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A B S T R A C T   

Omicron variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a health 
concern for both unvaccinated and vaccinated individuals against coronavirus disease 2019 
(COVID-19). To date, the humoral immune response following vaccination and natural infection 
remains uncharacterized in children ages 17 years and younger. To address this concern, we 
performed clinical and immunological analyses of IgM and IgG antibody responses to SARS-CoV-2 
Omicron BA.2.38 infection in 64 pediatric patients. COVID-19 symptom severity decreased with 
age in pediatric patients, from 70.8% (17/24) in patients 0–2 years of age to 50% (6/12) and 50% 
(14/28) in patients 3–5 years and 6–17 years of age, respectively. Furthermore, fewer patients 
experienced symptoms when vaccinated with the CoronaVac or BBIBP-CorV vaccine (50%, 13/ 
26) than unvaccinated patients (71%, 22/31). Using a protein array, we found that the Omicron 
BA.2.38 infection induced antibody responses to other Omicron variants (Omicron BA.1-BA.5), 
which increased with vaccination. Notably, non-Omicron and Omicron variants showed 
distinct serotypes. Altogether, our results provide insight into the clinical and immunological 
characteristics of pediatric patients with COVID-19 Omicron BA.2.38 who have and have not been 
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vaccinated against COVID-19. These data may help develop more effective diagnostic tests and 
vaccines in the future.   

1. Introduction 

As of April 5, 2023, severe respiratory coronavirus 2 (SARS-CoV-2) has infected 762 million people and caused over 6 million 
deaths worldwide [1]. SARS-CoV-2 mutates, resulting in new variants of concern (VOCs) that decrease the efficacy of COVID-19 
vaccines and lead to large-scale breakthrough infection [2,3]. Among Omicron lineages (Omicron BA.1-BA.5 and their 
sub-lineages), the BA.2 was detected in China for the first time in January 2022 [4,5]. Six months later, the Omicron variant 
sub-lineage BA.2.38, which originated from India [6] was identified in the Gansu province and induced a new pandemic wave of 
COVID-19 in China [7]. Compared to adults, the morbidity in pediatric patients is relatively low. Gudbjartsson et al. [8] found that 
children under 10 had a lower incidence of SARS-CoV-2 infection than adolescents or adults. 

Compared to the wild-type, Omicron variants carries a large number of mutations that enable the variant escape from the immune 
protection by the vaccination that was developed based on the wild-type strain [9–12]. Vaccine-resistant Omicron variants threaten 
the health of both unvaccinated and fully vaccinated individuals, including children. In a study of 465 pediatric patients (aged ≤14 
years) who were admitted to the hospital, Li et al. [5] found that children vaccinated against Omicron BA.2 were still susceptible to 
infection by the variant. Moreover, IgM and IgG antibody expression were dependent on the number of vaccination doses. The immune 
response to SARS-CoV-2 variants following COVID-19 vaccination and the resulting clinical characteristics in children remains 
unclear. 

To address this concern, we performed a retrospective cohort study of pediatric patients infected with Omicron BA.2.38 who were 
or were not previously vaccinated with an inactivated whole-virion SARS-CoV-2 vaccine (Sinovac-CoronaVac or BBIBP-CorV). More 
specifically, we used a protein microarray with amino acid resolution developed in our laboratory [13,14] to profile antibody pro
duction by the humoral immune response in serum. The binding epitopes of the antibodies to the SARS-CoV-2 Spike (S) protein of nine 
VOC variants (Alpha, D614G, Beta, Delta, Omicron BA.1, Omicron BA.2, Omicron BA.3, Omicron BA.4, Omicron BA.5) were char
acterized. We also analyzed the association of antibody antigenicity in the context of COVID-19 vaccination and symptoms. 

2. Materials and methods 

2.1. Study design and patients 

This prospective cohort study was approved by the Ethics Committee of Guangdong Provincial Hospital of Chinese Medicine before 
initiation. Patients under 18 years of age infected with SARS-CoV-2 Omicron sub-variant BA.2.38 in the No.2 People’s Hospital of 
Lanzhou from July 28, 2022 to August 5, 2022 were recruited for this study after obtaining informed consent from their guardians. The 
EC approval number of this experiment is ZF2022-246-01. 

Patients were clinically confirmed to have COVID-19 according to the Protocol for Diagnosis and Treatment of Novel Coronavirus 
Pneumonia (9th edition), where the presence of SARS-CoV-2 was determined by RT-PCR. Asymptomatic infections were defined as no 
positive clinical signs or symptoms in patients with a positive nucleic acid test result for SARS-CoV-2. Participants with COVID-19 and 
having symptoms of the infection were classified as symptomatic cases. Patients vaccinated against COVID-19 were vaccinated with 
two doses of the inactivated whole-virion SARS-CoV-2 vaccines, including the Sinovac-CoronaVac vaccine (Sinovac Biotech Co.,Ltd, 
China) or BBIBP-CorV vaccine (Lanzhou Institute of Biological Products Co.,Ltd., China). All participants were uninfected prior to this 
study. Following a routine examination, serum samples were collected and then stored frozen at − 80 ◦C until the broad antibody 
testing via a protein array. The total serum sample size was 64 patients, with one sample per patient (Fig. 1). Samples with incomplete 
data, particularly the antibody findings, were excluded. The experiments were executed according to the Declaration of Helsinki. 

2.2. Data collection 

Clinical information, including demographic data, vaccination, symptoms, signs, and laboratory results during hospitalization, was 
collected by reviewing patient records using an electronic medical record system. Laboratory records included complete blood counts, 
acute phase reactants (C-reactive protein, procalcitonin, serum amyloid, and interleukin-6), cycle threshold of SARS-CoV-2 (N-gene, 
ORF1ab), parameters of liver and kidney function (alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, 
gamma-glutamyltransferase, creatinine, urea), cardiac enzymes, and coagulation profile. To minimize high doses of radiation as much 
as possible, only some of the children received chest computerized tomography (CT) scans. 

2.3. Analysis of broad antibody responses using a SARS-CoV-2 Spike protein variant array 

The protein microarray displaying the Spike VOCs (Alpha, D614G, Beta, Delta, Omicron BA.1, Omicron BA.2, Omicron BA.3, 
Omicron BA.4, Omicron BA.5) (Sino Biological, Beijing, China) was prepared by ProteomicsEra Medical Co. (Beijing, China) as pre
viously described [13]. The SARS-CoV-2 N (N) protein (Sino Biological, Beijing, China) and human IgG and IgM proteins (Jackson 
Immuno Research, Human IgG: cat no. 009-000-003; Human IgM: cat no. 009-000-012) served as positive controls while 1x 
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phosphate-buffered saline (PBS) buffer served as the negative control. After printing, the microarray was manually examined, vacuum 
sealed, and stored at 4 ◦C until use. 

For the experiment with serum samples, the microarray was blocked with 5% (w/v) milk in 1 × PBS with 0.05% (v/v) Tween-20 
(PBST) for 10 min at 25 ◦C. After washing three times with PBST, the microarray was incubated with serum (1:100) and a mixture of 
antibodies [Cy™3 AffiniPure Donkey Anti-Human IgG (H + L) (4 μg/mL) (Jackson Immuno Research, cat no. 709-165-149) and Alexa 
Fluor® 647 AffiniPure Goat Anti-Human IgM (4 μg/mL) (Jackson Immuno Research, cat no. 109-605-043)] for 30 min. The resulting 
array was scanned with a GenePix 4300A microarray scanner (Molecular Devices, LLC, San Jose, CA, USA). The median fluorescent 
signal intensity (MFI) was extracted using GenePix Pro7 software (Molecular Devices, USA). The average signal across triplicate spots 
was calculated and then normalized using the signal-to-noise ratio (SNR), which was the average signal divided by the 25th percentile 
of all negative control spots as the background. 

Fig. 1. Characterization of pediatric patients with Omicron BA.2.38 infection. (a) Workflow of pediatric patient characterization in this study; 
(b) The time intervals between positive clinical nucleic acid test and blood collection in asymptomatic and symptomatic patients; (c) The proportion 
of asymptomatic and symptomatic pediatric patients classified based on age and vaccination status, respectively; (d) Clinical variables with a 
significant difference between asymptomatic (Asy) and symptomatic (Sym) patient groups. Statistical analysis was performed using the Mann- 
Whitney U test, and significant differences are defined as *p-value <0.05, **p-value <0.01, ***p-value <0.001 and ****p-value <0.0001. 
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To compare the antibody responses to different SARS-CoV-2 variants, the fluorescent signal intensity of each VOC was further 
normalized by dividing the signal intensity by the average signal of all variant proteins. The expression of VOCs on the microarray was 
determined using an anti-his-tag mouse monoclonal antibody (0.1 μg/mL) (CWBio, cat no. CW0286). 

Yv =Xv/Fv  

Fv =Xv
/

Mean
(
Xalpha,XD614G,…. XBA.5 and XN

)

Yv is the normalized signal of a variant protein. 
Fv is the normalization factor, which is the normalized fluorescent signal of a variant protein divided by the average fluorescent signal of all 

variants. 

2.4. Data analysis 

Continuous variables with a normal distribution were expressed as a mean and standard deviation (SD), while continuous variables 
with a non-normal distribution were expressed as a median and interquartile range (IQR). The distributions were compared using the 
Student’s t-test for parametric data and the Mann-Whitney U test for non-parametric data. Categorical variables were described as 
percentages. Categorical variables were compared using the χ2 test or, if the categorical variables had expected frequencies of less than 
five, Fisher’s exact test. A two-sided p-value less than 0.05 was considered significant. All statistical analyses were done using R 
Version 4.1.1 statistical software. 

3. Results 

3.1. Demographic characteristics of pediatric patients with Omicron BA.2.38 infection 

Sixty-four (64) children infected with Omicron BA.2.38 were split into three groups: 0–2 years (24 patients), 3–5 years (12 pa
tients), and 6–17 years (28 patients) (Table 1) [15]. The data analysis workflow is shown in Fig. 1a, with the employed samples shown 
in Fig. 1b. 

COVID-19 symptoms ranged from asymptomatic [42.2% (27/64)] to symptomatic [57.8% (37/64)] (Fig. 1c, Table 1). The per
centage of asymptomatic patients increased with age, from 29.2% (7/24, 0–2 years) to 50% (6/12, 3–5 years; 14/28, 6–17 years). 

To better understand the influence of vaccination on the immune response’s ability to protect against natural SARS-CoV-2 
infection, the percentage of asymptomatic and symptomatic patients who were vaccinated was compared. The average percentage 
of asymptomatic patients was 29% (9/31) in the unvaccinated group, whereas the average percentage of symptomatic patients was 
71% (22/31) (Fig. 1c, Table 1). The average percentage of symptomatic patients dropped to 50% (13/26) in the vaccinated group, 
indicating that vaccination may potentially help protect against COVID-19 progression following natural infection. No statistically 
significant differences were identified by age group due to the limited size of patients identified in this study. 

3.2. Clinical assessment of pediatric patients with Omicron BA.2.38 infection 

The common clinical manifestations are fever, rhinorrhoea, cough, cough-up phlegm and headache. Upon hospital admission, all 
pediatric patients were examined systematically in terms of viral infection, blood count, blood biochemistry, coagulation function, and 
liver and renal function (Table 2) according to the COVID-19 Treatment Guidelines (9th edition) from the National Health Commission 
of China. The antibody expression to SARS-CoV-2 ORF1ab and N proteins did not differ between asymptomatic and symptomatic 
patient groups (Table 2). 

We found that the level of aspartate aminotransferase (AST), a marker of liver damage, was significantly lower in vaccinated 

Table 1 
Basic characteristics of pediatric patients infected with SARS-CoV-2 Omicron BA.2.38   

COVID-19 Symptoms Total χ2 p-value 

Asymptomatic Symptomatic 

Age (years) 0–2 7 (25.9) 17 (45.9) 24 2.669 0.255 
3–5 6 (22.2) 6 (16.2) 12 
6–17 14 (51.9) 14 (37.8) 28 

Sex male 13 (48.1) 18 (48.6) 31 0.002 1.000 
female 14 (51.9) 19 (51.4) 33 

Vaccination No 9 (40.9) 22 (62.9) 31 – 0.172 
Yes 13 (59.1) 13 (37.1) 26 

* Continuous variables with a normal distribution were expressed as a mean and standard deviation (SD), while continuous variables with a non- 
normal distribution were expressed as a median and interquartile range (IQR). The distributions were compared using the Student’s t-test for 
parametric data and the Mann-Whitney U test for non-parametric data. Categorical variables were compared using the χ2 test or, if the categorical 
variables had expected frequencies of less than five, Fisher’s exact test. A two-sided p-value of less than 0.05 was considered significant. All statistical 
analyses were done using R Version 4.1.1 statistical software. 
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patients than in unvaccinated patients regardless of symptoms (Mann-Whitney U test, p < 0.05) (Fig. 1d). Two proteins related to 
inflammation, C-reactive protein (CRP) and interleukin-6 (IL-6), were also measured. While vaccination did not affect CRP and IL-6 
protein expression, their protein levels were significantly higher in symptomatic patients than in asymptomatic patients (Fig. 1d). 
These results suggest that CRP and IL-6 are potential biomarkers of asymptomatic to the symptomatic progression of COVID-19 in 
pediatric patients. 

3.3. Humoral responses to SARS-CoV-2 variants in pediatric patients with and without vaccination 

The humoral response to the Spike protein of different SARS-CoV-2 VOCs (Alpha, D614G, Beta, Delta, Omicron BA.1-BA.5) was 
detected using a protein array that was fabricated as previously described [13,14] (Supplementary Fig. S1). The correlations (r) of 
antibody detection within an array and between different arrays resulted were 0.9902 and 0.9464, respectively (Supplementary 
Fig. S2). To determine the potential influence of the sampling time on the antibody results [16], we compared the difference in 
sampling time between unvaccinated and vaccinated groups as well as between asymptomatic and symptomatic groups. No statistical 
differences were found, indicating that the array data obtained in this work was not associated with when the clinical samples were 
obtained (Supplementary Table S1). 

The production of IgM antibodies by the humoral immune response was first analyzed with the protein array. No difference be
tween unvaccinated and vaccinated groups to eight variants (Alpha, Beta, Delta, Omicron BA.1-BA.5) was observed. However, IgM 
levels to the D614G variant were upregulated in vaccinated patients compared to unvaccinated patients (p < 0.05) (Fig. 2a). For both 

Table 2 
Clinical testing of pediatric patients with SARS-CoV-2 Omicron BA.2.38 infection.  

Index Classification n M(Q) Mann-Whitney U test p-value 

ALT first timea Asymptomatic 26 14.0 (11, 23) 332 0.052 
Symptomatic 36 19.0 (14, 28) 

AST first time Asymptomatic 26 25.0 (21, 34) 301 0.017 
Symptomatic 36 34.0 (26, 43) 

CRP first time Asymptomatic 23 0.0 (0, 1) 184 0.004 
Symptomatic 30 3.0 (1, 9) 

SARS-CoV-2 N-gene first time Asymptomatic 10 27.0 (22.2, 31.5) 135 0.32 
Symptomatic 22 25.0 (20.2, 28.0) 

SARS-CoV-2 ORF1ab first time Asymptomatic 10 26.0 (22.0, 30.5) 134 0.33 
Symptomatic 22 24.0 (19.2, 27.8) 

D2 dimer first time Asymptomatic 25 0.3 (0.22, 0.39) 322 0.12 
Symptomatic 34 0.35 (0.28, 0.52) 

WBC first time Asymptomatic 26 6.5 (5.40, 7.80) 454 >0.99 
Symptomatic 35 7.5 (4.80, 9.70) 

γ-Glutamyl transferase first time Asymptomatic 24 14.0 (13, 16) 240 0.32 
Symptomatic 24 15.0 (12, 21) 

Neutrophils first time Asymptomatic 26 2.95 (2.20, 3.98) 438 0.81 
Symptomatic 35 2.9 (2.30, 3.95) 

Lactate dehydrogenase first time Asymptomatic 26 229.0 (204, 308) 380 0.27 
Symptomatic 35 263.0 (217, 319) 

Urea nitrogen first time Asymptomatic 26 4.9 (3.90, 5.45) 487 0.65 
Symptomatic 35 4.4 (3.55, 5.50) 

Leukomonocyte first time Asymptomatic 26 2.5 (2.00, 4.35) 489 0.62 
Symptomatic 35 2.5 (1.35, 5.20) 

Interleukin 6 first time Asymptomatic 22 4.1 (2.23, 4.66) 207 0.034 
Symptomatic 29 5.42 (3.01, 7.87) 

Alkaline phosphatase first time Asymptomatic 24 224.0 (197, 267) 272 0.75 
Symptomatic 24 231.0 (198, 267) 

Fibrinogen first time Asymptomatic 25 2.09 (1.88, 2.31) 302 0.061 
Symptomatic 34 2.28 (1.99, 2.75) 

Creatinine first time Asymptomatic 26 38.0 (32, 42) 478 0.74 
Symptomatic 35 36.0 (29, 49) 

Creatine kinase isoenzyme MB first time Asymptomatic 26 18.0 (14, 22) 384 0.3 
Symptomatic 35 20.0 (16, 30) 

Creatine kinase first time Asymptomatic 26 74.0 (57, 108) 428 0.7 
Symptomatic 35 89.0 (55, 111) 

Platelet first time Asymptomatic 26 270.0 (230, 335) 492 0.6 
Symptomatic 35 260.0 (197, 312) 

Serum amyloid A measure first time Asymptomatic 19 18.0 (1, 27) 233 0.22 
Symptomatic 31 24.0 (16, 29) 

Hemoglobin first time Asymptomatic 26 127.0 (122, 134) 489 0.62 
Symptomatic 35 127.0 (120, 132) 

Procalcitonin first time Asymptomatic 22 0.08 (0.07, 0.10) 221 0.064 
Symptomatic 29 0.1 (0.08, 0.18)  

a First laboratory test results after admission. 
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the vaccinated and unvaccinated groups, IgM antibodies showed the highest responses to Omicron BA.2, followed by BA.5, BA.4, BA.3, 
BA.1, Delta, D614G, Alpha, and Beta in the vaccinated group (Fig. 2b). 

Next, IgG levels were measured. Compared to the IgM data, IgG antibody levels to all VOCs were significantly higher in vaccinated 
patients than in unvaccinated patients (Fig. 2c). Notably, IgG antibody responses in vaccinated patients were similar to IgM antibody 
responses, with antibody expression to Omicron BA.2 being the highest, followed by BA.5, BA.4, BA.3, BA.1, Delta, D614G, Alpha, and 
Beta (Fig. 2d). Vaccinated patients also had high IgG antibody responses to most variants, with no significant differences between 
Omicron and non-Omicron variants (Fig. 2d). It is possible that the high IgG antibody response was the result of vaccination and BA 
2.38 infection (Fig. 2c). 

3.4. Broad humoral responses to the SARS-CoV-2 variants in asymptomatic and symptomatic pediatric patients 

The broad humoral responses to the SARS-CoV-2 variants were analyzed. No significant difference in IgM levels was found between 
the asymptomatic and symptomatic patient groups (Fig. 3). In symptomatic patients, higher IgM binding to the D614G and Alpha 
variants was observed in vaccinated patients than in unvaccinated patients (Fig. 3a). Patients in both asymptomatic and symptomatic 
groups had high IgM levels to the Omicron BA.2 variant, followed by the BA.5, BA.4, BA.3, BA.1, Delta, D614G, Beta, and Alpha 
(Fig. 3b). 

Like IgM, IgG levels to SARS-CoV-2 variants did not change between asymptomatic and symptomatic groups. However, vaccinated 
patients did have higher IgG levels than unvaccinated patients for the Beta variant, and this difference was more pronounced in the 
symptomatic group (p < 0.0001) than in the asymptomatic group (p < 0.05) (Fig. 4a). 

The IgG expression of different SARS-CoV-2 variants was compared across patient groups based on vaccination and symptom status 
(Fig. 4b). For the vaccinated, asymptomatic group, there was a minor but significant difference (p < 0.05) in IgG levels between D614G 
and Beta. In the vaccinated and symptomatic group, IgG levels to D614G were higher than Alpha, Beta, and Omicron BA.1. 

3.5. Proteomic analysis identifies different serotypes between non-Omicron and Omicron variants in pediatric patients 

Accumulated evidence in previous studies has indicated that antibodies to Alpha and D614G assist the immune response in resisting 
infection with SARS-CoV-2 Omicron variants. In a recent review, Simon-Loriere and Schwartz [17] proposed that the humoral response 
to Omicron and non-Omicron variants should be classified into different serotypes based on their sequences (Fig. 5a, Supplementary 
Fig. S3) as well as results from previous studies. However, these previous studies used adult patients. The humoral response of pediatric 
patients to Omicron (BA.1-BA.5) and non-Omicron variants has not been documented to date. 

Here, the relative changes of antibodies to SARS-CoV-2 variants in pediatric patients were measured using D614G as the reference 
(Fig. 5b). D614G was selected as the reference because it was the first SARS-CoV-2 variant carrying a point mutation in the Spike 
protein that rapidly surpassed the Alpha strain in prevalence [18]. Independent of vaccination, IgM antibodies that were produced in 
response to infection with Omicron BA2.38 targeted more Omicron variant epitopes than non-Omicron variants. Similar results were 
obtained with IgG antibodies in patients who were not vaccinated. In the vaccinated group, little difference was observed between IgG 
Omicron BA.1-BA.5 and D614G antibody expression. These data suggest that IgM antibodies could act as candidate biomarkers to 
distinguish Omicron BA2.38 infection from vaccination. Furthermore, IgG antibody production initially stimulated by vaccination to 
non-Omicron variants might be enhanced by Omicron BA2.38 infection (Figs. 2 and 4). 

4. Discussion 

The SARS-CoV-2 Omicron BA.2.38 variant recently received attention following a surge of COVID-19 infections in China in 2022. 
However, little evidence has been collected regarding the clinical and immunological characteristics of pediatric patients (<18 years of 
age) to SARS-CoV-2 variants. In this work, we analyzed the clinical characteristics and IgM and IgG humoral responses in pediatric 
patients infected with Omicron BA.2.38 to different SARS-CoV-2 variants using array-based proteomics technology. 

First, the number of children with SARS-CoV-2 Omicron BA.2.38 presenting with asymptomatic infection increased with age 
(Fig. 1c, Table 1), with 29.2% (7/24) of patients 0–2 years of age and 50% (20/40) of patients 3–17 years of age being asymptomatic. 
One possible explanation for these results is that young children (2 years of age and younger) may not be able to clear the virus quickly 
due to their underdeveloped immunity. Indeed, higher viral loads have been measured in young children (<6 months in age) than in 
children older than 6 months [19]. 

Second, we found that symptomatic patients were more common in unvaccinated patients (71%, 22/31) than in vaccinated pa
tients (50%, 13/26). The results indicate that vaccination with the inactivated whole-virion SARS-CoV-2 vaccine (Sinovac-CoronaVac 
or BBIBP-CorV) induces the production of antibodies that recognize different Omicron and non-Omicron variants (Figs. 2 and 4), which 
may protect BA.2.38 infected patients from disease progression. This finding agrees with a previous study of adults in which two doses 
of the CoronaVac or BBIBP-CorV vaccine prevented symptomatic COVID-19 [20]. In addition, we found that the IgM levels to the 

Fig. 2. Humoral responses to SARS-CoV-2 variants in pediatric patients with and without vaccination. (a, c) IgM and IgG antibody responses 
to SARS-CoV-2 variants in unvaccinated and vaccinated pediatric patients, respectively. (b, d) Differential expression of IgM and IgG antibodies to 
the non-Omicron and Omicron variants, respectively. Statistical analysis was performed using the Mann-Whitney U test, and significant differences 
are defined as *p-value <0.05, **p-value <0.01, ***p-value <0.001 and ****p-value <0.0001. 
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D614G were upregulated in vaccinated patients (Fig. 2a). The reason might be due to the homology of protein sequences between 
D614G and Omicron variants [21,22]. In Fig. 3a, it can be observed that the level of IgM antibodies was higher in symptomatic patients 
than symptomatic patients as well as in vaccinated patients than unvaccinated patients. The results can be explained by the 
strengthening of immunity through vaccination and following infection [23,24]. Like IgM, IgG levels to SARS-CoV-2 variants did not 
change between asymptomatic and symptomatic groups. However, vaccinated patients did have higher IgG levels than unvaccinated 
patients for the Beta variant, and this difference was more pronounced in the symptomatic group (p < 0.0001) than in the asymp
tomatic group (p < 0.05) (Fig. 4a). The reason might be caused by the higher expression of IgG antibodies in symptomatic patients 
compared to asymptomatic patients [25]. However, the mechanism is unknown, which remains to be investigated in future. 

Third, we collected data characterizing the binding of antibodies produced by unvaccinated patients following Omicron BA.2.38 

Fig. 3. IgM antibody responses to the SARS-CoV-2 variants in asymptomatic and symptomatic pediatric patients. (a) IgM antibody responses 
to SARS-CoV-2 variants in asymptomatic (Asy) and symptomatic (Sym) pediatric patients with and without vaccination. (b) Differential expression 
of IgM antibodies to the non-Omicron and Omicron variants, respectively. Statistical analysis was performed using the Mann-Whitney U test, and 
significant differences are defined as *p-value <0.05, **p-value <0.01, ***p-value <0.001 and ****p-value <0.0001. 
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infection to the prevalent VOC variants (Alpha, Beta, Delta, Omicron BA.1, BA.2, BA.3, BA.4, BA.5). The antibodies cross-reacted with 
the other Omicron variants (Figs. 2–4), but had low cross-reactivity to non-Omicron variants in some patients (Fig. 5b). The results 
support the perspective raised by Simon-Loriere E. and Schwartz O [17]. and suggest that the effectiveness of antibody and 
neutralization antibody tests, which were developed based on the early variants, is reduced with the newly evolved Omicron variants. 
Therefore, it is necessary to develop new tests for different variants. One option for testing is a protein array like the one used here, 
which can analyze SARS-CoV-2 variants simultaneously [26–28]. 

There are several limitations to this study. First, the number of clinical samples from pediatric patients was limited due to the low 
availability. Second, we did not analyze the antibodies’ ability to neutralize infection with SARS-CoV-2 VOCs. However, numerous 
studies have demonstrated that there is a correlation between antibodies to the S protein and neutralizing capability [29]. In addition, 
only the CoronaVac or BBIBP-CorV vaccine was studied in this work. 
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Fig. 4. IgG antibody responses to the SARS-CoV-2 variants in asymptomatic and symptomatic pediatric patients. (a) IgG antibody responses 
to SARS-CoV-2 variants in asymptomatic (Asy) and symptomatic (Sym) pediatric patients with and without vaccination. (b) Differential expression 
of IgM antibodies to the non-Omicron and Omicron variants, respectively. Statistical analysis was performed using the Mann-Whitney U test, and 
significant differences are defined as *p-value <0.05, **p-value <0.01, ***p-value <0.001 and ****p-value <0.0001. 
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This study provides clinical and broad immunological characteristics of pediatric patients with Omicron BA.2.38 infection who 
have and have not been vaccinated with the CoronaVac or BBIBP-CorV vaccine. The data underscore the potential value of vaccination 
in reducing COVID-19 symptoms and may help to develop more effective diagnostic tests and vaccines against COVID-19. 
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