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SARS-CoV-2 Omicron variant evolved into multiple sub-lineages, some showing increased 
transmissibility and immune evasion. Despite decreased risk of severe disease, paediatric 
hospitalization rose. However, factors influencing clinical outcomes remain unclear. A total of 
458 whole-genome Omicron sequences from patients 0–17 years, diagnosed with SARS-CoV-2 
at Bambino Gesù Children’s Hospital (January-December 2023) were analysed. Clinical features, 
disease severity and circulating variants were assessed. Phylogenetic analysis was performed, and 
logistic regression identified factors associated with hospitalization. Among patients, 249 (54.4%) 
were male, with median age 0.6 years. Comorbidities were present in 105 (22.9%) patients, mainly 
immunocompromised (21.0%). Infections were predominantly from XBB (75.0%), JN.1 (12.4%), 
BA.5 (7.4%) and BA.2 (5.2%) clades. Upper respiratory infections predominated (73.8%), followed 
by asymptomatic (17.2%) and lower respiratory infections (4.6%), with nine patients having ≥ 1 
co-infection. Comorbidities and lower respiratory infections were positively associated with 
hospitalization, while upper respiratory infections showed a negative association. Given the recent 
shift to RGN integrin-binding motif in Omicron sub-lineages, leading to altered pathogenesis, its 
presence was evaluated, revealing a predominance of RGN (N = 378, 84.6%). In conclusion, COVID-19 
severity in paediatric patients was primarily driven by comorbidities and co-infections, while milder 
cases in healthy children may be associated with RGN integrin-binding motif.
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During the COVID-19 pandemic, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) evolved 
rapidly, accumulating single nucleotide polymorphisms (SNPs). Some of these SNPs had little or no impact 
on the virus, while others modified viral features, eventually resulting in the emergence of new variants1–3. The 
different variants that emerged have varied in transmissibility, virulence, immune evasion, and disease severity4 
and some have been classified as variants of concern (VOC) by the World Health Organization5.
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After its designation as a VOC in November 2021, Omicron (SARS-CoV-2 variant B.1.1.529) rapidly replaced 
Delta as the predominant variant worldwide. Following the same pattern of rapid evolution as Delta, Omicron 
has undergone substantial genetic evolution, resulting in the emergence of different lineages. Initially, BA.1, 
BA.2, and BA.3 were identified in November 2021, followed by BA.4 and BA.5 in early 20226. Subsequently, 
recombinant sub-lineages such as XBB and BQ.1 have emerged7,8.

Some of these Omicron sub-lineages have shown higher transmissibility and greater ability to escape the 
immune response than previous sub-lineages, although they appear to be associated with a lower risk of severe 
illness9–11. This was in part explained by a switch in Omicron sub-lineages from a RGD (arginine/glycine/
aspartic acid) integrin-binding motif to RGN (arginine/glycine/asparagine) integrin-binding motif12. This 
variation alters the interaction of the virus with host cells, reducing its affinity for endothelial cells, which are 
involved in the most severe complications of COVID-19, such as inflammation and thrombosis13. Consequently, 
this modification results in clinically milder disease and less severe systemic effects, while potentially increasing 
transmissibility and immune evasion capacity compared to earlier variants14.

However, during the Omicron wave, while the severity of infections in children decreased, an increase in 
childhood hospitalization rates was observed15–18. This paradoxical observation was likely due to the overall 
increase in SARS-CoV-2 transmissibility observed with the Omicron variant, leading to more children being 
exposed to the virus. Consequently, paediatric hospital admissions for COVID-19 increased during the Omicron 
period, particularly among unvaccinated children and those with multiple medical comorbidities19,20. These 
risk factors increase the risk of severe COVID-19 manifestations and outcomes compared to healthy children. 
Given the high transmissibility of Omicron, there is the need for data describing the disease severity caused by 
Omicron, especially for new and emerging sub-lineages, in the paediatric population.

The primary objectives of this study were to characterize the spectrum of disease manifestations and the risk 
of disease progression in the presence of the Omicron variant and its novel sub-variants, and to identify potential 
viral genetic determinants associated with different clinical manifestations and outcomes.

Results
Patient characteristics
From January to December 2023, 30,243 SARS-CoV-2 tests were performed in paediatric subjects 0–17 years 
of age at the Bambino Gesù Children Hospital IRCCS in Rome, of which 1,510 (5.0%) resulted positive. 
Among them, 576 nasopharyngeal swabs were characterized by cycle threshold (Ct) < 30 or Antigenic Cut-off 
index (COI) > 100 and had demographic and clinical information available and were available for sequencing. 
In comparisons of the general and the identified SARS-CoV-2 infected population selected for potential 
sequencing, no differences were observed in demographic characteristics or clinical findings, except for mean 
cycle thresholds (p = 0.002) and COI values (p < 0.001), which represented the inclusion criteria for sequencing 
(Supplementary Table 1). Among the 576 selected patients, sequencing was successfully obtained for 458 (79.5%) 
patients. Demographic and clinical characteristics of the final 458 patients are reported in Table 1. Two hundred 
forty-nine (54.4%) were male. Median age was 0.6 (interquartile range [IQR] 0.3–1.4) years. Three hundred and 
thirty-two (72.5%) patients were < 1 year of age. Most individuals were Italian (N = 404, 88.2%) and lived in Lazio 
region (i.e. residing in the same region as the hospital, N = 415, 90.6%). One hundred and five (22.9%) patients 
presented with at least one comorbidity. The most prevalent comorbidities were being immunocompromised 
(22/105, 21.0%), cardiovascular disorders (15/105, 14.3%), genetic disorders (10/105, 9.5%), and neurological 
disorders (7/105, 6.7%). Among the other comorbidities, the following could be found: Asthma (N = 3), Bilateral 
Atresia Auris and Right Cryptorchidism (N = 1), Congenital left clubfoot (N = 1), Developmental Delay (N = 1), 
Ectopic Kidney (N = 1), Esophageal atresia (N = 1), Gastrointestinal diseases (N = 2), Multicystic Kidney (N = 1), 
Periodic Fever, Aphthous Stomatitis, Pharyngitis, Adenitis Syndrome (PFAPA, N = 1), Reactive airway disease 
(N = 2), Right Parietal Fracture (N = 1), Speech and Motor Delay, Microcephaly, and Facial Dysmorphisms (N = 1), 
Spina Bifida (N = 1), Tetraparesis, Dysphagia and Psychomotor Retardation Outcomes of Anoxic Damage from 
Methaemoglobinemia (N = 1), and Others Not Specified (N = 46).

Focusing on hospitalization, most patients presented to the emergency department (n = 443, 96.7%), 99 
(21.6%) required hospitalization with a median (IQR) length of 4 (3–9) days, and 7 (1.5%) were admitted to the 
Intensive Care Unit (ICU). A higher incidence of lower respiratory tract infections (15.2% vs. 1.7%, p < 0.001) and 
gastrointestinal symptoms (10.1% vs. 2.87%, p = 0.004) were observed in hospitalized patients, whereas upper 
respiratory tract infections were more prevalent among non-hospitalized patients (83.3% vs. 39.4%, p < 0.001) 
(Supplementary Fig.  1). Furthermore, a significant proportion of hospitalized patients were asymptomatic 
(35.4%vs. 12.3%, p < 0.001) (Supplementary Fig. 1), likely due to comorbidities.

Distribution of SARS-CoV-2 lineages and integrin binding domain
Most SARS-CoV-2 infections (75.0%) were caused by XBB and its sub-lineages, followed by JN.1 (12.4%), BA.5 
(7.4%), and BA.2 (5.2%) (Fig. 1). Eleven different sub-lineages of interest were identified. The most prevalent 
were EG.5.1 (n = 77), JN.1 (n = 57), XBB.1.5 (n = 37), XBB.1.16 (n = 30), BQ.1 (n = 28), XBB.1.9 (n = 12) and 
XBB.2.3 (n = 10). All sub-lineages identified are reported in the Supplementary material.

Several specific integrin-binding motifs were present in the Omicron viral sequences. Among the 458 
sequences analysed, only 3 presented the RGD (arginine/glycine/aspartic acid) motif, while most presented 
the RGN (arginine/glycine/asparagine) motif (Supplementary material). Additionally, the KGN (lysine/glycine/
asparagine) and KGD (lysine/glycine/aspartic acid, already observed in SARS-CoV-1) motifs were present in 65 
and 1 sequences, respectively (Supplementary material).
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Clinical manifestations
The majority of patients presented with upper respiratory infections (n = 338, 73.8%), followed by asymptomatic 
infections (n = 79, 17.2%), while a smaller proportion exhibited lower respiratory infections (n = 21, 4.6%) 
(Figs. 1 and 2).

By analysing the distribution of lineages in these infections we observed that lower infections were mainly 
characterised by the XBB.1 lineage (11/21, 52.4%), followed by the XBB.1.5 lineage (19/21, 19%) and then by the 
others with a frequency of less than 10%, except for BA.5, which was never observed. Even in upper infections, 
the main lineage involved was XBB.1 (145/338, 42.9%), followed by the lineage XBB.1.5 (16.6%) and JN.1 
(13.3%). The lineage distribution in patients with asymptomatic infection was equally distributed (within 10%), 
except for XBB.1, which was found in 35.4%.

Correlation with hospitalization
Univariable and multivariable logistic regression models were used to assess whether the risk of hospitalization 
was associated with certain SARS-CoV-2 sub-lineages, clinical manifestations, or demographic characteristics 
(Table  2). The results showed that the presence of at least one comorbidity (versus no comorbidity) and 
involvement of the lower respiratory airways compared with asymptomatic patients were positively associated 
with hospitalization (adjusted OR [95% CI]: 5.59 [3.22–9.71], p-value < 0.001; and 3.16 [1.02–9.81], 
p-value = 0.046, respectively), while a negative association was observed with upper respiratory airways with 
respect to asymptomatic patients (0.25 [0.13–0.46], p-value < 0.001). These results were confirmed by performing 
the analysis under two extreme assumptions: treating all missing data as vaccinated and treating all missing data 
as unvaccinated (Supplementary Table 2).

In particular, the risk of hospitalization was significantly higher among patients with lower respiratory 
infections compared to those without (71.0% vs. 19.2%, p = 0.026), and ICU admissions were more frequent 

Overall, N = 458

Male, N (%) 249 (54.4)

Age, median (IQR) years 0.59 (0.28–1.04)

< 1 year, N (%) 332 (72.5)

1–4 years, N (%) 79 (17.2)

5–10 years, N (%) 16 (3.5)

11–18 years, N (%) 31 (6.8)

Nationality

Italy, N (%) 404 (88.2)

Outside of Italy/Unknown, N (%) 54 (11.8)

Residency

Lazio, N (%) 415 (90.6)

Outside of Lazio/Unknown, N (%) 43 (9.4)

SARS-CoV-2

Cut-off index (COI), (N = 425) median (IQR) 1120 (106–4293)

Cycle threshold (CT), (N = 33) median (IQR) 21.5 (19.3–24.5)

History of SARS-CoV-2 infection, N (%) (N = 451) 6 (1.3)

Care setting:

Emergency department, N (%) 443 (96.7)

Inpatient, N (%) 13 (2.8)

Outpatient, N (%) 2 (0.4)

Hospitalization, N (%) 99 (21.6)

General ward, N (%) 45 (9.8)

Paediatrics, N (%) 23 (5.0)

Infectious disease, N (%) 18 (3.9)

Other*, N (%) 13 (2.8)

Length of hospitalization, median (IQR) day 4 (3–9)

Intensive care unit admission, N (%) 7 (1.5)

Comorbidity: 105 (22.9)

Immunocompromised/Immunosuppressed, N (%) 22/458 (4.8); 22/105 (21.0)

Heart diseases/Cardiovascular disorders, N (%) 15/458 (3.3); 15/105 (14.3)

Genetic disorders, N (%) 10/458 (2.2); 10/105 (9.5)

Neurological disorders, N (%) 7/458 (1.5); 7/105 (6.7)

Other, N (%) 64/458 (14.0); 64/105 (60.9)

Table 1.  Demographic and clinical characteristics of the 458 SARS-CoV-2-infected patients. IQR: Interquartile 
range. *Cardiology (N = 1), Hematology (N = 2), Immunology (N = 4), Pneumology (N = 3), Oncology (N = 3).
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among patients with lower respiratory infections compare to those without (23.8% vs. 0.5%, p < 0.001). No 
associations were observed between the risk of hospitalization and specific Omicron lineages.

Viral and bacterial co-infections
Among the 21 patients with lower respiratory infection, nine (42.9%) presented with co-infection, namely 
four viral co-infections (1 Metapneumovirus, 1 Respiratory Syncytial Virus, 1 Rhinovirus A/B/C, and 1 
Bocavirus 1/2/3 + Respiratory Syncytial Virus + Rhinovirus A/B/C), four bacterial co-infections (1 Pseudomonas 
aeruginosa + Staphylococcus aureus, 1 Staphylococcus aureus + Pseudomonas aeruginosa, 1 Escherichia coli, 1 
Pseudomonas aeruginosa + Klebsiella pneumoniae + Enterococcus faecalis), and one viral and bacterial co-infection 
(Human Herpesvirus 6, HHV-6 + Staphylococcus aureus + Enterococcus faecalis, + Streptococcus pneumoniae).

Most co-infections primarily involved the respiratory tract, with eight patients showing respiratory 
involvement and pathogens isolated from respiratory samples including Metapneumovirus, RSV, Rhinovirus, 
Bocavirus, Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterococcus faecalis, 
Streptococcus pneumoniae, and Escherichia coli. However, in several cases, other body districts were also affected: 
blood co-infections were documented in two patients, one positive for Pseudomonas aeruginosa and the other 
for Staphylococcus aureus, Streptococcus pneumoniae, and HHV-6; gastrointestinal co-infections were identified 
in three patients through positive coprocultures or fecal PCR for Klebsiella pneumoniae, Enterococcus faecalis, 
and enteroaggregative Escherichia coli; additionally, urinary tract involvement was noted in one patient with a 

Fig. 1.  Estimated Maximum likelihood phylogenetic tree of the 458 SARS-CoV-2 sequences obtained from 
population aged ≤ 18 years. The maximum likelihood was inferred from a core genome alignment of 29,164 bp. 
The phylogeny was estimated with IQTREE using the best-fit model of nucleotide substitution GTR + F + R3 
with 1,000 replicates and fast bootstrapping. The numbers on leaves represent the sample IDs, and bootstrap 
values higher than 90 are shown on branches. SARS-CoV-2 genomes were highlighted in different colours 
against omicron lineages (first, inner circle). Information regarding symptoms (second circle), comorbidities 
(third circle) and hospitalization (fourth, outer circle) were also reported. Among symptoms, lower and upper 
respiratory tract infections were considered regardless of gastrointestinal symptoms.
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positive urinary antigen test for Streptococcus pneumoniae. Among these nine patients with co-infections, five 
were admitted to the ICU and presented with acute respiratory failure (Supplementary Table 3).

Among these 9 patients with co-infections, 5 were admitted to ICU and presented acute respiratory failure.

Discussion
This study provides insights into the clinical manifestations and outcomes of Omicron variant infections among 
paediatric patients. Notably, infants under one year of age emerged as the most affected group, although they 
generally exhibited mild symptoms. This is consistent with prior studies, which have observed that children 

Variable

Univariable
Analysis

P-Value

Multivariable
analysis

P-ValueOR (95% CI) AOR (95% CI)

< 1 year of age 0.47 (0.29–0.76) 0.002 0.93 (0.51–1.72) 0.824

Omicron lineage:

BA.2-like 0.67 (0.22–1.98) 0.463 -

BA.5-like 0.82 (0.33–2.04) 0.667 0.67 (0.14–3.26) 0.618

XBB.1.16-like 1.90 (0.89–4.03) 0.100 3.15 (0.72–13.78) 0.127

XBB.1.5-like 0.62 (0.31–1.23) 0.169 0.75 (0.18–3.07) 0.688

XBB.1-like 1.05 (0.66–1.67) 0.828 1.52 (0.43–5.39) 0.520

XBB-like 1.73 (0.82–3.66) 0.152 1.80 (0.40–8.06) 0.440

JN.1 0.86 (0.43–1.73) 0.666 1.60 (0.39–6.58) 0.514

Clinical manifestation:

Lower respiratory airways 10.92 (4.11–29.06) < 0.001 3.16 (1.02–9.81) 0.046

Upper respiratory airways 0.14 (0.09–0.23) < 0.001 0.25 (0.13–0.46) < 0.001

Only gastrointestinal symptoms 3.61 (1.42–9.16) 0.007 1.54 (0.52–4.61) 0.438

Asymptomatic 3.60 (2.12–6.12) < 0.001 -

Comorbidity 8.73 (5.20-14.65) < 0.001 5.59 (3.22–9.71) < 0.001

Table 2.  Multivariable logistic regression analysis of factors associated with hospitalization. CI: confidence 
interval, OR: odds ratio, AOR: adjusted odds ratio. The multivariable model included 99 events and 13 
parameters (EPV = 7.3), indicating moderate stability.

 

Fig. 2.  Distribution of clinical manifestation. A total of 458 infected patients are reported, including N = 358 
(73.8%) presenting with upper respiratory infections, N = 21 (4.6%) with lower respiratory infections, N = 20 
(4.4%) with gastrointestinal infections and N = 79 (17.2%) asymptomatic.
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affected by COVID-19 during the Omicron wave were significantly younger than those in pre-Omicron 
periods21.

We found an association between disease severity and specific clinical conditions, namely lower respiratory 
infections and comorbidities. The risk of hospitalization was significantly higher among paediatric patients 
with lower respiratory infections and underlying medical conditions, underscoring the importance of early 
recognition and management of risk factors to mitigate severe outcomes in paediatric COVID-19 cases. Indeed, 
it has been observed that during the Omicron wave, the severity of COVID-19 was mainly due to the presence 
of underlying conditions or co-infection, and not only the infecting variants22. Although other studies have 
suggested strong differences in clinical manifestations (respiratory tract involvement and hospitalization risk) 
between BA.1 and BA.2 subvariants with BA.5 subvariant, we did not observe an association between specific 
Omicron lineages and COVID-19 manifestations or hospitalization risk23.

The prevalence of milder disease manifestations, observed in our study, may be attributed to the specific 
integrin binding motif present in the viral sequences, putatively leading to the limited inflammatory response. 
The RGD (arginine/glycine/aspartic acid) amino acid sequence, present on the spike protein receptor-binding 
domain (RBD), is the most frequent motif that plays a key role in integrin binding, as it interacts with different 
integrins12. In the Omicron sub-lineages BA.2, BA.4, BA.5, and XBB.1.5, the aspartate residue within the integrin-
binding RGD motif has mutated to asparagine leading to the emergence of an RGN motif. While the SARS-
CoV-2 spike protein is known to primarily interact with RGD-binding integrins αVβ324 and α5β125, the D405N 
mutation has recently been found to inhibit binding to integrin αVβ313,26. Since this integrin is a key receptor 
involved in viral entry and host cell infection, the presence of this inhibitory motif across the majority of our 
analysed sequences suggests a potential mechanism by which the virus may attenuate its pathogenicity, leading 
to less severe clinical outcomes in affected individuals. Moreover, we identified the presence of an additional 
integrin binding motif, the KGN (lysine/glycine/asparagine) motif, in sequences belonging to JN.1 and BA.2.86 
sub-lineages, suggesting a further evolution of the virus in the newly merged variants.

Our study has several limitations. First, in our cohort of 458 patients, COVID-19 vaccination status 
information was not available for 234 individuals, 214 were children not eligible for vaccination, 1 was vaccinated 
with three doses, and 9 were unvaccinated. Therefore, we could not evaluate whether COVID-19 vaccination was 
associated with different clinical manifestations and outcomes following infection. This limitation reflects the 
overall vaccination landscape in the paediatric population in Italy. According to data from the Italian Ministry 
of Health, by the end of September 2023, vaccine uptake among children aged 0–4 years was extremely low27. 
Only 626 children (0.03% of the population in this age group) had received at least one dose, and just 16 children 
(0.00%) had completed the primary vaccination course. Considering that the majority of our cohort (72.5%) 
was under 1 year of age, limited vaccine coverage in this population was expected and consistent with national 
trends.

Second, our study focused on acute COVID-19 and was not designed for longitudinal follow-up of patients. 
As most patients are not monitored after discharge, observation of longer-term outcomes, such as Multisystem 
Inflammatory Syndrome in Children (MIS-C) and long COVID, were out-of-scope of this study. Third, although 
we observed that having an underlying medical condition was associated with an elevated risk of hospitalization 
among paediatric patients, we did not have sufficient sample size to assess whether specific conditions were 
associated with the increased risk. Another limitation of this study is the potential incompleteness of clinical 
data due to its retrospective design, which may have affected the availability and consistency of certain clinical 
variables. In addition, only 38% of SARS-CoV-2–positive samples met the sequencing threshold (Ct < 30 or 
COI > 100), which may have introduced selection bias by over-representing patients with higher viral loads 
and greater clinical severity. Since the monthly distribution of cases did not suggest distinct epidemic waves 
or notable temporal variation, we did not adjust for calendar time in our analysis. Finally, although we used 
multivariable regression models to adjust for potential confounders, residual and unmeasured confounding may 
nonetheless be present given the observational nature of our study. Moreover, in future studies, the increase of 
number of cases will surely help improving the stability of the multivariable logistic regression model.

Our findings offer valuable insights into the mechanisms underlying COVID-19 pathogenesis, and highlight 
the evolving nature of SARS-CoV-2. In particular, our study emphasizes that the severity of COVID-19 in 
paediatric patients during the Omicron period was primarily due to underlying conditions and co-infections 
rather than the specific infecting variant. The presence of comorbidities significantly influenced hospitalization 
risk and clinical outcomes, while the milder disease manifestations observed in healthy children could be linked 
to mutations in the integrin-binding motifs of the viral spike protein, which may reduce the virus’ ability to bind 
to key receptors involved in host cell infection, potentially contributing to less severe clinical outcomes. These 
findings highlight the critical role of comorbidities in determining the risk of progression to severe illness in 
children and underscore the importance of early recognition and management of risk factors. Understanding 
the mechanisms of viral evolution and pathogenicity can inform future therapeutic interventions and improve 
clinical management of COVID-19 in paediatric populations.

Methods
Design, setting, and population
This retrospective observational study included all patients 0–17 years of age who tested positive for SARS-
CoV-2 diagnosis at Bambino Gesù Children Hospital from January to December 2023, regardless of symptoms. 
During the pandemic, all patients presenting to the emergency department or requiring hospital admission 
were tested for SARS-CoV-2, irrespective of whether they exhibited symptoms, as part of the hospital’s infection 
control measures.

To be included, patients needed to have a laboratory confirmed SARS-CoV-2 infection, complete demographic 
and clinical data available, as well as documented clinical outcomes. Moreover, only those infected with an 
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Omicron variant, confirmed through genetic characterization, were considered. Patients older than 17 years, 
those lacking reliable demographic or clinical information, or those without retrievable biological samples were 
excluded from the study. Nasopharyngeal swabs were collected at the time of admission for SARS-CoV-2 testing 
and sequencing from a proportion of patients. SARS-CoV-2 infection was detected by antigenic or molecular 
tests. Specifically, the antigenic tests employed were Roche Elecsys SARS-CoV-2 Antigen (Roche Diagnostics 
GmbH, Mannheim, Germany) and RADT STANDARD F COVID-19 Ag FIA (SD BIOSENSOR, Korea). The 
molecular tests used were Cepheid Xpert Xpress CoV-2 Plus (Cepheid, Sunnyvale, CA, USA) and SARS-CoV-2 
ELITe MGB Kit® (Elitechgroup, Turin, Italy). Nasopharyngeal swabs with a cycle threshold (Ct) < 30 in molecular 
tests or Antigenic Cut-off index (COI) > 100 in antigen tests were considered suitable for sequencing. Among 
1,510 SARS-CoV-2–positive samples, 576 (38%) met the sequencing threshold, while 934 (62%) did not.

Information on patient demographics and clinical findings were obtained retrospectively from pseudonymized 
electronic medical records. Comorbidities were categorized based on the systems and functions most directly 
affected by these conditions.

The severity of COVID-19 was defined on the basis of clinical features, laboratory tests and chest X-ray 
images28. The following definitions were used: (i) asymptomatic infection, defined as testing SARS-CoV-2 positive 
but not developing any clinical symptoms; (ii) upper respiratory tract infection, such as rhinitis, pharyngitis, 
cough, sore throat, runny nose, sneezing, or symptoms of a gastrointestinal tract infection (vomiting, diarrhoea); 
and (iii) lower respiratory tract infection including clinical signs of bronchitis or pneumonia (with or without 
signs of gastrointestinal symptoms)29.

Ethics committee statement
The study protocol was approved by the local Research Ethics Committee of Ospedale Pediatrico Bambino Gesù 
IRCCS (prot. 2384_OPBG_2021) and was conducted under the principles of the 1964 Declaration of Helsinki. 
Informed consent was waived by the Ethics Committee of Ospedale Pediatrico Bambino Gesù IRCCS following 
the hospital regulations on observational retrospective studies.

Virus amplification and sequencing
Viral RNAs were extracted from nasopharyngeal swabs by using QIAamp Viral RNA Mini Kit (Qiagen, Hilden, 
Germany), followed by purification with Agencourt RNAClean XP beads (Beckman Coulter Life Sciences, CA, 
USA). Both the concentration and the quality of all isolated RNA samples were measured and checked with 
the Nanodrop (Thermo Fisher Scientific, MA, USA). Amplicons of whole genome sequences of SARS-CoV-2 
were generated with a 50 ng viral RNA template, by using CleanPlex SARS-CoV-2 Research and Surveillance 
Panel (Paragon Genomics, Hayward, CA, USA), QIAseq DIRECT SARS-CoV-2 Kit (Qiagen, Hilden, Germany) 
and Illumina COVIDSeq Assay (Illumina, San Diego, CA, USA) following manufacturers’ protocol. Libraries 
were then generated using the Nextera DNA Flex library preparation kit with Illumina index adaptors and 
sequenced on a MiSeq instrument (Illumina, San Diego, CA, USA) with 2 × 150-bp paired-end reads. Raw 
reads were trimmed for adapters and filtered for quality (Phred score > 28) using Fastp (v0.23.2)30. Reference-
based assembly was performed with BWA-mem (v0.7.17)31 aligning against the GenBank reference genome 
NC_045512.2 (Wuhan, collection date: December 2019)32.

SNP variants were called with freebayes (v1.3.2)33 and all SNPs having a minimum supporting read frequency 
of 2% with a depth ≥ 10 were retained.

Phylogenetic analysis
Consensus sequences were generated using the GitHub freely distributed software vcf_consensus_builder34 
considering all SNPs having a minimum read frequency of 40% (high-abundant mutations). SARS-CoV-2 
lineages of the obtained consensus sequences were assigned according to Pangolin application (Pangolin 
v4.1.1)35 and then grouped into seven major sub-lineages (BA.2, JN.1, BA.5, XBB, XBB.1, XBB.1.16, XBB.1.5). 
All sub-lineages identified are reported in the Supplementary material.

Sequences were aligned using MAFFT v7.475 and manually inspected using Bioedit. The final alignment 
comprised 458 sequences of 29,164 nucleotides of length. In order to investigate the phylogeny of Omicron clade 
that affects the paediatric population (0–17 years), a maximum likelihood (ML) phylogeny tree was generated 
using IQTREE2 (v2.1.3)36 with 1000 bootstrap replicates, using the best-fit model of nucleotide substitution 
GTR + F + R3 inferred by ModelFinder37. Annotation of the phylogenetic tree, including information about 
lineages, symptoms, comorbidity and hospitalization was performed with iTOL (v5)38.

Co-infections evaluation
Co-infections were investigated in patients diagnosed with lower respiratory tract infections on samples collected 
as part of routine clinical care. Viral agents were identified through molecular tests (Allplex Respiratory Panel 
assay, Seegene Inc., Korea and ARGENE® HHV6 R-GENE®, BioMerieux, France) while bacterial pathogens were 
detected via culture methods.

The presence of co-infections was defined exclusively by the detection of at least one positive result from any 
diagnostic test, without requiring clinical correlation or additional confirmatory testing.

Statistical analysis
The Likelihood Ratio Test, followed by a logistic regression model that estimated odd ratios (ORs) and 
corresponding 95% confidence intervals (CIs), was used to compare demographic and clinical findings between 
general and selected SARS-CoV-2 infected populations.

The Kolmogorov-Smirnov test was used to assess the distribution (normal or non-normal) of the continuous 
variables. Descriptive statistics were expressed as median (interquartile range, IQR) for continuous data and 
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number (%) for categorical data. To assess for significant differences in patient characteristics and clinical 
findings, Fisher’s exact test and the Chi-Square test for trend, and the Mann-Whitney and Kruskal-Wallis tests 
were used for categorical and continuous variables, respectively.

Univariable and multivariable logistic regression models were employed to assess whether the risk of 
hospitalization was associated with specific SARS-CoV-2 sub-lineages, clinical manifestations, or demographic 
characteristics. Patients with a previous SARS-CoV-2 infection and those who had already been vaccinated (N = 
6) were excluded from these analyses. The primary outcome was hospitalization, with the reference group being 
patients who were not hospitalized. The covariates included age, Omicron sub-lineage, clinical manifestations 
and the presence of comorbidity (versus patients without comorbidity). Model stability was evaluated by 
calculating the events-per-variable (EPV)39, and multicollinearity was assessed using the Variance Inflation 
Factor (VIF). Model fit was examined with the Cox & Snell and Nagelkerke R² statistics.

For the clinical manifestations, patients were categorized into four groups: those with lower respiratory airway 
involvement, those with upper respiratory airway involvement, those with only gastrointestinal symptoms, and 
those who were asymptomatic.

For comorbidities, patients were classified as patients with at least one comorbidity, regardless of type 
(immunocompromised, cardiovascular disorders, genetic disorders, neurological disorders etc.), and patients 
without comorbidities. The reference category in the logistic regression models was the presence of at least one 
comorbidity.

Data availability
The original contributions presented in the study are included in the article; further inquiries can be directed to 
the corresponding author.
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