2.96 
(95% CI 2.32–3.77) for Group B after 2 doses. The 3–6-month or > 6- 
month interval since previous SARS-CoV-2 infection groups had similar 
sVNT-BA.4/5 at baseline (p 0.80), after the first dose (p 0.32), and after 
the second dose (p 0.48). 

Anti-spike receptor binding domain IgG (Anti-S-RBD IgG) against SARS- 
CoV-2 Omicron sublineage BA.4/5 

At baseline, children with history of COVID-19 had higher anti-S- 
RBD IgG-BA.4/5 than COVID-naïve children, with GMRs of 1.59 (95% 
CI 1.19–2.12) for Group A, and 1.78 (95% CI 1.34–2.38) for Group B, as 
shown in Table 2. At 4 weeks after the first BNT162b2 vaccination, anti- 
S-RBD IgG-BA.4/5 of Group A and B increased and persisted after the 
second vaccination. The antibody levels after 1- and 2-dose BNT162b2 
in children with past COVID-19 were significantly higher than after 3- 
dose BNT162b2 in children without history of COVID-19, with GMRs 
of 2.55 (95% CI 1.94–3.35) for Group A, 2.80 (95% CI 2.13–3.69) for 
Group B after 1 dose, 1.84 (95% CI 1.39–2.44) for Group A, and 2.11 
(95% CI 1.58–2.79) for Group B after 2 doses. The interval since pre-
vious SARS-CoV-2 infection, 3 to 6 months or > 6 months, yielded 
similar anti-S-RBD IgG-BA.4/5 at baseline (p 0.29), after the first dose (p 

0.15), and after the second dose (p 0.34). The results of anti-S-RBD IgG- 
BA.4/5 and pVNT-BA.4/5 were highly correlated, with the Spearman’s 
rank correlation coefficient of 0.84. 

Reactogenicity after BNT162b2 vaccination 

Local and systemic reactogenicities during the first 7 days post 
BNT162b2 vaccination was graded according to the age of the partici-
pants: 6 to 23 months and 2 to under 5 years, as shown in Supplementary 
Table 1. Most reactogenicities were mild-to-moderate severity, except 
grade 3 fever in one child 2 to under 5 years of age following the second 
BNT162b2. Children 6 to 23 months of age tended to have fever after the 
first vaccination (9.1%) rather than after the second (3.2%) and third 
doses (0%). In children 2 to under 5 years of age, the most common 
reactogenicities following the first and second dose were pain at injec-
tion site (10.9 – 11.1%) and fatigue (6.2 – 7.3%). 

Discussion 

Single dose of BNT162b2 yielded higher neutralizing antibody levels 
against BA.2.75 and BA.4/5 sublineages of Omicron variant in children 
aged 6 months to under 5 years, previously infected with SARS-CoV-2 
during Omicron-predominant period, compared to the three-dose 
regimen in COVID-naïve children. The longer duration since previous 
infection (>6 months), tended to have higher neutralizing antibody 
levels compared to those with a 3-to-6-month interval period. Reac-
togenicities after 3-µg BNT162b2 vaccination were mostly mild-to- 
moderate severity. 

For the evolving SARS-CoV-2, a single-dose seasonal booster would 
be reasonable in prior infected children and might increase vaccine 
uptake. The immunity conferred from previous SARS-CoV-2 infection 
declined over time, thus vaccination should be considered. Considering 
Omicron variant as the dominant circulating strain, estimated protec-
tion from previous infection with any strains was 36.1% against re- 
infection and 88.9% against severe disease at 40 weeks [10]. Vaccina-
tion after previous infection contributed to improved protection against 
re-infection and hospitalization or severe disease [13]. The period of 
acquiring COVID-19 of children in this study was during the circulation 
by BA.1, BA.2, and BA.5 sublineages [3], which correlated with our 
results of stronger immune response against BA.4/5 than BA.2.75. After 
a single dose of vaccine, the levels of neutralizing antibody against 
BA.2.75 were similar to after 2 doses in prior infected children, and 
higher than after completion of the primary series in COVID-naïve 
children. Shrestha NK et al. [12] also reported the protective effect of 
single-dose vaccine in previously infected adults against Omicron 
variant infection, and no greater protection after >1 dose of vaccine. The 
COVID-19 vaccine uptake rate was low in children 6 months to under 5 
years of age with a rate of 3.4% in Thailand [20] and 12% in the United 
States [21], for at least 1 dose of vaccine. Misinformation regarding 
vaccine safety in parents was the important factor associated with vac-
cine hesitancy in their children [22,23]. After the reports of myocarditis 
following the administration of SARS-CoV-2 mRNA vaccine in adoles-
cents, especially after the second dose, some people might link the 
vaccine-related adverse events with subsequent vaccine doses. The 
recommendation of fewer vaccine doses or a single dose in children 
might mitigate their concern on vaccine safety and lead to increased 
vaccine uptake. 

The optimal interval from COVID-19 to vaccination might be > 6 
months. The spike-specific B cells of previously infected adults within 6 
months had muted response to stimulation and vaccination, unlike those 
of uninfected adults and adults with an interval from previous infection 
of > 6 months [24]. Furthermore, booster vaccination was shown to be 
associated with a reduced incidence of COVID-19 in individuals previ-
ously infected > 6 months [12]. The results from our study showed 
consistent findings with higher neutralizing antibody response after 
BNT162b2 vaccination in children previously infected for > 6 months 

Table 2 
Immunogenicity responses after BNT162b2 vaccination in healthy children 6 
months to under 5 years of age with history of COVID-19 during Omicron- 
predominant period and in children without history of COVID-19.  

Immunogenicity outcomes Group A Group B COVID-naïve 

pVNT-BA.2.75 (ID50) 
- Post the 1st dose, GM (95% CI) 553 

(338–906) 
1383 
(1100–1742) 

– 

- Post the 2nd dose, GM (95% CI) 753 
(516–1098) 

1419 
(1104–1823) 

38 
(19–78) 

- Post the 3rd dose, GM (95% CI) – – 158 
(98–255) 

pVNT-BA.4/5 (ID50) 
- Baseline, GM (95% CI) 176 

(122–252) 
235 
(165–336) 

– 

- Post the 1st dose, GM (95% CI) 1936 
(1402–2673) 

2627 
(2048–3367) 

– 

- Post the 2nd dose, GM (95% CI) 1885 
(1414–2512) 

2056 
(1546–2735) 

28 
(13–60) 

- Post the 3rd dose, GM (95% CI) – – 59 
(31–114) 

sVNT-BA.4/5 (%inhibition) 
- Baseline, GM (95% CI) 40.0 

(30.4–52.7) 
37.9 
(26.7–53.9) 

0.6 
(0.2–1.7) 

- Post the 1st dose, GM (95% CI) 97.1 
(94.3–99.9) 

98.7 
(97.1–100.3) 

– 

- Post the 2nd dose, GM (95% CI) 89.9 
(80.2–100.8) 

97.4 
(95.5––99.3) 

13.2 
(7.2–24.4) 

- Post the 3rd dose, GM (95% CI) – – 32.9 
(23.6–45.9) 

Anti-S-RBD IgG-BA.4/5 (AU/ml) 
- Baseline, GM (95% CI) 46 

(38–55) 
53 
(42–69) 

29 
(24–34) 

- Post the 1st dose, GM (95% CI) 252 
(203–312) 

312 
(252–385) 

– 

- Post the 2nd dose, GM (95% CI) 248 
(204–302) 

283 
(232–346) 

45 
(37–56) 

- Post the 3rd dose, GM (95% CI) – – 135 
(112–162) 

Anti-S-RBD IgG-BA.4/5: Anti-spike-receptor-binding-domain of SARS-CoV-2 
Omicron sublineage BA.4/5 immunoglobulin G; AU: arbitrary unit; GM: Geo-
metric mean; Group A: Past COVID-19 for 3–6 months; Group B: Past COVID-19 
for > 6 months; ID50: Neutralization dilution for 50% pseudovirus inhibition; 
pVNT-BA.2.75: Pseudovirus neutralization test against SARS-CoV-2 Omicron 
sublineage BA.2.75; pVNT-BA.4/5: Pseudovirus neutralization test against 
SARS-CoV-2 Omicron sublineage BA.4/5; sVNT-BA.4/5: Surrogate virus 
neutralization test against SARS-CoV-2 Omicron sublineage BA.4/5. 
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compared to for 3 – 6 months. 
In previously Omicron-infected children, ancestral strain-based 

vaccine could induce robust immune response against circulating sub-
lineages of Omicron variant. Therefore, it could be used to vaccinate 
these children, especially during a time of limited access to bivalent 
vaccine. In this study, children primed with immunity against Omicron 
variant through infection, developed high neutralizing antibody levels 
against both BA.2.75 and BA.4/5 after a single dose of BNT162b2, the 
ancestral strain-based vaccine. Similarly, adults with previous SARS- 
CoV-2 infection vaccinated with BNT162b2 monovalent vaccine devel-
oped comparable neutralizing antibody levels to previously infected 
adults vaccinated with bivalent vaccine, containing mRNA encoding 
ancestral strain and BA.4/5 spike [25]. 

Omicron-based vaccine might be used to vaccinate COVID-naïve 
children, to improve the immune response to Omicron variant. The 
pivotal study of BNT162b2 in children of the same age group [6] re-
ported that the neutralizing antibody titers against the Omicron BA.1 
sublineage at 1 month after dose 3 of children 6 months to under 2 years 

and 2 to under 5 years of age were similar to that of adults 18 to 50 years 
of age, with the similar interval between dose 2 and dose 3 of approxi-
mately 3 months. Our study showed that, after completion of 3-dose 
BNT162b2 primary series, the GM of sVNT-BA.4/5 was 32.9% inhibi-
tion in COVID-naïve group, which might be similar to that of adults if 
vaccinated with the same interval. During our study period, 6 of 35 
COVID-naïve children developed COVID-19 despite receiving 1 – 2 doses 
of vaccine. Two bivalent vaccines targeting Omicron variant were 
authorized under emergency use by the Food and Drug Administration 
in the United States: Moderna COVID-19 vaccine, bivalent (original and 
Omicron BA.4/BA.5) and Pfizer-BioNTech COVID-19 vaccine, bivalent 
(original and Omicron BA.4/BA.5), to use in primary vaccination series 
in children aged 6 months to under 5 years [26,27]. Vaccination with 
BNT162b2 bivalent vaccine (Pfizer–BioNTech), containing 15 µg of 
mRNA encoding BA.4/5 and ancestral spike of SARS-CoV-2 each, was 
demonstrated to improve neutralizing antibody levels against circu-
lating sublineages of Omicron variant compared to the monovalent 
vaccine in adults aged over 55 years without previous SARS-CoV-2 

Fig. 2. Geometric means (95% CI) of 
pVNT (ID50) after BNT162b2 vaccination 
in healthy children 6 months to under 5 
years of age with history of COVID-19 
during Omicron-predominant period and 
in children without history of COVID-19, 
(A) pVNT-BA.2.75 and (B) pVNT-BA.4/5. 
*p < 0.05; **p < 0.01; ***p < 0.001 by 
two-independent sample t-test.Group A: 
Past COVID-19 for 3–6 months; Group B: 
Past COVID-19 for > 6 months; ID50: 
Neutralization dilution for 50% pseudo-
virus inhibition; pVNT-BA.2.75: Pseudo-
virus neutralization test against SARS- 
CoV-2 Omicron sublineage BA.2.75; 
pVNT-BA.4/5: Pseudovirus neutraliza-
tion test against SARS-CoV-2 Omicron 
sublineage BA.4/5.   
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infection [25]. Bivalent vaccine boosters were shown to provide addi-
tional protection against symptomatic SARS-CoV-2 infection, with 
relative vaccine effectiveness of 28–56% in adults aged ≥ 18 years, 
compared to ≥ 2 doses of monovalent vaccine [28]. 

Our study had several strengths. We assessed immunogenicity of 
BNT162b2 against BA.2.75 and BA.4/5 sublineages of Omicron variant 
in children cohort, which was rarely reported, especially in children 6 
months to under 5 years of age. Our limitations included the lack of 
cellular immunity assessment, data on immunity against XBB sub-
lineages of Omicron variant, baseline pVNT-BA.2.75, and baseline 
pVNT-BA.4/5 in COVID-naïve group. The immunogenicity was assessed 
by pVNT, not microneutralization assay, however, these assays had been 
performed by our laboratory team [29,30] and showed similar trends. 
Only healthy children were included in this study, so the results were not 
generalizable to other populations e.g., children with comorbidities. For 
real-world application, identifying COVID-naïve children might be 
difficult in asymptomatic or mildly symptomatic SARS-CoV-2 infection 
without the use of serologic tests. Due to short follow-up time after 
vaccination, the persistence of immunity was not evaluated. 
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