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(KUISCID), Istanbul, Türkiye, 9Laboratory of Virology, Institut des Agents Infectieux, Hospices Civils de
Lyon, Lyon, France, 10CIRI (Centre International de Recherche en Infectiologie), Team VirPatH, Univ
Lyon, Institut national de la santé et de la recherche médicale (INSERM) U1111, Centre national de la
recherche scientifique (CNRS) UMR5308, Université Claude Bernard Lyon 1, École Normale
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Editorial on the Research Topic

Emerging concepts for respiratory viruses after the pandemic
Respiratory virus research has been reshaped by the COVID-19 pandemic and the

effects of climate change, both of which contributed to a shift in the epidemiology of

respiratory viruses and highlighted gaps in our understanding about the plasticity and long-

term consequences of these changes (Chow et al., 2023; He et al., 2023). The pandemic also

accelerated advances in research models and methods, underscoring evolving seasonality

patterns, viral pathogenesis, and host interactions (Chow et al., 2023; He et al., 2023). This

Research Topic explored the changing epidemiology and pathogenesis of respiratory

viruses, focusing on seasonality, long-term outcomes, and host responses. It also

emphasized advances in diagnostics and therapeutics and the use of artificial intelligence

for predictive modeling, aiming to inform public health strategies in the post-pandemic era.
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Epidemiology and seasonality of
respiratory infections in the post-
COVID-19 era

The COVID-19 pandemic has significantly impacted the

epidemiology of respiratory viruses due to widespread public health

interventions such as lockdowns, masking, social distancing and school

closures that resulted in the interruption of the SARS-CoV-2

transmission and the seasonal dynamics of other respiratory viruses

(Chen and Er, 2022; Principi et al., 2023). Alzahrani et al. reported the

prominence of rhinovirus/enterovirus, SARS-CoV-2, respiratory

syncytial virus (RSV), and adenovirus in respiratory infections in

Saudi Arabia, with clear winter peaks and age-specific susceptibility,

highlighting the significant burden of respiratory infections,

particularly among pediatric populations, the impact of public

health interventions, such as COVID-19 restrictions, on the

transmission of respiratory viruses and the need for targeted

interventions. Similarly, in Mexico, De Arcos-Jimenez et al. found

that influenza experienced a sharp decline during the pandemic but

rebounded post-pandemic, RSV demonstrated a delayed

resurgence, while other respiratory viruses exhibited

heterogeneous rebound patterns. Importantly, advanced age, male

sex, cardiovascular disease, obesity, and immunosuppression were

major risk factors for severe acute respiratory infection (SARI), with

vaccination offering consistent protection, reinforcing its crucial

role in respiratory infection mitigation strategies. Thus, the

dynamic interplay between viral competition, public health

interventions, and human behavior likely contributed to the

observed changes in SARI trends, emphasizing the need for

ongoing surveillance and adaptive public health responses. Data

from China further reinforce this pattern; Yue et al. showed that

non-pharmaceutical interventions against COVID-19 markedly

restricted the spread of influenza, adenovirus, and Mycoplasma

pneumoniae in children, while also reduced bacterial co-infections.

Following the end of China’s “Zero-COVID” policy, atypical

seasonal patterns and rising co-infections were observed, with

respiratory viruses resuming circulation. These findings reflect the

dual impact of population immunity gaps and viral re-emergence.

Furthermore, Li et al. highlighted that in China, SARS-CoV-2 and

influenza dominated respiratory infections in adults, while RSV

remained predominant in children and influenza in school-aged

children, underscoring shifting age distributions. These findings

underscore the need for continuous multi-pathogen surveillance

and vaccination strategies to prevent future epidemic surges.

In addition to the shifts in viral seasonality, important

pathogen-specific and clinical insights that inform pediatric

health policy are also highlighted. Lu et al. provide evidence that

despite a global 76.8% reduction in childhood mortality due to

lower respiratory tract infection (LRTI) since 1990, LRTIs remain a

leading cause of death in children from low- and middle-income

countries, with Streptococcus pneumoniae, Staphylococcus aureus,

and Klebsiella pneumoniae remaining dominant pathogens, while
Frontiers in Cellular and Infection Microbiology 026
among newborns, the leading pathogens were Klebsiella

pneumoniae, Group B Streptococcus, and Acinetobacter

baumannii. This study further predicts rising influenza-related

mortality by 2031, reinforcing the urgency of expanding vaccine

coverage, improving sanitary conditions and early interventions for

high-risk children in order to reduce LRTI burden. Fang et al.

provides molecular insights, demonstrating that specific adenovirus

(HAdV) genotypes, such as HAdV-3, HAdV-7, HAdV-2, and

HAdV-1 were the predominant HAdV types in children

hospitalized with respiratory infections in China, and particularly

HAdV-7 is linked to severe pediatric pneumonia, highlighting the

role of viral genetic variability in determining disease severity and

clinical outcome and the need to differentiate HAdV types for both

epidemiological surveillance and clinical management. Finally, Fu

et al. report high reinfection rates of nearly 30% within five months

among primary healthcare workers in China during the Omicron

wave, particularly among women, nurses, those with fever clinic

experience and working over 8 hours per day, underscoring

occupational risks and the need for targeted protective measures,

including appropriate work arrangements, regular health

monitoring, and the promotion of healthy lifestyle habits.

To conclude, these studies demonstrate that the pandemic

reshaped the epidemiology, seasonality, and clinical impact of

respiratory viruses, and they highlight the ongoing vulnerabilities

across pediatric and healthcare populations, as well as the need for

continuous enhanced surveillance, vaccination, and targeted

protective strategies to address future respiratory viral infection

threats in the post-pandemic era.
Immunology, pathogenesis, and
therapeutic advances in COVID-19

While a huge body of data on COVID-19 pathogenesis is

currently available, many aspects of the complex host-pathogen

interplay remain still unknown. Bugatti et al. showed that SARS-

CoV-2 can infect ACE2-negative primary human lung

microvascular endothelial cells (HL-mECs) through an alternative

entry mechanism that relies on the Arg-Gly-Asp (RGD) motif

expressed in the receptor binding domain (RBD) of the spike

protein in the viral spike protein. Viral entry into endothelial cells

triggers phenotypic remodeling and angiogenic responses,

contributing to vascular dysfunction observed in COVID-19. As

RGD motif is not naturally exposed on the spike protein, heparan

sulfate proteoglycans (HSPGs) function as essential cofactors that

expose the RGD site, enabling spike interaction with avb3 integrin,
thus HSPGs are central to SARS-CoV-2 infection of endothelial

cells and its associated dysfunction, signifying them as a potential

therapeutic target to mitigate endothelial involvement in

COVID-19.

Understanding the pathogenetic mechanisms underlying

respiratory viral infections requires the use of advanced single-cell
frontiersin.org
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technologies. Mass cytometry or cytometry by time-of-flight

(CyTOF) offers this possibility by enabling simultaneous

measurement of more than 50 markers per cell, allowing

comprehensive phenotypic and functional profiling of immune

populations (Zunder et al., 2022). In this setting, Balz et al.

introduced a novel CyTOF protocol optimized for the

immunophenotyping of low-frequency antigen-specific T cells.

Using this enhanced workflow, they assessed virus-specific T-cell

responses in SARS-CoV-2–vaccinated, SARS-CoV-2–infected, and

non-exposed healthy individuals through high-parameter mass

cytometry. Their analysis revealed a marked phenotypic

heterogeneity among antigen-responsive CD4+, CD8+, and gd T-

cell subsets following antigen-specific stimulation, highlighting the

protocol’s ability to resolve diverse functional T-cell states even

within rare populations. Overall, this paper establishes a dual-

barcoding, debris-free CyTOF protocol for reliable detection of

extremely rare antigen-specific T cells; this protocol allows robust,

high-content immunophenotyping of scarce T-cell responses in

both mouse and human samples.

Regarding the treatment of COVID-19, the effectiveness of several

therapeutic interventions patients has been evaluated since the onset of

the pandemic. While evidence-based guidelines are now in place for

both community dwellers and hospitalized patients, research in

potential new or repurposed molecules remains ongoing. Xu et al.,

found in their retrospective study among 264 hospitalized COVID-

19 patients, that azvudine significantly reduced both composite

disease progression and all-cause mortality compared to standard

care alone. Patients receiving azvudine also showed better

improvement in oxygen saturation during hospitalization. These

results highlight a potential therapeutic benefit of azvudine among

COVID-19 hospitalized patients which should be further

investigated and validated in randomized controlled trials.

Besides treatment, identifying predictive tools which stratify

patients according to their risk for increased disease severity and

adverse outcomes is crucial for the optimal management of

COVID-19 patients. Tang et al. conducted a retrospective study

among 137 Intensive Care Unit (ICU) patients with critical COVID-

19 during the Omicron period; they found that lactate levels and the

weekly lymphocyte change rate are strong predictors of mortality in

ICU patients with severe COVID-19. A lactate threshold of 1.75

mmol/L effectively identified high-risk patients with significantly

poorer survival. Combining lactate with lymphocyte dynamics

improved prognostic accuracy. The neutrophil-to-lymphocyte ratio

partially mediated lactate’s effect on mortality, indicating an

interaction between inflammation and metabolic stress. Respiratory

parameters did not predict outcomes, suggesting that elevated lactate

reflects microcirculatory dysfunction rather than ventilation failure.

Although these biomarkers should be further evaluated in prospective

studies, it may represent a useful tool for critical COVID-19.

Vaccination against respiratory viruses (when available) remains the

cornerstone of prevention, particularly among high-risk populations.

However, data on long-term immunity in immunocompromised
Frontiers in Cellular and Infection Microbiology 037
children who received SARS-CoV-2 vaccines remain limited. Russo

et al. conducted a prospective observational study that

demonstrated Vaccinated children maintained immune memory

up to 17 months after receiving COVID-19 vaccines, but

immunocompromised children showed significantly weaker

immunity than healthy children. Immunocompromised children

had lower anti-spike IgG levels and markedly reduced neutralizing

antibodies, especially against Omicron BA.5 and after BBIBP-CorV

vaccination. While CD4+ T-cell memory was similar between

groups, CD8+ T-cell responses and IFN-g production were

notably diminished in immunocompromised children. These

findings denote the need for updated vaccines and improved

booster coverage.

From a public health perspective, important insights were gained

during the COVID-19 pandemic regarding optimal policies to control

viral transmission. Policymakers and stakeholders implemented

measures often without solid evidence of their effectiveness. In this

context, Artificial Intelligence (AI) proves extremely valuable, as it can

generate predictive models to evaluate the impact of public health

interventions. To this end, Dong et al. developed a detailed agent-

based COVID-19 simulation model for a Chinese town (Xi’an)

using real geographic, census, and mobility data. The model

accurately reproduced the city’s 2021–2022 outbreak, with

simulated case numbers closely matching official reports. By

integrating individual behaviors and government measures such

as testing, lockdowns, and mask use, it assessed how interventions

affected disease spread. Scenario analyses, including a 100% mask-

wearing simulation, showed modest reductions in cases. Overall, the

model provides a powerful tool for predicting epidemic trends and

supporting public health decision-making.
Conclusions

Taken together, the studies featured in this Research Topic offer

a broad, yet detailed picture of how the pandemic has reshaped our

understanding of respiratory viruses—from shifting in their

circulation patterns to the emergence of new clinical and

immunological insights. As we move forward, these observations

emphasize the importance of flexible surveillance systems,

thoughtful public health planning, and continued scientific

investment to anticipate and respond to future challenges.
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A novel mass cytometry
protocol optimized for
immunophenotyping of
low-frequency antigen-
specific T cells
Kathrin Balz1†, Magali Grange2†, Uta Pegel1, Zain A. Karamya1,
Marielle Mello2, Xiaoying Zhou3, Thilo Berger1,
Konstantin Bloch1, Diane Dunham4, Sharon Chinthrajah4,
Kari Nadeau3‡, Hervé Luche2‡ and Chrysanthi Skevaki1*‡

1Institute of Laboratory Medicine, Universities of Giessen and Marburg Lung Center (UGMLC), Philipps
University Marburg, German Center for Lung Research (DZL), Marburg, Germany, 2Centre
d’Immunophénomique Centre d'Immunophénomique (CIPHE), Aix Marseille Université, INSERM,
CNRS Philipps-Universität Marburg (UMR), Marseille, France, 3Department of Environmental Health,
Harvard T.H. Chan School of Public Health, Boston, MA, United States, 4Sean N Parker Center for
Allergy and Asthma Research at Stanford University, Stanford, CA, United States
Understanding antigen-specific T-cell responses, for example, following virus

infections or allergen exposure, is of high relevance for the development of

vaccines and therapeutics. We aimed on optimizing immunophenotyping of T

cells after antigen stimulation by improving staining procedures for flow and

mass cytometry. Our method can be used for primary cells of both mouse and

human origin for the detection of low-frequency T-cell response using a dual-

barcoding system for individual samples and conditions. First, live-cell barcoding

was performed using anti-CD45 antibodies prior to an in vitro T-cell stimulation

assay. Second, to discriminate between stimulation conditions and prevent cell

loss, sample barcoding was combined with a commercial barcoding solution.

This dual-barcoding approach is cell sparing and, therefore, particularly relevant

for samples with low cell numbers. To further reduce cell loss and to increase

debarcoding efficiency of multiplexed samples, we combined our dual-

barcoding approach with a new centrifugation-free washing system by laminar

flow (Curiox™). Finally, to demonstrate the benefits of our established protocol,

we assayed virus-specific T-cell response in SARS-CoV-2–vaccinated and SARS-

CoV-2–infected patients and compared with healthy non-exposed individuals by

a high-parameter CyTOF analysis. We could reveal a heterogeneity of

phenotypes among responding CD4, CD8, and gd-T cells following antigen-

specific stimulations. Our protocol allows to assay antigen-specific responses of

minute populations of T cells to virus-derived peptides, allergens, or other

antigens from the same donor sample, in order to investigate qualitative and

quantitative differences.
KEYWORDS

T-cell activation, CyTOF, sample barcoding, T-cell stimulation assay, method
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1 Introduction

Mass cytometry or cytometry by time-of-flight (CyTOF) is a

single-cell technology, which allows multiparametric phenotyping

with the use of metal-tagged antibodies (Bendall et al., 2011). The

advantage of CyTOF when compared to conventional flow

cytometry is that the use of heavy metal ion conjugation of

antibodies overcomes challenges associated to spectral overlap of

fluorescently labeled antibodies. In this way, more than 50 markers

per cell can be captured, which, in turn, enables massive phenotypic

and functional assessment of cells of interest. Both CyTOF and

spectral cytometry overcome technical limitations associated to

autofluorescence related to specific cell types. However, for

functional studies requiring detection of multiple cytokines or

transcription factors, CyTOF appears superior (Smith et al.,

2023). During the last years, CyTOF has significantly advanced

scientific fields related to cancer (Levine et al., 2015; Spitzer et al.,

2015; Krieg et al., 2018), allergy, autoimmunity (Hartmann et al.,

2016; Rao et al., 2017; Mrdjen et al., 2018), and infection and

hematopoiesis (Bendall et al., 2011; Bendall et al., 2014) by

providing detailed insights into several research questions.

Often, explorative studies utilizing CyTOF involve a multitude

of samples, also potentially containing relatively low cell numbers

and considerable cell debris. Because of mechanical limitations,

CyTOF has a cell transmission rate of 70% (Olsen et al., 2019) and,

hence, requires a large number of cells per run in order to collect

meaningful results. In recent years, there has been significant effort

in terms of standardization and quality control of related

experiments. One way of reducing technical variance across

assays is barcoding individual samples, combining and

subsequently processing as one single sample in one test tube.

Certainly, the multitude of CyTOF channels available for assaying

enables to assign specific ones for barcoding of samples and hence

batched data acquisition. At the end, individual cells can be in silico

assigned to their initial sample origin based on the utilized barcode.

In the recent past, the CD45 antigen has been targeted by metal-

tagged anti-CD45 antibodies for live-cell barcoding in cell types

expressing this marker, such as peripheral blood mononuclear cells

(PBMCs) (Mei et al., 2015). Barcoding approaches help reduce the

number of cells required in one run, the consistency of staining,

technical bias, and experimental costs.

Experiments involving ex vivo antigen stimulation assays for the

identification and phenotyping of antigen-specific cells may pose

additional challenges. First, depending on the number of stimuli/

epitopes applied and the biological background/antigen exposure

history of the sample’s donor, the frequency of antigen-responding

cells may be in the range of 0.01%–0.1% of stimulated T cells, the

latter being only a fraction of seeded PBMCs. Second, ex vivo

stimulation requires dual-barcoding systems, which would allow to

barcode both donors/samples and stimulation conditions. Third,

samples may contain a limited number of cells and a quite high level

of debris. In the current study, we aimed to develop a flow and mass

cytometry protocol involving dual barcoding for samples and

stimuli, as well as a washing approach, which reduces cell loss

and debris (Krutzik et al., 2011; Zivanovic et al., 2014). During the
Frontiers in Cellular and Infection Microbiology 0210
establishment of our protocol, we chose to barcode cells before

stimulation and subsequent mixing to reduce early-stage cell loss

and to enhance data quality, particularly in the context of surface

staining for pooled samples. We further assessed barcode-induced

artifacts and individual sample debarcoding efficiency among other

parameters. In order to reach our objective, we utilized PBMC

samples from donors with varying SARS-CoV-2 exposure

(infection/vaccination), stimulated these ex vivo with relevant

peptide pools and evaluated T-cell activation and phenotype of

antigen-responsive cells. Experimental results were assessed in

combination with dimensionality reduction and automated

clustering approaches.
2 Materials and equipment

2.1 Mice

We employed naïve female C57BL/6N mice, sourced from

Janvier Labs. Mice were sacrificed for further analysis at 13 weeks

of age.
2.2 Human donors

All donors shown in our manuscript including Supplementary

Figure 1 are listed in Table 1. The table includes the SARS-CoV-2

infection history, as well as the number of SARS-CoV-2

vaccinations in terms of immunization history and allergen

sensitization, whenever applicable. Allergen sensitization tests

involving the detection of allergen Specific Immunoglobulin E

(sIgE) were performed by means of ImmunoCAP ISAC or

ImmunoCAP (allergen mixes sx1 and fx5).
2.3 Buffer preparation
1. Buffer for organ collection/cell preparation: Iscove's Modified

Dulbecco's Medium (IMDM) GlutaMAX; 2% Fetal Calf

Serum (FCS) (Life Technologies, #10270-106) (collection) or

10% FCS (preparation), heat-inactivated (v/v); 10 mM Hepes

(ThermoFisher Scientific, #15630056); 1 mM sodium pyruvate

(ThermoFisher Scientific, #11360039); 1× MEM non-essential

amino acids (ThermoFisher Scientific, #11140-035); 1×

penicillin/streptomycin (ThermoFisher Scientific,

#15140122); 0.05 mM 2-mercaptoethanol (ThermoFisher

Scientific, #31350010).

2. Enzyme cocktail: Deoxyribonuclease I (DNAse I) (1 mg/

mL) (Merck Chemicals, #DN25-1G) and collagenase II (7

mg/mL) (Serlabo, #WOLS04176) into IMDMwith 2% FCS.

3. Stop reaction buffer: 1× PBS and 0.1 M EDTA

4. Isolation buffer: 1× PBS (no calcium and no magnesium)

(ThermoFisher Scientific, #14200-067); 2 mM EDTA; 2%

FCS (v/v) (Life Technologies, #10270-106).
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Fron
5. Hank's Balanced Salt Solution (HBSS) buffer (for counting/

fluorescence-activated cell sorting (FACS) staining/wash

steps/cytometer aquisition): 1× HBSS (no calcium and no

magnesium) (ThermoFisher Scientific, #14185-045), EDTA

5mM; 2%FCS (v/v).

6. Sytox Green solution: Sytox Green (Life Technologies,

#S7020) diluted in HBSS buffer at working concentration.

7. 4,6-diamidino-2-phenylindole (DAPI) solution: DAPI

diluted in HBSS buffer at working concentration.
2.4 Peptides

Major histocompatibility complex (MHC) class I peptides (9-

mer and 10-mer) with an high-performance liquid chromatography

(HPLC)-measured purity of >95% were purchased from
tiers in Cellular and Infection Microbiology 0311
ProImmune. Lyophilized peptides were stored at −80°C until

dissolving in sterile H2O. Aliquots were prepared in order to

avoid freeze/thawing cycles and stored at −20°C or −80°C.

Peptide sequences are listed in Table 2.
3 Methods

3.1 Live-cell barcoding in flow cytometry
with human or mouse cells

3.1.1 Mouse T-cell isolation
Popliteal, inguinal, axillary, mandibular, and parotid lymph

nodes (LNs) were harvested and put in a 1.5-mL Eppendorf tube

with 300 µL of IMDM with 2% FCS and enzyme cocktail. LNs

were disrupted with scissors and put in a thermomixer (room

tempera tu re (RT) , 20 min , 350 rpm) wi th p ipe t t e
TABLE 1 List of donors.

Donor project ID Sample-ID SARS-CoV-2 Infection
Number of SARS-
CoV-2 vaccinations

Allergy status

Figure 2

1a
2a
3

1 (HD)
2 (Vacc)
3 (Vacc + Inf)

no
no
yes

0 x
3 x
3 x

not applicable
not applicable
not applicable

Figure 3

4
5
6
7
8
9
10
11
12
13
14

1
2
3
4
5
6
7
8
9
10
11 (HD)

yes
yes
yes
yes
yes
yes
no
no
no
no
no

0 x
0 x
0 x
0 x
0 x
0 x
0 x
0 x
0 x
2 x
0 x

not sensitized against allergens
not sensitized against allergens
not sensitized against allergens
sensitized against allergens
sensitized against allergens
sensitized against allergens
not sensitized against allergens
not sensitized against allergens
not sensitized against allergens
not sensitized against allergens
not sensitized against allergens

Figure 4

14
13
15
16

1 (HD)
2 (Vacc)
3
4

no
no
no
yes

0 x
3 x
0 x
0 x

not applicable
not applicable
not applicable
not applicable

Figure 5

14
17
13
2b
18
19
1b
20

1 (HD 1)
2 (HD 2)
3 (Vacc 1)
4 (Vacc 2)
5 (Inf)
6 (Vacc + Inf 1)
7 (Vacc + Inf 2)
8 (Vacc + Inf 3)

no
no
no
no
yes
yes
yes
yes

0 x
0 x
2 x
3 x
1 x
3 x
3 x
3 x

not sensitized against allergens
sensitized against allergens
not known
not sensitized against allergens
sensitized against allergens
not sensitized against allergens
sensitized against allergens
not sensitized against allergens

Supplementary Figure 1

21
22
23
24
25

1
2
3
4
5

not applicable not applicable not applicable
a,b: different time of blood draw for any given donor.
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homogenization at half-time. Stop reaction buffer (30 µL) was

added. and cellular suspension was filtered on a 70-µm

cell strainer.

Cellular extraction was counted with Attune NXT Cytometer

using an aliquot diluted at 1:200 in Sytox Green solution.

Live T cells were isolated using a Dynabeads® Untouched™

Mouse T Cells kit (Life Technologies, #11413D) according to the

manufacturer’s protocol.
3.1.2 PBMC isolation and freezing/thawing
3.1.2.1 Human peripheral blood mononuclear
cell isolation

Human PBMCs were isolated by means of Ficoll density gradient

centrifugation (Cytiva, 17144003). Freshly taken blood (40 mL to 60

mL) was mixed 1:1 with PBS (Capricorn Scientific, Cat No: PBS-1A)

before layering it slowly on an equal amount of Ficoll (density of

1,077 g/mL) in a 50-mL centrifugation tube. The samples were

centrifuged for 20 min at room temperature, 1,300 rpm, with the

break turned off. Afterward, the PBMC fraction was isolated and

washed twice with 50 mL of PBS before resuspending the pellet in an

appropriate amount of Roswell Park Memorial Institute (RPMI)

medium, 10% human serum, L-glutamine (2 mmol/L), and

penicillin and streptomycin (100 U/mL; RPMI: Anprotec, AC-LM-

0060; Antibiotic Antimycotic: Capricorn, Cat No: ASS-B; Human

Serum: Capricorn, HUM-3B; L-Glutamine: Capricorn, GLN-B).

3.1.2.2 Freezing and thawing of PBMCs

Cells (5 × 106 to 10 × 106) were frozen in RPMI medium with

10% DMSO at −80°C, using a Mr. Frosty system (gradual freezing

of −1°C/min). After 24 h, cells were transferred to liquid nitrogen

for long-term storage. For thawing, cells were put into a water bath

at 37°C until they were almost thawed and subsequently transferred

into 9 mL of RPMI medium, 10% human serum, L-glutamine (2

mmol/L), and penicillin and streptomycin (100 U/mL; same as

above). After centrifugation for 8 min at (1,500 rpm, room
Frontiers in Cellular and Infection Microbiology 0412
temperature), the pellet was resuspended in cell culture medium

with Benzonase (25 U/mL; Life Technologies, #88701) and

incubated for 30 min at room temperature. Cells were centrifuged

again and resuspended in an appropriate amount of cell culture

medium and counted with an automated Luna-FL™ Dual

Fluorescence Cell Counter (Logos Biosystems) or Attune NxT

(Thermo Scientific). Cells (1 × 106 to 5 × 106) were seeded in a

96-well plate or 24-well plate and rested for 3 h at 37°C before

counting again.

3.1.3 Live-cell barcoding (flow
cytometry experiments)

Cells (2 × 106) were transferred to a V-bottom plate (Falcon,

#353263) and incubated with 1 µg of Fc block per well [human Fc

block (BD Pharmigen, #564220) or mouse CD16/32, clone 24G2

(#553142)] for 10 min at 4°C. Then, cells were centrifuged at 1,700

rpm for 3min at 4°C.

3.1.3.1 Mouse barcoding

Cell pellets were stained with anti-mouse CD45.2 antibodies for

20 min at 4°C, protected from light. These antibodies were coupled

to three different fluorochromes: BC1 = CD45.2-BV421; BC2 =

CD45.2-APC; BC3 = CD45.2-BV510; and BC 4 = CD45.2-

BV421 + CD45.2APC.

3.1.3.2 Human barcoding

Cell pellets were stained with anti-human CD45 antibodies for

20 min at 4°C, protected from light. These antibodies were coupled

to three different fluorochromes: BC1 = hCD45.BUV395; BC2 =

hCD45.BUV805; and BC3 = hCD45 BV421.

After incubation, three washes in HBSS buffer were made before

resuspending the cells in IMDM with 10% FCS. Cells were counted

and later distributed for ex vivo stimulation.
3.1.4 Ex vivo stimulation
3.1.4.1 Ex vivo stimulation for mouse T cells

Cells (1 × 106) were seeded and stimulated with four conditions:

unstimulated (NS), anti-mouse CD3e (plate-bound, 10 µg/mL),

anti-mouse CD3e (plate-bound, 10 µg/mL; BIOXCELL, #BE0001-

1, clone 145-2C11) + anti-mouse CD28 (soluble, 1 µg/mL; Exbio,

#12-597-BULK, clone 37.51), or anti-mouse CD3e (plate-bound, 10
µg/mL) + anti-mouse BTLA (plate-bound, 20 µg/mL).

Wells were coated with anti-mouse CD3 and anti-mouse B- and

T-lymphocyte attenuator (BTLA) for overnight at 4°C. Coated wells

were then washed with 1× PBS three times before adding barcoded

or non-barcoded T cells.

The same conditions of stimulation were applied for non-

barcoded T cells. Final medium volume in all wells was 200 µL.

Plates were incubated for 6 h (T = 6 H) or 16 h (T = 16 H) at 37°C in

a CO2 incubator. The remaining cells after dispensing corresponded

to the starting point (T = 0 H).

3.1.4.2 Ex vivo stimulation for human cells

Cells (1 × 106) were seeded and stimulated with three

conditions: unstimulated as negative control, anti-human CD3 (5
TABLE 2 Allergen list.

Allergen source
Allergen
protein

Allergen peptide

Aspergillus fumigatus

Asp f 5 MLYEVLWNL

Asp f 10 SIFGDIFLK

Asp f 22 ESDPSKWLTY

Asp f 17 AGGTVYEDLKAQYTA

Dermatophagoides
farinae

Der f 14 REYKSDVEL

Der f 1 NYCQIYPPDVKQIREALTQ

Der f 5 LIDGVRGVLNRLMKR

Dermatophagoides
pteronyssinus

Der p 14 YENEFLFNL

Der p 4 SIYSRLHNLNKEFFP

Phleum pratense

Phl p 4 SSCEVALSYY

Phl p 5 KYKTFVATF

Phl p KNPLKFDNTYFTELL
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µg/mL; BioLegend, 300438) (coated at 37°C for 3 h, washed twice

with PBS before adding cells) + anti-CD28 (3 µg/mL, BioLegend,

302934) as positive control, and SARS Peptivators (1 µg/mL; see

Table 3) as specific positive stimulation. All conditions were

costimulated with aCD28 (1 µg/mL) and aCD40 (1 µg/mL;

BioLegend, 334302). Cells were stimulated for 16 h at 37°C.

3.1.5 Flow staining
3.1.5.1 Flow cytometry staining

After stimulation, cells were transferred to a 96-well V-bottom

plate and centrifuged at 1,500 rpm for 5 min at 4°C. The pellet was

washed with 200 µL of PBS, centrifuged again and incubated with 1

µg of Fc block per well [human Fc block (BD Pharmigen, #564220) or

1 µg of mouse CD16/32, clone 24G2 (#553142)] for 10 min at 4°C.

After centrifugation, cell pellets were stained with antibodies

according to Table 4 (including Zombie Red dye for viability

assessment in the case of human PBMCs) for 20 min at 4°C.

Mouse T cells were washed three times with HBSS buffer and

resuspended in a DAPI solution (Thermo Fisher, #D1306) used for

the staining of dead cells and were acquired on a BD Fortessa

LSRII Cytometer.

Human cells were washed three times with HBSS buffer and

resuspended in 4% PFA in H2O for 30 min at 4°C. Afterward, cells

were centrifuged for 5 min at 1500 rpm, 4°C, then washed once with
Frontiers in Cellular and Infection Microbiology 0513
HBSS buffer, and resuspended in 150 µL of HBSS buffer for

acquisition on a CytoFLEX LX cytometer (Beckman Coulter).

Flow cytometry data were analyzed using FlowJo™ and

FACSDiva™ software. Representative gating strategy for CD4+,

CD8+, CD25+CD69+, CD25+CD137+, CD69+CD137+ is depicted in

Supplementary Figure 2.

3.1.5.2 Flow cytometry staining with Curiox

After stimulation, cells were transferred to a 96-well V-bottom

plate and centrifuged at 1,700 rpm for 3 min at 4°C. The pellet was

washed with 200 µL of PBS and centrifuged again before resuspending

in 50 µL of FACS buffer with human aCD16/aCD32 Fc block (1 µg/

mL). Cells were transferred to a 96-well laminar wash plate (Curiox™)

and incubated at 4°C for 20 min to 30 min until cells were settled on

the plate. The Curiox LaminarWash™MINI 1000) was prepared with

the following settings: input initial volume, 50 µL; 12× washes; flow

rate, 5 µL/s; vortex plate for 20 s. These settings were used for all

following washing steps. Cells were washed with PBS with the laminar

flow device before adding 25 µL of the antibody mix with a two-fold

concentration due to a residual volume of 25 µL per well after washing.

Cells weremixed gently with a pipette and incubated for 45min at 4°C.

Afterward, the plate was washed with a FACS buffer using the laminar

flow device, and cells were resuspended in 25 µL per well of 4% PFA in

H2O and incubated for 30 min at 4°C. The cells were washed once

more before adding 115 µL of FACS buffer and transferring to a 96-

well V-bottom plate for measurement. Cells were stored at 4°C until

acquisition on a CytoFLEX LX cytometer (Beckman Coulter).
3.2 Double barcoding in mass cytometry
with human cells

3.2.1 Debris/dead cell removal with Laminar
Wash, MINI 232 System (Curiox™)

After thawing and resting for 3 h, cells from each patient were

pooled, centrifuged, and resuspended in Cell Staining Buffer (CSB)
TABLE 4 Flow cytometry panel for human and mouse cells.

Sample Marker Fluorochrome Clone Manufacturer Dilution

Human

CD4 PerCP-Cy5 REA623 Miltenyi Biotec 1/250

CD8 APC SK1 BioLegend 1/250

CD25 PE-Cy7 M-A251 BioLegend 1/250

CD69 FITC FN50 BioLegend 1/250

CD137 PE 4B4-1 BD Biosciences 1/250

Zombie Red™ – –
Biolegend
423110

1/1,000

Mouse

CD8a BUV737 53-6.7 BD Biosciences 1/200

CD25 BB700 PC61 BD Biosciences 1/200

CD69 PE H1.2F3 BD Biosciences 1/100

CD4 PE-Cy7 RM4-5 BD Biosciences 1/200

Live/dead: DAPI BUV496 – Thermo Fisher #D1306 1/1,000,000
fr
TABLE 3 SARS-CoV-2 peptivator pool.

Name Catalog no. Manufacturer

PepTivator® SARS-CoV-2 Prot_S 130-126-701 Miltenyi Biotec

PepTivator® SARS-CoV-2 Prot_S+ 130-127-311 Miltenyi Biotec

PepTivator® SARS-CoV-2 Prot_S1 130-127-041 Miltenyi Biotec

PepTivator® SARS-CoV-2 Prot_M 130-126-703 Miltenyi Biotec

PepTivator® SARS-CoV-2 Prot_N 130-126-698 Miltenyi Biotec
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at a concentration of 1 × 106 to 1.5 × 106 cells in 25 µL. Twenty-five

microliters per well was added on Curiox plate, left for 25 min at

RT, and checked under microscope to ensure that cells were settled.

Curiox program: 12 cycles; the flow rate of CSB buffer at 5 µL/s for

washing debris was used. CSB (50 µL) was added in each well and

gently pipetted especially around edges, and all cells were pooled

from each sample and then counted before CD45 barcoding step.
3.2.2 Live-cell barcoding (mass
cytometry experiment)

Patients were barcoded with different combinations of aCD45
antibodies labeled with variable metals tag (see Tables 5, 6).

A maximum of 2 × 106 to 2.5 × 106 cells were distributed in V-

bottom plate (Falcon, #353263) and incubated with 1 µg of Fc block

per well (human Fc block; BD Pharmigen, #564220) for 10 min 4°C.

After one centrifugation at 1,700 rpm for 3min at 4°C, the pellets

were resuspended in 100 µL of CSB (Standard Biotools, #201068)

containing the respective barcoding antibodies combination. After

20 min of incubation at 4°C, cells were washed three times in CSB.

The pellet was resuspended in medium, and cells were distributed

for ex vivo stimulation.

3.2.3 Ex vivo stimulation in mass
cytometry experiment

For mass cytometry experiment, we used the same protocol as

for flow cytometry with human cells (see Section 3.1.4.2) except that

we stimulated the cells for 16 h at 37°C with a pool of allergen

peptides (100 µg/mL) (Table 2).

3.2.4 Mass cytometry staining (with Standard
Biotools intracellular barcoding)

After stimulation, cells were transferred to a 96-well V-bottom

plate and centrifuged at 1,700 rpm for 3 min at 4°C. The pellet was

resuspended in 150 µL of Maxpar-PBS (Standard Biotools,
Frontiers in Cellular and Infection Microbiology 0614
#201058), and all wells from one stimulus were pooled in a 1.5-

mL reaction tube. After centrifugation at 1,300 rpm for 7 min at 4°

C, cells were stained with 100 µL of CisPt198 (1:5,000) (Standard

Biotools, #201198) in Maxpar-PBS for 10 min at room temperature.

Afterward, cells were washed twice with each 500 µL of CSB

(Standard Biotools, #201068) and resuspended in 50 µL of human

aCD16/aCD32 Fc block (BD Pharmigen, #564220) at 1 µg/mL in

CSB. Cells were incubated for 10 min at 4°C and washed again with

CSB, and a 100-µL mass cytometry antibody mix was added per 2 ×

106 cells. After incubation for 45 min at 4°C, the cells were washed

twice with CSB, and 100 µL of CytoFix (BD Pharmigen, #554714)

was added and incubated for 30 min at 4°C. For subsequent

barcoding of the stimuli, cells were washed twice with 1×

Maxpar-Barcoding buffer (Standard Biotools, #201057), and 1 ×

106 to 3 × 106 cells for each stimulus were resuspended in a 100-µL

Pd Barcoding kit (Standard Biotools, #201060) following the Cell-

ID™ 20-Plex Pd Barcoding Kit protocol. Cells were incubated for

30 min at room temperature and washed three times with CSB + 5%

BSA. Afterward, all cells were pooled into one reaction tube,

centrifuged at 1,300 rpm for 10 min and washed once with CSB,

and the pellet was resuspended in 200 µL of iridium (1:1,000)

(Standard Biotools, #201192) in a CytoFix buffer (BD Pharmigen,

#554714). After incubation overnight at 4°C, the cells were washed

twice with each 1 mL of CSB, and the pellet was resuspended in 100

µL of FCS + 10% DMSO and stored at −80°C until acquisition on a

Helios Mass cytometer. We conducted mass cytometry analysis

using the HT injector #107018, whereas the acquisition was

performed in Standard Biotools water (#201069).
3.3 Mass cytometry analysis tools

Mass cytometry analysis was performed as previously described

(Levine et al., 2015). Briefly, the FCS files generated from mass
TABLE 5 Barcoding scheme for human and mouse cells.

Experiment Sample Marker Fluorochrome Clone Manufacturer Dilution

Flow cytometry

Human

CD45 BV421 HI30 BD Biosciences 1/250

CD45 BUV395 HI30 BD Biosciences 1/250

CD45 BUV805 HI30 BD Biosciences 1/250

Mouse

CD45.2 BV421 104 BD Biosciences 1/200

CD45.2 APC 104 BioLegend 1/200

CD45.2 BV510 104 BioLegend 1/100

Experiment Sample Marker Metal Clone Manufacturer Dilution

Mass cytometry Human

CD45 89y HI30 Standard Biotools 1/100

CD45 111Cd HI30 Standard Biotools 1/100

CD45 112Cd HI30 Standard Biotools 1/100

CD45 113Cd HI30 Standard Biotools 1/100

CD45 114Cd HI30 Standard Biotools 1/100

CD45 116Cd HI30 Standard Biotools 1/100
fr
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cytometry were manually gated to live CD45+ cells using Cytobank.

Samples were debarcoded on Cytobank by manual gating (see

Supplementary Figure 3). Representative gating strategy for mass

cytometry is shown in Supplementary Figure 4. Pre-processing of the

raw data was followed by dimensionality reduction and visualization.

This work was done by t-Distributed Stochastic Neighbor Embedding

(t-SNE) using the default parameters (perplexity = 30 and iterations =

1,000) or with the use of UMAP (Uniform Manifold Approximation

and Projection) in Cytobank software. To obain unsupervised

debarcoding, UMAP dimensional reduction was followed by the use

of FlowSom (five-metacluster parameter) in Cytobank. t-SNE

dimensional reduction was followed by PhenoGraph (Levine et al.,

2015) using in-house developed R-shiny interface “CIPHEBox” to

classify and visualize the subpopulations of cells based on their cell

surface marker expression. PhenoGraph first identified the k-nearest

neighbors (k = 30) using Euclidean distance and calculated the

similarities using the Jaccard coefficient. Subsequently, the Louvain
Frontiers in Cellular and Infection Microbiology 0715
algorithm was used to partition the network for detecting communities

with optimal modularity, generating 31 metaclusters. Median

expression of marker intensities for each cluster were used for

expert-guided manual annotation. Heatmaps and hierarchical

c luster ing were generated using Morpheus (ht tps : / /

software.broadinstitute.org/morpheus). Cluster data were visualized

in Cytobank to generate density plot and cluster overlays.
4 Results

4.1 Anti-CD45 fluorescent barcoding of
purified mouse T cells does not alter their
functional response

To determine whether live anti-CD45 barcoding of cells was

compatible with in vitro T-cell stimulation protocols, mouse T
TABLE 6 Barcoding scheme for donor samples for mass cytometry.

111 Cd 112 Cd 113 Cd 114 Cd 116 Cd

Figure 2

BC1

BC2

BC3

BC4

BC5

BC6

BC7

BC8

BC9

BC10

Figure 3

Vacc

HD

Sample 3

Sample 4

Figure 4

Vacc1

Vacc2

HD1

HD2

Inf

Vacc + Inf1

Vacc + Inf2

Vacc + Inf3
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cells purified from the spleen and LNs from three mice were

pooled to generate a homogenous cell suspension and then split

into five different fractions. Four fractions were stained using

different combinations of anti-CD45 conjugates and one remained

unstained (Figure 1A). Barcoded and unbarcoded fractions were

either acquired on the cytometer (t = 0) or distributed in two to

four wells with different stimulation conditions respectively:

unstimulated, aCD3/aCD28, aCD3 alone, or aCD3 and aBTLA.

After 6 h or 16 h of incubation, cells were collected by sample

barcodes. Half of each cell suspension was pooled in a multiplexed

sample. Other half was kept separate to assert for the proportion

of each cell phenotype in each stimulation condition before

sample multiplexing. Individual fractions and multiplexed

sample were then stained with a minimal surface staining panel

containing T-cell lineage markers CD4 and CD8 as well as

activation markers (CD69 and CD25). First, we could see that

the staining intensity of each individual aCD45 conjugates

remained stable over 6 h to 16 h of stimulation (Figure 1B). The

stability of CD45 marker expression allowed for correct

deconvolution of each sample from the multiplexed pool

(Figures 1A, B) indifferently of the stimulation condition. Next,

in order to evaluate the impact of live sample barcoding on T-cell

activation, we analyzed the proportion of lineages as well as the

upregulation of activation markers in barcoded and non-barcoded

T cells (Figure 1C). As demonstrated in Figure 1C, no differences

in CD4/CD8 proportion (83% and 84%) or CD69/CD25

upregulation (88% and 89%), respectively, were seen between

barcoded and non-barcoded cells. On the basis of these

readouts, we can conclude that live fluorescent cell barcoding of

murine T cells does not prevent their normal activation kinetic of

activation in different stimulation conditions.
4.2 Anti-CD45 barcoding of human PBMC
is compatible with in vitro T-cell
restimulation assay

Next, we wanted to test whether a similar live-cell barcoding

approach would be compatible with human PBMCs in an antigen-

specific T-cell restimulation assay. Similar to Figure 1A, PBMCs

from three different donors (healthy donor, vaccinated, or infected

and vaccinated against SARS-Cov2) were barcoded using different

combination of anti-human CD45 antibodies. Barcoded cells were

then set into different stimulation conditions for 16 h at 37°C. After

stimulation, cells were pooled by stimulation conditions, stained

with a minimal panel containing activation markers (CD69, CD25,

and CD137), and acquired on a flow cytometer. Barcode expression

intensity was used to drive a UMAP unsupervised data analysis

(Figure 2A) and FLOWSOM clustering. As seen in Figure 2A, no

difference in metacluster (MC) distribution was observed across

stimulation conditions, indicating that the fluorescence intensity

level of each samples remains comparable across stimulation

conditions. Four MCs were identified among which three majors

(MC3, MC4, and MC5) corresponding each to a barcoded patient
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and one minor (MC1 and MC2) containing illegitimate barcode

combinations (doublets or debris). We then analyzed the

upregulation of activation markers in specific stimulation

conditions (Figure 2B). As expected, we could see that, upon

aCD3/aCD28 non-specific stimulation, all patient samples showed

that early activation markers CD69 and CD25 were strongly

upregulated in both CD4+ and CD8+ T cells, whereas this was not

the case with the costimulation only condition (Figure 2B). This

highlights that patient cell barcoding before stimulation does not

alter the capacity of the cells to modulate the intensity of their

response to different stimuli. In response to a more physiological

stimulation with SARS-Cov2 peptivator, we observed that every

donor had a different level of baseline reaction considering CD25,

CD69, and CD137 marker expression. Because the peptivator

condition also contains the “co-stimulus” (aCD28 and aCD40),
we normalized the response to the costimulation results to ease the

evaluation of the global response to peptivator stimulation. We

could detect an increase in proportion of CD4+CD69+CD137+ and

of CD8+CD69+CD137+ minor T-cell populations in vaccinated +

infected samples after stimulation with peptivator antigen pool

(Figure 2B). This result is expected as it is conceivable that the

proportion of T-cell clonotype reacting against SARS-Cov2 peptides

would increase among the total T-cell population after vaccination

and infection. It confirms that antigen-specific T-cell response can

be studied reliably on samples after anti-CD45 live-cell barcoding

by flow cytometry.
4.3 Cell viability of PBMC samples impact
overall debarcoding efficiency of dual-
barcoding scheme

In order to increase the phenotypic characterization of T cells

responding to specific antigen stimulation, we adopted the assay to

mass cytometry. We therefore developed a high-content mass

cytometry panel aiming 37 surface markers that are important in

T-cell function (Table 7). We performed sample barcoding of 10

individual PBMC samples using the barcoding scheme in Tables 5,

6, distributed equal number (500,000 cells) of encoded cells over

three stimulation conditions (costimulation only, peptivator, or

allergen + costimulation). Of note, donors 1–9 (BC1–BC9) came

from one single COVID-19 cohort, whereas donor 10 (BC10) is a

cohort-independent vaccinated donor (see Table 1, Figure 3,

Sample ID 10). Because of the constraints in the numbers of cells

recovered after thawing, only two samples (barcodes 7 and 10) were

stimulated with a fourth stimulation using anti-CD3/anti-CD28 in

order to determine the general activation pattern of marker

expression induced after non-specific antigen stimulation using

this panel. Cells from each stimulation conditions were stained

using mass cytometry antibody panel and encoded with Standard

Biotools barcoding kit. All fractions were then mixed in one

multiplexed tube for acquisition on Helios instrument. As shown

on sunburst plot of Figure 3A, stimulation conditions could be

identified and yielded expected numbers of barcodes (2 for non-
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1336489
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Balz et al. 10.3389/fcimb.2023.1336489
A

B

C

FIGURE 1

In vitro activation of CD45.2 barcoded mouse T cells. (A) Schematic drawing of the experiment. T cells isolated from LNs of a C57Bl/6 mouse were
either not barcoded or barcoded with CD45.2 antibodies tagged with different fluorochromes. Barcoded and non-barcoded T cells were kept
unstimulated or were stimulated with aCD3/aCD28, aCD3 alone, or aCD3/anti-HVEM during 6 h or 16 h and subsequently stained with a mix of
antibodies containing CD4/CD8/CD25/CD69 antibodies. (B) Stained T cells were analyzed on a BD LSR Fortessa flow cytometer, and dot plot
representation allowed to recover the four different barcodes. The histogram representation is gated on three different barcodes to analyze CD45.2
fluorescence intensity at time point 0 h, 6 h, and 16h. Sunburst representation of debarcoded samples done with Cytobank. (C) Analysis of CD69+

level of expression in CD4+ and CD8+ T cells for barcoded and non-barcoded conditions.
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specific stimulation and 10 for costimulation only, peptivator, and

allergen). However, after sample debarcoding using live anti-CD45

barcodes, a high proportion of cells (40%) could not be attributed to

any legitimate barcode (BC) combinations (Figure 3A). Corollary to

this observation, very few cells for BC4 and BC6 could be retrieved

in all stimulation conditions. As shown in Figure 3B, most of the

cells for BC4 and BC6 were dead as indicated by the high

proportion of cells stained by cisplatin (>80%). In general, most

of the samples retrieved showed a high proportion (30%–90%) of

cisplatin+ dead cells in this experiment. In addition to the potential

generation of staining artifacts that could be attributed to dead cells,

we recovered very low number of cells per stimulation condition for

each sample. As the aim of our assay is to study rare activation

phenotypes of CD4 and CD8 T-cell populations that are expected to

be at low frequency (0.5% to 2% of total T cells), the added

detrimental effects of low cell viability and inefficient sample

debarcoding precluded any further meaningful analysis of the data.
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4.4 Dual-barcoding scheme is improved
after debris removal and allows for the
detection of rare T-cell subset responding
to peptide stimulation

By releasing anti-CD45–stained debris that would stick to live cells

of other samples in the multiplexed pool, dead cells present in the

dual-barcoding assay could lead to illegitimate barcode combination,

resulting in low debarcoding efficiency as observed in Figure 3A. In

order to test this hypothesis, we introduced a debris removal step after

thawing the samples before the live-cell barcoding step (Figure 4A)

either using a density gradient (Supplementary Figure 1) to remove

debris (Figures 4B–D) or a laminar flow device (Figure 5). A new vial

of PBMCs from vaccinated donor used in previous experiment (BC10)

was thawed and treated with debris removal solution before live-cell

barcoding step. After antigen stimulation, recovered samples showed a

higher proportion of live cells compared to previous experiment
A

B

FIGURE 2

In vitro activation of human barcoded T cells. T cells were isolated from three different donors (see Table 1 for detailed donor information); HD, pre-
pandemic PBMC donor; Vacc, vaccinated donor; and Vacc + Inf, vaccinated donor recovered from subsequent SARS-CoV-2 infection. (A) UMAP
representation showing FlowSOM clusters of debarcoded human PBMCs after 16 h with non-specific stimulation (stimulation with aCD3/aCD28),
costimulation (stimulation with aCD28/aCD40) and peptivator stimulation (stimulation with aCD28/aCD40 and a set of SARS peptide pools). (B) T
cells were stimulated in three groups (non-specific, costimulation, and peptivator, as described above). Panels show the three stimulation groups
and the normalization of the peptivator stimulation to the costimulation. Graphs show the frequency of activated CD4+ T cells and CD8+ T for each
donor. Bars show a mean of three technical replicates; whiskers indicate standard deviation. Mean values of the groups were compared using a two-
way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0,0001. Statistical analysis for normalized peptivator is only shown.
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TABLE 7 Mass cytometry panel.

Marker Metal Clone Manufacturer Dilution

CD45 089Y HI30 Standard Biotools 1/100

CLA 115In HECA-452 Homemade 1/100

CD3 141Pr UCHT1 Homemade 1/400

CD134 142Nd ACT35 Standard Biotools 1/100

CD45RA 143Nd HI100 Standard Biotools 1/100

CD270 144Nd 122 Homemade 1/100

CD4 145Nd RPA-T4 Standard Biotools 1/100

CD8 146Nd RPA-T8 Standard Biotools 1/100

CD154 147Sm 24-31 Homemade 1/100

CD278 148Nd C398.4A Standard Biotools 1/100

CD25 149Sm 2A3 Standard Biotools 1/100

CD11a 150Nd HI111 Homemade 1/100

CD107a 151Eu H4A3 Standard Biotools 1/200

TCRgt 152Sm 11F2 Standard Biotools 1/100

CD62L 153Eu DREG56 Standard Biotools 1/100

Gpr15 154Sm SA302A10 Homemade 1/100

CD279 155Gd EH12.2H7 Standard Biotools 1/100

CD272 156Gd 8.2 Homemade 1/100

CD137 158Gd 4B41 Standard Biotools 1/100

CD197 159Tb G043H7 Standard Biotools 1/100

CD357 160Gd 621 Homemade 1/100

CD5 161Dy UCHT2 Homemade 1/400

CD69 162Dy FN50 Standard Biotools 1/100

CXCR3 163Dy G025H7 Standard Biotools 1/200

CD95 164Dy DX2 Standard Biotools 1/100

CD45RO 165Ho UCHL1 Standard Biotools 1/100

CD44 166Er BJ18 Standard Biotools 1/100

CD27 167Er O323 Standard Biotools 1/100

CD366 169Tm F38-2E2 Standard Biotools 1/100

CD152 170Er 14D3 Standard Biotools 1/100

CD185 171Yb RF8B2 Standard Biotools 1/100

CD38 172Yb HIT2 Standard Biotools 1/100

KLRG1 173Yb REA261 Homemade 1/100

HLA-DR 174Yb L243 Standard Biotools 1/100

CD49d 175Lu 9F10 Homemade 1/100

CD127 176Yb A019D5 Standard Biotools 1/100

CD223 209Bi 7H2C65 Homemade 1/100

Cell-ID cisplatin 198Pt 201198 Standard Biotools 1/5000

Cell-ID intercalator 191/193Ir 201192 Standard Biotools 1/1,000
F
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(Figure 3) as low (<15%) cisplatin labeling was detected on cells for all

stimulation conditions tested. Concomitantly, the sample debarcoding

efficiency was improved to an average of 80% (Figure 4C). Both

healthy donor (HD) and vaccinated samples produced a high

proportion of CD25+CD69+ activated T cells (>20%) after non-

specific TCR stimulation by anti-CD3/anti-CD28 treatment
Frontiers in Cellular and Infection Microbiology 1220
(Figure 4D) as opposed to <2% T cells in the costimulation only

condition. CD25+CD69+ activated T cells were 0.78% and 2.14% in

the HD and vaccinated donors respectively, after antigen specific

stimulation. Therefore, debris removal before sample barcoding

enhances debarcoding efficiency in our dual-barcoding assay and

allows the detection of rare T-cell subsets after antigenic stimulation.
A B

FIGURE 3

Poor cell viability after thawing is correlated to inefficient debarcoding. Patient cells from 11 donors were thawed and identified using 10 different
barcode combinations. Note that samples 7 and 11 were mixed and are shown as BC7. (A) Sunburst representation of debarcoded samples wherein
each color segment is proportionate to the percentage of cells within the combined barcoded pool, analyzed in Cytobank. (B) Viability of the cells
after 16 h of stimulation with CD3/CD28, CD28/CD40, the peptivator pool, or the allergen. Analysis was done in Cytobank. Live PBMCs are 198 Pt-
negative/191 Ir-negative.
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4.5 High-content immunophenotyping of
activated T cells reveals functional
heterogeneity between vaccinated and
non-vaccinated heathy donor

In order to maximize the number of cells available from each

sample for the three stimulation conditions, we wished to study on all

of our samples while preserving a high efficiency of sample

debarcoding, the density gradient step introduced in Figure 4 to

remove debris was replaced by several washes performed by laminar

flow on a Curiox device (Figure 4A). PBMCs from two HD, two

vaccinated, one infected and 3 vaccinated and infected donors for a

total of eight samples were then barcoded following barcoding key

described in Tables 5, 6 and set into costimulation only, peptivator, or

allergen stimulation conditions. Only two samples (HD1 and Vacc1)

were subjected to non-specific anti-CD3/anti-CD28 T-cell

stimulation. After mass cytometry acquisition, acquired data on the

multiplex pooled were normalized using eQBeads and debarcoded.

Similar to the results observed using debris removal solution

(Figure 4), laminar flow washes of samples after thawing and
Frontiers in Cellular and Infection Microbiology 1321
resting led to efficient sample debarcoding (Figure 5A) and correct

representation of each barcodes in respective stimulation conditions.

This is most probably due to the already described beneficial effect of

laminar flow washes on the elimination of cell debris (Lye et al.,

2022). In addition, we observed approximately 2%–8% CD4+ or

CD8+CD25+CD69+ T cells after stimulation with peptivator or

allergen (Figure 5B). Further unsupervised analysis using

PhenoGraph clustering of all samples and conditions yielded to 31

clusters among which 23 were present in costimulation, peptivator,

and allergen conditions only. In order to reduce the complexity of

data interpretation in this paper, these clusters were regrouped in five

metaclusters (MC) after hierarchical clustering using expression of all

markers available in the panel (Figure 5C) and projected onto Opt-

SNE manifold (Figure 5D). In order to visualize the change in the

relative proportion of each MC, the density distribution of each

sample in all stimulation conditions was projected onto the same

Opt-SNE manifold (Figure 5E). We could observe very distinct

patterns between HD and vaccinated samples in the costimulation,

peptivator and allergen conditions. However, due to the low number

of samples processed in each group in this preliminary experiment, it
A B

D

C

FIGURE 4

Use of debris removal solution (DRS) from Miltenyi allows to eliminate debris and subsequent analysis. Patient PBMCs were thawed and identified
with the help of different barcode combinations. (A) Flowchart of the optimized CyTOF protocol to analyze low-frequency responding T cells after
stimulation. (B) After 16 h of stimulation with CD3/CD28, CD28/CD40, the peptivator pool, or the allergen peptide pool, viability of the cells is
analyzed on Cytobank. Live PBMCs are 198 Pt-negative/191 Ir-negative. (C) Sunburst representation of debarcoded samples, done with Cytobank.
(D) T-cell activation status after stimulation. Event count of activated T cells is shown in the blue box inside the graphs.
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A

B

D

E

C

FIGURE 5

Final optimized CyTOF protocol for low-frequency PBMC stimulation analysis. (A) Sunburst representation to verify debarcoding efficiency after the
use of Curiox. (B) PBMCs of eight different donors were stimulated with aCD3/aCD28 (non-specific stimulation), aCD28/aCD40 (costimulation),
with a peptivator stimulus (stimulation with aCD28/aCD40 and a set of SARS peptide pools), and with an allergen stimulus (stimulation with aCD28/
aCD40 and a set of allergen peptides). Panels show the four stimulation groups and the normalization of the peptivator/allergen stimulation to the
costimulation. Graphs show the frequency of activated CD4+ T cells and CD8+ T for each donor. (C) Heat map representation based on the variation
of marker expression to the mean expression in each Rphenograph clusters. Clusters and markers are arrayed by hierarchical clustering (Euclidian
distance, complete linkage). Colors correspond to metaclusters regrouped by common biological annotation. (D) Projection of cells from vaccinated
sample after costimulation only is shown. Same color code as in (C) was applied to defined area occupied by five metaclusters on the Opt SNE
manifold. (E) Density plot of cell phenotypes observed across stimulation conditions. A manual delimitation of the space occupied by a same
biological annotation determined in (D) on the Opt SNE manifold is shown.
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is impossible to conclude whether the difference in the relative

proportion of each MC and cluster is due to the individual

variability of the donor or whether this is related to the differential

activation of specific T-cell clone in the vaccinated group.
5 Discussion

Our study aimed at optimization of flow cytometry– and mass

cytometry–based T-cell immunophenotyping in the context of ex

vivo antigen stimulation assays. For this purpose, we stimulated

PBMC samples derived from donors of variable relevant exposure

history with SARS-CoV-2– and allergen-derived peptides and

utilized dual-barcoding approaches for simultaneous acquisition of

individual donor and stimulation conditions. We applied mouse and

human live-cell CD45 barcoding of individual donor samples and

showed that this is compatible with antigen stimulation assays by

means of flow cytometry-based assessment of T-cell activation

markers. We then combined with a commercially available

barcoding system, which further attenuates cell loss but also

technical bias by allowing simultaneous data acquisition of samples

representing all stimulation conditions. Removal of dead cells and

debris enhanced debarcoding efficiency in this dual-barcoding

approach. Additional cell sparing was achieved by introducing a

laminar flow-based cell washing system in our protocol, which avoids

cell loss associated with multiple centrifugation steps (Lye et al.,

2022). Our improved method was connected to reduced cell loss, as

well as efficient debarcoding and immunophenotyping of low-

frequency antigen-specific T cells by means of mass cytometry. The

latter technology is advantageous over spectral cytometry when it

comes to assessment of multiple cytokines and/or transcription

factors as part of the assay’s marker panel (Smith et al., 2023).

Live-cell barcoding of fresh or thawed cells is compatible with

both short-term and long-term T-cell activation assays in mouse

(Akkaya et al., 2016) and human cells, as it does not require fixation

(our work) (Junker and Camillo Teixeira, 2022). This is a commonly

used strategy in immunological research to mark individual donors

and thus assess pooled samples simultaneously in a high-throughput

manner. The kinetic of expression of activation markers upon

relevant cell stimulation is not impacted as revealed by surface

marker expression in our work. Initial/prior live-cell barcoding of

sample is therefore not only reducing technical variance but is also

fully compatible with T-cell functional assays and can be used for

pooled immunophenotyping. Anti-CD45 live-cell barcoding signal

was stable over at least 16 h of culture most probably due to the

absence of receptor internalization, similar to the observations of

(Junker and Camillo Teixeira, 2022) and (Palchaudhuri et al., 2016).

We observed that our dual-barcoding approach was compromised

with poor cell viability upon thawing and following ex vivo cell

stimulation. Indeed, cell membrane debris is released by apoptotic cells

and is encoded with barcodes along with viable cells. Close adherence of

debris to intact cells leads to non-meaningful barcode combinations and

exclusion of involved cells from sample deconvolution. Removal of dead

cells and cell debris before the live barcoding step proved to be essential

for maximising debarcoding efficiency.
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To further support debris removal and in order to reduce cell loss,

we washed samples by means of laminar flow technology instead of

centrifugation prior to live-cell barcoding and cell plating for

stimulation. Laminar flow technology enabled efficient

deconvolution of 32 experimental conditions in one single

experiment. Corollary to this benefit, we achieved better cell

retention at each step (our observations on several projects, data

not shown). Laminar flow technology is therefore particularly suited

for the investigation of rare cell types in low cell number samples.

Of note, a protentional alternative/complementary explanation

for the low cell viability observed among dual barcoded samples,

particularly in the context of non-specific stimulation, could be the

lack of supplementary exogenous Interleukin-2 (IL-2) during the

duration of stimulation. Further experimentation would help to

shed light on the role of this factor.

Our established protocol allowed high-content characterization

of CD4+, CD8+, and gd-T–cell response following activation in the

context of functional assays. We observed biologically meaningful T-

cell activation, which correlated with exposure history of individual

donors. Multiple clusters of T-cell subsets could be identified, some

encompassing minute cell populations in response to peptide

stimulation. Additional complexity reduction pinpointed five

metaclusters based on expression of all panel markers, and these

showed specific shifts across stimulation conditions. Further studies

with a larger number of samples are required to evaluate the relevance

of these phenotypes in regards to the biological question.

Availability and dissemination of protocols, which are

customized for specific sample types (e.g., human vs. mouse, high

vs. low cell numbers, and high vs. low cell debris), type of assays

(e.g., with or without ex vivo stimulation), target cells, and marker

panels, will promote use of mass cytometry, single-cell analysis, and

immunomics to further advance respective scientific fields. Our

developed mass cytometry protocol is optimized for mouse and

human samples with relatively low cell numbers and high debris,

which are stimulated ex vivo with the goal of immunophenotyping

scarce antigen-specific T cells, which has been hitherto a challenge.
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SUPPLEMENTARY FIGURE 1

Pretesting of debris removal solution. The debris removal solution from

Miltenyi was tested with PBMCs of 5 donors (Table 1, ID 1-5) depicted with
different dot colors. Boxplots show the percentage of viable cells/debris with

(“DRS”) or without (“None”) the use of debris removal solution. Light grey is
the upper quartile of the boxplot, dark grey the lower quartile.

SUPPLEMENTARY FIGURE 2

Flow cytometry gating strategy for investigated cell populations. Gating

strategy used in to analyze the subpopulations of activated T cells in one
donor after one stimulation condition (non-specific stimulation), starting

from CD45-based debarcoding of the multiplexed pool.

SUPPLEMENTARY FIGURE 3

Representative manual debarcoding gates. (A) Barcoding key used to encode
samples in . (B) Marker Expression profiles of Cadnium isotopes on each

debarcoded samples resulting of manual debarcoding using barcoding key
described in (A).

SUPPLEMENTARY FIGURE 4

Supervised gating strategy used to select relevant events for unsupervised

analysis. (A) the data is corresponded to . Step 1-6 correspond to the
Environmental background and doublets exclusion using Gaussian

parameters (Center, Offset, Width) that are generated in the Helios Time-
Of-Flight chamber. Step7: dead cell exclusion gating step with live cells

(CisPt-198-/lo) and dead cells (CisPt-198+). Step8, Exclusion of
normalization beads. Step 9: Identification of CD45+ leukocytes. (B) the

data here corresponds to , donor: Vacc2. Representative dot plots across

stimulation showing the gating of CD69, CD25 and CD137 marker
combinations and their corresponding frequencies.
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Background: Azvudine, a repurposed oral small molecule antiviral drug, has

potential effects in combating the SARS-CoV-2 virus. However, studies on its

clinical efficacy in patients with COVID-19 are still limited and controversial, and

further research and validation are necessary.

Methods: A retrospective cohort study was conducted on COVID-19 patients

who were hospitalized in the General Hospital of Central Theater Command

from 1 December 2022 to 31 January 2023. We included 132 patients treated

with Azvudine and 132 controls after screening and propensity score matching.

The primary outcomes including all-cause mortality and a composite outcome

of disease progression such as non-invasive respiratory support, invasive

respiratory support, admission to intensive care unit (ICU), and death

were compared.

Results: Azvudine recipients had a much lower incidence rate of composite

disease progression outcome than controls (13.9075/1000 person-days versus

25.7731/1000 person-days, P<0.05). Azvudine recipients also possessed a lower

all-cause mortality rate than controls (2.6797/1000 person-days versus 8.5910/

1000 person-days, P<0.01). Azvudine treatment significantly reduced the risk of

composite disease progression (HR: 0.37, 95% CI: 0.16-0.84, P=0.017) and all-

cause death (HR: 0.25, 95% CI: 0.08-0.81, P=0.021) after adjusting potential

confounding factors such as age, sex, severity of COVID-19, complications,

concomitant therapy, time from symptoms to treatment, and important

laboratory indicators. The subgroup analyses of composite disease progression

outcome and all-cause death indicated robustness of Azvudine’s in treating

COVID-19 patients in general.
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Conclusion: Our study demonstrates that Azvudine has a significant positive

impact on the clinical recovery of hospitalized patients with COVID-19. These

findings provide important support for the use of Azvudine as a therapeutic

option for COVID-19, given the current divergent views on its therapeutic

efficacy and its importance in public health and medical care.
KEYWORDS

COVID-19, Azvudine, composite disease progression outcome, all-cause death,
retrospective cohort study
Introduction

Since its emergence in late 2019, the novel coronavirus disease

(COVID-19) has rapidly developed into a global pandemic, posing

a significant threat to human health and causing negative impacts

on the lives and health of hundreds of millions of people worldwide

(Chakraborty and Maity, 2020). This unprecedented global health

crisis has prompted scientists, medical experts, and research

institutions around the world to urgently explore and develop

effective means of prevention and treatment, as well as drugs, to

meet this challenge. Several therapeutic agents such as Nirmatrelvir/

Ritonavir, Molnupiravir, and Azvudine have been authorized for

the treatment of COVID-19 (Hammond et al., 2022; Jayk Bernal

et al., 2022; Yu and Chang, 2022). Azvudine is the first homegrown

oral anti-COVID-19 drug, and it was approved by the National

Medical Products Administration on July 25, 2022. Azvudine’s

approval has garnered significant attention from the medical

community and provided a new weapon in the global to fight

against the COVID-19 epidemic. Azvudine is a nucleoside analog

that specifically acts on RNA-dependent RNA polymerase (RdRp)

and that is efficiently embedded in the SARS-CoV-2 RNA synthesis

process to inhibit virus replication (Zhang et al., 2021). Azvudine

rapidly metabolizes in vivo into a 5’-triphosphate metabolite

(Azvudine triphosphate) with potent antiviral activity.

In the monkey experiment, Azvudine is preliminarily

demonstrated to be effective for fighting SARS-CoV-2 infection by

improving lymphocyte profile, reducing viral loads, organ damage

and inflammation, and protecting immune function of thymus

(Zhang et al., 2021). However, the clinical therapeutic efficacy of

Azvudine in fighting against COVID-19 is currently a subject of

controversy in the academic community. Some studies suggest that

Azvudine has significant advantages such as faster viral load

reduction and higher recovery rates compared to other treatments

in treating COVID-19 patients (Zhang et al., 2021; Qi et al., 2023; Ren

et al., 2020; Yu and Chang, 2020). However, some studies also suggest

limitations to its therapeutic efficacy are objectively existed, and

further validations of Azvudine’s efficacy are urgently needed (Gao

et al., 2023; Han et al., 2023; Zhu, 2023). These varying findings and

differing opinions among experts highlight the necessity for
0227
additional evaluation of the clinical effectiveness of Azvudine in

patients with COVID-19. The purpose of this study was to

retrospectively analyze the efficacy of Azvudine in treating COVID-

19 patients hospitalized in the General Hospital of Central Theater

Command and to establish a solid and adequate scientific basis for

clinical practice, which will better guide the therapeutic strategy of

COVID-19 and improve prognosis.
Methods

Study design and patients

A single-center retrospective cohort study was conducted in the

General Hospital of Central Theater Command from December 1,

2022 to January 31, 2023. Initially, 546 patients consecutively

admitted for COVID-19 pneumonia were screened from the

medical record system. Among them, 495 patients (including 132

patients with Azvudine plus standard treatment and 363 controls

with standard treatment) were enrolled and met the corresponding

inclusion criteria. In order to minimize the impact of confounding

factors on the analysis results, we finally included 264 patients by

using 132 Azvudine recipients as a benchmark and 1:1 propensity

score matching (Figure 1). Inclusion criteria: 1) had a confirmed

diagnosis of SARS-CoV-2 infection (with positive RT-PCR results

or positive SARS-CoV-2 antigen detection results, or both); 2) had

CT imaging findings met the standard of COVID-19 pneumonia;

3) obtained standard treatment or standard treatment plus

Azvudine. The standard treatment is based on the Chinese

Diagnosis and Treatment Program for COVID-19 (Trial 10th

Edition). Exclusion criteria: 1) age under 18 years; 2) received

antiviral medications other than Azvudine; 3) received non-

invasive or invasive respiratory support on the date of admission.

A patient was categorized as severe COVID-19 case on admission if

any of the below clinical scenes additionally appeared: 1) respiratory

rate ≥ 30/min; 2) oxygen saturation ≤ 93%; 3) arterial partial

pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤

300 mmHg (1 mmHg=0.133 kPa); 4) >50% lesions progression

within 24 to 48 hours in pulmonary imaging (Chen et al., 2023).
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This study was approved by the medical ethics review committee of

General Hospital of Central Theater Command ([2023]004-01). All

enrolled patients in this retrospective cohort study were

anonymous, and the requirement for informed consent was waived.
Data collection

The comprehensive data on COVID-19 patients were collected

from electronic medical information system by two investigators,

including demographic characteristics, dates of admission, intervals

from symptom onset to hospital admission, and initial clinical

presentations. Upon admission, the disease condition of each case

was evaluated based on specific criteria including respiratory rates,

oxygen saturation levels, PaO2/FiO2 ratios, and the extent of

pulmonary infiltrates. The past medical histories, medical orders,

key laboratory test results (such as blood counts, interleukins, and

calcitonin), records of ICU admissions, and dates of discharge or

death were also collected. All obtained data were checked by

another researcher to confirm integrity and accuracy.
Treatment

The control group patients received the standard care outlined in

the Chinese Diagnosis and Treatment Program for COVID-19 trial

version 10 guidelines, mainly including 1) supportive treatments such

as nutritional support, rest, maintenance of water, electrolyte balance,

and acid-base balance; 2) symptomatic treatments such as oxygen

therapy, fever reduction, cough and phlegm relief; 3) immunotherapy

treatments such as systemic steroids and immunomodulators; 4)

anti-infective treatments such as rational use of antibiotics. The
Frontiers in Cellular and Infection Microbiology 0328
patients in the Azvudine treatment group received 5 mg tablets of

Azvudine orally once daily for up to 14 days on the basis of standard

care. This ensured that all of these patients received the best clinical

care practices at that time. The dosage and administration period

were chosen based on initial evidence indicating Azvudine’s potential

benefits in mitigating the effects of COVID-19. The treatment

exposure period was strategically defined to commence within the

first 2 days following admission to ensure the integrity of the study’s

outcomes. Nasal cannula oxygen therapy was generally used to treat

patients with oxygen saturation ≤ 92% or significant hypoxia

symptoms. The patients who can maintain the target oxygen

saturation (usually 93% -96%) in indoor air without symptoms

such as difficulty breathing were often considered to stop oxygen

therapy. The study carefully chose this approach to mitigate potential

time bias associated with treatment initiation and admission,

facilitating a more accurate assessment of Azvudine’s effectiveness.

By standardizing the initiation of treatment relative to the point of

hospital admission, the study aimed to reduce variability in patients’

outcomes that could arise from differences in disease progression at

the time of treatment commencement.
Outcome events

The primary outcomes were composite metrics of disease

progression including non-invasive respiratory support, invasive

respiratory support, admission to intensive care unit (ICU), and all-

cause death. The secondary outcomes were individual disease

progression related clinical manifestations such as oxygen

situation. We analyzed and compared the changes in oxygen

saturation between the two groups patients who did not receive

oxygen therapy within 12 days after admission. We recorded the
FIGURE 1

Flowchart of patient selection.
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oxygen saturation of these patients every 3 days after admission. We

collected data of patients from the date of admission to occurrence

of any of the primary outcome events (non-invasive respiratory

support, invasive respiratory support, ICU admission, or all-cause

death), and discharge, whichever came first. Using this data, we

were able to calculate the incidence of primary outcomes per 1,000

person-days. This allowed for a quantitative analysis of the rate of

disease progression and treatment outcomes.
Statistical analyses

This study employed a propensity score matching (PSM)

approach, which incorporated several key covariates including age,

sex, time from symptom onset to treatment initiation and COVID-19

severity, to achieve accurate matching. A non-release matching

strategy with a caliper width of 0.2 was used. Covariate balance

between groups before and after matching was assessed by calculating

the StandardizedMean Difference (SMD). Covariates were considered

unbalanced if the SMD value exceeded 0.1 (Austin, 2009).

Furthermore, we estimated the Hazard Ratio (HR) and 95%

confidence intervals (CI) for disease progression outcomes between

the two groups using multifactor Cox regression models. To ensure

the stability of the results across subgroups, we conducted subgroup

analyses on various levels of the aforementioned covariates.

Continuous variables were described as the means and standard

deviations or medians and interquartile ranges (IQR) values.

Categorical variables were expressed as the counts and percentages.

Independent group t tests were applied to continuous variables that

were normally distributed; otherwise, the Mann-Whitney test was

used. Categorical variables were compared using the chi-square tests,

while the Fisher exact test was used when the data were limited. All

statistical analyses were performed using Windrush software v1.9,

employing two-tailed tests with a significance level of 0.05.
Results

Patients’ demographics and
clinical characteristics

We matched some important baseline characteristics such as

age, gender, time from symptom onset to treatment exposure,

illness severity, and concomitant treatments initiated on

admission between two groups patients. After 1:1 propensity

score matching, we finally included and identified 132 Azvudine

recipients and 132 controls. Table 1 displayed the baseline

characteristics of two groups patients before and after matching.

The SMD value of each of matching baseline characteristics

between two groups patients was less than 0.1, indicating a better

balance between them. In addition, we examined a number of

comorbidities and pathophysiological indicators related to disease

progression, and the results showed that no statistically significant

differences were observed between two groups patients for any of
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these parameters. Based on these data, we concluded that these

potential confounding variables did not significantly affect the study

results and conclusions.
Associations between Azvudine treatment
and clinical outcomes

The proportion of patients who did not receive oxygen therapy

in the Azvudine medication group and the control group was

respectively 62.1% (82/132) and 58.3% (77/132), with no

statistical differences (P=0.615). We compared the oxygen

saturation situations of two groups patients and found that the

patients treated with Azvudine overall possessed a higher oxygen

saturation performance than the patients with standard treatment

within 12 days after starting treatment (Figure 2). The oxygen

saturation curve of Azvudine group patients showed a gradually

increasing trend during hospitalization, while the oxygen saturation

curve of controls showed a fluctuating downward and then upward

trend. The oxygen saturation of Azvudine recipients was especially

and significantly better within 6-12 days after treatment than

controls, indicating a potential and quick improvement in

respiratory function. These findings suggest that Azvudine may

have a positive impact on the respiratory status and function of

COVID-19 patients.

We found that the patients treated with Azvudine plus standard

scheme had a significantly lower incidence of compound disease

progression compared to the control group patients only receiving

standard treatment (P=0.021, Figure 3A). The incidence rate of

adverse outcome events in the Azvudine group was 13.9075/1000

person-days, while in the control group it was 25.7731/1000 person-

days. Additionally, the mortality rate was significantly lower in the

Azvudine group than that in the control group, with rates of 2.6797/

1000 person-days and 8.5910/1000 person-days, respectively

(P=0.0072, Figure 3B).

The Cox proportional hazard model was used to further assess

the association between Azvudine treatment and composite metrics

of disease progression and separate all-cause death (Table 2). The

results indicated that Azvudine treatment significantly reduced the

risk of all-cause mortality (HR: 0.28, 95% CI: 0.11-0.75, P=0.011)

and compound disease progression (HR: 0.44, 95% CI: 0.22-0.90,

P=0.024), after adjusting for age, sex, and severity of COVID-19

(HR: 0.32, 95% CI: 0.12-0.86, P=0.024 and HR: 0.46, 95% CI: 0.23-

0.94, P=0.033; respectively), or additionally adjusting for

complications, concomitant therapy, and time from symptoms to

treatment (HR: 0.32, 95% CI: 0.12-0.88, P=0.028 and HR: 0.45, 95%

CI: 0.21-0.93, P=0.032; respectively), or further additionally

adjusting for interleukin-6, procalcitonin, lymphocyte count, and

D-dimer (HR: 0.25, 95% CI: 0.08-0.81, P=0.021 and HR: 0.37, 95%

CI: 0.16-0.84, P=0.017; respectively). In addition, the subgroup

analyses showed that use of Azvudine was significantly associated

with a reduced risk of all-cause death (Figure 4A) and composite

disease progression (Figure 4B) in almost all subgroups of key

variables except for pulmonary complications. This result was
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highly consistent among the subgroups. It was also observed that

Azvudine had a more pronounced therapeutic effect on patients

with following characteristics such as male, severe, time from

onset to treatment more than 5 days, combined hypertension,

and taking accompanying treatment including systemic steroid,

immunomodulators and antibiotics.
Discussion

The research on Azvudine’s effectiveness in treating COVID-19

has yielded promising initial results, as demonstrated by some key

studies in this field. A notable study by Ren et al. utilized a

randomized, open-label, controlled trial design and showed that
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Azvudine significantly accelerates the transition to a nucleic acid-

negative state in patients with mild to moderate COVID-19 and is

demonstrated to be a significant advancement in therapeutic

options in comparison to standard antiviral treatments (Ren

et al., 2020). A randomized clinical trial corroborated these

findings and showed that Azvudine can not only reduce the time

to nucleic acid-negative conversion but also effectively decreases

viral load and facilitates more rapid viral clearance comparing with

a placebo group (da Silva et al., 2023). However, the promising

results’ scope and applicability are somewhat limited by the small

sample sizes used in these studies. It is important to note that the

past investigations primarily focus on the timing of nucleic acid

conversion, which is an important metric but does not encompass

all aspects of the impact of COVID-19. These limitations raise
TABLE 1 Baseline characteristics before and after 1:1 propensity score matching.

Baseline characteristics Before matching After 1:1 propensity-score matching

Azvudine
(n = 132)

Controls
(n = 363)

SMD/P
Azvudine
(n = 132)

Matched controls
(n = 132)

SMD/P

Age (years), mean (SD) 71.23 (13.72) 70.95 (14.85) SMD=0.019 71.23 (13.72) 71.45 (16.03) SMD=0.015

Gender, n (%) SMD=0.025 SMD<0.001

Male 87 (65.9) 235 (64.7) 87 (65.9) 87 (65.9)

Female 45 (34.1) 128 (35.3) 45 (34.1) 45 (34.1)

Time from symptoms onset to treatment
exposure, n (%)

SMD=0.122 SMD=0.017

>5 days 94 (71.2) 238 (65.6) 94 (71.2) 93 (70.5)

0–5 days 38 (28.8) 125 (34.4) 38 (28.8) 39 (29.5)

Severity on admission, n (%) SMD=0.059 SMD=0.068

Severe 35 (26.5) 87 (24.0) 35 (26.5) 39 (29.5)

Non-severe 97 (73.5) 276 (76) 97 (73.5) 93 (70.5)

Standard treatments, n (%)

Supportive treatments 130 (98.4) 361 (99.4) P =0.623 130 (98.4) 131 (99.2) P >0.99

Symptomatic treatments 125 (94.6) 273 (75.2) P <0.05 125 (94.6) 129 (97.7) P =0.333

Immunotherapy treatments 122 (92.4) 268 (73.8) P <0.05 122 (92.4) 125 (94.6) P =0.616

Anti-infective treatments 118 (89.4) 308 (84.8) P =0.252 118 (89.4) 115 (87.1) P =0.702

Pulmonary complications, n (%) 49 (37.1) 137 (37.7) P =0.888 49 (37.1) 60 (45.5) P =0.950

Liver comorbidities, n (%) 17 (12.8) 68 (18.7) P =0.206 17 (12.8) 25 (18.9) P =0.136

Renal complications, n (%) 19 (14.3) 73 (20.1) P =0.146 19 (14.3) 31 (23.4) P =0.159

Diabetes, n (%) 37 (28.0) 118 (32.5) P =0.458 37 (28.0) 48 (36.3) P =0.370

Hypertension, n (%) 64 (48.5) 172 (47.3) P =0.844 64 (48.5) 64 (48.5) P =0.769

Lymphocyte count,10^9/L, median (IQR) 0.8 (0.5,1.2) 0.9 (0.6,1.3) P =0.724 0.8 (0.5, 1.2) 0.9 (0.5, 1.2) P =0.101

Procalcitonin, ng/ml, median (IQR) 0.1 (0.0,0.3) 0.1 (0.1,0.4) P =0.803 0.1 (0.0, 0.3) 0.2 (0.1, 0.4) P =0.359

interleukin-6, pg/ml, median (IQR) 25.2 (6.9,57.1) 25.6 (8.4,74.6) P =0.141 25.2 (6.9, 57.1) 28.6 (8.7, 100.0) P =0.302

D-Dimer, mg/ml, median (IQR) 0.3 (0.2,0.6) 0.3 (0.2,0.8) P =0.365 0.3 (0.2, 0.6) 0.4 (0.2, 0.7) P =0.536
fr
SMD, Standard Mean Difference; SD, Standard Deviation; IQR, Interquartile Range.
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questions about the generalizability and reliability of the observed

outcomes, which underscores the need for further research

involving larger cohorts to validate these preliminary findings.

Our study conducted a comprehensive examination of

Azvudine’s clinical efficacy in treating hospitalized COVID-19

patients. We analyzed the impact of Azvudine on critical outcome
Frontiers in Cellular and Infection Microbiology 0631
events such as non-invasive respiratory support, invasive

respiratory support, ICU admissions, and all-cause death, in

addition to nucleic acid conversion times. We defined non-

invasive respiratory support, invasive respiratory support, ICU

admission, and death as composite disease progression outcomes.

The results indicated that Azvudine significantly reduced the risk of

composite disease progression outcomes and all-cause death in

hospitalized patients with COVID-19. The effectiveness of

Azvudine was further confirmed by adjusting several potential

factors such as age, sex, disease severity, complications,

concomitant therapy, time from symptoms to treatment, and

some laboratory indicators. The results of subgroup analysis also

showed that most of point estimates of HRs for baseline covariates

and comorbidities fell to the left of 1, which demonstrates that

Azvudine has stable and positive impacts on reducing mortality rate

and slowing down disease progression. Thus, we may consider that

Azvudine has a positive influence on the clinical recovery of

hospitalized patients with COVID-19 on the basis of adopting the

current standard COVID-19 treatment plan in China. Additionally,

we found that Azvudine exhibited a more pronounced protective

effect in male and critically ill patients with COVID-19. This

observation is quite consistent with the conclusion from the

retrospective cohort study by Yuming Sun et al. (Sun et al., 2023).

The thymus gland, located in the human chest, is the major immune

organ and is responsible for circulating T lymphocytes that play a

crucial role in host immunity (Kellogg and Equils, 2021). One of the

major blood abnormalities in severe COVID-19 is SARS-CoV-2-

induced lymphopenia, indicating a compromised immune system

(Rizk et al., 2020; Yang et al., 2020). In addition to its antiviral

effects, Azvudine has immune-targeting properties and is unique

among known RdRp inhibitors. It simultaneously inhibits SARS-
FIGURE 3

Incidence of composite disease progression outcome events (A) and separate all-cause death (B) in Azvudine recipients and controls. Day 0
(baseline) represents the first day of admission to hospital.
FIGURE 2

Oxygen saturation levels of Azvudine recipients and controls during
hospitalization treatment. The Oxygen saturation levels of patients
received standard treatment and Azvudine plus standard treatment
on the 0, 3, 6, 9, and 12 days after admission for treatment were
shown and compared. Day 0 (baseline) represents the first day of
admission to hospital.
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CoV-2 replication in the thymus and promotes host T-cell

immunity against the virus, a mode of action that is considered to

be a dual-phase chemo-immune antiviral therapy that may be

applicable to viruses that target the immune system (Zhang et al.,

2021). This might explain the strong protective efficiency of

Azvudine in treating severe hospitalized patients with COVID-19

and preexisting conditions. However, the potential mechanism by

which male patients with COVID-19 and benefit better from

Azvudine requires further investigation. Our research presented

evidence indicating that Azvudine may have a significant role in the

treatment of COVID-19, particularly for critically ill patients. The

insights from our study can assist healthcare professionals in

refining their therapeutic strategies to meet the specific needs of

severely affected individuals. Additionally, our findings reveal a

noteworthy variation in the effectiveness of Azvudine based on

gender. This highlights the need for further investigation into how

biological differences may impact the drug’s pharmacodynamics.

Such research is crucial for advancing personalized medicine and

ensuring that diverse patient groups receive tailored and effective

treatment based on their unique physiological makeup.

The World Health Organization recommends the use of

Nirmatrelvir/Ritonavir for the treatment of non-critically ill COVID-

19 patients at high risk of severe illness and hospitalization, such as

unvaccinated, elderly or immunosuppressed patients in its guidelines

for the management of COVID-19. A number of existing studies also

support the efficacy of Nirmatrelvir/Ritonavir in patients with COVID-

19 (Hammond et al., 2022; Bai et al., 2024; Najjar-Debbiny et al., 2023;

Reis et al., 2023; Yan et al., 2022). However, significant drug-drug

interactions (DDIs) may occur when used in combination with other

drugs due to the complex pharmacological mechanism of Nirmatrelvir/

Ritonavir (Dresser et al., 2000). A study by Aurélie Grandvuillemin

et al. showed a significant association is existed between Nirmatrelvir/

Ritonavir use and the risk of drug-induced liver injury (DILI) in

patients with COVID-19 (Grandvuillemin et al., 2023). Liver injury is

common in COVID-19 patients (Vujčić, 2023; Yu et al., 2021). When

making treatment decisions, clinicians should be aware of the potential

impact on liver function, especially in patients with pre-existing liver

disease. In the study byMei-Ping Chen et al., Azvudine is the only drug

to show a significant reduction in ALT and AST levels from baseline

(Chen et al., 2024). Furthermore, our study also displayed that
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Azvudine has good therapeutic effects in the COVID-19 patients

with underlying diseases.

Despite the promising outcomes, our study acknowledges several

limitations that warrant caution. Firstly, this single-center cohort

analysis was conducted exclusively in the General Hospital of

Central Theater, and therefore the findings may not be broadly

applicable. The characteristics of the specific patient demographics in

this study may not be representative of the wider population

encountered in various geographic locations and healthcare settings.

Secondly, our research design’s retrospective nature introduces

additional complexities, such as the potential for selection and

information biases, despite efforts to mitigate these through

techniques like propensity score matching. The absence of data on

critical socio-economic, lifestyle, and patient adherence factors limits

our comprehensive understanding of the myriad influences on disease

progression and response to treatment. Thirdly, our study did not

address the long-term efficacy and safety profile of Azvudine, including

potential delayed adverse effects. This is an important area for future

research endeavors. Furthermore, literature such as the study by Rui

Jiang et al. has highlighted concerns about the emergence of viral

resistance to Azvudine, which is a challenge faced by many antiviral

therapies (Jiang et al., 2023). This issue is driven by the rapid mutation

capabilities of SARS-CoV-2 and selective drug pressure, emphasizing

the critical need for ongoing surveillance and investigation to maintain

the effectiveness of our antiviral strategies over time.

In summary, our findings contribute valuable knowledge to the

battle against COVID-19 and support the potential utility of

Azvudine in treating this global health threat. Since its emergence

in late 2019, the SARS-CoV-2 virus has undergone significant

mutations, leading to the development of several notable strains

such as Alpha, Beta, Delta, and Omicron. Each of these strains

exhibits distinct characteristics regarding their transmission,

potential impact on disease severity, and the effectiveness of

various treatment options. Our research focused specifically on

the Omicron variant. However, it is important to acknowledge that

the applicability of our findings to other strains may be limited due

to the unique attributes of each variant. Our study provides strong

support for the use of Azvudine in treating COVID-19, despite its

limitations. However, further research is needed to fully understand

its effectiveness against the evolving landscape of SARS-CoV-2
TABLE 2 Hazard analysis of Azvudine treatment on the all-cause death and composite disease progression outcomes.

Variable
Model 1a Model 2b Model 3c Model 4d

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

All-cause death 0.28 (0.11~0.75) 0.011 0.32 (0.12~0.86) 0.024 0.32 (0.12~0.88) 0.028 0.25 (0.08~0.81) 0.021

Composite disease
progression outcomes

0.44 (0.22~0.90) 0.024 0.46 (0.23~0.94) 0.033 0.45 (0.21~0.93) 0.032 0.37 (0.16~0.84) 0.017
fron
aModel 1 was unadjusted.
bModel 2 was adjusted for age, sex, and severity of COVID-19.
cModel 3 was adjusted for complications (diabetes, hypertension, cardiovascular comorbidities, and other comorbidities), concomitant therapy (steroids, Immune preparations, antibiotics), and
time from symptoms to treatment plus model 2.
dModel 4 was adjusted for interleukin-6, procalcitonin, lymphocyte count, and D-dimer plus model 3.
HR, Hazard Ratio; CI, Confidence Interval.
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mutations. Subsequent research should aim to cover a broader

geographic area, include a larger number of participants, and adopt

a prospective study design to evaluate Azvudine’s efficacy in diverse

populations and various clinical scenarios. This approach will

validate the initial promising results and contribute to refining

and optimizing treatment protocols, particularly for critically ill

patients. It is increasingly likely that SARS-CoV-2 will continue to

circulate among humans for a considerable duration. Experts

increasingly agree that COVID-19 may become endemic,
Frontiers in Cellular and Infection Microbiology 0833
meaning it will remain present in the global population. This

suggests that individuals with significant risk factors may

continue to be vulnerable to severe outcomes from COVID-19

infections. Therefore, it is crucial to develop more effective strategies

to manage the epidemic and mitigate its public health impact. To

overcome these challenges, a collaborative effort from the global

scientific community is necessary. This requires emphasizing the

need for collaborative research, data sharing, and innovative

solutions to pave the way for more effective treatments.
FIGURE 4

Subgroups analysis of Azvudine’s effectiveness in reducing risk of all-cause death (A) and composite disease progression outcome events (B) in
patients with COVID-19.
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Immunological memory to
COVID-19 vaccines in
immunocompromised and
immunocompetent children
Constanza Russo1†, Adrián Otero1†, Macarena Uranga2,
Vanesa Seery1, Silvina Raiden3, Silvia Algieri4,
Norberto De Carli5, Mauricio Borda6, Marı́a F. Albistur2,
Lourdes Heinitz2, Marı́a Marcó del Pont2, Martina Pardini2,
Guillermina Budano2, Laura Alvarez2, Nancy Simaz4,
Claudia Merhar4, Marı́a C. Quintana4, Cecilia Garbini4,
Luisa Aedo Portela5, Misael Salcedo Pereira5,
Fernando Ferrero3, Jorge Geffner1 and Lourdes Arruvito1*

1Instituto de Investigaciones Biomédicas en Retrovirus y SIDA (INBIRS), Facultad de Medicina, UBA-
CONICET, Buenos Aires, Argentina, 2Departamento de Medicina, Hospital Universitario Austral,
Buenos Aires, Argentina, 3Departamento de Medicina, Hospital General de Niños Pedro de Elizalde,
Buenos Aires, Argentina, 4Servicio de Pediatria, Hospital Nacional Profesor Alejandro Posadas, Buenos
Aires, Argentina, 5Servicio de Pediatria, Clı́nica del Niño de Quilmes, Buenos Aires, Argentina, 6Servicio
de Pediatria, Hospital Pediátrico Juan Pablo II, Corrientes, Argentina
Background: Most children in Argentina received only the initial COVID-19

vaccine series, with presumed hybrid immunity after multiple Omicron waves.

However, the durability of immune memory, particularly in immunocompromised

(IC) children, remains poorly studied.

Methods: A cohort of IC (n=45) and healthy children (HC, n=79) was assessed

between 13 to 17 months after receiving two or three doses of BBIBP-CorV and/or

BNT162b2. Plasma anti-spike IgG, neutralizing activity and antigen-specific CD4+

and CD8+ T cells against Wuhan and Omicron BA.5 variants were assessed.

Results:Most children remained seropositive after two vaccine doses, but compared

with HC, IC exhibited lower neutralizing titers against bothWuhan andOmicron BA.5,

particularly those vaccinated with BBIBP-CorV. Even after three vaccine doses, IC

showed weaker neutralizing antibody response, CD8+ T cell responses and lower

IFN-g production compared with HC. Integrated analysis of neutralizing antibodies,

memory CD4+, and CD8+ T cells revealed a weak immune memory among IC with

an important compromise in memory CD8+ T cell responses.

Conclusions: Immunity can last up to 17 months, but reduced effectiveness

against new variants highlights the need for updated COVID-19 vaccines,

especially for IC children. Additional efforts are essential to enhance

vaccination coverage and protect this vulnerable population.
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1 Introduction

Pediatric vaccination against severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) has effectively prevented Coronavirus

Disease 2019 (COVID-19)-related hospitalizations (Head et al.,

2024). However, our understanding of the durability of the

immune memory induced by the original monovalent vaccines

targeting the Wuhan-Hu-1 strain remains limited, particularly

due to low and unequal booster coverage worldwide (Eccleston-

Turner and Upton, 2021; Ferranna, 2024).

According to the latest data from Argentina’s Nominalized

Federal Vaccination Registry, as of August 4, 2023 (prior to the

introduction of bivalent vaccines), 9.6 million children (73%) had

received a first vaccine dose, 8 million (61%) a second dose, 2.6

million (20%) a first booster, and only 200,000 children (2%) a

second booster. Since then, booster uptake among children has

remained very low, with no updated official statistics available.

Thus, it can be concluded that the majority of children in Argentina

have not received any booster doses.

Given the emergence of the Omicron variant (Karim and Karim,

2021), which triggered multiple waves of infection, population

immunity arises from both vaccination and Omicron breakthrough

infections, resulting in hybrid immunity. Although most of the

population is believed to have substantial immunity against SARS-

CoV-2, immunocompromised patients remain at increased risk for

severe outcomes (Petrelli et al., 2022; Meyerowitz et al., 2024).

There is limited information on the immune memory response to

SARS-CoV-2 in immunocompromised children (IC), particularly

those who received the whole-cell inactivated vaccine (BBIBP-CorV)

(Peng et al., 2023) as their primary vaccine regimen a long time ago.

This study analyzed humoral and cellular responses in

immunocompromised children with various medical conditions, as

well as in healthy children (HC), after receiving two or three doses of

BBIBP-CorV and/or the mRNA vaccine BNT162b2 up to 17 months

following the final vaccine dose.
2 Methods

2.1 Ethics statement

This study adhered to the Declaration of Helsinki and received

IRB approval from participating institutions (Hospital General de

Niños Pedro de Elizalde #8771/23 and Hospital Universitario

Austral #P22-063). Parents or legal guardians from children

under 8 years provided written, informed consent. Children older

than 8 years old provided written, informed consent and their

parents or legal guardians also provided written, informed consent.

All samples were deidentified prior to processing.
Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2;

COVID-19, Coronavirus Disease 2019; IC, immunocompromised children; HC,

healthy children; PBMCs, Peripheral blood mononuclear cells; PHA,

Phytohemagglutinin; AIM, activation-induced markers.
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2.2 Study population

This observational study was conducted at the Hospital General de

Niños Pedro de Elizalde, Hospital Universitario Austral, Hospital

Alejandro Posadas, Hospital Pediátrico Juan Pablo II, and Clıńica del

Niño de Quilmes. Two cohorts of children were enrolled, all of whom

had received two or three doses of monovalent anti-SARS-CoV-2

vaccines targeting the Wuhan-Hu-1 strain. Blood samples were

collected between 13 to 17 months after their last vaccine dose. The

first cohort included 45 IC whose immunocompromised status was

determined according to CDC criteria, including: recipients of solid

organ transplants under immunosuppressive therapy; patients

undergoing active cancer treatment (for tumor or blood cancers);

those who had received a stem cell transplant within the past two years;

children on chronic immunosuppressive therapy; and individuals with

moderate to severe inborn errors of immunity (https://www.cdc.gov/

covid/vaccines/immunocompromised-people.html). The second

cohort included 79 HC who were vaccinated with two or three

doses of COVID-19 vaccines. All children suffered SARS-CoV-2

infection between 22 and 24 months prior to obtaining blood

samples. None of the participants were hospitalized or

experiencing any acute active infections at the time of sampling.

The characteristics of both cohorts are detailed in Table 1. Detailed

clinical data of each immunocompromised children is presented in

Supplementary Table 1. This study followed The Strengthening

the Reporting of Observational studies in Epidemiology

(STROBE) guidelines.
2.3 Blood sample processing

Approximately 0.5-1 mL of whole blood samples were obtained.

After centrifugation for 10 min at 1000 rpm, plasma was separated

and stored at -80°C until use. Peripheral blood mononuclear cells

(PBMCs) were isolated using Ficoll-Paque gradient (Cytiva) and

cryopreserved in liquid nitrogen until use.
2.4 Cells and virus

VERO C1008 (clone E6, ATCC, RRID: CVCL_0574) cells were

used as described (Seery et al., 2022). Wuhan variant (GISAID ID:

EPI_ISL-499083) was provided by InViV group, UNC, Argentina.

Omicron BA.5 variant (GISAID ID: EPI_ISL-16297058) was

provided by IIB group, UNSAM, Argentina.
2.5 Quantitation of plasma SARS-CoV-2–
specific IgG antibodies

IgG antibodies to the SARS-CoV-2 spike protein were detected

using an ELISA kit (COVIDAR, Lemos lab). Anti-spike IgG

antibody titers were determined by endpoint titration, defined as

the reciprocal of the highest dilution of serum that gives a reading

above the cut-off (Ojeda et al., 2021).
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2.6 Neutralization assay

Neutralization assays were performed as we previously described

(Seery et al., 2022). Briefly, deidentified plasma samples were heat-

inactivated at 56°C for 20min. Two-fold serial dilutions were incubated

at 37°C for 1 hwithWuhan andOmicron BA.5 variants (MOI=0.01) in

DMEMwith2%FBS. Fifty µLof themixtureswere added toVeroE6 cell

monolayers for 1 h at 37°C in 96-well plates. After removing the

infectious media, DMEM with 2% FBS was added. Cells were cultured

for 72h,fixedwith4%paraformaldehyde, and stainedwith crystal violet.

Inhibitory concentrations of 50% (IC50) values were calculated.
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2.7 Expression of activation-induced
markers in T cells

The activation of antigen-specific T cells was assessed by

measuring the percentage of AIM+ cells: (OX40+CD137+) for

CD4+ T cells and (CD69+CD137+) for CD8+ T cells. Peripheral

blood mononuclear cells (PBMCs) were stimulated with

overlapping peptide megapools corresponding to the Wuhan and/

or Omicron BA.5 sequences, provided by the Sette Lab (La Jolla

Institute of Immunology, CA, USA) (Grifoni et al., 2020; Dan et al.,

2021; Grifoni et al., 2021). Thawed PBMCs were rested for 2 hours

at 37°C in RPMI 1640 medium (Sigma-Aldrich) supplemented with

10% heat-inactivated human AB serum, 2 mM L-glutamine, and

penicillin-streptomycin (all from Sigma-Aldrich). A total of 1×106

cells per well were seeded in U-bottom 96-well plates and

stimulated with 1 µg/mL of SARS-CoV-2 peptide megapools for

24 hours. Phytohemagglutinin (PHA, 5 µg/mL; Sigma-Aldrich)

were used as a positive control, and an equimolar amount of

DMSO (Sigma-Aldrich) as a negative control. Supernatants were

collected at 24 hours post-stimulation for IFN-g detection. Cells

were washed and stained with Zombie NIR Live/Dead Stain and the

following antibody panel: CD19 PE, CD4 BV605, CD8 FITC,

CD137 BV421, CD69 AF647, and OX40 PerCP-Cy5.5

(BioLegend). Data were acquired using a Northern Lights flow

cytometer and analyzed with SpectroFlo software (Cytek). T-cell

data were calculated either as background-subtracted values or as a

stimulation index. Background-subtracted values were obtained by

subtracting the percentage of AIM+ cells following DMSO

stimulation from those observed after peptide-stimulation.

Stimulation index was calculated as the ratio between the

percentage of AIM+ cells after stimulation with SARS-CoV-2

peptides and the percentage of AIM+ cells cultures without

s t imulat ing pept ides . An index >2 fold change was

considered positive.
2.8 Measurement of IFN-g by ELISA

It was performed in cell supernatants following manufacturer´s

instructions (BD Biosciences).
2.9 Statistics

Clinical characteristics were summarized using descriptive

statistics. Categorical variables are reported as numbers and

percentages. Quantitative variables are reported as medians and

interquartile ranges and presented as medians and minimum to

maximum in the figures. Two groups were compared using the

Mann-Whitney U test. Two groups’ proportions were compared

using the Chi-square test and Fisher exact test. Data were calculated

using GraphPad Prism V.9. A p-value <0.05 was considered

statistically significant.
TABLE 1 Characteristics of study cohorts.

Children

Healthy
(n=79)

Immunocompromised
(n=45)

Age, years, median (range) 9 (4-16) 11 (5-17)

Female, n (%) 22 (28) 15 (33)

Medical history

Transplant - 9 (20)

Cancer - 15 (33)

Inborn Innate Error - 14 (31)

Autoimmunity - 7 (16)

COVID-19 history, n (%) 79 (100) 45 (100)

Immunosuppressive
medications, n (%) - 32 (71)

Gammaglobuline, n (%) - 8 (18)

Doses of vaccines at
sampling, n (%)

#2 43 (54) 23 (51)

#3 36 (46) 22 (49)

Vaccination regimen, n (%)

BBIBP-CorV
(2 doses) 34 (43) 14 (33)

BNT162b2
(2 doses) 9 (12) 9 (18)

BBIBP-CorV
(3 doses) 1 (1) 0 (0)

BNT162b2
(3 doses) 16 (20) 13 (27)

BBIBP-CorV (2
doses)
plus BNT162b2
(1 dose) 19 (24) 9 (22)

Months post second dose,
median (range) 480 (289-684) 504 (264-711)

Months post third dose,
median (range) 395 (296-545) 382 (290-602)
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3 Results

3.1 Vaccinated immunocompromised
children exhibit lower levels of neutralizing
antibodies against SARS-CoV-2 compared
with healthy children

We analyzed serum antibody levels against SARS-CoV-2 in IC

and HC following vaccination with two doses of either BBIBP-CorV

or BNT162b2 vaccines. Blood samples were collected 13 to 17

months post-vaccination. Detailed participant information is

provided in Table 1; Supplementary Table 1. Titers of anti-SARS-

CoV-2 IgG and neutralizing antibodies across the study cohorts are

shown in Supplementary Table 2. Four children receiving EV

gammaglobulin were excluded from this analysis. Results showed

that IC (n=19) had significantly lower IgG titers against the SARS-

CoV-2 spike protein compared to HC (n=43, p<0.05; Figure 1A).

Most children in both groups exhibited neutralizing antibodies

against both, Wuhan and Omicron BA.5 variants long time after

vaccination. However, IC demonstrated lower seropositivity for the

Omicron BA.5 variant (84%, 16/19) compared to HC (100%, 43/43;

p<0.01, Figure 1B left). Neutralizing antibody titers against SARS-

CoV-2 were significantly reduced in IC for both variants (p<0.05,

Figure 1B right). When comparing vaccine types, IC receiving

BBIBP-CorV had lower neutralizing antibody levels for both

variants than HC (p<0.01 for both Wuhan and Omicron BA.5).

No significant differences were found between IC and HC who

received the BNT162b2 vaccine (Figure 1C).

The lower antibody response in IC was also observed after three

vaccine doses. Four children receiving EV gammaglobulin were

excluded from this analysis. IC (n=18) had lower anti-SARS-CoV-2

IgG titers compared to HC (n=36, p<0.05; Figure 1D). Seropositivity for

Omicron BA.5 was lower in IC (83%, 15/18) compared to HC (100%,

40/40; p<0.01, Figure 1E left). Neutralizing titers in IC were significantly

decreased for both variants (p<0.05 forWuhan and p<0.01 for Omicron

BA.5; Figure 1E right). When analyzing vaccine regimens, a lower

response in IC was observed overall (p<0.05), except for neutralizing

antibodies against Omicron BA.5 in those receiving two doses of

BBIBP-CorV followed by a third dose of BNT162b2, where no

differences were found between IC and HC (Figure 1F). When

grouping immunocompromised children based on their underlying

conditions, among those vaccinated with two doses, 8 had cancer, 4 had

undergone transplantation, 2 had autoimmunity and 9 had IIE. In the

cohort receiving three doses, 7 had cancer, 5 had autoimmune diseases,

5 had undergone transplantation, and 5 had IIE. For the analysis, only

subgroups with a minimum of three children were included, and those

children receiving EV gammaglobulin were excluded. As shown in

Supplementary Figure S1, we observed a lower neutralizing antibody

response in IC compared to HC across all subgroups. However,

statistically significant differences were only found between HC and

the transplanted subgroup (p<0.05 for Wuhan and Omicron BA.5;

p<0.01 for Omicron BA.5 in the two- and three-dose groups,

respectively). Finally, as expected, we found a significant reduction in

neutralizing titers against the Omicron variant compared to theWuhan

variant by analyzing paired samples in both HC (p< 0.0001 for Wuhan
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vs. Omicron BA.5 after 2 and 3 doses) and IC groups (p< 0.01 and

p< 0.001 for Wuhan vs. Omicron BA.5 after 2 and 3 doses, respectively;

Supplementary Figures S2A, B).
3.2 Vaccinated immunocompromised
children display a decreased CD8+T cell
memory response compared with
healthy children

The memory response to SARS-CoV-2, mediated by either CD4+

and CD8+ T cells, was analyzed by flow cytometry following

overnight stimulation of PBMCs with peptide megapools derived

from the Wuhan and Omicron BA.5 variants. These peptide pools

specifically stimulated CD4+ and CD8+ T cells. The gating strategy

used for analysis is illustrated in Figure 2A. Approximately 50% of IC

and HC showed a significant CD4+ T cell response to both variants

after receiving two vaccine doses, while less than 20% displayed a

significant CD8+ T cell response (IC, n=16 and n=20, HC, n=17 and

n=26 for Wuhan and Omicron BA.5 response respectively; Figure 2B

left). To quantify this response, we calculated the fold change in

CD4+ and CD8+ T cell activity as the ratio of positive T cells for

stimulated and unstimulated cells for each donor. No significant

differences in this stimulation index were found between the HC and

IC groups for either CD4+ or CD8+ T cells (Figure 2B right). A

similar analysis was performed in children who received three vaccine

doses. Over 40% of children in both cohorts showed a positive CD4+

T cell response to Wuhan and Omicron BA.5 variants, with no

significant differences between the cohorts. For CD8+ T cells, IC had

a lower response than HC, but a significant difference (p<0.05) was

only observed in response to Omicron BA.5-derived peptides (IC,

n=8 and n=22, HC, n=16 and n=21 for Wuhan and Omicron BA.5

respectively; Figure 2C left). Consistent with these findings, the CD4+

T cell stimulation index was similar across cohorts, while CD8+ T

cells in IC showed a lower response to Wuhan and Omicron BA.5

peptides (p<0.05; Figure 2C right). Similar conclusions were obtained

using DMSO-subtracted values as metrics for both specific CD4+ and

CD8+ T cell response following two or three vaccine doses

(Supplementary Figure S3).

Moreover, we observed a comparable T cell memory response

against both the Wuhan and Omicron BA.5 variants in both HC and

IC (Supplementary Figures S2C, D). We finally analyzed IFN-g levels
in supernatants of PBMCs from children who received two or three

vaccine doses, stimulated withWuhan and BA.5 peptides for 24 hours.

In all cases, IFN-g levels were lower in PBMCs from IC compared to

HC (p<0.001 and p<0.01 for two doses against Wuhan and Omicron

BA.5; p<0.05 for three doses against both variants; Figure 2D).
3.3 Integrated analysis of memory B and
T cell responses

It was valuable to explore different relationships between the B

and T memory compartments and analyze combinations of positive

or negative responses by reexamining the data of neutralizing
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FIGURE 1

Antibody response against Wuhan and Omicron BA.5 variants in vaccinated IC and HC. (A) Titers of IgG anti-spike antibodies defined by end point
dilution in plasma from IC (n=19) and HC (n=43) receiving two-doses of COVID-19 vaccines. (B) Neutralizing activity against Wuhan and Omicron
BA.5 variants in plasma from IC and HC receiving two-doses of COVID-19 vaccines. Left: Bars show the percentage of positive samples for
neutralizing activity. Right: Neutralization antibody titers determined by the reciprocal IC50. (C) Neutralizing activity against Wuhan and Omicron
BA.5 variants in plasma from children receiving two-doses of BBIBP-CorV (IC, n=10 and HC, n=34) or BNT162b2 (IC, n=9 and HC, n=9) vaccines.
(D) Titers of IgG anti-spike antibodies defined by end point dilution in plasma from IC (n=18) and HC (n=36) receiving three-doses of COVID-19
vaccines. (E) Neutralizing activity against Wuhan and Omicron BA.5 variants in plasma from IC and HC receiving three-doses of COVID-19 vaccines.
Left: Bars show the percentage of positive samples for neutralizing activity. Right: Neutralization antibody titers determined by the reciprocal IC50.
(F) Neutralizing activity against Wuhan and Omicron BA.5 variants in plasma from children receiving three-doses of COVID-19 vaccines: 2 doses
BBIBP-CorV plus 1 dose BNT162b2 (IC, n=8 and HC, n=19) or 3 doses of BNT162b2 (IC, n=10 and HC, n=17). Dotted line indicates the limit of
detection value. Median and min to max of n donors are shown in (A, B) right, (C–E) right and (F) P values were determined by Pearson’s Chi square
test (B left and E left) and Mann-Whitney U test (A, B) right, (C–E) right and (F). *p<0.05, **p<0.01. HC (blue circle), IC (red circle), two-doses (open
circle), three-doses (filled circle), negative (white square), positive two-doses (dotted square), positive three-doses (filled square).
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FIGURE 2

SARS-CoV-2 specific T cell response in vaccinated IC and HC. Antigen-specific T cells were measured as a percentage of CD4+OX40+CD137+ and
CD8+CD69+CD137+ T cells after stimulation of PBMCs from children receiving two or three doses of COVID-19 vaccines with CD4_S and CD8_S
peptide megapools of Wuhan and Omicron BA.5 compared to negative control (DMSO) analyzed by flow cytometry. (A) Gating strategies to define
SARS-CoV-2-specific CD4+ and CD8+ T cells by flow cytometry. (B) Left: Bars show the percentage of IC and HC vaccinated with 2 doses that
presented circulating specific CD4+ and CD8+ T cell response against Wuhan (IC, n=16 and HC, n=17) and Omicron BA.5 (IC, n=20 and HC, n=26).
Right: Stimulation index quantitation of AIM+ T cells (fold change over the DMSO condition). (C) Left: Bars show the percentage of IC and HC
vaccinated with 3 doses that presented circulating specific CD4+ and CD8+ T cell response against Wuhan (IC, n=8 and HC, n=16) and Omicron
BA.5 (IC, n=22 and HC, n=21). Right: Stimulation index quantitation of AIM+ T cells (fold change over the DMSO condition). (D) Levels of IFN-g in the
supernatant culture of PBMCs from IC and HC stimulated with peptide megapools of Wuhan and Omicron BA.5 determined by ELISA. Dotted line
indicates the fold change ≥ 2. Median and min to max of n donors are shown in (B) right, (C) right and (D) P values were determined by Pearson’s
Chi square test (B) left and (C) left] and Mann-Whitney U test (B) right, (C) right and (D)]. *p<0.05, **p<0.01, ***p<0.01. HC (blue circle), IC (red
circle), two-doses (open circle), three-doses (filled circle), negative (white square), positive two-doses (dotted square), positive three-doses
(filled square).
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antibodies against the Wuhan and/or Omicron BA.5 variants (“N”),

as well as antigen-specific CD4+ (“4”) and CD8+ (“8”) T cell

responses targeting the Spike protein variants. This analysis was

conducted exclusively in children who received three doses of the

vaccine, and only in those children for whom both antibody

memory and T cell memory could be assessed.

In the HC group (n=25), all children exhibited an immune

response: 40% were positive across all three immune compartments,

28% had neutralizing antibodies along with either a CD4+ or CD8+

T cell response, and the remaining 32% showed only neutralizing

antibodies. Although all IC (n=18) children also exhibited some

kind of immune response, the pattern was different. While most of

children had only neutralizing antibodies (61%), 17% of them were

positive across all three immune compartments, 11% had

neutralizing antibodies along with CD4+ T cell response, and the

remaining 11% had only positive CD4+ T cell response.

Comparison of children with positive responses in more than one

of the parameters analyzed (antibodies, CD4+ T cell response and

CD8+ T cell response) revealed that the IC group had a more

restricted response than the HC group (p < 0.01, Figure 3).
4 Discussion

Vaccination has played a crucial role in addressing the

pandemic (Watson et al., 2022), with memory B and T cell

responses being key contributors to long-term protection (Sette

and Crotty, 2021). During the Omicron period, two or more doses

of the original monovalent COVID-19 vaccine prevented

hospitalizations in children aged 5–18 (Price et al., 2022). However,

optimal immunity requires a fully functional immune system, which

IC often lack. Treatments such as B-cell depletion therapies, high-

dose glucocorticoids, tacrolimus and mycophenolate mofetil among

others, weaken the response to vaccines (Deepak et al., 2021;

Friedman et al., 2021; Lee et al., 2022). This highlights the

importance of booster doses, especially for immunocompromised

individuals. However, the administration of boosters has significantly

decreased both in Argentina and worldwide (Lazarus et al., 2023),
Frontiers in Cellular and Infection Microbiology 0742
and this decrease includes IC patients (Zheng et al., 2023). It’s

concerning that few studies have examined how the memory

immune response against SARS-CoV-2 lasts over time in IC.

For instance, children with pediatric inflammatory bowel

disease showed an antibody response to monovalent mRNA

vaccines similar to HC. However, those on anti-TNF-a therapy,

but not Infliximab or Adalimumab, had a weaker response

(Cotugno et al., 2022). A study lacking a HC cohort found that

most children with solid organ transplants, stem cell transplants,

and rheumatologic diseases had detectable antibody and T cell

responses after the second dose of mRNA vaccines, which improved

after the third dose. Notably, while all children showed a CD4+ T

cell response after the third dose, only 44% had a CD8+ T cell

response (Morgans et al., 2023). Additionally, marked differences in

immune responses were observed between liver transplant and IgA

nephropathy patients following a standard two-dose mRNA

regimen being these differences only partially explained by the

different immunosuppressive treatments used (Lu et al., 2023). Two

additional studies also reported substantial differences in the

immune response induced by mRNA vaccines in IC according

the underlying condition or treatment, being kidney transplant

recipients who showed a significant reduction in both, the humoral

and cellular response (Haskin et al., 2021; Lalia et al., 2023).

Furthermore, a recent study found that while children with

different immunocompromising conditions developed immune

responses comparable to healthy children, solid organ transplant

recipients had lower levels of neutralizing antibodies and reduced

frequencies of Tregs and Bregs six months post-mRNA vaccination

(Di Chiara et al., 2024). Data on inactivated COVID-19 vaccines in

immunocompromised children are limited. One study reported that

administering inactivated vaccines followed by an Ad5-nCoV

booster in pediatric liver transplant recipients elicited a strong

humoral response but a weak T-cell response (Zheng et al., 2024).

While previous studies primarily examined the short-term B

and T cell responses to SARS-CoV-2 vaccination, we focused on the

durability of the memory response 13 to 17 months post-

vaccination. In our cohorts, we observed that IC who received

two vaccine doses of BBIBP-CorV showed a lower neutralizing
FIGURE 3

Immune memory components relationship. Percentage dot plots showing frequencies (normalized to 100%) of IC (n=18) and HC (n=25) participants
who received 3 doses with indicated immune memory components evaluated. Comparison of positive responses in more than one of the
parameters analyzed (antibodies, CD4+ T cell response and CD8+ T cell response) is shown. **p<0.01. Pearson’s Chi square test. HC has no cases in
the category N-4+8- and IC has no cases in the category N+4-8+. N, neutralizing antibodies, 4, SARS-CoV-2–specific CD4+ T cells; 8, SARS-CoV-
2–specific CD8+ T cells. P values were determined by Pearson’s Chi square test, **p<0.01.
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antibody response against bothWuhan and Omicron BA.5 variants,

compare with HC. The lower immunogenicity of the inactivated

BBIBP-CorV vaccine may explain this observation. Even with three

doses, IC had lower neutralizing antibody levels against both

variants compared to HC. As expected, we found that the titers of

neutralizing antibodies against Omicron were lower than those

directed against the Wuhan variant, both in HC and IC.

When examining the T cell response, our findings revealed

three key observations. First, fewer than 25% of children in both

cohorts exhibited a specific CD8+ T cell response after two doses,

with IC showing a more pronounced reduction after three doses

compared to HC. Second, and consistent with previous

observations (Tarke et al., 2022),we observed that first-generation

COVID-19 vaccines induced a similar T-cell response against both,

Omicron and Wuhan variants, in both cohorts. Third, IC showed a

decreased production of IFN-g by stimulated PBMCs, reinforcing

the notion of a suboptimal T cell memory response. This is

consistent with Rosnik et al, which demonstrated a skewed T cell

response in IC patients, favoring IL-2 and TNF-a production over

IFN-g, even after receiving updated vaccines (Roznik et al., 2024).

Finally, by analyzing the two compartments of the adaptive immune

response in an integrated manner, we observed that while there is a

decreased proportion of immune memory components in the IC

group, our findings also underscore the heterogeneity of immune

memory, revealing distinct patterns among different individuals.

This study has several limitations. The small sample size of the

IC cohort means that our observations, particularly those related to

the stratification of patients into different subgroups based on their

underlying pathology and/or treatment regimens, should be

validated in a study with a larger cohort. We were unable to

conduct a longitudinal analysis of the immune response over time

in our cohorts, as we did not have successive samples from each

child at baseline and after the second and third vaccine doses. We

also could not perform assays to analyze T cell responses using

seasonal coronavirus antigens as control stimuli. Furthermore, all

participants received monovalent vaccines rather than the bivalent

vaccines targeting the predominant Omicron variants.

Given the ongoing threat of COVID-19 and other respiratory

viruses, updated vaccines and boosters are critical to preventing

severe disease, especially for children with immunocompromising

conditions as well as in developing regions where booster coverage

remains low and unevenly distributed. Ensuring access to boosters

in these areas is essential to mitigating health disparities and

controlling viral spread post-pandemic.
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Background: The COVID-19 pandemic significantly disrupted the epidemiology 
of respiratory viruses, altering seasonal patterns and reducing circulation. While 
recovery trends have been observed, factors associated with severe acute 
respiratory infections (SARIs) during pre- and post-pandemic periods remain 
underexplored in middle-income countries.

Objective: This study aimed to analyze the trends in respiratory virus circulation 
and identify factors associated with SARI in patients attending a tertiary care 
university hospital in western Mexico over a six-year period spanning the pre-
pandemic, pandemic, and post-pandemic phases.

Methods: A retrospective study was conducted using data from 19,088 
symptomatic patients tested for respiratory viruses between 2018 and 2024. 
Viral trends were analyzed through interrupted time series (ITS) modeling, 
incorporating locally estimated scatterplot smoothing (LOESS) and raw positivity 
rates. Additionally, ITS analysis was performed to evaluate temporal changes in 
SARI proportions across different phases of the pandemic. Multivariate logistic 
regression models were applied to determine independent risk factors for SARI 
across different time periods.

Results: During the pandemic (2020–2021), respiratory virus positivity 
rates significantly declined, particularly for influenza, which experienced a 
sharp reduction but rebounded post-2022. Respiratory syncytial virus (RSV) 
demonstrated a delayed resurgence, whereas other respiratory viruses exhibited 
heterogeneous rebound patterns. ITS modeling of SARI proportions revealed a 
significant pre-pandemic increasing trend, followed by a slower rise during the 
pandemic, and a sharp post-pandemic drop in early 2022, before resuming an 
upward trajectory. Among older adults (>65 years), a marked increase in SARI 
was observed at the beginning of the pandemic, while younger groups showed 
more stable patterns. Logistic regression identified advanced age, male sex, 
cardiovascular disease, obesity, and immunosuppression as major risk factors 
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for SARI, while vaccination consistently showed a protective effect across all 
periods and subgroups.

Conclusion: The COVID-19 pandemic induced persistent shifts in respiratory 
virus circulation, disrupting seasonal dynamics and modifying the burden of SARI. 
The findings underscore the importance of continuous surveillance, targeted 
vaccination programs, and early diagnostics to mitigate severe outcomes. These 
results highlight the need for adaptive public health strategies in middle-income 
countries to address evolving respiratory disease threats.

KEYWORDS

COVID-19, respiratory viruses, influenza, severe acute respiratory infection (SARI), 
respiratory virus trends, respiratory syncytial virus (RSV), epidemiology

1 Introduction

The dynamics of respiratory viruses, including influenza, 
respiratory syncytial virus (RSV), parainfluenza virus (HPIV), and 
metapneumovirus (hMPV), have exhibited substantial variations 
across the pre-pandemic, pandemic, and post-pandemic periods of 
COVID-19 (1). Before the COVID-19 pandemic, respiratory viruses 
followed well-defined seasonal patterns, and influenza was the 
primary public health concern among respiratory infections (2). The 
COVID-19 pandemic profoundly disrupted the epidemiology of 
respiratory viruses (3). Public health measures implemented to curb 
the spread of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), including mask-wearing, social distancing, and travel 
restrictions, drastically reduced the circulation of other respiratory 
viruses (3). For instance, positivity rates for influenza A, influenza B, 
and RSV dropped to nearly undetectable levels in many regions 
during the first year of the pandemic, as demonstrated by both 
hospital-based studies and population-level data analyses (2–4). With 
the relaxation of COVID-19 control measures, some respiratory 
viruses have resurged, although not all have returned to their 
pre-pandemic patterns (5–7). The detection of influenza and RSV has 
begun to rise again; however, their seasonality and epidemic 
magnitude initially appear to have shifted (7, 8). Additionally, the 
frequency of severe acute respiratory infections (SARI) and its role as 
a cause of hospitalization may have also been affected (5, 6, 8).

The 2009 influenza A H1N1 pandemic influenced the seasonality 
and age distribution of other respiratory viruses, highlighting the 
potential for pandemics to induce lasting shifts in respiratory virus 
epidemiology (9). Changes in the frequency and prevalence of 
respiratory viruses during and after the COVID-19 pandemic can 
be attributed to a combination of factors, primarily due to public 
health measures and shifts in human behavior (10–12). Interventions 
such as mask-wearing and social distancing played a critical role in 
significantly reducing the transmission of respiratory viruses (10, 13, 
14). Although the presence of a dominant virus like SARS-CoV-2 may 
have influenced the spread of other viruses through competition for 
ecological niches, these patterns were likely driven by changes in 
human behavior, such as improved personal hygiene and altered 
healthcare-seeking practices (12, 15–18).

Viral interference between SARS-CoV-2 and other respiratory 
viruses has been a subject of significant interest (11). Specifically, 
interactions between SARS-CoV-2 and viruses such as influenza A 
and RSV are influenced by multiple immune and molecular 
mechanisms (19). Influenza A and RSV can elicit a strong interferon 

(IFN) response that inhibits SARS-CoV-2 replication, particularly 
when these infections occur prior to or concurrently with SARS-
CoV-2 (11, 19). Conversely, SARS-CoV-2 induces a weaker IFN 
response, limiting its ability to interfere with influenza virus 
replication (11, 19, 20). Additionally, the SARS-CoV-2 ORF3a 
protein modulates ion channels and triggers pro-inflammatory 
responses, potentially altering viral replication dynamics (21). The 
nucleocapsid protein enhances viral RNA transcription and may 
influence the cellular environment, affecting co-infecting viruses 
(22). Furthermore, SARS-CoV-2’s broad receptor usage, including 
ACE2 and neuropilin-1, may create competition for cellular entry, 
impacting co-infections (23). Its dysregulated inflammatory 
response, characterized by cytokine storms and autoimmune 
activation, can further suppress or exacerbate other viral infections 
(24, 25). These interactions highlight the complex interplay between 
SARS-CoV-2 and other respiratory viruses during the 
COVID-19 pandemic.

SARI, caused by various respiratory viruses, is a leading cause of 
hospitalizations, posing a significant health concern, especially among 
vulnerable populations, and placing substantial strain on healthcare 
systems during peak seasons or outbreaks (8, 26, 27). These vulnerable 
groups include pediatric patients under 2 years of age, older 
individuals, immunocompromised patients, and individuals with 
underlying health conditions (28–30). The presence of comorbidities 
such as cardiovascular disease, chronic pulmonary disease, chronic 
neurologic disease, and asthma significantly increases the risk of 
severe respiratory infections and poor outcomes (31–34). 
Immunocompromised patients are especially susceptible to severe 
respiratory infections, and respiratory viruses are known to exacerbate 
chronic respiratory conditions (34, 35). These infections can result in 
severe outcomes such as acute respiratory distress syndrome (ARDS) 
and pneumonia and are frequently complicated by bacterial 
coinfections (36, 37). Respiratory viruses commonly associated with 
severe pneumonia—whether community-acquired, hospital-acquired, 
or ventilator-associated—include influenza virus, human rhinovirus, 
parainfluenza, adenovirus, human metapneumovirus, respiratory 
syncytial virus, and coronaviruses (34, 38). Multiple respiratory 
viruses can infect the respiratory tract concurrently or sequentially, 
leading to interactions that may either enhance or suppress the 
infection and replication dynamics of other viruses (12, 15, 16, 37, 
39, 40).

This study aimed to assess trends in respiratory virus circulation 
among symptomatic individuals presenting to triage areas at our 
institution and to identify factors associated with the development of 
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severe acute respiratory infections before and after the 
COVID-19 pandemic.

2 Materials and methods

2.1 Ethics statement

The study was evaluated and approved by the Research Committee 
of the Ministry of Health of Jalisco and registered in the State Research 
Registry under identifier 73/LESP/JAL/2024. Additionally, it was 
reviewed and approved by the “Comité de Ética en Investigación en 
Ciencias de la Salud del Centro Universitario de Tlajomulco, 
Universidad de Guadalajara” (ethical approval number CUTLAJO/
DS/CEICS/017/24). This study, involving human participants, was 
conducted in accordance with the principles of the Declaration of 
Helsinki (1964) and its subsequent amendments, as well as applicable 
national legislation and institutional guidelines. As the research was 
retrospective and exclusively used de-identified data, the requirement 
for informed consent was waived.

2.2 Setting

This study was conducted at OPD Hospitales Civiles de 
Guadalajara, a tertiary referral and teaching institution affiliated with 
the University of Guadalajara, located in Jalisco, Mexico. The 
institution encompasses two referral hospitals that primarily serve an 
uninsured population from western Mexico, providing specialized 
care for both adults and children. As major regional centers, these 
hospitals receive patients from diverse urban and rural areas. During 
the COVID-19 pandemic, they played a pivotal role in the region by 
delivering comprehensive general and critical care services while 
managing a substantial portion of COVID-19 cases.

2.3 Population and eligibility criteria

The study population comprised symptomatic patients presenting 
with influenza-like illness (ILI) to the triage areas of our institution, 
who were tested for respiratory viruses between January 2018 and 
March 2024. A suspected case of ILI was defined according to local 
guidelines as the sudden onset of symptoms accompanied by at least 
one systemic symptom—fever, feverishness, cough, or headache—and 
at least one localized symptom, such as dyspnea, myalgias, arthralgias, 
odynophagia, chills, chest pain, rhinorrhea, tachypnea, anosmia, 
dysgeusia, or conjunctivitis (41).

Medical and state laboratory records were cross-referenced with 
the epidemiological surveillance platform to ensure data consistency. 
Demographic information, comorbidities, and severe acute respiratory 
infection (SARI) status—defined per local guidelines as a respiratory 
tract infection accompanied by severe symptoms such as dyspnea, 
chest pain, acute respiratory distress syndrome, or the need for 
hospitalization—were systematically recorded (42). Additional 
variables collected included the number of days from symptom onset 
to the date of specimen collection for RT-PCR testing, vaccination 
status, RT-PCR Ct values of detected viruses, and other relevant 
clinical parameters.

Patients were excluded if their tests did not correspond to 
symptomatic cases, such as those performed for contact tracing, or if 
discrepancies were identified between the state surveillance platform 
and hospital records. Cases requiring subsequent testing to confirm 
negativity for ending isolation were also excluded. Additionally, 
records with more than 10% missing sociodemographic or clinical 
data were omitted.

2.4 Viral testing

Nasopharyngeal swabs were collected in viral transport media 
and transported to the State Public Health Laboratory of Jalisco 
(SPHLJ) under strict cold chain conditions. Upon arrival, 
laboratory procedures included viral inactivation, nucleic acid 
extraction, and viral gene amplification using RT-PCR. The viral 
genetic material was extracted using automated platforms that 
employed magnetic bead-based technology to selectively bind viral 
RNA, followed by sequential washing steps for isolation. Two 
different extraction kits and systems were utilized for this process: 
the ExiPrep™ Plus Viral DNA/RNA Kit, designed for 96 reactions 
and operated on the ExiPrep™ 96 platform (Bioneer®, Daejeon, 
South Korea), and the MagNA Pure 96 Small Volume Kit, used on 
the MagNA Pure 96 System (Roche®, Basel, Switzerland). Viral 
detection was carried out using Health Mexico-approved single and 
multiplex RT-qPCR assays. These assays targeted key SARS-CoV-2 
genes, including E, N, RdRP, and ORF1ab. Detection platforms and 
assays employed included the COBAS 6800 System (Roche®), the 
Logix Smart RT–PCR Kit (Co-Diagnostics®), the Flu-COVID Vitro 
Kit (Master Diagnóstica®), and the BioFire FilmArray Respiratory 
Panel (BioFire Diagnostics®). The respiratory viruses of interest 
included SARS-CoV-2, Influenza A virus, Influenza B virus, 
Respiratory syncytial virus (RSV), Human parainfluenza viruses 
1–4 (HPIV1, HPIV2, HPIV3, HPIV4), Human metapneumovirus 
(hMPV), seasonal Human coronaviruses (HCoV-229E, HCoV-
OC43, HCoV-NL63, and HCoV-HKU1), Human adenovirus 
(HAdV), Human enterovirus/rhinovirus (HEV/HRV), and Human 
Bocavirus (HBoV). A case was defined as laboratory-confirmed for 
each symptomatic case with a respiratory virus RT-PCR 
positive test.

2.5 Testing restrictions

In Mexico, prior to the COVID-19 pandemic, respiratory virus 
surveillance primarily focused on influenza, but it was significantly 
enhanced with the onset of COVID-19. According to 
pre-pandemic local guidelines, only 10% of suspected influenza 
cases among outpatients and 100% of hospitalized cases were 
tested for Influenza A and Influenza B viruses. Furthermore, 10% 
of severe cases that tested negative for influenza were evaluated 
for other respiratory viruses (43). The COVID-19 health 
emergency in 2020 prompted expanded monitoring and the 
implementation of new testing strategies. Comprehensive 
sampling and testing for SARS-CoV-2, Influenza A, and Influenza 
B were conducted on all suspected ILI and SARI cases using 
multiplex RT-PCR. Other respiratory viruses were tested in 10% 
of severe cases (44).
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2.6 Definition of time periods

Based on the observed pandemic dynamics in western Mexico, 
we  defined three distinct periods to analyze the frequency and 
positivity rates of respiratory viruses other than SARS-CoV-2: the 
pre-pandemic period (January 2018 to February 2020), the pandemic 
period (March 2020 to December 2021), and the post-pandemic 
period (January 2022 onward). These periods were designed to 
capture contrasting trends influenced by the implementation and 
subsequent relaxation of non-pharmaceutical interventions (NPIs). 
The pre-pandemic period served as a baseline to evaluate respiratory 
virus circulation under typical conditions. The pandemic period 
captured the significant decline in positivity rates driven by the 
emergence of SARS-CoV-2 and widespread NPIs, while the post-
pandemic period documented recovery trends as SARS-CoV-2 cases 
declined and NPIs were progressively lifted. This framework allowed 
for a detailed analysis of the disruptions caused by the pandemic and 
the subsequent recovery in respiratory virus activity.

2.7 Statistical analysis

Demographic data were reported as simple relative frequencies. 
The percentage of positive values was calculated as the number of tests 
that yielded positive results divided by the total number of tests 
performed for a given period of time expressed as a percentage for 
each virus. The normality of the data distribution was assessed using 
the Shapiro–Wilk test. Pearson’s chi-square test and Fisher’s exact test 
were used to compare proportions, as appropriate. For comparisons 
of quantitative variables, Student’s t test and the Wilcoxon–Mann–
Whitney test were used for normally and nonnormally distributed 
data, respectively.

To analyze the temporal trends in viral positivity rates, we applied 
locally estimated scatterplot smoothing (LOESS) to weekly aggregated 
data for each respiratory virus. LOESS is a non-parametric regression 
technique that fits localized polynomial curves to the data, enabling 
the detection of trends and patterns without assuming a specific 
functional form. Weekly positivity rates for each virus were calculated 
as the ratio of positive cases to the total number of tests conducted 
during each week. To represent the uncertainty in trend estimates, 
95% confidence intervals were calculated around the LOESS-adjusted 
curves. Both LOESS-derived positivity rates and raw, unadjusted 
positivity rates were subsequently used in interrupted time series 
(ITS) analyses, providing a robust assessment of the immediate and 
sustained impacts of the COVID-19 pandemic on viral 
circulation patterns.

To evaluate the impact of the COVID-19 pandemic on respiratory 
viruses circulation from 2017 to 2023 we use ITS analysis. Segmented 
linear regression models were used to assess changes in virus activity, 
with predictors including time, level changes, and trend changes for 
each period. The analysis was conducted on two distinct datasets: one 
containing raw weekly positivity rates and another with weekly 
LOESS-adjusted positivity rates. Both datasets represented positivity 
trends for influenza, RSV, HEV/HRV, HPIV, HCoV, HAdV, hMPV, 
and HBoV, aggregated by epidemiological week.

For both approaches, three temporal periods were defined:

	 1.	 Pre-pandemic period: Weeks before March 2020.

	 2.	 Pandemic period: Weeks between March 2020 and 
December 2021.

	 3.	 Post-pandemic period: Weeks from January 2022 onwards.

The ITS models included the following parameters:

	•	 Constant (β₀): Baseline positivity rate at the start of the 
pre-pandemic period.

	•	 Time (β₁): Trend in positivity rates during the pre-pandemic  
period.

	•	 Level (β₂):
	o	 Immediate change in positivity rates during the pandemic 

(2020–2021).
	o	 Immediate change in positivity rates during the post-pandemic 

period (2022).
	•	 Trend (β₃):

	o	 Change in trend during the pandemic (2020–2021).
	o	 Change in trend during the post-pandemic period (2022).

Separate linear regression models were fitted for each virus using 
the formula:

	 0 1 2 3Time Level Trendβ β β β ε= + + + +t t t t tY

where Yt represents the positivity rate (raw or LOESS-adjusted) 
for a given virus at time t.

The LOESS-adjusted dataset was used to reduce week-to-week 
variability and better capture long-term trends, while the raw 
dataset  allowed for the analysis of unprocessed data to ensure 
robustness of findings. Statistical significance for all model parameters 
(β coefficients) was assessed, and results were presented with 
corresponding 95% confidence intervals, standard errors, and 
p-values.

Given the predominant impact of certain viruses on pediatric 
populations, the ITS analysis was also stratified by age into two 
primary groups: <18 years and < 5 years. These cutoffs were 
chosen to ensure an adequate number of observations in each 
subgroup, allowing for a reliable model fit. Additionally, ITS 
analyses of raw SARI proportions were conducted for the general 
population as well as for four specific age-stratified groups: 
<5 years, 5–18 years, 18–65 years, and > 65 years. This approach 
enabled the assessment of pre- and post-pandemic changes in 
SARI proportions and the detection of potential shifts across 
different age cohorts. The LOESS-adjusted dataset was primarily 
used to reduce week-to-week variability and better capture long-
term trends, whereas the raw dataset was analyzed to preserve 
unprocessed data, ensuring the robustness of the findings. 
Statistical significance for all model parameters (𝛽 coefficients) 
was evaluated, with results presented alongside 95% confidence 
intervals, standard errors, and p-values.

Finally, multivariate logistic regression was performed to 
determine independent factors associated with SARI. Variables 
were included in the model if they met a significance threshold 
of p < 0.1 in univariate analysis and were considered biologically 
plausible. A stepwise selection method was applied to optimize 
the model. Model fit was assessed using the Hosmer–Lemeshow 
test, with p-values >0.1 indicating an adequate fit. Confidence 
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intervals were set at 95% (CI = 95%). The final models for each 
analyzed period were selected based on their goodness of fit, as 
determined by the Hosmer–Lemeshow test, and explanatory 
power, as indicated by McFadden’s R2 values. The results reflect 
the best-fitting models for each period and population 
group studied.

Statistical analyses were conducted using R version 4.3.1 and 
Python version 3.10. In R, lm and segmented packages were used for 
ITS analyses, while LOESS adjusting was applied with ggplot2 and 
stats. Logistic regression models were implemented using glm, 
supported by broom and ResourceSelection for model evaluation. In 
Python, ITS analyses utilized the statsmodels library (version 0.14.0) 
for time-series modeling, with scipy (version 1.10.1) aiding hypothesis 
testing and diagnostics. These tools enabled comprehensive evaluation 
of virus circulation, positivity trends, and associations with SARI 
across time periods.

3 Results

From the records reviewed, a total of 21,134 patients were 
identified, of whom 19,088 met the selection criteria and were 
included in the analysis, as depicted in Figure 1.

The median age of the included patients was 36 years (IQR 
26–51), with 56.74% (n = 10,831) being women. Among patients who 
tested positive for respiratory viruses, the median age was 38 years 
(IQR 27–52). The age and sex distributions by detected virus are 
presented in Figure 2, while additional sociodemographic data and 
characteristics of the study population are detailed in Table 1.

Among the positive tests for respiratory viruses, 36.44% 
corresponded to SARS-CoV-2 (n = 6,783), 12.20% corresponded to 
influenza virus (n = 1,187), and 11.33% to other respiratory viruses 
distinct from SARS-CoV-2 and influenza (n = 175). Regarding 
influenza subtypes, Influenza A H3 was the most prevalent (n = 737), 
followed by the Influenza B Victoria lineage (n = 285) and Influenza 
A H1N1 (n = 111). Among other respiratory viruses (OVRs), Human 
enterovirus/rhinovirus was the most frequently isolated (n = 73), 
followed by respiratory syncytial virus (n = 46). The remaining viral 
isolates are summarized in Table 2.

A total of 116 respiratory virus coinfections were identified. 
Among these, 94 cases involved coinfections between SARS-CoV-2 
and influenza, 14 cases were coinfections among respiratory viruses 
other than SARS-CoV-2 and influenza, 5 cases were coinfections 
between SARS-CoV-2 and other respiratory viruses distinct from 
influenza, and 3 cases involved coinfections between influenza and 
other respiratory viruses distinct from SARS-CoV-2. Notably, 

FIGURE 1

Flowchart of case selection.
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SARS-CoV-2 Ct values were higher (indicating lower viral loads) in 
patients with influenza coinfection (SARS-CoV-2 Ct median: 35.5, 
IQR 30–37) compared to those without influenza coinfection (SARS-
CoV-2 Ct median: 22, IQR 19–30), p < 0.001. No significant 
differences were observed in influenza Ct values between patients with 
and without SARS-CoV-2 coinfection, with median values of 27 (IQR 
23–31) in coinfected patients versus 28 (IQR 23–32) in non-coinfected 
patients. The detailed distribution of these coinfections is described in 
Table  2 and illustrated in Figure  3, as well as the distributions of 
influenza and SARS-CoV-2 Ct values in both coinfected and 
non-coinfected patients, which are depicted in Figure 4.

Figure  5 illustrates the positivity rates of influenza, other 
respiratory viruses, and SARS-CoV-2 cases across pandemic years. 
Regarding influenza viruses, a significant reduction in positivity rates 
was observed during the first year of the COVID-19 pandemic. 

However, following 2020, and particularly after 2021, a marked 
increase in the positivity rates of influenza viruses and their subtypes 
was documented (Figures 5A,B). Notably, in 2023, after the rise in 
positivity rates for influenza A during 2022, an increase in the 
positivity rate of the influenza B Victoria lineage was observed 
(Figure 5B). Conversely, the Influenza B Yamagata lineage remained 
completely undetected during and after the pandemic.

For other respiratory viruses, positivity rates as a group declined 
to historically low levels during the 3 years following the onset of 
the pandemic (Figure 5A). Individually, however, certain viruses 
such as HEV/HRV and HPIV continued to be detected, and a slight 
increase in RSV positivity was noted in the last quarter of 2021 
(Figure 5B). Despite this, all these viruses remained at historically 
low levels and had not returned to pre-pandemic rates as of the time 
of this report.

FIGURE 2

Age and sex distributions of patients by detected respiratory virus.

TABLE 1  Sociodemographic and clinical characteristics of patients tested for respiratory viruses during the study period.

Variable Total (n = 19,088) Women (n = 10,831) Men (n = 8,256) p value

Age—median, (IQR) 36.0 (26.0–51.0) 36.0 (26.0–50.0) 36.0 (25.0–52.0) 0.210

Days of symptoms to test -median, 

(IQR)

2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) <0.001

Severe acute respiratory infection 

(SARI)—n, (%) 3,750 (19.65) 1721 (45.89) 2029 (54.11) <0.001

Comorbidities—n, (%) 6,713 (35.17) 3,604 (33.27) 3,109 (37.66) <0.001

 � Diabetes 1859 (9.74) 1,021 (9.43) 838 (10.15) 0.027

 � Cardiovascular disease 411 (2.15) 219 (2.02) 192 (2.33) 0.092

 � Obesity 1,377 (7.21) 768 (7.09) 609 (7.38) 0.218

 � Asthma 716 (3.75) 483 (4.46) 233 (2.82) <0.001

 � COPD 368 (1.93) 190 (1.75) 178 (2.16) 0.025

 � Smoking 1,067 (5.59) 378 (3.49) 689 (8.35) <0.001

 � Hypertension 2,316 (12.13) 1,259 (11.62) 1,057 (12.80) 0.002

 � Immunosuppression status 821 (4.30) 345 (3.19) 475 (5.75) <0.001

 � Chronic kidney disease 447 (2.34) 187 (1.73) 260 (3.15) <0.001

 � Pregnancy 66 (0.35) 66 (0.61) 0 (0.00) -

50

https://doi.org/10.3389/fpubh.2025.1494463
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


De Arcos-Jiménez et al.� 10.3389/fpubh.2025.1494463

Frontiers in Public Health 07 frontiersin.org

Utilizing LOESS-adjusted positivity rates, the ITS analysis 
revealed significant disruptions in the positivity rates of respiratory 
viruses during the COVID-19 pandemic (2020–2021), with varied 
recovery patterns post-2022. Influenza experienced a sharp and 
significant immediate decline in positivity during 2020–2021 (Level 
β2 2020–2021: −44.166, p < 0.001), followed by a further reduction in 
2022 (Level β2 2022: −51.761, p < 0.001), despite a slight upward 
recovery trend post-2022 (Trend β3 2022: 0.1061, p < 0.001). RSV 
showed a significant immediate increase during the pandemic (Level 
β2 2020–2021: 1.198, p = 0.020), with a non-significant decrease in 

2022 (Level β2 2022: −0.0842, p = 0.900) but a significant upward 
trend post-2022 (Trend β3 2022: 0.0072, p = 0.031). HEV/HRV 
exhibited a substantial increase during the pandemic (Level β2 2020–
2021: 5.5102, p < 0.001), followed by a significant downward trend 
(Trend β3 2020–2021: −0.0455, p < 0.001). HCoV and HAdV also 
showed significant increases during the pandemic (Level β2 2020–
2021: 1.4338 and 0.4478, respectively, both p < 0.001), with HCoV 
demonstrating a declining trend post-pandemic (Trend β3 2020–2021: 
−0.0108, p < 0.001) and HAdV exhibiting a reduction post-2022. 
hMPV had significant increases during 2020–2021 (Level β2 

TABLE 2  Proportions of viruses detected among patients tested during the study period.

Virus Total (n = 18,616) Women (n = 10,601) Men (n = 8,015) p value

SARSCoV2 infection—n, (%) 6,783 (36.44) 3,915 (36.93) 2,868 (35.78) 0.111

Total (n = 9,726) Women (n = 5,546) Men (n = 4,180) p value

Influenza viruses—n, (%) 1,187 (12.20) 707 (12.75) 480 (11.48) 0.059

 � Influenza A 879 (9.04) 535 (9.65) 344 (8.23) 0.016

 � Influenza A H3 737 (7.58) 453 (8.17) 284 (6.79) 0.011

 � Influenza A H1N1 111 (1.14) 61 (1.10) 50 (1.20) 0.658

 � Influenza A nonsubtyped 31 (0.32) 21 (0.38) 10 (0.24) 0.227

 � Influenza B 308 (3.17) 172 (3.10) 136 (3.25) 0671

 � Influenza B Victoria lineage 285 (2.93) 156 (2.81) 129 (3.09) 0.429

 � Influenza B Yamagata lineage 15 (0.15) 13 (0.23) 2 (0.05) 0.020

 � Influenza B nonsubtyped 8 (0.08) 3 (0.05) 5 (0.12) 0.302

Total (n = 1,545) Women (n = 735) Men (n = 810) p value

Other respiratory viruses 

(ORVs)—n, (%)

175 (11.33) 78 (0.72) 97 (11.98) 0.399

 � Human adenovirus 17 (1.10) 7 (0.95) 10 (1.23) 0.595

 � Human metapneumovirus 14 (0.91) 5 (0.68) 9 (1.11) 0.372

 � Human enterovirus/rhinovirus 73 (4.72) 32 (4.35) 41 (5.06) 0.512

 � Human parainfluenza virus 1 3 (0.19) 2 (0.27) 1 (0.12) 0.607

 � Human parainfluenza virus 2 1 (0.06) 1 (0.14) 0 (0.00) 0.961

 � Human parainfluenza virus 3 11 (0.71) 5 (0.68) 6 (0.74) 0.888

 � Human parainfluenza virus 4 3 (0.19) 2 (0.27) 1 (0.12) 0.607

 � Respiratory syncytial virus 46 (2.98) 22 (2.99) 24 (2.96) 0.972

 � Human bocavirus 2 (0.13) 1 (0.14) 1 (0.12) 1

 � Human coronavirus 229E 2 (0.13) 1 (0.14) 1 (0.12) 1

 � Human coronavirus HKU1 3 (0.19) 1 (0.14) 2 (0.25) 1

 � Human coronavirus NL63 5 (0.32) 1 (0.14) 4 (0.49) 0.377

 � Human coronavirus OC43 5 (0.32) 3 (0.41) 2 (0.25) 0.673

Viral Coinfections—n, (%) 116 (7.51) 75 (10.20) 41 (5.06) 0.011

 � Coinfections between SARS-

CoV-2 and Influenza

94 (6.08) 63 (8.57) 31 (3.83) 0.059

 � Coinfections between ORVs 

(excluding SARS-CoV-2 and 

Influenza)

14 (0.91) 7 (0.95) 7 (0.86) 0.855

 � Coinfections between SARS-

CoV-2 and ORVs

5 (0.32) 3 (0.41) 2 (0.25) 0.679

 � Coinfections between Influenza 

and ORVs

3 (0.19) 2 (0.27) 1 (0.12) 0.607
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2020–2021: 1.1036, p < 0.001) but showed limited recovery post-
pandemic. Conversely, HPIV and HBoV exhibited minimal changes 
during the pandemic and subsequent periods, with trends remaining 
stable. A summary of the ITS results for both LOESS-adjusted 
positivity rates and raw positivity rates is provided in Table 3, while an 
extended version can be found in Supplementary Table S1.

The ITS analysis utilizing the raw positivity rates revealed 
noticeable differences in the significance and magnitude of the trends 
and levels observed during the pandemic (2020–2021) and post-
pandemic periods (2022 onwards). For influenza, raw positivity rates 
only indicated a smaller and non-significant decline during 2020–
2021 (β2: −3.63, p = 0.513) and a significant increase in 2022 (β2: 
14.81, p = 0.033). For RSV, raw positivity rates highlighted a sharper 
initial decline during 2020–2021 (β2: −0.85, p = 0.004) and no 
significant trend post-2022 (β3: 0.00, p = 0.771). HEV/HRV displayed 
a substantial increase during 2020–2021  in both analyses. Other 
viruses, such as HCoV and HAdV, also showed marked differences. 
For HBoV, the ITS analysis could not be  performed using raw 
positivity rates due to insufficient data points. LOESS-adjusted rates 
captured more pronounced shifts, particularly in post-pandemic 
recovery trends, which were less evident or not significant in the raw 
data. The complete ITS analyses utilizing LOESS-adjusted and raw 
positivity rates can be found in Supplementary Table S1.

In children under 5 years of age, influenza initially presented at 
a high baseline (~28.8%, p = 0.003) and exhibited two significant 
declines: one at the onset of the pandemic (Level β₂ = −23.23, 
p = 0.045) and another in early 2022 (−24.18, p = 0.020). In 
contrast, HEV/HRV demonstrated a positive pre-pandemic trend 
(+0.19 per week, p = 0.041) but remained largely unaffected during 
the pandemic and in 2022. RSV, however, showed a significant 
increase in slope following the pandemic’s onset (+0.26 per week, 
p < 0.001) without subsequent shifts. Other respiratory viruses 
(ORVs), including HPIV and HCoV, displayed minimal or no 
significant changes in children under five, aside from a borderline 
increase in the pandemic slope for ORVs (p = 0.057). Among older 
children and adolescents (<18 years), influenza—despite its notable 
decline in younger children—did not exhibit clear changes, while 
RSV accelerated an already increasing trend (p = 0.001). HEV/HRV, 
ORVs as a group, and HPIV demonstrated limited or no immediate 
pandemic-related alterations, although some displayed positive 
slopes before and/or during the pandemic. Overall, RSV 
experienced the most pronounced increase in both pediatric 
subgroups, whereas influenza reductions were primarily observed 
in children under five. The complete ITS analysis with LOESS-
adjusted trends stratified by age in non-adult populations is 
available in Supplementary Table S2.

FIGURE 3

Coinfections among detected respiratory viruses.
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In the overall population, our interrupted time series (ITS) 
analysis of SARI proportions demonstrated a high baseline at the 
study’s outset, coupled with a progressive pre-pandemic increase. 
Specifically, during the pre-pandemic phase (before March 2020), 
the baseline (β₀) was approximately 43% (p < 0.001) and the weekly 
slope (Time, β₁) rose by +0.49 points (p < 0.001), indicating a 
steady, moderate growth in SARI prior to the pandemic. Upon 
entering the pandemic period (March 2020–December 2021), no 
significant immediate change (Level, β₂) was detected (p = 0.789), 
suggesting that the pandemic did not produce a sharp, abrupt shift 
in SARI at its onset. Nonetheless, there was a statistically significant 
reduction in the slope (Trend, β₃ ≈ −0.21, p = 0.008), implying that, 
although SARI continued to rise, it did so at a slower rate compared 
to pre-pandemic levels. In January 2022, marking the post-
pandemic phase, SARI exhibited a pronounced drop of 
approximately 37 percentage points (p < 0.001), followed by a 
renewed weekly uptick of +0.33 points (p < 0.001). Thus, after an 
abrupt decline at the onset of 2022, SARI subsequently rebounded 
with a positive trend in the post-pandemic period. Overall, these 
findings suggest that while SARI was already climbing in the 
months leading up to COVID-19, the pandemic brought about a 
significant slowing of that trajectory. Despite no immediate “jump” 
at pandemic onset, a sharp decrease occurred as public health 
measures and viral circulation patterns evolved at the start of 2022. 
Notably, this decline was then followed by an upswing, reflecting 
the dynamic interplay of shifting viral landscapes, evolving 
interventions, and possible changes in healthcare-seeking or 
diagnostic practices post-pandemic. The detailed ITS analysis of 
SARI proportions, including trend estimates and statistical findings, 
is presented in Table 4.

Across the four age-stratified groups, SARI proportions displayed 
distinct patterns. In children under 5 years (<5), the baseline was 
notably high at nearly 78% (p < 0.001), yet neither the onset of the 
pandemic nor the post-pandemic period revealed significant 
immediate or trend-related changes. By contrast, in older children 
(5–18 years), the estimated intercept was about 52% (p < 0.001) but 
likewise showed no meaningful shifts during or after the pandemic; 
any modest tendencies did not reach statistical significance. Among 
adults aged 18–65 years, a baseline of approximately 34% (p < 0.001) 
was accompanied by a strong pre-pandemic slope (+1.28/week, 
p < 0.001), followed by a slight (and non-significant) level change 
during the pandemic but a pronounced drop (−35 points, p < 0.001) 
and subsequent rebound (+0.31/week, p < 0.001) at the start of 2022. 
Lastly, in older adults (>65 years), the model indicated a lower initial 
estimate (~30%, p < 0.001) but with a marked immediate jump of +45 
points when the pandemic began (p < 0.001), coupled with a mild 
negative slope thereafter (−0.26/week, p = 0.012); however, the post-
2022 level could not be estimated due to insufficient data, even though 
the trend in that phase became significantly positive (+0.43/week, 
p < 0.001). These age-specific findings suggest that while younger 
individuals had either persistently high SARI or inconclusive changes, 
middle-aged adults experienced a sharp 2022 downturn and rebound, 
and older adults saw the largest pandemic-era surge but a partial 
tapering over time. The detailed ITS analysis of SARI proportions, 
including trend estimates and statistical findings across age stratified 
groups, is also presented in Table 4.

The univariate analysis of factors associated with SARI 
revealed significant associations in both the pre-pandemic and 
post-pandemic periods. Predictors such as age, sex, and the 
presence of comorbidities consistently demonstrated strong 

FIGURE 4

Comparison of Ct values in single infections versus influenza and SARS-CoV-2 coinfections.
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associations with SARI across various subgroups. Among these, 
comorbidities exhibited a particularly robust relationship, with 
higher proportions of SARI cases observed in patients with 
pre-existing conditions during both periods. Notably, in the post-
pandemic period, the influence of comorbidities was further 
accentuated, with a markedly higher proportion of SARI cases 
attributable to these factors. Comprehensive results from the 
univariate analyses, including stratifications by virus groups for 

both periods and by age for the post-pandemic period, are 
presented in Supplementary Table S3.

Figure  6A presents the adjusted odds ratios (ORs) for factors 
associated with SARI from the logistic regression analyses conducted 
during the pre-pandemic period. The analysis identified distinct risk 
patterns among patients with positive test results for any respiratory 
virus. Significant associations with SARI were observed for age, male 
sex, and days from symptom onset to testing (p < 0.05), with age 

FIGURE 5

Positivity rates of influenza, other respiratory viruses (ORVs), and SARS-CoV-2 cases across pandemic years. (A) Positivity rates of influenza viruses and 
other respiratory viruses as a group, in relation to SARS-CoV-2 positive cases. (B) Positivity rates of influenza virus subtypes and individual respiratory 
viruses, in relation to SARS-CoV-2 positive cases. Dots represent raw positivity rates, while lines represent LOESS-adjusted positivity rates with 95% 
confidence intervals. The figure includes key SARS-CoV-2 variants detected during the timeline, contextualized with the number of tests performed 
each year.
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(OR = 1.04, CI: 1.02–1.06) and male sex (OR = 3.18, CI: 1.25–8.51) 
emerging as notable risk factors. In the influenza-specific model, Ct 
values from influenza RT-PCR tests demonstrated a protective effect 
(OR = 0.786, CI: 0.649–0.916), while obesity was strongly associated 
with an increased SARI risk (OR = 13.7, CI: 2.03–147.0). Conversely, 
the analysis of other respiratory viruses (OVRs) revealed no significant 
associations, with limited case numbers contributing to a low model 
fit (McFadden’s R2 = 0.05), highlighting challenges in assessing 
ORV-related outcomes. The complete data from the logistic regression 
models of the pre-pandemic period are detailed in Supplementary  
Table S4.

Figure  6B presents the adjusted odds ratios (ORs) from the 
logistic regression analyses of factors associated with SARI during 
the post-pandemic period. Risk factors for SARI varied significantly 
across age groups among patients with positive test results for any 
virus. Among individuals aged 0–18 years, immunosuppression 
emerged as a significant risk factor (OR = 3.8, CI: 1.38–11.2, 
p = 0.011), while vaccination demonstrated a robust protective 
effect (OR = 0.172, CI: 0.038–0.554, p = 0.008). In adults aged 

18–65 years, key risk factors included cardiovascular disease 
(OR = 3.26, CI: 1.74–6.11, p < 0.001), diabetes (OR = 1.77, CI: 1.38–
2.27, p < 0.001), and obesity (OR = 1.38, CI: 1.06–1.78, p = 0.015), 
while vaccination continued to demonstrate a protective association 
(OR = 0.291, CI: 0.221–0.381, p < 0.001). For individuals aged 
>65 years, cardiovascular disease (OR = 2.29, CI: 1.17–4.73, 
p = 0.019), obesity (OR = 2.23, CI: 1.30–3.93, p = 0.004), and 
chronic obstructive pulmonary disease (COPD; OR = 1.99, CI: 
1.13–3.57, p = 0.019) emerged as significant risk factors, while 
vaccination showed a protective effect (OR = 0.594, CI: 0.377–0.927, 
p = 0.023).

The post-pandemic analysis of specific viral infections revealed 
further associations with SARI. For SARS-CoV-2, age (OR = 1.03, CI: 
1.02–1.03, p < 0.001), days from symptom onset to testing (OR = 1.26, 
CI: 1.20–1.32, p < 0.001), cardiovascular disease (OR = 2.88, CI: 1.75–
4.79, p < 0.001), and immunosuppression (OR = 2.79, CI: 1.93–4.00, 
p < 0.001) were significant risk factors, while vaccination provided 
robust protection (OR = 0.259, CI: 0.199–0.337, p < 0.001). For post-
pandemic influenza, days from symptom onset to testing (OR = 1.48, 

TABLE 3  Interrupted time series analysis using LOESS positivity rates for influenza, respiratory syncytial virus, human enterovirus/rhinovirus, and 
human adenovirus during the pre-pandemic, pandemic (2020–2021), and post-pandemic periods (2022–2023).

Influenza Respiratory syncytial 
virus

Human enterovirus/
rhinovirus

Human adenovirus

Variable β SE p value β SE p value β SE p value β SE p value

Constant (β0) 45.32 1.04 <0.001 −0.96 0.29 <0.001 −0.28 0.17 0.098 −0.05 0.03 0.0840

Time (β1) −0.60 0.04 <0.001 0.20 0.01 <0.001 0.16 0.01 <0.001 0.01 0.01 0.0030

Level

  2020–2021 (β2) −44.16 1.860 <0.001 1.20 0.51 0.020 5.51 0.31 <0.001 0.45 0.05 <0.001

  2022 (β2) −51.76 2.44 <0.001 −0.08 0.67 0.900 0.87 0.40 0.030 −0.25 0.07 <0.001

Trend

  2020–2021 (β3) −0.01 0.02 0.566 0.01 0.01 0.840 −0.05 0.01 <0.001 −0.01 0.01 <0.001

  2022 (β3) 0.11 0.01 <0.001 0.01 0.01 0.031 −0.01 0.01 0.448 0.01 0.01 <0.001

TABLE 4  Interrupted time series analysis of SARI proportions, during the pre-pandemic, pandemic (2020–2021), and post-pandemic periods (2022–
2023).

Variable General 
population

Age 
group < 5 years

Age 
group 5–18 years

Age group 18–
65 years

Age 
group > 65 years

β SE p 
value

β SE p 
value

β SE p 
value

β SE p 
value

β SE p 
value

Constant 

(β0)
43.26 5.83 <0.01 77.8 18.65 <0.01 52.03 11.36 <0.01 33.96 8.00 <0.01 29.85 5.48 <0.01

Time (β1) 0.49 0.12 <0.01 −0.12 0.80 0.88 0.21 0.28 0.45 1.28 0.32 <0.01 – – –

Level

 � 2020–

2021 (β2)
1.93 7.19 0.79 −31.17 22.60 0.17 −15.98 14.04 0.26 5.29 9.04 0.56 45.30 7.72 <0.01

  2022 (β2) −37.45 7.09 <0.01 −27.35 20.26 0.18 −14.40 12.96 0.27 −34.73 8.90 <0.01 – – –

Trend

 � 2020–

2021 (β3)
−0.21 0.08 0.01 0.00 0.34 0.99 0.08 0.17 0.65 −0.21 0.08 0.01 −0.26 0.10 <0.01

  2022 (β3) 0.33 0.07 <0.01 −0.09 0.19 0.64 0.04 0.15 0.80 0.31 0.07 <0.01 0.43 0.10 <0.01

– Parameters were not estimable due to insufficient data points or collinearity during those time segments. For older adults (>65 years), the number of weekly observations in the pre-
pandemic and post-2022 periods was limited, thus preventing stable estimation of the slope (Time) and level shift (Level) parameters in those intervals.
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CI: 1.20–1.83, p < 0.001) and asthma (OR = 2.22, CI: 1.08–4.42, 
p = 0.026) were associated with SARI, with vaccination again showing 
a protective effect (OR = 0.244, CI: 0.150–0.397, p < 0.001). For OVRs, 
days from symptom onset to testing (OR = 1.65, CI: 1.17–2.50, 
p = 0.009) and the presence of comorbidities as a group (OR = 1.86, 
CI: 1.11–3.41, p = 0.027) were significant risk factors for SARI. The 
complete data from the logistic regression models of the post-
pandemic period are detailed in Supplementary Table S5.

4 Discussion

In our analysis, we  observed significant decreases in the 
circulation of respiratory viruses other than SARS-CoV-2 during the 

pandemic period, which were tested in our institution, followed by a 
marked increase in influenza circulation. Additionally, we identified 
that the main variables associated with an increased risk of developing 
SARI were sociodemographic factors and comorbidities. This study 
enhances the limited body of knowledge on respiratory virus trends 
across pre-pandemic and post-pandemic periods in reference 
healthcare institutions, while also examining factors associated with 
SARI development in patients seeking care in a middle-income Latin 
American country.

Currently, some studies addressing this issue in reference hospitals 
in middle-income Latin American countries are available in the 
literature. A report conducted in Brazil in 2021 (45), documented a 
very low frequency of influenza A among hospitalized patients with 
ARDS during the COVID-19 pandemic, likely due to preventive 

FIGURE 6

Logistic regression analyses for factors associated with SARI by time periods and virus types. (a) Pre-pandemic period analyses. (b) Post-pandemic 
period analyses. *GOF, Goodness-of-Fit.
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measures and high influenza vaccination coverage. Another study, 
conducted in a pediatric hospital in Argentina (46), reported a 
decrease in hospitalization rates due to acute lower respiratory tract 
infections in children, with no seasonal respiratory virus circulation 
observed during the first year of the pandemic. A third report, also 
from Brazil (47), examined seasonal respiratory virus trends in 
pediatric patients, showing a significant increase in the circulation of 
non-SARS-CoV-2 viruses following the relaxation of pandemic 
response measures. Other studies conducted in hospital units in 
developed countries have documented similar trends in respiratory 
virus circulation, showing significant decreases in positivity and 
diversity during the pandemic, followed by a gradual resumption of 
activity in the post-pandemic period. However, these studies did not 
perform an interrupted time series analysis on the frequency of SARI 
before, during, and after the COVID-19 pandemic (45–48).

Based on data obtained from our institution, we  observed 
significant reductions in respiratory virus circulation during the 
pandemic period, with influenza viruses and their subtypes being 
particularly affected. This was followed by a notable resurgence 
beginning in 2022. Similarly, other respiratory viruses, distinct from 
influenza and SARS-CoV-2, experienced marked declines during the 
pandemic, primarily driven by reductions in respiratory syncytial 
virus (RSV) and human rhinovirus (HRV) circulation. After 2 years 
of historically low influenza positivity rates, a significant rebound in 
influenza viruses and their subtypes was documented. Likewise, other 
respiratory viruses showed an increase as a group after the first year of 
the pandemic (Figure  5A), predominantly driven by increases in 
rhinovirus and respiratory syncytial virus (Figure 5B). Notably, an 
alternating non-seasonal pattern in influenza virus subtypes emerged 
from 2022 onward, characterized by fluctuations between Influenza A 
H3 and Influenza B Victoria lineage.

These findings in our institution also align with population-based 
studies conducted in other regions of Latin America. For instance, 
countries like Chile reported historically low influenza activity during 
the pandemic, characterized by atypical timing and altered duration 
of influenza seasons (49). For instance, Chile’s influenza season in 
2022 began earlier than usual, predominantly with influenza A 
(H3N2) virus, reflecting a disruption in typical seasonal patterns (49). 
This disruption was also observed in other Southern Hemisphere 
countries, where influenza activity decreased significantly in 2020 
compared to previous years (50, 51). In Europe, similar trends were 
noted, with a resurgence of respiratory viruses like influenza and RSV 
following the relaxation of NPIs (52). In Catalonia, Spain, for example, 
a resurgence of non-SARS-CoV-2 respiratory viruses was observed 
during the de-escalation of COVID-19 measures, indicating a shift in 
the epidemiological patterns of these viruses (52). Asia also 
experienced changes in respiratory virus activity, with reductions in 
influenza and RSV infections noted during the pandemic (53). A 
global analysis of respiratory viral circulation indicated that the 
pandemic altered the typical patterns of these viruses, leading to 
earlier peaks and extended durations in some regions (53).

Although post-pandemic increases were observed for both 
influenza and, to a lesser extent, other respiratory viruses distinct from 
influenza and SARS-CoV-2, positivity rates recorded at our center 
have not yet returned to their pre-pandemic levels or seasonal patterns 
at the time of this report. This phenomenon has been previously 
documented in a study conducted 6 years after the 2009 H1N1 
pandemic in China. In that study, by comparing pre-pandemic, 

pandemic, and post-pandemic periods, the authors reported that the 
2009 H1N1 pandemic influenced the age distribution, seasonal 
patterns, and peak timing of other respiratory viruses, likely due to 
immune interference and changes in health-seeking behavior (9).

These findings may reflect mainly the impact of public health 
measures implemented for infection control and changes in human 
behavior during the pandemic periods (54). The widespread adoption 
of NPIs, such as mask-wearing, social distancing, hand hygiene, travel 
restrictions, and school closures, played a significant role in reducing 
the transmission of respiratory viruses (55). These measures were 
initially implemented to control the spread of SARS-CoV-2 but also 
effectively reduced the transmission of other respiratory pathogens, 
including influenza and RSV (6). However, viral circulation patterns 
may not have been solely driven by NPIs; changes in human behavior, 
such as reduced mobility and increased time spent at home, may have 
also contributed to the decline in respiratory virus transmission (56). 
For example, in Hong Kong, a significant reduction in close contacts 
was observed, which correlated with a decrease in the effective 
reproduction number of influenza (56). Similar behavioral changes 
were noted in other regions, further supporting the role of reduced 
interpersonal interactions in limiting virus spread (57). There is 
evidence suggesting that viral interference, particularly the presence 
of SARS-CoV-2, may have contributed to the suppression of other 
respiratory viruses (57). This interference could be mediated by the 
host’s immune response, such as the induction of interferons, and 
immune-mediated interference, modulation of viral replication, 
competition for cellular entry via ACE2 and neuropilin-1, and 
dysregulation of the inflammatory response, which can either suppress 
or enhance the replication of co-circulating viruses (21–25, 57).

The resurgence of respiratory viruses following the COVID-19 
pandemic can be attributed to several factors, including the relaxation 
of NPIs, a decline in natural immunity due to reduced viral circulation 
during strict public health measures, and a resulting increase in the 
pool of susceptible individuals (58). Changes in human behavior and 
testing practices, coupled with heightened public awareness and 
surveillance, may have also contributed to the increased detection of 
infections after the most intense phases of the pandemic (59). 
Additionally, the overall reduction in respiratory virus transmission 
during the pandemic led to decreased genetic diversity in several 
viruses, potentially altering their evolutionary dynamics and 
increasing the likelihood of larger outbreaks once restrictions were 
lifted (60).

Furthermore, beyond the role of NPIs and behavioral changes, the 
interplay between host immunity, antigenic drift, and evolutionary 
pressures on viral strains may have contributed to post-pandemic 
shifts in viral circulation (61). The limited circulation of certain 
respiratory viruses during the pandemic likely imposed selective 
pressures that favored the emergence of antigenic variants, potentially 
influencing their post-pandemic resurgence (62). Similarly, adaptive 
immune responses generated by prior infections or vaccinations could 
have shaped susceptibility patterns and viral competition dynamics 
(63). Vaccination strategies may have also played a role in shaping 
viral interactions, as cross-protection and trained immunity from 
influenza and other vaccines could have temporarily influenced 
susceptibility patterns and viral competition (64).

Interestingly, our analysis suggested that during both the 
pre-pandemic and post-pandemic periods, most SARI cases were 
associated with male sex, the presence of various types of 
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comorbidities, older age, and an increase in the number of days from 
symptom onset to testing, which may reflect delayed diagnosis. 
Among these, some associations with SARI are worth highlighting, 
such as the presence of obesity in influenza cases during the 
pre-pandemic period; the association with male sex in populations 
testing positive for any virus, including influenza; immunosuppression 
status in the 0–18-year age group during the post-pandemic period; 
the higher association of cardiovascular disease in individuals older 
than 18 years; the protective effect of vaccination across subgroups; 
and the association between prolonged symptom duration before 
testing and SARI in various subgroups. These findings are consistent 
with previous studies that have highlighted risk factors for the 
development of SARI, including older age, male sex, comorbidities 
such as hypertension, diabetes, cardiovascular diseases, chronic 
respiratory diseases, and immunosuppression status (65–71).

Regarding the increase in days from symptom onset to testing and its 
relationship with SARI, we believe this finding should be interpreted with 
caution, as it may not indicate a direct causal relationship. Instead, it could 
reflect logistical or systemic barriers, such as delays in transportation to 
healthcare facilities, referral processes from other centers, or internal 
delays in testing and laboratory processing. This association may serve as 
a proxy for unmeasured factors, such as disparities in healthcare access or 
the severity of illness contributing to these delays. Socioeconomic 
disparities have been shown to affect COVID-19 screening and 
hospitalization rates. For instance, non-Hispanic Black patients and those 
from low-income neighborhoods were more likely to test positive for 
SARS-CoV-2 and were more frequently tested in emergency departments, 
which is associated with higher hospitalization rate (72). Testing 
accessibility is another critical factor. Disparities in access to testing can 
lead to underdiagnosis and delayed treatment of respiratory infections, 
exacerbating their severity. For example, communities with lower 
socioeconomic status often face barriers to testing, which can result in 
higher rates of undiagnosed infections and subsequent severe outcomes 
(73). Healthcare-seeking behavior is also shaped by socioeconomic 
factors. Individuals from lower socioeconomic backgrounds may delay 
seeking care due to financial constraints or lack of access to healthcare 
facilities, leading to more severe disease presentations when they do seek 
care (74). Further research is needed to better elucidate the potential 
implications of this association and the underlying mechanisms driving 
these delays, particularly in the context of healthcare access disparities, 
testing availability, and systemic barriers that may contribute to more 
severe disease presentations.

Although not statistically significant according to the multivariate 
models with the highest level of adjustment possible, co-infection with 
SARS-CoV-2 exhibited a trend toward a negative association in cases 
of influenza during the post-pandemic period. This finding contrasts 
with studies suggesting that co-infection with SARS-CoV-2 and 
influenza may increase disease severity (75). Conversely, other studies 
propose that co-infection does not exacerbate severity and may even 
mitigate it through mechanisms involving viral or immunological 
interference (11, 20, 76–78). However, it is important to acknowledge 
the inherent limitations of our study, which relies on data from a 
single institution rather than systematic, community-level 
surveillance. The study population comprises patients who sought 
care, and as such, it does not represent the broader community. The 
higher Ct values observed in SARS-CoV-2 among patients co-infected 
with influenza, indicating lower viral loads, could be  due to 
competitive interactions between the two viruses. The presence of 

influenza virus might limit SARS-CoV-2 replication, either through 
direct viral interference or by triggering innate immune responses that 
modulate viral load dynamics (11). Previous studies have suggested 
that influenza virus infection may induce robust interferon-mediated 
antiviral responses, which could suppress SARS-CoV-2 replication in 
co-infected individuals (11). However, the specific mechanisms 
underlying this interaction remain unclear and warrant further 
investigation. Additionally, the testing volume from our institution 
alone is insufficient to draw definitive conclusions about viral 
interference, and this potential phenomenon was not studied at the 
individual level, falling beyond the scope of this study. Nevertheless, 
these findings underscore the need for further research to better 
understand the potential implications and mechanisms of 
viral interactions.

Another noteworthy observation was the behavior of asthma as a 
factor associated with SARI in patients with influenza during the post-
pandemic period, which, in contrast, demonstrated a negative 
association with SARI in cases of confirmed SARS-CoV-2. While 
chronic pulmonary diseases have traditionally been linked to poor 
outcomes in patients with viral respiratory infections, the current 
consensus in the medical literature suggests that asthma does not 
significantly increase the risk of severe outcomes from COVID-19 for 
most patients (79, 80). Certain aspects of asthma may influence the 
course of SARS-CoV-2 infections. For example, research has shown 
that specific asthma phenotypes, such as allergic asthma, may have a 
protective effect, with allergic asthmatics being less likely to require 
hospitalization compared to non-allergic asthmatics (81). Additionally, 
some studies suggest that certain asthma treatments, such as inhaled 
corticosteroids, may confer a protective effect against severe 
COVID-19 outcomes (82). However, a systematic review indicated 
that adults with severe asthma, particularly those requiring high-dose 
inhaled corticosteroids or oral corticosteroids, face a higher risk of 
hospitalization from COVID-19 compared to individuals with mild 
asthma or no asthma (83). Further research is needed to fully elucidate 
the complex relationship between asthma and COVID-19.

The limitations of our study primarily stem from its retrospective 
design. First, while data were collected, some variables were 
incomplete and had to be excluded from the analyses. Additionally, 
certain variables intended for inclusion could not be retrieved from 
hospital or testing platform records. Finally, due to local guidelines 
prioritizing testing for respiratory viruses such as SARS-CoV-2 and 
influenza, the number of tests conducted for other respiratory viruses 
was significantly lower. This limitation restricted the scope of analyses 
for these subgroups. Furthermore, our study was unable to precisely 
differentiate between the effects of influenza and COVID-19 vaccines 
on SARI risk, as the vaccination history recorded in our platform did 
not specify the type of vaccine received. Although the registry 
primarily captured COVID-19 vaccination data, influenza vaccination 
campaigns were reinforced during the study period, preventing a 
stratified analysis to assess the independent contribution of each 
vaccine type. Additionally, our dataset did not include exact 
vaccination dates, limiting our ability to evaluate the potential waning 
of immunity over time. Similarly, we  lacked complete data on the 
timing of prior infections, whether caused by SARS-CoV-2 or other 
respiratory viruses, which restricts our capacity to fully explore the 
interplay between previous infections, vaccination, and SARI risk.

To ensure accurate and reliable results, additional studies should 
be conducted prospectively in diverse regions worldwide, either at the 
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hospital or population level. Such studies would provide opportunities 
to include larger datasets and better control for confounding variables. 
Importantly, the findings of this study are limited to a single institution, 
which may constrain the generalizability of the results. Furthermore, 
more targeted testing strategies should be  developed to explore 
associations with greater effect sizes, particularly in relation to respiratory 
virus infections other than influenza and SARS-CoV-2. Expanding on 
these findings requires further research within the same population and 
region, especially in this post-pandemic period, through prospective 
multicentric cohort studies. Additionally, future studies should focus on 
the genetic changes in RSV and influenza to assess their adaptation to 
reduced host exposure during the pandemic. Such research could 
provide valuable insights into viral evolution, inform public health 
strategies, and guide the development of vaccines and treatments.

In conclusion, the COVID-19 pandemic induced profound 
disruptions in the circulation patterns of respiratory viruses, 
significantly altering seasonal trends and reducing overall viral 
positivity rates. While post-pandemic recovery has been observed, 
influenza and other respiratory viruses have not fully reverted to their 
pre-pandemic seasonal dynamics, suggesting lasting epidemiological 
shifts. This study provides evidence that SARI remains strongly 
associated with key demographic factors and comorbidities, including 
advanced age, male sex, cardiovascular disease, obesity, and 
immunosuppression. Importantly, vaccination was consistently 
identified as a protective factor against SARI, reinforcing its crucial 
role in respiratory infection mitigation strategies. The dynamic 
interplay between viral competition, public health interventions, and 
human behavior likely contributed to the observed changes in SARI 
trends, emphasizing the need for ongoing surveillance and adaptive 
public health responses. As respiratory virus epidemiology continues 
to evolve in the post-pandemic era, it is imperative to sustain high-
resolution surveillance efforts and refine public health policies to 
anticipate and mitigate future outbreaks. Strengthening vaccination 
programs, ensuring equitable access to diagnostic testing, and 
developing predictive models for respiratory virus resurgence will 
be critical in reducing morbidity and mortality associated with these 
infections. Further longitudinal studies are required to assess the long-
term implications of these epidemiological shifts and to guide data-
driven decision-making in infectious disease control.
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Glossary

ARDS - Acute respiratory distress syndrome

COPD - Chronic obstructive pulmonary disease

GOF - Goodness-of-Fit

HAdV - Human adenovirus

HBoV - Human bocavirus

HCoV-229E - Human coronavirus 229E

HCoV-HKU1 - Human coronavirus HKU1

HCoV-OC43 - Human coronavirus OC43

HCoV-NL63 - Human coronavirus NL63

HEV/HRV - Human enterovirus/rhinovirus

hMPV - Human metapneumovirus

HPIV - Human parainfluenza virus

HPIV1 - Human parainfluenza virus 1

HPIV2 - Human parainfluenza virus 2

HPIV3 - Human parainfluenza virus 3

HPIV4 - Human parainfluenza virus 4

ILI - Influenza-like illness

INFAH3 - Influenza A virus H3

INFAH1N1 - Influenza A virus H1N1

INFBVIC - Influenza B Victoria lineage

INFBYAM - Influenza B Yamagata lineage

ORVs. Other respiratory viruses (distinct from SARS-CoV-2 and 
influenza virus)

RSV - Respiratory syncytial virus

RT–PCR - Real-time polymerase chain reaction

SARIs - Severe acute respiratory infections

SARS-CoV-2 - Severe acute respiratory syndrome coronavirus 2
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Objectives: To investigate the etiology and epidemiological trends of respiratory

tract infections (RTIs) during the COVID-19 pandemic in Saudi Arabia, focusing

on age and seasonality.

Methods: We conducted a retrospective analysis of 19,509 respiratory

specimens collected from January 2021 to December 2022 at King Abdulaziz

Medical City, Riyadh, using the BioFire Filmarray Respiratory Panel 2.1 plus kit.

Results: Of the analyzed specimens, 53.3% (10,406) tested positive for at

least one pathogen. Pediatric patients represented 72.5% of positive cases.

Rhinovirus/enterovirus (32%) was the most prevalent, followed by SARS-CoV-2

(16%), respiratory syncytial virus (RSV; 13%), and adenovirus (10%).

Conclusions: The study underscores the significant seasonality and age-

specific prevalence of RTIs, with winter peaks and a high incidence

of rhinovirus/enterovirus, SARS-CoV-2, RSV, and adenovirus. These results

emphasize the necessity of ongoing surveillance and targeted public health

interventions to manage RTIs e�ectively.

KEYWORDS

infectious disease epidemiology, multiplex PCR, respiratory viruses, seasonality, Saudi

Arabia

1 Background

Respiratory tract infections (RTIs) are one of the most common infections and are

a leading cause of morbidity and mortality worldwide. They can cause disease in all age

groups; nonetheless, children <5 years old, older adults, and individuals with underlying

morbidities are among the most vulnerable. Acute respiratory failure and acute respiratory

distress syndrome are serious conditions that can be brought on by respiratory infections.

While respiratory viruses such as rhinovirus, parainfluenza viruses, adenovirus, human

bocavirus, and seasonal coronaviruses are known to cause mild upper respiratory tract

infections, influenza A and B viruses and respiratory syncytial virus (RSV) account for

the majority of deaths and hospitalizations.

The COVID-19 pandemic has profoundly impacted the epidemiology of respiratory

viruses due to widespread public health interventions such as lockdowns, mask mandates,
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and social distancing (1–5). Several international studies have

examined RTI patterns during the COVID-19 era. Reports from

Taiwan and Switzerland found that, in addition to SARS-CoV-2,

rhinovirus/enterovirus remained the dominant pathogen despite

extensive public health measures, whereas influenza detection

declined significantly (1, 3). In contrast, a study conducted in

Turkey observed a sharp drop in influenza cases during the

pandemic, indicating regional variability in RTI trends (6). A

systematic review of global RTI prevalence also highlighted the

sustained circulation of rhinoviruses and enteroviruses, which were

less affected by pandemic interventions than other respiratory

viruses (7). In the Middle East, RTI epidemiological data remain

scarce. Studies from Lebanon and Qatar have reported high

rates of rhinovirus, influenza, and adenovirus infections among

hospitalized patients (8, 9).

Previous research from Saudi Arabia has focused primarily

on pediatric RTI cases, with findings indicating that RSV and

adenovirus were the most commonly detected pathogens in

children (10–12). However, few studies have comprehensively

analyzed RTI epidemiology across all age groups in the region,

particularly during the COVID-19 era.

The seasonality of respiratory infections is a well-documented

phenomenon and is impacted by a number of variables, such

as human behavior, virus features, and environmental influences

(10). In temperate regions, infections like influenza and the

common cold peak in winter, while in tropical areas, patterns

vary, often aligning with rainy seasons (11, 12). Cold temperatures

and low humidity enhance viral stability and transmission, while

increased indoor activity facilitates spread. Additionally, viruses

like influenza and RSV undergo genetic drift and shift, driving

seasonal outbreaks as immunity wanes (13).

In Saudi Arabia, respiratory infection seasonality is shaped by

its unique climate and cultural events, such as the annual Hajj

pilgrimage. A study of children with respiratory tract infections in

Riyadh (2013–2014) found viral pathogens in 24% of cases, with

RSV being most common and peaking in winter.

This study demonstrated the importance of viral pathogens

in RTIs, noting a peak in virus detection during the winter

months (14).

This emphasizes the need for continuous surveillance and

tailored public health interventions, especially considering the

country’s role as a host for large-scale religious gatherings, which

poses unique challenges for disease control and prevention.

In this study, the etiology and epidemiological parameters of

RTIs, including age and seasonality, in all patients tested using

multiplex polymerase chain reaction (PCR) in King Abdulaziz

Medical City in Riyadh, Saudi Arabia, between January 2021

and December 2022 were investigated. We aimed to evaluate the

age, gender, pathogen distribution, and seasonality of respiratory

pathogens during the COVID-19 pandemic.

2 Materials and methods

King Abdulaziz Medical City (KAMC) is part of the Ministry

of National Guard Health Affairs and is an advanced 2,500-bed

tertiary health facility located in Riyadh, Saudi Arabia. Respiratory

specimens, including nasopharyngeal swabs, bronchoalveolar

lavage, sputum, and tracheal aspirates, were collected from

patients presenting to our hospital with respiratory illness

from January 2021 to December 2022 and tested using the

BioFire Filmarray Respiratory Panel 2.1 plus (RP2.1 plus) kit

(BioFire R©Diagnostics, Salt Lake City, UT, USA) run on the

BioFire Torch System instrument as per the manufacturer’s

instructions. The RP2.1 plus kit is intended for the detection

and differentiation of nucleic acid from the following organisms:

Adenovirus, coronavirus 229E, coronavirus HKU1, coronavirus

NL63, coronavirus OC43, Middle East respiratory syndrome

coronavirus (MERS-CoV), severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), human metapneumovirus, human

rhinovirus/enterovirus, influenza A virus, influenza A virus A/H1,

influenza A virus A/H3, influenza A virus A/H1-2009, influenza

B virus, parainfluenza virus 1, parainfluenza virus 2, parainfluenza

virus 3, parainfluenza virus 4, respiratory syncytial virus, Bordetella

parapertussis, Bordetella pertussis, Chlamydia pneumoniae, and

Mycoplasma pneumoniae. The BioFire RP2.1 Plus assay utilizes

a nested set multiplex PCR to amplify and detect nucleic acid

sequences from multiple respiratory pathogens in a single test.

This method integrates sample preparation, nested amplification,

and detection into a streamlined process, enabling rapid and

accurate identification of viral and bacterial targets directly from

patient specimens. The BioFire RP2.1 Plus assay has demonstrated

high sensitivity and specificity across multiple studies (15–18).

According to a study by Leber et al., the assay shows a sensitivity

range of 95–100% and specificity exceeding 99% for most of

the pathogens it tests (17). In terms of cross-reactivity, the

design of the BioFire RP2.1 Plus assay minimizes this risk by

using unique primer and probe sets that are highly specific

to target pathogens. Independent evaluations, such as those

conducted by Poritz et al., have shown minimal cross-reactivity,

confirming the assay’s robustness against potential diagnostic

errors (15).

In this retrospective study, we reviewed our laboratory records

from KAMC for samples that were tested during the period

from January 2021 to December 2022. The study employed a

convenience sampling approach, as respiratory specimens were

included based on their availability in the hospital’s records and

their alignment with the study’s inclusion criteria. The etiology and

epidemiological parameters that were examined, were age, gender,

pathogen detected. and seasonality.

A total of 19,509 (7,484 in 2021 and 12,019 in 2022)

respiratory specimens were included in this study. To address

potential biases from repeat testing, samples collected from the

same patient within a 30-day period were excluded to ensure

each data point represented a unique infection event. The

study was approved by the King Abdullah International Medical

Research Center’s (KAIMRC) institutional review board (IRB)

(Approval No: IRB/0945/23). The study employed descriptive

statistical methods to elucidate the frequency and distribution

of respiratory pathogens identified in the specimens. Data

were tabulated and visualized using Microsoft Excel (Microsoft

Corporation. Redmond, Washington, United States) and PowerBI

(Microsoft Corporation. Redmond, Washington, United States).,

which facilitated the generation of pie and rainbow charts to
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illustrate the distribution of pathogens across different times and

demographic groups.

3 Results

A total of 19,509 respiratory samples across 2021 and 2022 were

tested. The demographic distribution of the patients, detailed in

Table 1, revealed a predominance of pediatric patients, comprising

72.5% of the study population. Regarding gender distribution,

males represented 53.9% (5,612) and females 46.1% (4,794) of

the cases. Of the specimens, 53.3% (10,406) tested positive for at

least one pathogen. Most of the samples were positive for one

pathogen (78.2%), while co-infections were seen in the remainder

of the samples (21.8%), where 18.3% had two pathogens, 3%

had three pathogens, and <1% had four or more pathogens

TABLE 1 Demographic characteristics and frequency of viral respiratory

infections by age group.

Demographic Number/frequency

Males 5,612 (53.9%)

Females 4,794 (46.1%)

Age group (in years)

0 to < 6 months 1,693 (16.2%)

6 months to 2 years 3,137 (30.1%)

3 to 7 years 1,944(18.6%)

8 to 17 years 795 (7.6%)

18 to 64 years 1,380 (13.2%)

≥ 65 years 1,457 (14%)

(Figure 1). The data on co-infections revealed layered complexity

within respiratory infections. While most patients had mono-

infections, the presence of multiple pathogens in over a fifth of the

positive cases presents a challenge for treatment due to potential

interactions between pathogens and their cumulative effect on the

patient’s condition.

3.1 Etiology of respiratory infections

Over the 2-year period in which this study was conducted,

rhinovirus/enterovirus were the predominant pathogens

throughout, comprising 32% (4,199) of all positive samples,

followed by SARS-CoV-2 (2097, 16%), respiratory syncytial virus

(RSV) (1,782, 13%), and adenovirus (1,358, 10%; Figure 2). There

were 931 (7%) cases of influenza A virus, 549 of which were caused

by the influenza A h3 variant, while 309 cases were caused by

the influenza A h1-2009 variant, and 73 cases were attributed

to non-typeable influenza A (Figure 2). There were 1,126 (8.5%)

parainfluenza virus cases. Parainfluenza 3 was the most common

parainfluenza (620, 55%) of all parainfluenza cases, followed by

parainfluenza 4 and 1 [231 (20.5%) and 212 (18.8%), respectively],

and there were only 63 cases (5.5%) of parainfluenza 2 (Figure 2).

3.2 Distribution of respiratory infections by
age group

The highest positivity rates were observed in pediatric patients

(72.5%), with the age group from 6months to 2 years old presenting

the highest positivity rate (30.1%; Figure 3). This suggests a higher

vulnerability or exposure within this demographic. Conversely, the

FIGURE 1

Percentage of respiratory co-infections. This horizontal bar chart represents the distribution of the percentage of di�erent organisms identified per

positive sample.

Frontiers in PublicHealth 03 frontiersin.org65

https://doi.org/10.3389/fpubh.2025.1492653
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Alzahrani et al. 10.3389/fpubh.2025.1492653

FIGURE 2

The percentage of di�erent respiratory viruses. The proportional distribution of positive samples for various respiratory pathogens.

8–17-year-old age group showed the lowest positivity rates among

all age groups (7.6%; Figure 3). This could be partially explained by

the completion of childhood vaccinations.

When clustered by age groups, rhinovirus/enterovirus

remained the most prevalent pathogen among the pediatric

groups (<6 months, 6 months to 2 years, 3–7 years, and 8–17

years). In the <6 months demographic, RSV was the second

most prevalent pathogen (522, 23.5%), followed by SARS-CoV-2

(238, 10%; Figure 3). Despite a large difference in their positivity

rate, those aged 6 months to 2 years and 3–7 years followed a

similar pattern, where adenovirus infections were the second most

common etiological agent of respiratory disease, trailed closely by

RSV. The majority of infections in the adult (18–64 years) and

older adult (≥65 years) populations were caused by SARS-CoV-2

(572, 39%) and then rhinovirus/enterovirus and influenza A

infections. Notably, all 15 MERS-CoV cases occurred in adult

patients (Figure 3).

3.3 Seasonal distribution

The monthly number of positive cases for each respiratory

pathogen is illustrated in Figure 4. Starting in October, there was a

sharp increase in the number of cases, with rhinovirus/enterovirus,

RSV, and SARS-CoV-2 being the dominant etiologies during these

months (Figure 4). During the month of November, SARS-CoV-

2 was overtaken by influenza and adenovirus infections, with

influenza B being the predominant influenza subtype, followed by

influenza A H1-2009, and then adenovirus. Rhinovirus/enterovirus

and SARS-CoV-2 consistently exhibited a constant presence,

showing the highest number of cases from January to September,

with SARS-CoV-2 peaking at its highest levels in January and

February and peaking again in June and July (Figure 4). The

differences in seasonal distribution and number of infections

between 2021 and 2022 could be partially explained by COVID-

19 restrictions in Saudi Arabia. COVID-19 restrictions, including

mandatory mask-wearing, were officially lifted on June 13, 2022.

This explains the increase in respiratory infections following this

restriction lift (Figure 4).

4 Discussion

This study provides a comprehensive analysis of the

epidemiology and seasonal patterns of respiratory infections

in Saudi Arabia during the COVID-19 era, utilizing multiplex

PCR technology. By examining data from 19,509 respiratory

samples collected between 2021 and 2022, we identified key trends

in pathogen prevalence, age-specific susceptibility, and seasonal

dynamics. The findings underscore the significant burden of

respiratory infections, particularly among pediatric populations,

and underscore the impact of public health interventions, such as

COVID-19 restrictions, on the transmission of respiratory viruses.

Our study revealed a pediatric predominance, with 72.5%

of samples coming from children, and a slight male majority

(53.9%). Overall, 53.3% of samples tested positive for at least one

pathogen, with single infections accounting for 78.2% of cases

and co-infections for 21.8%. These findings align with global

trends observed during the COVID-19 pandemic, particularly
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FIGURE 3

Distribution of respiratory pathogens by age group. This stacked bar chart presents the distribution of positive samples for various respiratory

pathogens across di�erent age groups.

the increased prevalence of co-infections following the easing

of pandemic restrictions. For instance, Maison et al. reported

a rise in co-infections among pediatric patients post-lockdown,

with single infections remaining predominant but multiple viral

detections becoming more common in 2021 and 2022 compared

to pre-pandemic levels (19). This similarity in findings underscores

the broader epidemiological shifts during the pandemic where

increased interactions and subsequent viral exposures may have

facilitated higher rates of co-infections.

The most frequently detected pathogens in our study were

rhinovirus/enterovirus (32%), SARS-CoV-2 (16%), RSV (13.6%),

and adenovirus (10.3%). Rhinovirus/enterovirus was particularly

prevalent in pediatric patients, especially those aged 6 months

to 2 years, while SARS-CoV-2 was more common in adults and

the adults aged 65 years and older. These findings are consistent

with global patterns reported during the pandemic, where

rhinoviruses/enteroviruses remained highly prevalent despite

public health measures aimed at curbing respiratory virus

transmission. Schüz et al. noted similar trends in their meta-

analysis, emphasizing the resilience of these viruses in the face

of widespread interventions (7). Furthermore, the systematic

review and meta-analysis by Dallmeyer et al. revealed that

rhinovirus/enterovirus and RSV were the most frequent pathogens

detected in pediatric patients, particularly among younger age

groups, underscoring the significant burden of these infections

even during a period dominated by SARS-CoV-2 (20). The

presence of these viruses in younger pediatric cohorts illustrates

the significant burden of these infections, even during a period

characterized by widespread public health interventions aimed at

reducing the spread of SARS-CoV-2.

Our findings are consistent with global observations, though

regional variations exist. For instance, a study from Qatar, reported

influenza as the leading cause of influenza-like illnesses (ILIs)

among adults, followed by rhinovirus and seasonal coronaviruses,

with RSV and human metapneumovirus (HMPV) showing

strong winter peaks (8). Similarly, Chen et al. found that

rhinovirus/enterovirus was the most common pathogen in Taiwan

during the pandemic, followed by adenovirus and SARS-CoV-

2, with co-infections accounting for 5.3% of cases (1). A report

from a tertiary hospital in Singapore during the early phase

of the COVID-19 outbreak identified rhinovirus as the leading

cause of community-acquired respiratory infections requiring

hospitalization, followed by influenza and seasonal coronaviruses

(5). These results underscore differences in etiological distribution

and detection methods across regions, while also aligning with

our observations and highlighting the global predominance of

rhinoviruses, even during a pandemic dominated by SARS-CoV-2.

The COVID-19 pandemic significantly altered the

epidemiology of respiratory infections. In Saudi Arabia,

comprehensive restrictions were implemented early in the
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FIGURE 4

The seasonal pattern of di�erent respiratory viruses in 2021 and 2022. The rainbow chart shows monthly positive samples for various respiratory

pathogens in 2021 (A) and 2022 (B).
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pandemic and gradually lifted by June 2022. Our study period

(2021–2022) captured both the height of these measures and

their subsequent relaxation. Notably, we observed a marked

increase in respiratory tract infections (RTIs) following the easing

of restrictions, particularly in the latter half of 2022. This rise

in RTIs, driven by pathogens such as rhinovirus/enterovirus,

RSV, and adenovirus, underscores the impact of public health

policies on disease transmission dynamics. Reduced social

distancing and preventive measures likely facilitated increased viral

spread, a trend mirrored globally as countries relaxed COVID-19

restrictions. Pre-pandemic studies in Saudi Arabia pointed out the

significant burden of respiratory infections, particularly among

children. A 2017 study reported over five million cases of acute

respiratory infections from 2012 to 2013, with more than 60%

occurring in infants under 1 year old. Similarly, our study found

that 46% of infections occurred in children under 2 years old,

with rhinovirus/enterovirus and RSV being the most common

pathogens. These findings suggest a persistent epidemiological

profile for these viruses over the years (21). More recent studies

from Saudi Arabia and neighboring regions have corroborated

these trends. For example, a study from Riyadh involving 503

pediatric patients under 5 years old identified RSV and influenza as

the most prevalent viruses, consistent with our findings. However,

the limited scope of PCR assays used in some studies, which

excluded pathogens like rhinovirus, may have underestimated

their prevalence (22). Farrag et al. also emphasized the impact of

mass gatherings, such as the Hajj pilgrimage, on respiratory virus

transmission, with rhinoviruses and influenza viruses being the

most common pathogens detected in Hajj returnees (23). These

findings align with global trends, where similar rises in RTIs were

documented post-COVID-19 restrictions, shedding light on the

dual impact of pandemic policies on both COVID-19 and other

respiratory infections.

Seasonal patterns were also evident, with respiratory infections

peaking in the colder months. Influenza and adenovirus cases

surged in November, while RSV activity increased from October,

peaking in winter. These observations align with studies from other

regions, such as Rousogianni et al., who reported similar winter

peaks for influenza A and adenovirus in Greece (24). The U.S. CDC

reported that RSV epidemics typically peak during winter, a pattern

initially disrupted by the COVID-19 pandemic but later returning

to its usual seasonal regularity (25). Similarly, a report from the

United Kingdom noted an increase in RSV cases during winter,

further corroborating our findings (26). A review by Moriyama

et al. highlighted that influenza, human coronaviruses, and RSV

are typically winter viruses, while rhinoviruses, adenoviruses,

and human metapneumoviruses circulate year-round (10). These

findings correlate with our study, where rhinovirus/enterovirus was

detected throughout the year, and influenza and RSV peaked in

winter. However, our observation that RSV activity began earlier

(October) and declined by February differs from a 2013–2014

Saudi Arabian study, which reported RSV peaks from December

to March. This discrepancy may stem from differences in detection

methods (multiplex PCR vs. DFA) and factors such as enhanced

surveillance, increased public awareness, and improved healthcare

access, all of which can influence epidemic timing and intensity

(14). Nonetheless, these consistent observations across different

regions underscore the robust seasonal dynamics of respiratory

viruses, particularly RSV, and validate the winter peaks identified

in our study. Saudi Arabia’s arid climate, characterized by extreme

temperatures and low humidity, may contribute to the observed

winter peaks. Lower humidity in colder months could enhance

viral stability and airborne transmission, while increased indoor

crowding during winter likely facilitates spread. Future studies

might further our understanding by incorporating meteorological

data with infection rates to give a fuller analysis of the factors

affecting respiratory virus transmission.

The significance of this research lies in its examination of

the distribution and seasonality of respiratory pathogens at a

time when global health systems were predominantly oriented

toward managing COVID-19. Particularly novel is the study’s

illumination of the seasonal distribution of these pathogens, and

to our knowledge the first and largest study from the middle east

to report the frequency and distribution of respiratory pathogens

using the Filmarray multiplex PCR technology, providing critical

data that diverge from the patterns noted in previous research

conducted prior to the pandemic (8, 9, 21, 23). This study has

several limitations. As a retrospective analysis using a single

multiplex PCR assay, it does not capture co-infections with

pathogens outside the Filmarray respiratory panel. Additionally,

the study was conducted at a single center, although the

large sample size (over 19,000 samples) strengthens its validity.

The lack of clinical severity markers, such as ICU admissions

or mortality rates, limits our ability to assess the disease

burden associated with detected pathogens. Future prospective

studies integrating laboratory data with clinical outcomes are

essential to fully understand the public health impact of

respiratory infections.

Our findings have significant implications for public health

strategies in Saudi Arabia. The observed winter peaks of RSV,

influenza, and adenovirus suggest that vaccination campaigns

should be prioritized in early autumn, particularly for high-risk

groups such as infants, older adults, and immunocompromised

individuals. Enhanced surveillance during mass gatherings, such

as the Hajj pilgrimage, could further mitigate transmission risks.

Additionally, understanding seasonal trends can help health

systems optimize resource allocation, staff levels, and medical

supplies during peak transmission periods.

The prominence of rhinovirus/enterovirus and RSV in

pediatric populations underscores the need for targeted

interventions, such as earlier and more frequent vaccinations

for young children. Public health communications should also

emphasize the importance of preventive measures, especially

during peak seasons, to reduce the burden of respiratory infections.

This study provides critical insights into the epidemiology

of respiratory viruses in Saudi Arabia during the COVID-19

era, delineating the prevalence, seasonality, and demographic

distribution of key pathogens. By leveraging multiplex PCR

technology, we have identified patterns that diverge from pre-

pandemic studies, reflecting the unique impact of COVID-19

on respiratory virus transmission. These findings fill important

knowledge gaps and offer a foundation for refining public health

strategies, improving disease surveillance, and enhancing clinical

management of respiratory infections in Saudi Arabia. Future

Frontiers in PublicHealth 07 frontiersin.org69

https://doi.org/10.3389/fpubh.2025.1492653
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Alzahrani et al. 10.3389/fpubh.2025.1492653

research integrating environmental and clinical data will further

advance our understanding of respiratory virus dynamics and

inform more effective interventions.
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Heparan sulfate proteoglycans
remodel SARS-CoV-2 spike
conformation to allow integrin
interaction and infection
of endothelial cells
Antonella Bugatti1†, Alberto Zani1†, Marta Bardelli 1,
Marta Giovanetti2, Cosetta Ravelli 3, Massimo Ciccozzi2,
Arnaldo Caruso1,4 and Francesca Caccuri1,4*

1Section of Microbiology, Department of Molecular and Translational Medicine, University of Brescia,
Brescia, Italy, 2Unit of Medical Statistics and Molecular Epidemiology, University Campus Bio-Medico
of Rome, Rome, Italy, 3Section of General Pathology, Department of Molecular and Translational
Medicine, University of Brescia, Brescia, Italy, 4Centre for Advanced Medical and Pharmaceutical
Research, “George Emil Palade” University of Medicine, Pharmacy, Science and Technology,
Targu Mures, Romania
SARS-CoV-2 infects ACE2-negative primary HL-mECs through the interaction of

an RGD motif, included in all spike proteins, up to the Omicron BA.1 subvariant,

with avb3 integrin. Following its entry, SARS-CoV-2 remodels ECs phenotype and

promotes angiogenesis in the absence of productive viral replication. Moreover,

lack of spike/avb3 interaction, occurring in Omicron BA.5 which contains the

D405Nmutation in the RGDmotif, inhibits HL-mECs infection and dysfunction. It

is worth noting that anti-spike antibodies do not impact SARS-CoV-2 entry into

HL-mECs. This data highlights the fact that i) the RGDmotif is not exposed in the

entire spike protein and ii) the need of a cofactor favoring spike/avb3 interaction.
HSPGs are used by different viruses as receptors and coreceptors for their entry

into host cells. Here, we use different approaches to scrutinize the role exerted by

HSPGs in favoring SARS-CoV-2 infection of ECs. We highlight HSPGs as key

molecules responsible for RGD exposure allowing its binding to the avb3 integrin
as the first step toward viral entry by endocytosis. Indeed, SPR analysis showed

lack of spike/avb3 interaction in the absence of heparin. This data was further

corroborated by immunofluorescence and infectivity assays. Interestingly, the

use of Heparinase III or sodium chlorate counteracts the release of

proangiogenic molecules and inhibits signaling pathways induced by SARS-

CoV-2 infection. Thus, HSPGs may represent a target for preventing SARS-

CoV-2 infection of ECs and EC dysfunction-related COVID-19 severity.
KEYWORDS

SARS-CoV-2, heparan sulphates, integrins, angiogenesis, vonWillebrand factor, FAK-Src
and Erk signaling pathway
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infections have been mainly associated with local bronchopulmonary

symptoms (Su et al., 2021; Rabaan et al., 2023). However, 20% of

these infections leads to life-threatening respiratory, cardiac, renal,

and cerebral injury (Odilov et al., 2021; Rabaan et al., 2023). These

severe forms of disease induce an inflammatory status with a strong

microvascular involvement driven by the endothelial cells (ECs)

response to the infection (Canale et al., 2022). EC activation results

in elevated levels of pro-inflammatory cytokines, chemokines, pro-

angiogenic and anti-thrombotic factors in critical patients (Oxford

et al., 2020). Indeed, it has been shown that the disruption of vascular

homeostasis, secondary to EC damage, contributes to systemic

proinflammatory state and multiorgan involvement observed in

COVID-19 disease (Giordo et al., 2021).

Several studies demonstrated that SARS-CoV-2 infects lung

ECs both in vivo and in vitro (Liu F. et al., 2021). We proved that

SARS-CoV-2 infects primary human lung microvascular ECs

(HL-mECs), which do not express ACE2, by using an endocytic

pathway (Bugatti et al., 2022). In particular, we showed that the

Arg-Gly-Asp (RGD) motif expressed in the receptor binding

domain (RBD) of the spike protein, at amino acid (aa) position

403-405, is responsible for SARS-CoV-2 entry into HL-mECs

through a specific avb3 integrin interaction, giving rise to

inflammatory and angiogenic responses (Bugatti et al., 2022). It

is worth noting that the latest Omicron sublineages were found to

differ from all previous SARS-CoV-2 VOCs for displaying a

D405N mutation in their spike protein (Tuekprakhon et al.,

2022; Bugatti et al., 2023), which impairs SARS-CoV-2/avb3
integrin interaction, thus impeding EC infection and

dysfunction (Bugatti et al., 2023).

Antibodies recognizing the epitope containing the RGD motif,

even those evocated by BNT162b2 vaccination, demonstrated a

negligible effect in neutralizing the live virus (Nitahara et al., 2021;

Bugatti et al., 2022). This is due to the knowledge that the RGD

motif is not exposed on the surface of the RBD neither in its “up”

nor “down” conformation (Nitahara et al., 2021). Moreover,

microscale accelerated molecular dynamic (MD) simulations

showed that neither the RGD motif nor its microenvironment

exhibit any significant conformational shift in the RBD structure

able to acquire an optimal geometry for its interaction with

integrins (Othman et al., 2022). These data lead to the hypothesis

that, in order to expose and obtain the optimal geometry of the

RGD motif in its spike, SARS-CoV-2 needs a cofactor.

Heparan sulfates (HSs) are linear polysaccharide chains

found on the surface of cells and play a critical role in several

biological processes (Sarrazin et al., 2011), including viral

attachment (Madu et al., 2007; Cagno et al., 2019; Koganti et al.,

2021). Viruses use HS interaction to improve their chances of
Abbreviations: SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus

2; HSPGs, Heparan sulfate proteoglycans; SPR, Surface plasmon resonance; ECs,

endothelial cells; COVID-19, Coronavirus disease 2019; RBD, receptor binding

domain; RGD, Arg-Gly-Asp.
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binding to specific receptors expressed on the surface of host cells

(Cagno et al., 2019). In particular, in the context of coronavirus, it

has been demonstrated that SARS-CoV-2 attachment and infection

involves HS-dependent enhancement of binding to ACE2 (de Haan

et al., 2005; Clausen et al., 2020; Zhang et al., 2020; Liu L. et al.,

2021), through conformational changes leading to RBD better

exposure, thus serving as coreceptors in facilitating viral infection

(Milewska et al., 2014; Clausen et al., 2020; Kim et al., 2020;

Mycroft-West et al., 2020; Kalra and Kandimalla, 2021; Tandon

et al., 2021; Kearns et al., 2022). These data indicate that molecules

disrupting HSs/spike interaction may represent novel therapeutics

against COVID-19 (Yu et al., 2021). Interestingly, it has also been

suggested that SARS-CoV-2 variants evolve to be more dependent

on HSs for viral attachment and infection (Kim et al., 2023).

Here, we scrutinize the role played by heparan sulfate

proteoglycans (HSPGs) in promoting avb3 integrin-mediated

entry of SARS-CoV-2 into HL-mECs. We highlight HSPGs as key

molecules for the first step toward viral entry by integrin-mediated

endocytosis. Moreover, inhibition of HSPGs/spike interaction was

sufficient to inhibit the SARS-CoV-2-sustained ECs dysfunction

and related signaling pathways.
Materials and methods

Reagents

Recombinant trimeric Omicron BA.1 and Omicron XBB.1.5

spike proteins were purchased from BPS Bioscience (San Diego,

CA, USA). The proteins were purified from HEK293 cells with a

purity ≥ 90% and run at a higher molecular weight by SDS-PAGE due

to glycosylation; anti-phospho-extracellular signal-regulated kinase 1/

2 (pERK) and anti-total ERK1/2 (tERK) antibodies were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-

phospho-focal adhesion kinase (pFAK), anti phospho-Src (pSrc),

anti-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and anti-total Src (tSrc) were purchased from Cell Signaling

Technology (Danvers, MA, USA); recombinant human integrin

alphaV beta3 (avb3), sodium chlorate, Heparinase III and heparin

sodium salt from porcine intestinal mucosa were purchased from

Merck (Darmstadt, Germany). Human avb3 integrin antibody was

purchased from Bio-Techne (Minneapolis, MN, USA).
Cells

African green monkey kidney Vero E6 cell line was obtained

from Istituto Zooprofilattico Sperimentale della Lombardia

e dell’Emilia Romagna (Brescia, Italy) and maintained in

Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo

Fisher Scientific, Waltham, MA, USA) supplemented with 10%

fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific). Human

lung microvascular endothelial cells (HL-mECs) were purchased

from Lonza (Basel, Switzerland) and cultured in EGM-2 (Lonza),

containing 10% FBS.
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Biacore

Surface Plasmon Resonance (SPR) measurements were

conducted on a Biacore X100 (Cytiva, MN, USA) at 25°C. For the

study of spike proteins/heparin interaction, biotinylated heparin

was immobilized onto a SA sensor chip containing pre-immobilized

streptavidin, allowing the immobilization of 186 resonance units

(RU). A sensor chip pre-coated with streptavidin alone was used to

evaluate nonspecific binding and for blank subtraction (Bugatti

et al., 2007). Increasing concentrations of trimeric SARS-CoV-2

spike proteins belonging to Omicron BA.1 or Omicron XBB.1.5

sublineages in 10 mM HEPES, pH 7.4 containing 150 mM NaCl, 3

mM EDTA, and 0.005% surfactant P20 (HBS-EP+, running buffer)

were injected over the heparin or streptavidin surfaces for 4 min

and then washed until dissociation. After each run, the sensor chip

was regenerated by injection of 2.0 M NaCl in HBS-EP+. Kinetic

parameters of the interactions were calculated from the sensorgram

overlays by using the nonlinear fitting single-site model software

package BIAevaluation (version 3.2 [Cytiva]). For spike proteins/

avb3 interaction, 20 µg/ml of recombinant integrin was

immobilized onto a CM5 sensor chip using standard amine-

coupling chemistry allowing the immobilization of 996 resonance

units, equal to 5,24 x 10-9 pmol/mm2 of avb3. A sensor chip alone

was used to evaluate nonspecific binding and for blank subtraction

(Rusnati et al., 2001). Trimeric SARS-CoV-2 Omicron BA.1 or

Omicron XBB.1.5 spike proteins, were diluted in running buffer and

injected alone or in the presence of free heparin (10 µg/ml) over the

surface for 4 min and then washed until dissociation.
Viral infection

Infections were carried out as previously described (Bugatti

et al., 2023), using the clinical SARS-CoV-2 isolates belonging to

Omicron BA.1 (GISAID accession number: EPI_ISL_15700833), or

Omicron XBB.1.5 (GISAID accession number: EPI_ISL_19500251)

sublineages. The viruses were propagated in Vero E6 cells and the

viral titer was determined by a standard plaque assay. All the

experiments were performed with a single viral inoculum. Mock-

infected cell cultures were obtained from uninfected cells (NI),

processed exactly as the SARS-CoV-2-infected ones. All the

infection experiments were carried out in a biosafety level-3 (BSL-

3) laboratory at a Multiplicity of Infection (MOI) of 1. Where

indicated, to inhibit the sulfation of cell-associated HS chains, HL-

mECs cells were grown for 48 h in presence of sodium chlorate (50

mM). Alternatively, cells were incubated for 1 h at 37°C with

Heparinase III (15 mU/ml in phosphate-buffered saline [PBS],

Merck) before experimentation.
Viral RNA extraction and qRT−PCR

RNA was extracted from infected cells using the RNeasy

Plus mini kit (Qiagen, Hilden, Germany), according to the

manufacturer’s instructions. RNA was eluted in 30 ml of RNase-
Frontiers in Cellular and Infection Microbiology 0374
free water and stored at -80°C until use. The qRT-PCR was carried

out following previously described procedures (Bugatti et al., 2023).

Each quantification was run in triplicates.
Immunofluorescence assay

For the evaluation of spike-avb3 localization, HL-mECs were

seeded (5 x 104 cells per well) on collagen-coated 8-well chamber

slides (Thermo Fisher Scientific) in complete medium. After 24 h,

cells were incubated at 4°C for 1 h in complete media containing

100 ng/ml of recombinant Omicron BA.1 and XBB.1.5 spike

proteins. After incubation, cells were washed, fixed with 4% PFA

in PBS for 10 min and saturated with 3% BSA in PBS. For staining,

the cells were incubated for 1 h at 4°C with a human serum (1:1000

dilution) containing IgG against SARS-CoV-2 spike protein and

with mAb against avb3 integrin (1 µg/ml; Bio-techne) followed by

Alexa Fluor 488-conjugated anti-human IgG or Alexa Fluor 594-

conjugated anti-mouse IgG (Thermo Fisher Scientific). Nuclei were

counterstained with DAPI (Merck). To evaluate the viral antigen in

HL-mECs after infection, the cells were seeded (5 x 104 cells per

well) on collagen-coated 8-well chamber slides (Thermo Fisher

Scientific) and infected with SARS-CoV-2 isolates belonging to

Omicron BA.1 or Omicron XBB.1.5 sublineages, as previously

descr ibed. After infect ion, cel l s were fixed with 4%

paraformaldehyde in PBS for 10 min and stained with an anti-

spike protein antibody as previously described (Bugatti et al., 2022).

Cells were photographed under a Zeiss Axiovert 200 M

epifluorescence microscope equipped with a Plan-Apochromat

63x/1.4 NA oil objective (Zeiss Axiovert 200M system).
Spheroids

Spheroids were generated by mixing HL-mECs (1 x 105 cells/

ml) with 5 mg/mL of methylcellulose (Merck) in EGM-2 medium

containing 10% FBS, making the final volume to 10 ml. The cells

(100 µl/well) were then added to 96-well plates (Greiner Bio-one,

Kremsmünster, Austria) and incubated at 37°C and 5% CO2 for

24 h. Separately, the collagen I gel solution (Rat tail, Corning, NY,

USA) was maintained on ice and neutralized by adding NaOH 0.1

N and PBS 10X to a final pH of 7.4. Then, 24-well plates were coated

with neutralized collagen (150 µl/well) and incubated in a

humidified 5% CO2 incubator for 1 h at 37°C. The spheroids

from 96-well plates were collected in eppendorf tubes and

centrifuged at 2,000 x rpm for 10 s. When a clear pellet was

distinguished, the supernatant was removed, and the pellet was

kept in a volume of about 150 µl collagen I-neutralized solution.

Each collagen-spheroid mixture was rapidly added to the pre-

coated 24-well plates (200 µl/well) and incubated for 1 h. After

1 h, 500 µl of EGM-2 containing 10% FBS, was added to the wells to

completely cover the surface and plates were further incubated for

24 h. Where indicated, HL-mECs cells were grown for 48 h in

presence of sodium chlorate or alternatively, ECs were incubated for

1 h at 37°C with Heparinase III before experimentation. Sprouting

occurred from the spheroid core, photographed with a Hitachi KP-
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D50 camera (Hitachi Ltd., Tokyo, Japan), and the number of

sprouts was counted with the spheroids of similar sizes from

three different wells of the plate.
Microarray analysis

Supernatants from infected treated and not treated HL-mECs

were collected at 3 days post infection (p.i.), clarified and analyzed

for the expression of 55 different angiogenesis-related proteins by

Human Angiogenesis Array Kit (Proteome Profiler, R&D systems,

Minneapolis, USA) according to the manufacturer’s instructions.
Fluorescent vWF expression and
quantification

HL-mECs were nucleofected with a mCherry-vWF expressing

plasmid (Bugatti et al., 2020) by using the Amaxa Nucleofector

Technology (Lonza). Twenty-four h after nucleofection, HL-mECs

were infected with SARS-CoV-2 belonging to Omicron BA.1

lineage and the fluorescence was analyzed at different time points

(1, 3, 6 and 24 h p.i.). When reported, HL-mECs were treated with

sodium chlorate and Heparinase III, for 48 h or 1 h respectively,

before the SARS-CoV-2 infection. Nuclei were counterstained with

DAPI (Merck). Fluorescence was analyzed using a Zeiss Axiovert

200 M epifluorescence microscope equipped with a Plan-

Apochromat 63x/1.4 NA oil objective (Zeiss Axiovert 200M

system). The number of puncta per cell was quantified using

Image J software (Fiji, NIH, Bethesda, USA), by counting vWF-

positive puncta in 20 cells/experiment. Error bars represent the

standard deviation calculated as the mean of 3 independent

experiments with similar results.
Human vWF ELISA array

Supernatants from mCherry-vWF expressing plasmid

nucleofected and SARS-CoV-2 infected HL-mECs were collected

at different time points (1, 3, 6 and 24 h p.i.), clarified and analyzed

for the level of secreted vWF by Human vWF ELISA Kit (Merck)

according to the manufacturer’s instructions.
Signaling pathways activation assay

HL-mECs were infected with SARS-CoV-2 belonging to

Omicron BA.1 or XBB.1.5 sublineages as previously described

and 1 h p.i. the cells were lysed in 50 mM Tris-HCl pH

7.4 containing 150 mM NaCl, 1% Triton X-100, 1 mM

Phenylmethylsulfonyl fluoride (PMSF) and Protease Inhibitor

Cocktail (Merck) and centrifuged. Twenty µg of total proteins

were analyzed on SDS-12% PAGE followed by Western blotting

with anti-pFAK, anti-p-Src and anti-pERK antibodies. Equal
Frontiers in Cellular and Infection Microbiology 0475
loading of the lanes was confirmed by immunoblotting with anti-

tSrc, anti-tERK or anti-GAPDH antibodies. The intensity of the

pSrc, pERK and pFAk signal was quantified and normalized to the

intensity of the corresponding tSrc, tERK and GAPDH band using

Image J software.
Monitoring of recent SARS-CoV-2 strains
with reverse mutation S405D and
phylogenetic analysis

A total of 1083 SARS-CoV-2 whole-genome sequences,

carrying all four mutations of interest (D405D, D405N, N405S),

as well as recent strains with the reverse mutation S405D, selected

based on the availability of comprehensive associated metadata,

were analyzed in this study. Each sequence was aligned using the

ViralMSA tool (Moshiri, 2021). For phylogenetic analysis, we

employed IQ-TREE2 (Minh et al., 2020) with a maximum

likelihood approach. To provide a temporal framework, we then

used TreeTime (Sagulenko et al., 2018) to transform the raw

maximum likelihood tree into a dated tree, applying a constant

mean substitution rate of 8.0 x 10-4 nucleotide substitutions per site

per year. This temporal calibration, after excluding outlier

sequences, allowed us to place each sample in a chronological

context, enhancing our understanding of the timing and

dynamics of viral spread.
Statistical analysis

Data were analyzed for statistical significance using the

Student’s two-tailed t-test or one-way ANOVA when appropriate.

Bonferroni post-test was used to compare data. Differences were

considered significant when P < 0.05. Statistical tests were

performed using Prism 8 software (GraphPad Software, La Jolla,

CA, USA).
Results

HSPGs mediate spike/avb3 interaction

The RGD motif is not exposed on the surface of the RBD

domain of the entire spike protein (Nitahara et al., 2021). It is worth

noting that the optimal RBD conformation for ACE2 binding is

promoted by HSPGs/spike interaction (Clausen et al., 2020).

Previously, we demonstrated that the RBD domain of Omicron

BA.1 endowing the RGD motif, but not the one belonging to

Omicron BA.5 carrying the D405N mutation, directly interacts

with avb3 (Bugatti et al., 2023). To assess whether a correct three-

dimensional configuration of the entire trimeric spike protein of

SARS-CoV-2 is required to bind the avb3 integrin, the latter was

immobilized on a CM5 sensor chip. Two recombinant trimeric

SARS-CoV-2 spike proteins were used; one belonging to Omicron
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BA.1, displaying the RGD motif, (BA.1 spike) and the other

belonging to Omicron XBB.1.5, displaying the mutated RGN

domain, (XBB.1.5 spike). The RBD domains of Omicron BA.1

and XBB.1.5 (BA.1 RBD and XBB.1.5 RBD, respectively) were

used as control of interaction. Interestingly, as shown in

Figure 1A, right panel, the trimeric SARS-CoV-2 spike protein

belonging to the Omicron BA.1 lineage, differently from its RBD

counterpart (Figure 1A, left panel), did not show any interaction

with immobilized avb3 integrin. As expected, trimeric Omicron

XBB.1.5 spike protein (Figure 1A, right panel), as well as its RBD

domain (Figure 1A, left panel), is not capable of binding avb3
integrin. Based on this evidence, we hypothesized that to convert

the RBD from inaccessible to accessible conformation and to expose

the RGD motif, SARS-CoV-2 spike protein needs a cofactor. Past

work shows that HSPGs, abundant components of the extracellular

matrix (ECM) (Hassan et al., 2021), binds to spike proteins and

increase the number of spike RBDs in the up conformation (Zhang

et al., 2024). Thus, we speculate that HSPGs may act as cofactors

favoring spike/avb3 interaction. To test this hypothesis, we used an

SPR model that mimics the binding of proteins to cell surface-

associated HSPGs immobilizing biotinylated heparin on the sensor

chip. As shown in Figure 1B, both BA.1 and XBB.1.5 spike proteins

interact with immobilized heparin (left panel and right panel,
Frontiers in Cellular and Infection Microbiology 0576
respectively), in a dose-dependent manner. The sensorgram

overlay allowed the calculation of association (kon) and

dissociation (koff) rates and of Kd (as koff/kon ratio) value. Kinetic

parameters of spike proteins/heparin interaction are reported in

Table 1. Equilibrium binding data were used to generate the

saturation curve and scatchard plot regression (inset panels in

Figure 1B) and to calculate a Kd value independent from kinetic

parameters (Table 1). This evidence prompted us to deeply

scrutinize whether spike/heparin interaction could induce the

exposure of the RGD motif thus allowing its interaction with

avb3 integrin. Interestingly, as shown in Figure 1C, BA.1 spike

protein (left panel, red line) acquired the capacity to bind the

immobilized avb3 when injected in the presence of soluble heparin.

On the contrary, no interaction was observed between immobilized

avb3 and XBB.1.5 spike (left panel, black line), carrying the mutated

RGD motif, in the presence of heparin (Figure 1C). Antibody

against avb3 (black line) was used as positive control of surface

specificity while soluble heparin alone (green line) was used as

negative control of interaction (Figure 1C, right panel). This result

confirmed the hypothesis that HSPGs act as a cofactor that promote

the RBD open conformation and the exposure of the RGD motif in

SARS-CoV-2 Omicron BA.1 spike protein allowing its interaction

with avb3 integrin.
FIGURE 1

Heparin mediates SARS-CoV-2 Omicron BA.1 interaction with avb3 integrin. (A) BA.1 (blue line) and XBB.1.5 (purple line) RBDs or BA.1 (red line) and
XBB.1.5 (black line) spike proteins were injected onto avb3 surface at a single concentration. (B) Sensogram overlay showing the binding of increasing
amounts of BA.1 (range from 6.25 to 100 nM, left panel) and XBB.1.5 (range from 1.56 to 25 nM, right panel) spike proteins to heparin surface. The
response, in resonance units (RU), was recorded as a function of time. Inset of left and right panels: equilibrium binding data generate the saturation
curve and scatchard plot regression. (C) BA.1 (red line, left panel) and XBB.1.5 (black line, left panel) spikes were co-injected with heparin onto the
avb3 surface. Antibody against avb3 (black line, right panel) and soluble heparin alone (green line, right panel) were injected as control.
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To further confirm the SPR experiments, an immunofluorescence

(IF) assay was performed. For this purpose, HL-mECs were incubated

for 1 h at 4°C with recombinant SARS-CoV-2 Omicron BA.1 and

Omicron XBB.1.5 spike proteins and then fixed before being stained

with antibodies against the spike proteins (green signal) and avb3
integrin (red signal). As shown in Figure 2A, BA.1 spike protein

localized on the surface and along the contour of the cell at the integrin

signal (left panel), whereas the XBB.1.5 spike protein localized on the

surface of the HL-mECs only, and was not localize along the integrin

signal (Figure 2B, left panel). This result demonstrates that both BA.1

and XBB.1.5 proteins bind to HSPGs, but only the BA.1 spike protein

is also able to interact with avb3 integrin via its RGDmotif. When HL-

mECs were pretreated with sodium chlorate, no surface signal was

observed for both BA.1 and XBB.1.5 spike proteins (Figures 2A, B,

middle panel, respectively), thus confirming that HSPGs are involved

in the attachment of SARS-CoV-2 spikes to the ECs. To assess whether

soluble heparin was able to rescue the ability of the spike proteins to
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bind avb3 integrin in HL-mECs pretreated with sodium chlorate, BA.1

and XBB.1.5 spike proteins were pre-incubated with soluble heparin

(10 µg/ml) at 37°C for 1 h and then incubated for 1 h at 4°C on HL-

mECs. As shown in Figure 2A (right panel), the localization of BA.1

spike protein was overlapping with that observed in untreated HL-

mECs, indicating an interaction between BA.1 and avb3 integrin. As
expected, XBB.1.5 spike protein was not observed on the surface of

HL-mECs not expressing HSPGs (Figure 2B, right panel). Taken

together, our data confirmed the ability of heparin/HSPGs to

promote the exposure of the RGD motif in the BA.1 spike protein,

allowing its subsequent binding to the avb3 integrin.
HSPGs mediate Omicron BA.1-HL-mECs
infection

SPR and IF experiments demonstrated that the trimeric spike/

integrin interaction depends on the presence of HSPGs. To verify in

vitro that HSPGs are indispensable to promote SARS-CoV-2

attachment and infection of HL-mECs, Heparinase III or sodium

chlorate pretreated-HL-mECs were infected with 1 MOI of

authentic SARS-CoV-2 belonging to Omicron BA.1 lineage.

SARS-CoV-2 Omicron XBB.1.5 lineage, carrying the D405N

mutation, was used as a negative control of infection.
FIGURE 2

HSPGs mediate SARS-CoV-2 Omicron BA.1 interaction with avb3 integrin on HL-mECs. HL-mECs were incubated with recombinant Omicron SARS-
CoV-2 BA.1 (A, left panel) or XBB.1.5 (B, left panel) spike proteins (rBA.1 and rXBB.1.5, respectively) for 2 h at 4°C, then washed and fixed with 4% PFA
in PBS. For staining, cells were incubated for 1 h at 4°C with a human serum containing IgG to SARS-CoV-2 or anti-avb3 antibody followed by Alexa
Fluor 488-conjugated anti-human IgG or Alexa Fluor 594-conjugated anti-mouse IgG, respectively. Nuclei were counterstained with DAPI. Images
display SARS-CoV-2 spike signal in green, avb3 signal in red and cell nuclei in blue. HL-mECs were pretreated with sodium chlorate, incubated with
rBA.1 (A, middle panel) and rXBB.1.5 (B, middle panel) and decorated as described above. After all, pretreated sodium chlorate-HL-mECs were
incubated with a mix solution of rBA.1 (A, right panel) or rXBB.1.5 (B, right panel) spike proteins and soluble heparin (preincubation at 37°C for 1 h)
and decorated as above. Scale bar, 20 µm.
TABLE 1 Kinetic and affinity parameters of SARS-CoV-2 Omicron BA.1
and XBB.1.5 spike proteins on immobilized Heparin.

Kon (1/Ms) Koff (1/s) Kd (M) Kdeq (M)

Omicron BA.1 3.137 x 105 0.5616 1.790 x 10-6 8.807 x 10-7

Omicron XBB.1.5 2.425 x 105 0.02681 1.105 x 10-7 6.022 x 10-7
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Twenty-four h p.i., SARS-CoV-2 viral genome and protein

expression were evaluated by quantitative real-time PCR and

indirect IF assay, respectively. As shown in Figure 3A,

quantification of intracellular SARS-CoV-2 RNA showed a

significant reduction of viral RNA in Heparinase III- and sodium

chlorate-pretreatedHL-mECs as compared to SARS-CoV-2 Omicron

BA.1-infected ones. As expected, Omicron XBB.1.5 did not infect

HL-mECs. Similar results were obtained by evaluating viral protein

expression in HL-mECs by IF. As shown in Figure 3B, the presence of

SARS-CoV-2 spike protein was observed in Omicron BA.1-infected

HL-mECs, whereas viral protein expression was not observed in

Heparinase III and sodium chlorate pretreated-cells, as well as in

Omicron XBB.1.5 infected-ones. Quantification of the spike-related

fluorescence in Omicron BA.1-infected cells pretreated with HSPGs

inhibitors confirmed the absence of viral proteins (Figure 3C). Taken

together, these findings demonstrate that the binding of SARS-CoV-2

spike protein to HSPGs on the cell surface is indispensable to expose

the RGD motif thus allowing its interaction with ECs and promoting

virus infection.
HSPGs are favor Omicron BA.1-induced
angiogenic phenotype

To scrutinize the role of HSPGs in Omicron BA.1-induced

angiogenesis, we took advantage of the spheroid assay, a three-

dimensional (3D) cell model that mimics in vivo sprouting

angiogenesis (Caccuri et al., 2021). To this end, 3 days p.i., HL-
Frontiers in Cellular and Infection Microbiology 0778
mECs infected with SARS-CoV-2 belonging to Omicron BA.1 and

Omicron XBB.1.5 sublineages, pretreated or not with sodium

chlorate or Heparinase III, were collected to generate spheroids

(Chiodelli et al., 2011). As shown in Figure 4A, after 24 h of

observation, non-infected spheroids (NI) did not develop any

sprout while in SARS-CoV-2 Omicron BA.1-infected spheroids

(Omicron BA.1) a consistent outgrowth of sprouts was observed.

The effect of Omicron BA.1 infection on sprouting angiogenesis was

found to be superimposable to that observed upon FGF-2

treatment, representing the positive control. Interestingly,

spheroids generated by using HSPGs inhibitors-pretreated cells

infected with Omicron BA.1, showed a dramatic reduction of

vessel outgrowth (Figure 4A). Once again, the Omicron XBB.1.5

virus, carrying the RGN motif, was not able to gain access into ECs

and to induce pro-angiogenic activity.

In order to understand whether HSPGs inhibition was

impacting ECs pro-angiogenic functions upon Omicron BA.1

infection, we analyzed the infected-HL-mECs secretome at day 3

p.i., by using a human angiogenic array. As expected, SARS-CoV-2

Omicron BA.1 triggered the secretion of different pro-angiogenic

molecules, in particular Interleukin-8 (IL-8), Fibroblast growth

factor-2 (FGF-2), Angiopoietin-2 (Ang2), Endothelin-1 (ET-1)

and dipeptidyl-peptidase IV (DPPIV) (Figure 4B, dark blue bars).

The release of these factors was strongly inhibited by sodium

chlorate or Heparinase III pretreatment of HL-mECs (Figure 4B,

light blue and azul bars, respectively) confirming that lack of HSPGs

on HL-mECs inhibits viral infection and the release of angiogenic

factors in the microenvironment.
FIGURE 3

HSPGs are indispensable to mediate Omicron BA.1-HL-mECs infection. HL-mECs were pretreated with Heparinase III and sodium chlorate for 1 h
and 48 h at 37°C, respectively. After treatment, the cells were infected with Omicron BA.1 and Omicron XBB.1.5 at a MOI of 1 for 1 h at 37°C, then
washed and cultured until day 1 p.i. (A) The graph shows quantification of SARS-CoV-2 genomes at the intracellular level by qRT-PCR. At least three
replicates were performed. Data are representative of two independent experiments with similar results. Statistical analysis was performed by one-
way ANOVA (**p = 0.0023). (B) HL-mECs were fixed, permeabilized, and saturated with BSA. For staining, cells were incubated for 1 h at 37°C with a
human serum containing IgG to SARS-CoV-2 and followed by Alexa Fluor 488-conjugated anti-human IgG. Nuclei were counterstained with DAPI.
Images display SARS-CoV-2 signal in green and cell nuclei in blue (scale bar, 20 µm). (C) Spike-related fluorescent area was quantified in 20-30
Omicron BA.1-infected cells pretreated or not with sodium chlorate or Heparinase III and subtracted from not-infected cells fluorescence signal.
Decrease of spike-related fluorescence in pretreated cells with sodium chlorate or Heparinase III Omicron BA.1 infected-cells was related to
Omicron BA.1 signal and was expressed as fold change. Statistical analysis was performed by unpaired t-test (****p < 0.0001).
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SARS-CoV-2 induces accumulation and
degradation of von Willebrand factor into
ECs

Some viruses, such as Kaposi sarcoma-associated herpesvirus

(KSHV) induce the release of IL-8, Ang2, ET-1, and vonWillebrand

factor (vWF) in ECs (Ye et al., 2013). Furthermore, it has been

shown that SARS-CoV-2 spike protein induces the release of vWF

from ECs (Li et al., 2022). Interestingly, we found the presence of

IL-8, Ang2 and ET-1 in SARS-CoV-2-infected HL-mECs

secretome. This finding led us to investigate whether the

authentic virus was able to induce the storage and the release of

vWF which is known to exert multiple vascular roles in ECs

including angiogenesis (Starke et al., 2011). To this aim, a

mCherry-vWF-expressing plasmid was used to nucleofect ECs

and to monitor vWF accumulation in Weibel Palade Bodies

(WPBs) in Omicron BA.1 infected-HL-mECs at different time

points (1, 3, 6, and 24 h p.i.). As shown in Figure 5A, upon

SARS-CoV-2 infection, Omicron BA.1 infected-HL-mECs

(Omicron BA.1) showed an increase of vWF accumulation until 6

h p.i. and a decrease at 24 h p.i., as compared to NI cells. To evaluate

if the amount of vWF observed in infected HL-mECs was secreted

in the extracellular environment or degraded upon time, we

quantified the amount of vWF in cell supernatants by an ELISA

array. As shown in Figure 5B, there was no difference in the quantity

of vWF found in infected or NI cells at 1, 3 and 6 h p.i. Interestingly

at 24 h p.i., a significant amount of secreted vWF was observed in

the supernatants of NI cells as compared to the infected ones. These

data suggest that the accumulated vWF, observed in infected-HL-

mECs, is not released into the extracellular environment, but it is

likely to be degraded within cells. As expected, in NI cells after its

accumulation vWf is released within 24 h of observation
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(Figure 5B). vWF decrease observed in our results could be

related to the strong expression of the angiogenic factors

previously described in HL-mECs secretome, as already shown

for Ang2 (Randi et al., 2018).

To further scrutinize the direct involvement of virus entry in

vWF accumulation and degradation, we pretreated HL-mECs with

HSPGs inhibitors before SARS-CoV-2 infection. As shown in

Figure 5C, pretreatment with sodium chlorate or Heparinase III

strongly inhibited (78% and 71%, respectively) vWF accumulation

into infected HL-mECs demonstrating that the block of viral

binding to HSPGs and subsequently to integrin, directly

correlates with vWF presence in WPBs. Taken together, our data

demonstrate that cytoplasmic vWF increase upon SARS-CoV-2

infection is specific and depends on the virus entry.
SARS-CoV-2 promotes angiogenesis
through the activation of FAK/Src/ERK
signaling pathways

The binding to integrin receptors activates tyrosine kinase

signaling pathways, leading to phosphorylation of FAK, and Src

(Ye et al., 2013). In particular, avb3 integrin promotes signaling

events necessary for vascular cell survival, thereby facilitating the

induction and/or maintenance of the angiogenic phenotype

(Eliceiri et al., 1998). This knowledge prompted us to investigate

the ability of SARS-CoV-2 to induce a productive cross-talk

between spike and avb3 integrin to trigger FAK/Src signaling in

infected HL-mECs. To this aim, the cells were infected with

Omicron BA.1 and Omicron XBB.1.5, as previously described.

At 1 h p.i., HL-mECs were lysed and 20 µg of total proteins were

analyzed by western blotting with anti-p-FAK and anti-p-Src
FIGURE 4

HSPGs inhibitors-treated HL-mECs do not acquire an angiogenic phenotype and do not release angiogenic factors upon Omicron BA.1 infection.
HL-mECs were not-infected (NI) or infected with SARS-CoV-2 belonging to Omicron BA.1 or XBB.1.5 sublineages at MOI 1, for 1 h at 37°C and
then washed and cultured until day 3 p.i. When indicated HL-mECs were pretreated with sodium chlorate (50 mM) or Heparinase III (5 mU/ml).
(A) Sprouting of spheroids generated with NI, Omicron BA.1, and HSPGs inhibitors pretreated-HL-mECs. Pictures are representative of one out of
three independent experiments with similar results (scale bar, 10 mm). FGF-2 was used as a positive control. (B) Values reported in the graph are the
mean ± SD of one representative experiment out of three independent experiments with similar results performed in triplicate. Statistical analysis
was performed by one-way ANOVA and Bonferroni’s post-test was used to compare data (****p < 0.0001). (C) Sodium chlorate and Heparinase III
pretreated- or not HL-mECs, were infected with SARS-CoV-2 Omicron BA.1 lineage at MOI 1, for 1 h at 37°C and then washed and cultured until
day 3 p.i. Clarified supernatants were evaluated for the presence of angiogenic molecules by a human proteome array. The results are expressed as
mean values ± SD of duplicates given as fold increase as compared to NI cells. Data are representative of one out of two independent experiments
with similar results.
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antibodies. As shown in Figures 6A, B, Omicron BA.1 induced the

phosphorylation of FAK and Src (2.3 ± 0.7 and 1.8 ± 0.5-fold

increase, respectively). On the contrary, Omicron XBB.1.5,

carrying the D405N mutation, does not activate FAK/Src

signaling pathways (Figures 6A, B), thus supporting the direct

role exerted by avb3 in promoting FAK/Src phosphorylation in

ECs. This data also indicates that spike/HSPGs interaction is not

sufficient to direct HL-mECs toward a pro-angiogenic phenotype.

To further confirm the role played spike/avb3 interaction in

inducing an angiogenic signaling activation, HL-mECs were

pretreated with a neutralizing monoclonal antibody against avb3
integrin (mAb anti-avb3), Heparinase III or sodium chlorate, then
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infected with Omicron BA.1 and analyzed for FAK/Src signaling

activation. As shown in Figures 6D, E, Omicron BA.1 was able to

induce an increase of FAK and Src phosphorylation as compared to

NI-HL-mECs while mAb anti-avb3, Heparinase III and sodium

chlorate treatment induced a significant inhibition of FAK (54%,

48% and 48% respectively) and pSrc (56%, 66% and 65%,

respectively) activation.

Since pERK signal transduction pathway in ECs is required for

angiogenesis and correlates with FAK/Src activation (Murphy

et al., 2006), we investigated ERK phosphorylation upon SARS-

CoV-2 infection. To this end, HL-mEC were infected with SARS-

CoV-2 Omicron BA.1 or Omicron XBB.1.5 in the presence or
FIGURE 5

SARS-CoV-2 induces vWF accumulation in WPBs and subsequently degradation in ECs. HL-mECs were nucleofected with a mCherry-vWF-
expressing plasmid and 24 h after nucleofection, cells were infected with Omicron BA.1 virus and analyzed at different time points (1, 3, 6 and 24 h).
(A, left panel) The images display vWF signals in red and cell nuclei in blue (scale bar, 10 mm). Red-positive punctate structures were counted in
order to quantify the levels of WPBs. (A, right panel) Values reported for vWF positive structures are the mean ± SD of 3 independent experiments
with similar results. (B) Amount of vWF in SARS-CoV-2 infected HL-mECs supernatants are the mean ± SD of 3 independent experiments with
similar results. Statistical analysis was performed by one-way ANOVA, and the Bonferroni post-test was used to compare data (**p = 0.022, ***p =
0.0008). (C) Infected HL-mECs pretreated or not with HSPGs inhibitors were analyzed at 3 h p.i. Values reported for vWF positive structures are the
mean ± SD of 3 independent experiments with similar results. Statistical analysis was performed by one-way ANOVA, and the Bonferroni post-test
was used to compare data (***p = 0.0008, ****p < 0.0001).
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absence of the mAb anti-avb3 or HSPGs inhibitors. As shown in

Figure 6C, Omicron BA.1, but not Omicron XBB.1.5, was able to

induce a strong increase (3.5 ± 1.5-fold increase) in ERK

phosphorylation as compared to NI cells. As expected, ERK

activation was inhibited when HL-mECs were pretreated with

the mAb anti-avb3 or HPSGs inhibitors, in particular sodium

chlorate treatment inhibited SARS-CoV-2-ERK phosphorylation

of about 53%, while mAb anti-avb3 and Heparinase III treated-

HL-mECs showed an inhibition of ERK activation equal to 44%

and 56%, respectively (Figure 6F). Our data highlight that the

docking of spike protein to HSPGs allows its interaction with

avb3, thus promoting the angiogenic signaling pathway in SARS-

CoV-2-infected HL-mECs.
Recent SARS-CoV-2 strains carry the
reverse mutation S405D

Phylogenetic analysis, based on 1,083 SARS-CoV-2 whole-

genome sequences, revealed distinct evolutionary patterns among
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the four mutations of interest: D405D, D405N, N405S, and the

reverse mutation S405D (Figure 7A). D405D was the predominant

substitution from 2020 to 2022. The emergence of D405N and

N405S suggests transient evolutionary shifts, potentially

representing intermediate states. Notably, S405D reappeared in

2024 within a distinct clade, indicating a possible adaptive event.

High support values at key nodes reinforce the reliability of these

phylogenetic relationships. As shown in Figure B, temporal analysis

further confirms that D405D remained dominant from 2020 to

2022, while D405N and N405S gradually increased in prevalence,

particularly in 2022. A distinct shift was observed in 2024, marked

by the re-emergence of S405D, suggesting a potential selective

advantage or convergent evolution (Figure 7B).
Discussion

SARS-CoV-2 infects primary ACE2-negative HL-mECs, by

using avb3 integrin as an alternate receptor to ACE2 (Caccuri

et al., 2021; Bugatti et al., 2022). Specifically, SARS-CoV-2 binding
FIGURE 6

SARS-CoV-2 Omicron BA.1 induces FAK/Src and ERK signaling after avb3 interaction. HL-mECs were not infected (NI) or infected with Omicron
SARS-CoV-2 belonging to BA.1 and only XBB.1.5 sublineages (Omicron BA.1 and Omicron XBB.1.5, respectively) at a MOI of 1 for 1 h at 37°C. After 1
h p.i., cell lysates were analyzed by western blotting with anti-pFAK, anti-pSRC and anti-pERK antibodies (A-C, respectively). Blots are representative
of three independent experiments with similar results. Quantification was carried out by densitometric analysis and plotting of the pFAK, pSrc and
pERK normalized on GAPDH, tSrc or tERK as indicated in the graph. Values reported are the means ± the SD of three independent experiments.
Statistical analysis was performed by one-way ANOVA, and the Bonferroni post-test was used to compare data (*p = 0.05, **p = 0.022, ***p =
0.0008). When indicated HL-mECs were pretreated with a mAb against avb3 integrin (mAb anti- avb3) or HSPGs inhibitors and analyzed for FAK/Src
and ERK phosphorylation status (D-F).
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to avb3 integrin occurs through an RGD (403–405: Arg-Gly-Asp)

motif included in the RBD of the viral spike protein. Even if

HL-mECs do not support virus replication, the presence of viral

RNA and/or newly synthesized viral proteins into ECs induce the

release of pro-inflammatory and pro-angiogenic molecules thus

promoting an angiogenic phenotype (Caccuri et al., 2021; Bugatti

et al., 2022).

It has been demonstrated that neither antibodies binding the

epitope containing the RGD motif (Koehler et al., 2020) nor

neutralizing antibodies evoked by BNT162b2 vaccination against

the spike protein (Caccuri et al., 2021; Bugatti et al., 2022) are able

to counteract virus infection on ECs, highlighting that they do not

interfere with the integrins recognition site. These results suggest

that the RGD motif is not accessible to antibodies and that

conformational changes induced by a cofactor may favor its

exposure and interaction with avb3 integrin.
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HSPGs are highly sulfated glycosaminoglycan ubiquitously

distributed on cell surfaces. They are used by different viruses

including herpes simplex virus (Bacsa et al., 2011), dengue virus

(Chen et al., 1997), and human papillomavirus (Richards et al.,

2013) for attachment and entry into host cells. It has been recently

shown that HSPGs act as coreceptors also for SARS-CoV-2

infection (Clausen et al., 2020). In particular, SARS-CoV-2 spike

protein interacts with HSPGs on cell surface and undergoes

conformational leading to a better interaction with ACE2

(Milewska et al., 2014). In this view HSPGs may be also involved

in conformational changes conducting to RGD exposure.

Here we show by SPR analysis that heparin, a structural

analogue of HS, interacts with the spike protein and induces

conformational changes, a conditio sine qua non for triggering

RGD/avb3 interaction. Moreover, we show that Heparinase III

and sodium chlorate, catalyzing HSPGs degradation and
FIGURE 7

Phylogenetic and temporal analysis of SARS-CoV-2 sequences carrying D405D and its mutations. (A) Maximum likelihood phylogenetic tree showing
the distribution of sequences with D405D (red) and its alternative substitutions: D405N (green), N405S (yellow), and S405D (blue). (B) Temporal
distribution of SARS-CoV-2 sequences by substitution type.
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undersulfation respectively, significantly inhibit integrin-mediated

SARS-CoV-2 entry into ACE2-negative ECs. Interestingly, the

altered bioavailability and activity of HSPGs not only impact

SARS-CoV-2 entry into ECs, but also modify critical cellular

signaling pathways and microenvironmental responses usually

occurring after viral infection. Indeed, SARS-CoV-2 activates

FAK-Src and ERK signaling pathways, which are mainly involved

in avb3-related angiogenesis (Pang et al., 2023). Interestingly,

impairment of HSPGs interaction with the spike protein, by

specific inhibitors, completely abrogates angiogenesis-related

pathways, as previously demonstrated by using cilengitide, an

avb3 antagonist (Nader et al., 2021). HSPGs inhibitors also block

SARS-CoV-2-induced release of pro-angiogenic molecules, in

particular IL-8, FGF-2, Ang2, ET-1 and DPPIV, which have been

previously shown to be secreted in the microenvironment of SARS-

CoV-2-infected HL-mECs (Caccuri et al., 2021; Bugatti et al., 2022).

avb3 is known to play a complex role in angiogenesis, as both

pro- or anti-angiogenic molecules, mostly depending on the local

extracellular environment and/or the specific ligand(s) (Somanath

et al., 2009). One of such ligands is vWF, a multimeric plasma

glycoprotein that mediates platelet adhesion to both the

subendothelial matrix and the endothelial surface. It acts as a

carrier for coagulation factor VIII in the circulation and is

essential for the hemostasis involved in inflammation (Casari

et al., 2013). Besides its well‐characterized role in hemostasis,
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vWF has increasingly been implicated in angiogenic processes

(Randi and Laffan, 2017). vWF regulates angiogenesis through

multiple cross-talking pathways involving avb3, VEGFR-2 and

Ang2 (Starke et al., 2011) and is essential for the formation of

WPBs, which contain vasoactive molecules mediating angiogenesis

(Mojzisch and Brehm, 2021). Dysfunctional vWF may result in

constitutive release of WPB components such as Ang2. It is known

that vWF controls Ang2 levels by promoting its storage and

inhibiting its synthesis (Randi et al., 2013). Indeed, inhibition of

vWF induces angiogenesis on ECs and is coupled with increased

release of Ang2 (Randi et al., 2018). Thus, it can be hypothesized

that vWF modulates angiogenesis by regulating Ang2 storage in

ECs. The latter is known to promote angiogenesis by destabilizing

blood vessels and acting synergistically with VEGF-A (Randi et al.,

2013). Here we demonstrate that upon SARS-CoV-2 infection, vWF

accumulates within − but is not secreted by − ECs leading to the

hypothesis that this factor is degraded in WPBs thus allowing Ang2

release. Taken together, our findings support the hypothesis that

dysfunctional vWF metabolism coupled with Ang2 signaling

accompanied to a dysregulated anti-angiogenic and inflammatory

environment contribute to promoting angiogenesis during

SARS-CoV-2 infection (Figure 8). Additional studies may lead to

insight into whether targeting the vWF-Ang2 axis may prevent

aberrant angiogenesis observed in the lung of SARS-CoV-2

infected patients.
FIGURE 8

Proposed mechanisms for SARS-CoV-2-induced angiogenesis on ACE2-negative HL-mECs. HSPGs mediate spike/avb3 interaction enhancing
phosphorylation of FAK, Src and ERK, which mediates Ang-2 and vWF accumulation in WPBs of SARS-CoV-2-infected HL-mECs. Then, Ang-2
secretion and vWF degradation induces infected-HL-mECs toward an angiogenic phenotype.
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SARS-CoV-2 underwent mutagenesis over time and some

mutations are considered to be part of its adaptive evolution

process leading to changes in disease severity and immunological

responses including antigenic properties, immune evasion and

sensitivity to therapeutics. The viral fitness, which influences the

virus ability to infect, replicate and spread, is highly dynamic and

depends on a variety of factors such as virus properties and escape of

immunity. Thus, it is of extreme importance to understand the

drivers of SARS-CoV-2 fitness and the prediction of the mutational

pathways by which the virus will evolve. Among the multiple

variations, the virus switched the RGD to RGN motif thus

acquiring two loss of function, fitness to infect ECs and capability

to promote EC dysfunction (Caccuri et al., 2021; Bugatti et al.,

2022). In particular, this event occurred with Omicron subvariants

that emerged upon time (Cao et al., 2022). Virus evolution is

unpredictable, however, it is more likely that future variants will

be derived from prior or contemporary VOCs, most recently

exemplified by the spate of ‘second-generation’ Omicron variants

derived from BA.2 (Carabelli et al., 2023). Of interest, our

phylogenetic analysis revealed that after the mutation D405N/S,

in recent clades appeared sequences carrying the back-mutation

S405D, indicating a reversion that suggests potential selective

pressures influencing these substitutions as an adaptation to

environmental or host-related factors. Moreover, the fact that

sequences carrying S405D were sampled across diverse regions

underscores the global circulation and evolutionary adaptation of

SARS-CoV-2. The homoplastic back mutation S405D brings back

the ability of SARS-CoV-2 to infect ECs, allowing endothelium

dysfunction, thus highlighting the need of a vigilant oversight

correlated with clinical data that may be of interest for patient

treatment. Tracking the emergence of SARS-CoV-2 variants as

potentially more virulent or antigenically significant will help to

guide the implementation of targeted control measures and

further characterization.

In conclusion, HSPGs represent an attractive target molecule

for potential antiviral therapeutics, since they serve as a critical

player in the infection of a wide range of viruses, either directly or

indirectly (Cagno et al., 2015; Rusnati and Lembo, 2016). Different

studies have evaluated a variety of approaches for this purpose (i.e.

nanoparticle or peptides) (Donalisio et al., 2012). Data on the

interactions between the RBD and HSs, revealed several low-

specificity binding modes and potential interaction sites

(Parafioriti et al., 2023; Yang et al., 2024). These evidences suggest

that HSPGs-targeted therapies can efficiently control SARS-CoV-2

infection being effective intervention strategies (Yang et al., 2024).

COVID-19 is frequently associated with coagulopathy and

inflammation, which are clinical targets of heparin (Zhang et al.,

2022). Indeed, heparin and its derivatives have been proven to be

also useful anti-coagulant and anti-inflammatory molecules (Banik

et al., 2021). Thus they may represent a winning therapeutic

approach, to not only prevent SARS-CoV-2 infection of ECs, but

also to impede endothelial dysfunctions related to viral infection.
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Changes in children respiratory
infections pre and post
COVID-19 pandemic
Yuanyuan Yue1,2†, Dan Wu1,2†, Qian Zeng1,2, Yurong Li1,2,
Chun Yang1,2, Xin Lv1,2* and Ling Wang1,2*

1Clinical Laboratory, Children’s Hospital Affiliated to Shandong University, Jinan, China, 2Clinical
Laboratory, Jinan Children’s Hospital, Jinan, China
Background: Non-pharmaceutical interventions (NPIs) implemented during the

COVID-19 pandemic had a significant impact on the prevalence of various acute

respiratory infections (ARIs) pathogens.

Methods: We collected 337,310 real-time PCR results for 13 pathogens from

clinical samples between January 2018 and January 2024 to assess the changes

of ARIs among children before and after the COVID-19 pandemic.

Results: A variety of ARIs pathogens, including Influenza A (Flu A), Influenza B (Flu

B), Adenovirus (ADV), Rhinovirus (RhV), and Respiratory Syncytial Virus (RSV), as

well as co-infecting bacterial such as Klebsiella pneumoniae (KPN),

Pseudomonas aeruginosa (PAE), Streptococcus pneumoniae (SP), Haemophilus

influenzae (HI), and Legionella pneumophila (LP), reached a peak positive rate at

the age of 3. The susceptible age of Mycoplasma pneumoniae (MP) was from 3 to

7 years old. Compared to the pre-COVID pandemic period, the positive rates of

Flu A, MP, ADV, SP, HI, Staphylococcus aureus (SA) and KPN decreased during the

COVID-19 pandemic. And the positive rates of Flu B and PAE increased.

Compared to the period during the COVID-19 pandemic, the positive rates of

Flu A, ADV, RSV, RhV, SP, HI, KPN, PAE and SA were increased after the pandemic.

Conversely, the positive rates of MP, Flu B, and Parainfluenza virus

(PIV) decreased.

Conclusions: The implementation of NPIs interrupted the circulation of ARIs

pathogens. However, release of NPIs and the reduced baseline of population

immunity, may contribute to a resurgence of ARIs pathogens among children.
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1 Introduction

Influenza virus, RSV and RhV are the three leading viral

pathogens and SP, MP and KPN are the three leading bacterial

pathogens in China between 2009eenns (Li et al., 2021). Common

childhood respiratory pathogens, including MP, Flu A, Flu B, ADV,

RSV, PIV and RhV through aerosol particles and respiratory droplets

during close contact (Li et al., 2022; Meyer Sauteur et al., 2022). The

general population is susceptible to these infections, which manifest

epidemically every few years, often reaching their peak in winter

around January or February (Olsen et al., 2021). Furthermore, many

bacteria also cause of childhood respiratory invasive infections,

include KPN, KPN, SA, SP, HI, LP. The rates of these respiratory

bacterial diseases are influenced by the frequency of bacterial exposure

and host susceptibility (Major et al., 2023). Epidemiological, clinical,

and experimental evidence suggests that certain viruses can enhance

susceptibility to bacterial respiratory infections (Tsang et al., 2020;

Palani et al., 2023). Given that SARS-CoV-2 is a respiratory virus, the

COVID-19 pandemic may increase susceptibility to respiratory

bacterial infections (Danino et al., 2022; Lubkin et al., 2024).

Since the outbreak of COVID-19, Jinan city in Shandong

province entered a stage of normalization epidemic prevention and

control. These robust non-pharmaceutical interventions (NPIs) not

only reduce the spread of COVID-19 but also influence the

epidemiology of common respiratory pathogens in children to

some extent (Spinelli et al., 2021; Cai et al., 2024). The spread and

seasonality of these respiratory pathogens have been temporarily

interrupted, and the incidence of childhood bacterial infectious

respiratory disease also changed (Perra, 2021; Meyer Sauteur et al.,

2022). On December 7, 2022, China ended its “Zero‐COVID” policy

(Zhou et al., 2023). This transition allowed for a restoration of

normalcy in people’s lives. Following this, a significant rise in

Omicron cases emerged in China, accompanied by a sharp increase

in influenza incidence in February 2023 (Chakraborty et al., 2023).

Additionally, other pathogens causing respiratory tract infections

appeared successively during this period. Although people still keep

maintain certain NPI habits, such as maintaining social distance,

washing hand frequently, and wearing face mask.

We gathered a total of 337,310 Real-time Quantitative

polymerase chain reaction (qPCR) results for KPN, PAE, SA, SP,

HI, LP, MP, Flu A, Flu B, ADV, RSV, PIV, and RhV from clinical

samples collected between January 2018 and January 2024 in

Children’s Hospital Affiliated to Shandong University to

investigate the epidemiological features of prevalent respiratory

pathogens in children both prior to and following the COVID-

19 pandemic.
2 Methods

2.1 Data collection

This study was approved by the Ethics Committee of Children’s

Hospital Affiliated to Shandong University (Ethical approval

number: SDFE-IRB/P-202315). The requirement for informed
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consent was waived because this study was based on a

retrospective analysis of electronic medical records (EMRs).

Children with respiratory tract infections, either inpatient or

outpatient, were enrolled between January 1, 2018, and January

31, 2024. Inclusion criteria were as follows: 1) diagnosed with

respiratory infection; 2) PCR results are available. Exclusion

criteria were as follows: 1) children with severe malformations,

inc luding large a tr ia l or ventr icu lar septa l de fec t s ,

bronchopulmonary dysplasia, dextrocardia, and neuromuscular

diseases; 2) children diagnosed with malignant tumors or primary

immunodefic i ency d i s ea se s , o r those who rece i ved

immunosuppressive drugs during hospitalization.
2.2 Temporal segmentation

On January 20, 2020, the National Health Commission declared

that COVID-19 pneumonia would be classified as a Category B

infectious disease according to the law of the People’s Republic of

China regarding the Prevention and Treatment of Infectious

Diseases, which had received approval from the State Council,

and they implemented prevention and control strategies

applicable to Category A infectious diseases. In response to the

continuing COVID-19 pandemic, Shandong province implemented

a first-level response for Major Public Health Emergency on

January 24, 2020. The majority of these preventive measures were

non-pharmaceutical in nature and comprised the blockade of areas

affected by the outbreak, border closures, limitations on travel,

restrictions on social and public activities, shutdowns of schools and

businesses, stay-at-home directives, promotion of physical

distancing, an emphasis on hand hygiene practices, and the use of

face masks. On December 7, 2022, the State Council of China issued

the “Notice on Further Optimizing the Implementation of COVID-

19 prevention and control measures”. Cancel mass nucleic acid

testing and health code inspection (except in special places); allow

mild and asymptomatic infections to be isolated at home; no longer

delineate high-risk areas, narrow the scope of sealing and control.

Those marking a major adjustment of the COVID-19 pandemic

prevention and control policy from “dynamic Zero‐COVID” to

“scientific and precise prevention and control”. Subsequently, on

January 8, 2023, the Chinese government announced that COVID-

19 would downgrading Class B diseases from enhanced to routine

management. The focus has shifted to health resource preparation,

vaccination and protection of vulnerable populations. Therefore, we

period from January 1, 2018, to December 31, 2019, has been

designated as the pre-COVID-19 pandemic phase, from January 1,

2020, to December 31, 2022, has been designated as during the

COVID-19 pandemic phase; and from January 1, 2023, to January

31, 2024, has been designated as post-COVID-19 pandemic phase.
2.3 Specimens collection and detection

ARIs samples comprised nasopharyngeal swabs, pharyngeal

swab, sputum, bronchoalveolar lavage fluid and pleural effusion,
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were collected by trained nurses according to Standard Operating

Procedures (SOP). These samples were promptly transported to the

clinical laboratory, tested by the Respiratory Pathogen Nucleic Acid

Diagnostic Detection Kit (Beijing Zhuocheng Huisheng

Biotechnology Co. Ltd and SANSURE BIOTECH INC.),

conducted by professional staff in adherence to established SOP.

All test items were strictly subjected to quality control in accordance

with the sample instructions. Thirteen ARIs pathogens were

identified, including KPN, PAE, SA, SP, HI, LP, MP, Flu A, Flu B,

ADV, RSV, PIV and RhV.
2.4 Statistical analysis

The overall detection rates of thirteen common pathogens,

including KPN, PAE, SA, SP, HI, LP, MP, Flu A, Flu B, ADV,

RSV, PIV, and RhV, were analyzed across three periods: prior to,

during, and following the COVID-19 pandemic. To explore

seasonal variations in viral activity and age-related differences in

pathogen infections, the trends in detection rates from 2018.01 to

2024.01 and age-specific differences in pathogen infections were

illustrated using GraphPad Prism 8.0. We performed chi-square

analyses to assess changes in pathogen distribution across different

phases of the COVID-19 pandemic in the Supplementary

Tables (P<0.05).
3 Results

3.1 Study population

A total of 337,310 children were included, the male-to-female

ratio was 1.43:1, males (58.85%) were 17% higher than females

(58.85%) (Table 1; Figure 1A). The gender distribution among the

13 pathogens was different, PAE was the highest (2.05), LP was the

lowest at 1.18, (Figure 1B). All children were divided into five age

groups: 0~1 y (17.20%), 1~3 y (25.24%), 3~6 y (33.52%), and ≥6 y

(24.04%) (Table 1). The positive rates of eight pathogens (KPN,

PAE, SA, SP, HI, LP, RSV and PIV) were highest at age 0~1,

gradually decreased with age. The positive rates of four pathogens

(Flu A, Flu B, ADV and RhV) were highest at age 3 and MP’s

positive rate was highest at age 7 at 14.97% (Figure 2).
3.2 Monthly changes in PCR results for 7
infectious pathogens from 2018.01
to 2024.01

Before the COVID-19 pandemic, PCR was only used for MP

testing, and we established PCR testing for Flu A, Flu B and ADV in

June 2019, with the increased application of PCR testing during the

COVID-19 pandemic, PCR testing for RSV in January 2020, PIV in

July 2020 and RhV in December 2020 were established.

From January 31, 2018, to January 31, 2024, we collected a total

of 314,648 respiratory tract infectious samples. These samples were
Frontiers in Cellular and Infection Microbiology 0389
not tested for all seven pathogens(MP, Flu A, Flu B, ADV, RSV, PIV

and RhV) simultaneously. Some specimens were individually tested

for single pathogen such as Mp, while others underwent

combination tests (Flu A/Flu B/RSV, ADV/PIV/RhV, MP/Flu A/

Flu B, or Flu A/Flu B/RSV/ADV/PIV).

From January 31, 2018, to January 31, 2024, We detected two

peaks of MP epidemics (2019.07~2020.03, 2021.07~2022.02), with

the monthly positive rate was greater than 11.52%, and the highest

was 39.80%. Four peaks of Flu A epidemics (2019.12~2020.01,

2022.08~2022.11, 2023.02~2023.04, 2023.11~2023.12), with the

monthly positive rate was greater than 11.07%, the highest was

48.44%. Two epidemic peaks of Flu B occurred in January 2020 and

from December 2021 to February 2022, with the monthly positive

rate was greater than 14.29% and the highest was 47.71%. Two

epidemic peaks of AVD (2019.10~2020.02, 2023.10~2024.01), with

the monthly positive rate was greater than 9.70%, and the highest

was 18.94%. RSV had six epidemic peaks scattered from January

2020 to January 2024, with the monthly positive rate was greater

than 10.27%, the highest positive rate was 40.98%. PIV had two

epidemic peaks (2020.09~12, 2023.07~08), with the monthly

positive rate was greater than 11.11% and the highest positive rate

was 16.67%. The RhV epidemic peak was recorded from March to

November 2021, with the monthly positive rate exceeding 26.67%

and a maximum positive rate of 39.13%. (Figure 3A; Supplementary

Table 1). However, the positive number for both PIV and RhV

remained relatively low throughout the year.
3.3 Monthly changes in PCR results for 5
bacterial species from 2018.01 to 2024.01

From January 31, 2018, to January 31, 2024, we collected a total

of 22,662 respiratory tract infection samples, each of these samples

underwent PCR testing for six types of bacteria: KPN, PAE, SA, SP,

HI, and LP. Since the positive rate of LP was too low (24/22662,

0.11%), we no longer analyze the data for this bacterium.

Before the COVID-19 pandemic, between January 2018 and

December 2019, the positive number and positive rates for the five

bacteria (KPN, PAE, SA, SP, and HI) remained relatively stable. The

positive rates were 5.17% at KPN, 1.59% at PAE, 12.73% at SA,

29.23% at SP, and 28.01% at HI. With the outbreak of COVID-19 in

2020, the number of positive cases and the positive rates of five

bacterial strains decreased significantly, however, the order of

positive rates remained relatively consistent compared to the pre-

COVID-19 period. From January to December 2020, the total

number of respiratory tract specimens was 1,342, the positive

rates were 2.76% at KPN, 2.01% at PAE, 8.87% at SA, 21.09% at

SP, and 19.08% at HI. During the mid-to-late stages of the COVID-

19 pandemic, particularly after December 2020, the number of

respiratory tract specimens for five bacterial experienced a

significant rise, surpassing pre-COVID-19 pandemic levels, while

the positive rates offive bacterial still lower than in the pre-COVID-

19 pandemic period. From January 2021 to December 2022, the

total number of respiratory tract specimens was 14,104, the positive

rates were 1.35% at KPN, 1.79% at PAE, 6.22% at SA, 16.36% at SP,
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TABLE 1 The PCR results of 13 pathogens were summarized from January 31, 2018 to January 31, 2024.

year 2018 N=2761 2019 N=22785 2020 N=27337 2021 N=71093 2022 N=113049
n %

2023 N=82332
n %

2024 N=17953
n %

Sum N=337310
n %

66679 58.98 48093 58.41 10446 58.19 198491 58.85

46370 41.02 34239 41.59 7507 41.81 138819 41.15

20786 18.39 10809 13.13 2398 13.36 58027 17.20

27703 24.51 18517 22.49 4007 22.32 85125 25.24

41574 36.78 29202 35.47 4328 24.11 113069 33.52

22986 20.33 23804 28.91 7220 40.22 81089 24.04

91 1.49 320 8.84 21 5.48 734 3.24

104 1.70 168 4.64 45 11.75 543 2.40

412 6.73 282 7.79 17 4.44 1704 7.52

963 15.72 2205 60.91 290 75.72 6024 26.58

1164 19.00 1008 27.85 138 36.03 5215 23.01

5 0.08 5 0.14 0 0.00 24 0.11

1375 5.83 258 2.40 125 9.45 9364 11.20

1727 10.57 2587 18.72 116 3.70 6180 13.13

1619 9.91 66 0.48 595 18.96 4496 9.56

1191 7.13 987 7.31 580 18.94 3681 7.25

1221 7.84 1842 13.41 805 25.65 5034 12.60

309 5.78 107 2.67 14 0.57 880 4.18

1474 11.28 1184 13.06 146 11.04 3060 12.16

uenzae; LP, Legionella pneumophila; MP, Mycoplasma Pneumoniae; Flu A, Influenza A virus; Flu B, Influenza B virus; ADV,
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sex male 1684 60.99 13472 59.13 16224 59.35 41893 58.93

female 1077 39.01 9313 40.87 11113 40.65 29200 41.07

age 0-1 1375 49.80 4511 19.80 5622 20.57 12526 17.62

1-3 836 30.28 6577 28.87 8671 31.72 18814 26.46

3-6 342 12.39 7304 32.06 8026 29.36 22293 31.36

>6 208 7.53 4393 19.28 5018 18.36 17460 24.56

pathogen KPN 83 6.01 83 4.53 37 2.76 99 1.24

PAE 25 1.81 26 1.42 27 2.01 148 1.85

SA 182 13.19 227 12.38 119 8.87 465 5.83

SP 414 30.00 525 28.64 283 21.09 1344 16.84

HIB 354 25.65 546 29.79 256 19.08 1749 21.92

LP 1 0.07 2 0.11 7 0.52 4 0.05

MP 62 4.49 1757 16.30 518 5.55 5269 19.93

Flu A - - 777 22.14 966 20.69 7 0.13

Flu B - - 143 4.10 674 14.46 1399 25.05

ADV - - 303 9.53 170 4.62 450 4.22

RSV - - - - 298 10.70 868 18.38

PIV - - - - 45 5.72 405 4.78

RhV - - - - 16 20.25 240 14.65

“n”: Number of positives; “%”: Positive rate.
KPN, Klebsiella pneumoniae; PAE, Pseudomonas aeruginosa; SA, Staphylococcus aureus; SP, Streptococcus pneumoniae; HI, Haemophilus infl
Adenoviridae; RSV, respiratory syncytial virus; PIV, parainfluenza virus; RhV, Rhinovirus; “-”: The test was not performed in our laborator
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and 20.65% at HI. Notably, an infectious peak was observed in

December 2021, with the largest increases in positive samples

occurring in SP (187/1,100) and HI (234/1,100). From February

to May 2022, the number of respiratory tract specimens decreased,

followed by an increase from June to August, where the most

significant rise in positive samples was again noted in SP and HI.

After the peak in August, the number of specimens declined until

January 2023, which may be attributed to summer vacation

activities. From January 8, 2023, the control measures for

COVID-19 were lifted. Between January 2023 and January 2024,

we collected 4,003 respiratory tract specimens, with the positive

rates were recorded as 8.52% for KPN, 5.32% for PAE, 7.47% for SA,

62.33% for SP, and 28.63% for HI. The most significant increase was

observed at SP, with a positive rate of 62.33% (Figure 3B;

Supplementary Table 2).
3.4 Changes in the positive rate of
pathogens before and after the COVID-
19 epidemic

Before the COVID-19 pandemic, the positive rates of five

bacteria in respiratory tract specimens from high to low were SP,
Frontiers in Cellular and Infection Microbiology 0591
HI, SA, KPN, PAE. During the COVID-19 pandemic, the positive

rates of these five bacteria from high to low were HI, SP, SA, PAE,

and KPN. Following the COVID-19 pandemic, the positive rates of

five bacteria from high to low were SP, HI, KPN, SA, and PAE. In

comparison to the pre-COVID pandemic period, the positive rates

of the four bacteria, excluding PAE, showed a decline during the

COVID-19 pandemic. Specifically, SP decreased by 12.48%

(P=0.000), HI by 7.52% (P<0.001), SA by 6.29% (P<0.001), and

KPN by 3.70% (P<0.001) (Supplementary Table 4). However, after

the COVID-19 pandemic, the positive rates of all five bacteria

increased compared to the COVID-19 pandemic period, with SP

increased by 45.58% (P=0.000), HI by 8.14% (P<0.001), SA by

1.03% (P=0.021), KPN by 7.05% (P<0.001), and PAE by 3.52%

(P<0.001) (Supplementary Table 4). Notably, the most significant

change in positive rate was observed in SP (Figure 4).

Before the COVID-19 pandemic, the positive rates of infectious

pathogens from high to low were Flu A, MP, ADV, Flu B. During

the COVID-19 pandemic, the positive rates of infectious pathogens

from high to low were Flu B, MP, RhV, RSV, Flu A, ADV and PIV.

After COVID-19 pandemic, the positive rates for infectious

pathogens from high to low were Flu A, RSV, RhV, ADV, Flu B,

MP, and PIV. Compared to the pre-COVID-19 period, the positive

rates of three infectious pathogens decreased: Flu A decreased by
FIGURE 1

Sex distribution of pathogen positive results. (A): The sex ratio of respiratory tract infection every year; (B): The sex ratio of 13 pathogens.
FIGURE 2

Age distribution of positive rates for 13 pathogens. (A): The age distribution of positiver results for 7pathogens; (B): The age distribution of positiver
results for 6 pathogens.
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11.98%, MP decreased by 2.89%, ADV decreased by 3.69%, while

Flu B increased by 9.78% during the COVID-19 pandemic. In

comparison to the period during the COVID-19 pandemic, the

positive rates of all four infectious pathogens increased after the

COVID-19 pandemic: Flu A increased by 5.79% (P<0.001), ADV

increased by 3.62% (P<0.001), RSV increased by 5.34% (P<0.001),

RhV increased by 1.10% (P=0.009), however, the positive rates of

the other three infectious pathogens decreased, as MP by 8.90%

(P<0.001), Flu B by 9.99% (P<0.001), and PIV by 3.32% (P<0.001)

(Figure 4) (Supplementary Table 3).
4 Discussion

Since the outbreak of SARS-CoV-2 in December 2019, China

has implemented a series of NPIs to address this public health

emergency (Yang et al., 2021; Leung et al., 2023). In February 2023,

a sharp increase in Flu A activity, combined with the spread of the

Omicron variant, posed a significant threat to the public healthcare

system for children (Goldberg et al., 2023). To understand how the
Frontiers in Cellular and Infection Microbiology 0692
transmission dynamics of other respiratory viral infections co-

evolve with those of SARS-CoV-2, we conducted a retrospective

observation of the co-circulation of multiple respiratory pathogens

at Children’s Hospital Affiliated to Shandong University from

January 31, 2018, to January 31, 2024.

The sex ratio (male to female) of children with respiratory tract

infections was approximately 1.43, while the sex ratio for

individuals aged 0-19 years was 1.15, according to data from the

National Bureau of Statistics (NBS) of China over the past five years.

This disparity may be attributed to regional differences;

additionally, it could be related to boys being more active and

thus more likely to come into contact with sources of infection.

Furthermore, studies indicate that girls’ immune systems develop

earlier than boys’, leading females to produce stronger immune

responses and antibodies to combat infectious pathogens (Oertelt-

Prigione, 2012; Moulton, 2018; Sparks et al., 2023). Among five

bacterial species studied, the highest sex ratio (2.05) was observed in

KPN, while the lowest sex ratio (1.18) was found in LP. Among the

seven infectious pathogens examined, RhV exhibited the highest sex

ratio (1.66), whereas Flu A, RSV, and MP showed similar sex ratios
FIGURE 3

The monthly positive samples of testing systems and test positive rate of 12 infectious pathogens from 2018.01 to 2024.01. (A): The monthly tested
positive samples and positive rate of 7 infectious pathogens from 2018.01 to 2024.01; (B): The monthly tested positive samples and positive rate of 5
bacterial species from 2018.01 to 2024.01
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of 1.34. Flu A, Flu B, ADV, RhV and RSV, as well as co-infecting

bacterial pathogens such as KPN, PAE, SP, HI and LP, exhibit a

peak positive rate at the age of 3. Children typically enter

kindergarten at the age of 3, where close gatherings for learning

and living can facilitate the spread of epidemic diseases. In contrast

to viruses and bacteria, MP exhibits a broader age susceptibility,

with positive rates exceeding 10% between the ages of 3 and 7,

peaking at 14.97% at age 7.

In northern China, the period from November to February

marks the peak season for epidemic respiratory diseases1. Prior to

the COVID-19 pandemic, outbreaks of such diseases were identified

from November 2019 to February 2020, including MP, Flu A, Flu B,

ADV and RSV. With the NPIs implemented, from March 2020 to

March 2021, many epidemic respiratory pathogens, including MP,

Flu A, Flu B and ADV, circulated at low levels, and the incidence of

various co-infecting bacteria, such as KPN, PAE, SA, SP and HI, was

significantly reduced.3 However, during the winter of 2020, unusual

epidemics of RSV and PIV emerged, which were not influenced by

the NPIs11. On May 5, 2020, Jinan reduced its epidemic response

level, leading to an increase in people’s activities and the reopening

of schools. From July 2021 to February 2022, a resurgence of

multiple infectious respiratory pathogens, including RhV, RSV,

Flu B, and MP. Concurrently, the positive rates of co-infecting

bacteria, specifically SP and HI, also showed a slight increase3.

From February 2023 to January 2024, outbreaks of Flu A, ADV,

RSV, PIV, and RhV, with a notable increase in the prevalence of SP

among coinfectious bacteria.

In comparison to the period prior to the COVID-19 pandemic

(January 2018 to December 2019), the positive rates of various

infectious respiratory pathogens decreased during the pandemic

(January 2020 to December 2022). This includes pathogens such as

MP, Flu A, and ADV (Data for RSV, PIV and RhV were not

available before the COVID-19). Additionally, the positive rates of

co-infecting bacteria, including KPN, SA, SP and HI, also declined.

This reduction may be attributed to the sustained implementation

of NPIs, such as personal protective measures and physical

distancing. Conversely, the positive rates of Flu B and PAE

increased. In comparison to the COVID-19 pandemic period
Frontiers in Cellular and Infection Microbiology 0793
(January 2020 to December 2022), the positive rates of various

infectious respiratory pathogens increased following the conclusion

of the COVID-19 pandemic (January 2023 to January 2024). This

includes pathogens such as Flu A, ADV, RSV, RhV. The positive

rates of coinfected bacteria also increased, including KPN, PAE, SA,

SP and HI. Conversely, the positive rates of MP and Flu B

decreased. These changes in the transmission dynamics of

respiratory pathogens may be attributed to modifications in

COVID-19 pandemic mitigation measures, as well as shifts in

prevalence and immunity. Meanwhile, this increase is attributed

to the “immunity debt” resulting from the relaxation of COVID-19

pandemic restrictions.

Notably, lower levels of population immunity, particularly

among younger children, could signal the potential for more

widespread disease and a possibly more severe epidemic when

influenza virus circulation resumes (Cai et al., 2024; Li et al.,

2024).Investigations revealed that this increase was primarily due

to the relaxation of COVID-19 control measures, which coincided

with the onset of the cold season (Burrell et al. 2023; Meyer Sauteur

et al.; Parums, 2023). After the epidemic ended, many children who

had been unexposed to these pathogens for an extended period

became more vulnerable (Cheng et al. 2022; Fujita, 2021).

In our study, we acknowledge several limitations, including the

use of a single-center design, lack of detailed symptom severity data,

underreporting, and potential bias introduced by the development

of testing methods. To address these limitations, we plan to conduct

more in-depth research in the future. Specifically, we will:1)Multi-

center Data Collection: Collaborate with other medical institutions

or research centers to jointly collect and analyze a larger dataset.2)

Symptom Severity Data: Perform a retrospective case review to

gather detailed information about symptom severity, design

additional questionnaires or interviews, and directly inquire with

pat ients or the i r parents about symptoms.3)Reduce

Underreporting: Conduct community surveys to better

understand children’s medical behaviors and health status during

the epidemic. We will also explore other data sources (e.g., school

absentee records, pharmacy sales data) to estimate the actual

infection rate more accurately. Additionally, we will strengthen
FIGURE 4

Changes in the positive rate of 12 pathogens before and after the COVID-19 epidemic.
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public health education and encourage children with mild

symptoms to seek medical attention promptly.4)Consider the

Impact of Testing Policy Changes: During data analysis, we will

clearly distinguish between different time periods, particularly at

points when testing policies changed. Statistical methods (e.g.,

breakpoint regression analysis) will be applied to assess the effect

of these changes on the results. These efforts will require additional

manpower, resources, and funding, which are part of our future

research goals, though they are beyond our current capacity.
5 Conclusion

The results of this study suggest that the implementation of

NPIs against COVID-19 likely restricted the transmission of Flu A,

Flu B ADV and MP in children, and the incidence of co-infection

bacterial pathogens was substantially reduced too. As China fully

exited its “Zero‐COVID” policy, the co-circulation of multiple

respiratory pathogens and increasing co-infection rates during the

autumn and winter of 2023 indicate that respiratory viruses are not

exhibiting typical seasonal circulation patterns, and a resumption of

circulation of certain respiratory viruses is occurring. The retention

of some NPIs post-COVID-19, such as improved hand hygiene,

respiratory etiquette, physical distancing, and the use of masks in

healthcare settings, may help mitigate the burden of infections

caused by multiple respiratory pathogens. Increasing testing for

multiple respiratory pathogens, promoting vaccine uptake, and

enhancing non-pharmaceutical interventions can actively prevent

the transmission of various respiratory pathogens in children.
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In the published article, there was an error in Table 1 as published. The end date was

not “January 31, 2014”, it should be corrected to “January 31, 2024”; and in Table 1, Under

the “Age” column, the category “01” lacks a hyphen. This should be revised to “0-1” for

consistency with standard notation. The corrected Table 1 and its caption appear below.

In the published article, there was an error in the Funding statement. This research was

funded by one Science and Technology Development Program of Jinan Municipal Health

Commission, not two. The original text: “The author(s) declare that financial support was

received for the research and/or publication of this article. This research was funded by two

Science and Technology Development Program of Jinan Municipal Health Commission

(No. 2023-1–60 and No. 2023-2-139). All grant numbers and funding information are

included in full and accurately.” The correct Funding statement appears below.

“The author(s) declare that financial support was received for the research and/or

publication of this article. This research was funded by Science and Technology

Development Program of Jinan Municipal Health Commission (No. 2023-1-60). All

grant numbers and funding information are included in full and accurately.”

In the published article, there was an error. The bacterial name “Listeria monocytogenes

(abbreviated as LP)” is incorrect. It should be revised to “Legionella pneumophila (LP).”

A correction has been made to Abstract, Results:, From line 81 to line 86. This sentence

previously stated:

“A variety of ARIs pathogens, including Influenza A (Flu A), Influenza B (Flu B),

Adenovirus (ADV), Rhinovirus (RhV), and Respiratory Syncytial Virus (RSV), as well as

co-infecting bacterial such as Klebsiella pneumoniae (KPN), Pseudomonas aeruginosa

(PAE), Streptococcus pneumoniae (SP), Haemophilus influenzae (HI), and Listeria

monocytogenes (LP), reached a peak positive rate at the age of 3.”

The corrected sentence appears below:

“A variety of ARIs pathogens, including Influenza A (Flu A), Influenza B (Flu B),

Adenovirus (ADV), Rhinovirus (RhV), and Respiratory Syncytial Virus (RSV), as well as
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co-infecting bacterial such as Klebsiella pneumoniae (KPN),

Pseudomonas aeruginosa (PAE), Streptococcus pneumoniae (SP),

Haemophilus influenzae (HI), and Legionella pneumophila (LP),

reached a peak positive rate at the age of 3.”

The authors apologize for this error and state that this does not

change the scientific conclusions of the article in any way. The

original article has been updated.
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TABLE 1 The PCR results of 13 pathogens were summarized from January 31, 2018 to January 31, 2024.

2018 N=2761 2019 N=22785 2020 N=27337 2021 N=71093 2022 N=113049
n %

2023 N=82332
n %

2024 N=17953
n %

Sum N=337310
n %

3 66679 58.98 48093 58.41 10446 58.19 198491 58.85

7 46370 41.02 34239 41.59 7507 41.81 138819 41.15

2 20786 18.39 10809 13.13 2398 13.36 58027 17.20

6 27703 24.51 18517 22.49 4007 22.32 85125 25.24

6 41574 36.78 29202 35.47 4328 24.11 113069 33.52

6 22986 20.33 23804 28.91 7220 40.22 81089 24.04

4 91 1.49 320 8.84 21 5.48 734 3.24

5 104 1.70 168 4.64 45 11.75 543 2.40

3 412 6.73 282 7.79 17 4.44 1704 7.52

4 963 15.72 2205 60.91 290 75.72 6024 26.58

2 1164 19.00 1008 27.85 138 36.03 5215 23.01

5 5 0.08 5 0.14 0 0.00 24 0.11

3 1375 5.83 258 2.40 125 9.45 9364 11.20

3 1727 10.57 2587 18.72 116 3.70 6180 13.13

5 1619 9.91 66 0.48 595 18.96 4496 9.56

2 1191 7.13 987 7.31 580 18.94 3681 7.25

8 1221 7.84 1842 13.41 805 25.65 5034 12.60

8 309 5.78 107 2.67 14 0.57 880 4.18

5 1474 11.28 1184 13.06 146 11.04 3060 12.16

uenzae; LP, Legionella pneumophila; MP, Mycoplasma Pneumoniae; Flu A, Influenza A virus; Flu B, Influenza B virus; ADV,
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0-1 1375 49.80 4511 19.80 5622 20.57 12526 17.

1-3 836 30.28 6577 28.87 8671 31.72 18814 26.

3-6 342 12.39 7304 32.06 8026 29.36 22293 31.

>6 208 7.53 4393 19.28 5018 18.36 17460 24.

pathogen

KPN 83 6.01 83 4.53 37 2.76 99 1.2

PAE 25 1.81 26 1.42 27 2.01 148 1.8

SA 182 13.19 227 12.38 119 8.87 465 5.8

SP 414 30.00 525 28.64 283 21.09 1344 16.

HIB 354 25.65 546 29.79 256 19.08 1749 21.

LP 1 0.07 2 0.11 7 0.52 4 0.0

MP 62 4.49 1757 16.30 518 5.55 5269 19.

Flu A - - 777 22.14 966 20.69 7 0.1

Flu B - - 143 4.10 674 14.46 1399 25.

ADV - - 303 9.53 170 4.62 450 4.2

RSV - - - - 298 10.70 868 18.

PIV - - - - 45 5.72 405 4.7

RhV - - - - 16 20.25 240 14.

“n”: Number of positives; “%”: Positive rate.
KPN, Klebsiella pneumoniae; PAE, Pseudomonas aeruginosa; SA, Staphylococcus aureus; SP, Streptococcus pneumoniae; HI, Haemophilus infl
Adenoviridae; RSV, respiratory syncytial virus; PIV, parainfluenza virus; RhV, Rhinovirus; “-”: The test was not performed in our laborator
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Introduction: Since the first discovery and reporting of the COVID - 19 pandemic

towards the end of 2019, the virus has rapidly propagated across the world. This

has led to a remarkable spike in the number of infections. Even now, doubt

lingers over whether it has completely disappeared. Moreover, the issue of

restoring normal life while ensuring safety continues to be a crucial challenge

that public health agencies and people globally are eager to tackle.

Methods: To thoroughly understand the epidemic’s outbreak and transmission traits

and formulate timely preventionmeasures to fully safeguard human lives andproperty,

this paper presents an agent - based model incorporating individual - level factors.

Results: The model designates Xi'an—where a characteristic disease outbreak

occurred—as the research area. The simulation results demonstrate substantial

consistency with official records, effectively validating the model’s applicability,

adaptability, and generalizability. This validated capacity enables accurate

prediction of epidemic trends and comprehensive assessment of disease risks.

Discussion: From late 2021 to early 2022, it employs a one - to - one population

simulation approach and simulates epidemic impacts and disease risks. Initially,

using building statistical data in the study area, the model reconstructs the local

real - world geographical environment. Leveraging data from the seventh national

population census, it also replicates the study area’s population characteristics.

Next, the model takes into account population mobility, contact tracing, patient

treatment, and the diagnostic burden of COVID - 19 - like influenza symptoms. It

integrates epidemic transmission impact parameters into the model framework.

Eventually, the model’s results are compared with official data for validation, and

it’s applied to hypothetical scenarios. It provides scientific theoretical tools to

support the implementation of government - driven prevention and control

measures. Additionally, it facilitates the adjustment of individual behavioral

guidelines, promoting more effective epidemic management.
KEYWORDS

COVID-19, individual factor, agent model, government macro intervention policy,
simulation and prediction
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1 Introduction

The emergence of the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) pandemic at the end of 2019 severely

disrupted life globally, negatively affecting the mental and physical

wellbeing of people around the world (Aldhawyan et al., 2024). The

sudden emergence of coronavirus disease 2019 (COVID-19) as a global

public health concern not only impacted the global economy but also

led to social instability. This pandemic necessitates global unity (Dietz

and Brondstater, 2024). Understanding the rapid progression of the

COVID-19 epidemic and effectively translating this understanding into

government policies has become an urgent requirement for

governments worldwide. Rajagopal et al. (2020) developed a SEIRD

model with fractional derivatives and validated it using epidemic data

from Italy. The results demonstrated that the fractional model

exhibited smaller prediction errors compared to the traditional SIR

series model. Maier and Brockmann (2020) developed a concise

susceptible-infected-recovered-X (SIR-X) model. This model aimed

to explore the impacts of isolation measures, containment policies, and

unidentified patients, including asymptomatic individuals, on epidemic

progression. Truszkowska et al. (2021) constructed an agent-based

model. They used it to examine the effects of different vaccination

strategies on epidemic prevention and control in New Rochelle, a town

in the United States. Beira and Sebastiao (2021) devised a

comprehensive protected-susceptible-exposed-infectious-recovered-

deceased (s) [PSEIRD(S)] model. They fitted the model using data

on the number of infected individuals, deaths, and hospitalizations

during the post-Christmas 2020 outbreak in Portugal. The fitting

results showed that some model parameters underwent discrete

temporal changes, reflecting the multi-phase nature of the epidemic.

A comprehensive protected-susceptible-exposed-infectious-recovered-

deceased (s) [PSEIRD(S)] model was devised. They fitted the model

using data on the number of infected individuals, deaths, and

hospitalizations during the post-Christmas 2020 outbreak in

Portugal. The fitting results showed that some model parameters

underwent discrete temporal changes, reflecting the multi-phase

nature of the epidemic.

Building on the basic SIR model of COVID-19 transmission,

Dehning et al. (2020) proposed a Bayesian framework based on

Markov chain Monte Carlo (MCMC) sampling. This framework was

used to characterize key epidemiological parameters, time-varying

transmission rates, and potential change points. It also helped identify

the optimal timing for intervention effectiveness. Bertrand and Pirch

(2021) developed the susceptible-exposed-infectious-quarantined-

recovered-deceased (SEIRQD) model. They explored the optimal

control of the second-phase COVID-19 lockdown in Morocco and

analyzed the impact of optimal control strategies on the pandemic in

the country. Wijesekara and Wang (2022) employed the proposed

susceptible, transmitted, quarantined, non-diagnosed infected,

hospitalized diagnosed infected, recovered, dead, susceptible

(SEQIJRDS) model. They predicted mortality rates under various

lockdown procedures, vaccination scenarios, quarantine measures,

and mask-usage cases. Additionally, they projected hospital resource

utilization to identify the most effective interventions that would

prevent over-straining hospital resources. Building on the SEIR
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model of disease transmission, they (Liu et al., 2021) put forward an

adaptive model named SEAIRD, which incorporates internal sources

and isolation interventions. This model simulates the evolving behavior

of SARS-CoV-2 in the United States. Neural networks are applied to

enhance the fit of the SEAIRD model. Schlosser et al. (2020)

demonstrated that lockdown measures in Germany not only

significantly reduced population mobility but also led to a substantial

decrease in the long-term connectivity of the mobility network. The

study revealed that these structural changes could flatten the epidemic

curve and slow down disease transmission. Cacciapaglia et al. (2021)

proposed a continuous waveform graph based on the epidemic severity

normalizing group framework (eRG). They concluded that

understanding the relaxation periods between different epidemic

phases is crucial for controlling future major outbreaks. Aleta et al.

(2020) constructed an agent-based COVID-19 epidemic dynamics

model. By integrating anonymous mobile phone location data from

the entire Boston area with census statistics, they found that agents

adhered strictly to social distancing requirements for a specific period.

Contact tracing, nucleic acid testing, and isolation measures effectively

curbed the spread of COVID-19. These measures also alleviated the

burden on the healthcare system, enabling it to handle current

medical demands.
2 Materials and methods

2.1 Data collection

This study amassed diverse fundamental epidemiological

parameters, including those of the COVID-19 virus. A Python web

crawler was utilized to gather and analyze the most recent daily

COVID-19 epidemic data publicized by the Xi’an Health

Commission on its official website. These data encompasses the

number of new cases, cumulative confirmed cases, and new deaths

on each given day. The number of deaths are accumulated, and the

missing data are further supplemented through the network platform.

Through the API interface of AMAP (2022), the geographic

coordinates, building categories, and population capacity of various

buildings in Xi ‘an, such as houses, schools, hospitals, nursing homes,

workplaces, leisure, and entertainment venues, were collected and

counted, and the above data were checked and corrected by manual

collection on Google Map (Google, 2022). The population data were

sourced from China’s seventh national population census in 2020,

along with relevant government-released macro-policy data. These

were organized into datasets for use in the model. Transmission

parameters of the COVID-19 virus, clinical parameters, and patient

hospitalization parameters were drawn from research conducted by

global scholars and official announcements of Xi’an. Parameters were

adjusted in accordance with the actual situation in Xi’an.
2.2 Agent model

In this study, the classical SEIR epidemiological infection model

underwent improvement. The model’s states were both increased in
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number and refined. Concurrently, it was integrated with the

discrete-event simulation model and extended on the GIS

platform, enabling the construction of a comprehensive agent-

based model.

Within this study, agents are categorized into Sicken Individual

Agent (SIA), Healthy Individual Agent (HIA), and Intervention

Agent (VA). The attributes and behaviors of these agents are

precisely defined in Table 1.

During each simulation step (Ds), agents switch locations

among the six types of places generated by the model, guided by

their own requirements. The model assigns distinct propagation

parameters to different locations. For simulated travelers, the flow

of various vehicles between different regions is factored in. Travel

modes are interconnected through the Haversine equation—an

algorithm calculating distances between two points using latitude

and longitude data. This mimics real-world scenarios where people

select travel modes based on distance and time constraints.

Six typical locations are denoted as Q={1,2,3,…., q}, while

residents in the study area are C={1,2,3,….}, A transfer function

fk: C → Q is defined using the semi-positive vector formula. Here,

k∈{F, B, S, Rt, Hp} is used to allocate generated inhabitants to

various locations. The function fk sends each agent i ∈C to its

corresponding location q. Locations q include homes (F), public

places (B), schools (S), nursing homes (Rt), and hospitals (Hp).
Frontiers in Cellular and Infection Microbiology 03101
Given that an agent may not be connected to all locations, when

agent i has no connection with location q, we denote it as fk(i) = ∮,
and Cq represents the total number of agents connected to

location q.

The Haversine formula (Baskar and Anthony Xavior, 2021) is as

follows:

d = 2Rarcsin ( √ sin2 () + cos(lat2) cos(lat1) sin2 ()) (1)

This paper builds an Agent model across three dimensions:

individuals, settings, and the epidemic itself. At the individual level,

Agents represent real-world people as embodied entities. The

setting dimension pertains to the environment where Agents

interact and carry out actions. Regarding the epidemic, it

encompasses the age distribution of hospitalized patients, the

proportion of ICU hospitalizations, and the age-specific mortality

ratio. This paper conducts research at three levels. At the city level,

Xi’an is chosen as a representative city for epidemic outbreaks. At

the community level, research focuses on family units. Using census

data from the study area, data such as the total number of

household accounts, age ratio, total population, age distribution

of household heads, proportion of single-parent families,

proportion of childless families, and proportion of families with

the elderly are integrated with official data for model calculation,

demonstrating local community structure characteristics. Building
TABLE 1 Agent attributes and behavior definition.

Agent sort Common
attribute

Concrete attribute Behavior Infectious disease
influencing factors

Individual
agent

SIA
HIA

Time attribute

Age Flow in the location where the model
is generated

Location migration
Sex

Whether to become a close contact

Whether to become a close contact

Whether to become a close contact Behavior trajectory

No exposure history (no contact with
confirmed patients, suspected cases)

Have a history of travel (i.e., have you
ever traveled or lived in a place where
a confirmed case has been reported)

Social travel

Have fever, cough, and
other symptoms

VA Spatial attribute When the model is started, an
appropriate time attribute value is
selected for initialization according to
the start and end time of the local
government intervention

The VA treats patients with fever
and cough

Traffic control

VA restricts the public activities of
agents with a history of exposure
and residence

Stay-at-home order

VA observed and detected agents with
exposure history and travel history

No workplace business

VA controls the traffic of agents with
a history of exposure and residence

No gathering, no public
activities

VA conducted standardized isolation
therapy for SIA
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data in the study area is retrieved via the AMAP API interface to

recreate the real-world environment. Starting from community

characteristics and combining the total number of working

people, working hours, and the proportion of different

transportation methods, the local population mobility model is

analyzed and simulated.

Relevant model parameters are integrated. Infection-related

parameters, family size, and age-related proportions of agents

after exposure are incorporated into the SEIR model as code. This

enables their specific impact on the spread of infectious diseases.

The model architecture is illustrated in Figure 1.
3 Result

3.1 Simulation and verification of agent
model based on Xi’an City

The model amasses and organizes data including geographical

latitude and longitude coordinates, building types, population

capacities, and similar information for various buildings such as

houses, schools, workplaces, hospitals, and leisure and

entertainment venues in all districts of Xi’an, China. The

population data come from Xi’an’s 2020 seventh national census.

With this data, a population-related model is established. The

number of students and school employees is retrieved from

statistical results publicized by the Xi’an Education Bureau. The

number of hospital employees and hospitalized patients is sourced

from statistical announcements by the Xi’an Health Bureau.

The model assigns housing to individual agents statistically. It

bases this on data from the seventh national census, like the number

of existing families, average family size, and housing vacancy rate in

Xi’an. The model generates 13,078,200 agents and forms 5,577,852

households. At the start of model operation, the entire generated

population of Xi’an is initialized as susceptible individuals. A
Frontiers in Cellular and Infection Microbiology 04102
specific number of agents are set in the exposed state. During

subsequent simulations, agents change states. When the model is

initialized, Figure 2 presents the relevant locations of the created

buildings. Figure 3 shows the age distribution generated by the

model using census data.

The study applies evenly distributed random sampling to

perform nucleic acid testing on agents within the susceptible

population. Agents can be in diverse states, such as the healthy

state, undergoing testing, or receiving treatment. Both individuals

with influenza-like symptoms similar to confirmed infection and

exposed persons must undergo nucleic acid testing. The daily

volume of nucleic acid testing is scheduled according to actual

timelines. Once the test results are available, decisions on

hospitalizing patients are made based on positive or negative

outcomes, although there are also some false-negative and false-

positive cases.

Specifically, nucleic acid detection is conducted on individuals

who were within the same 800 m × 800 m spatio-temporal range as

confirmed patients. The study does not involve explicit and specific

tracking. Case detection is achieved on an average-significance

basis, and nucleic acid detection for a particular agent is

determined through even distributed random sampling.

According to test results, infected individuals are classified into

two categories: asymptomatic carriers and confirmed cases. The

model arranges routine hospitalization for ordinary confirmed

cases. For agents with deteriorating conditions, the model assigns

ICU treatment. For agents in centralized isolation, when they

exhibit symptoms of COVID-19 infection, their status changes to

routine hospitalization or ICU treatment. For agents requiring

treatment, their treatment status can be adjusted based on clinical

observations. Considering the patient’s age and the probabilities of

routine and ICU hospitalization, initial treatment plans are derived

from clinical data (Eubank et al., 2020; Verity et al., 2020). For

patients admitted to the ICU, their recovery status is recalculated

based on ICU mortality (Verity et al., 2020). After diagnosis, the
FIGURE 1

Model architecture diagram.
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treatment type of agents will be changed. Since cured and deceased

patients no longer influence the spread of COVID-19, the model

will remove them. The model also takes into account a category of

agents with a high mortality rate: patients who have not undergone

nucleic acid testing yet still require ICU treatment. In line with our

policy, the number of such agents is set to zero in the model.

When susceptible agents contract the common cold or seasonal

influenza, they are quarantined due to symptoms resembling those

of COVID-19 (Verity et al., 2020). If the nucleic acid test result is

negative, the quarantine is lifted (Verity et al., 2020).

The model simulated the spread of COVID-19 in Xi’an from 1

December 2021 to 29 January 2022—from the onset of the epidemic

to the reopening of Xi’an. This aimed to demonstrate the model’s

practicality. In this study, three types of COVID-19-related data

released by the Xi’an Municipal Health Commission were selected:

the daily number of newly confirmed cases, the cumulative number

of confirmed cases, and the total number of deaths. Using these

data, weekly new cases and deaths in the study area were extracted

to validate the model.

For instance, by altering the daily nucleic acid detection rate and

the number of initially infected people in the model, it was observed
FIGURE 2

Map of different types of buildings in Xi’an.
FIGURE 3

Distribution of population age characteristics created by the model.
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that the infection rate in public places decreased during Xi’an’s

complete lockdown. Conversely, the infection rate increased after

Xi’an reopened. In line with the actual situation, the number of

agents undergoing nucleic acid testing daily changed over time.

The model simulation was run 100 times. Figure 4 presents the

model validation results. The model’s output data were verified and

compared with Xi’an’s real-world data from four aspects: a) the

total number of COVID-19 confirmed cases during the simulation

period, b) the total number of deaths during the simulation period,

c) the average weekly number of new cases during the simulation

period, and d) the average weekly number of deaths during the

simulation period. The total number of COVID-19 confirmed cases

represents the sum of false positives detected during model

operation and all positive agents. Some diseased agents died

because they could not be admitted to the ICU due to medical

resource constraints. Introducing weekly averages helps avoid

spurious fluctuations caused by uneven data collection.

The model’s output regarding the total number of COVID-19

confirmed cases, weekly new cases, and weekly deaths aligns closely
Frontiers in Cellular and Infection Microbiology 06104
with the actual data reported by the Xi’an Health Commission. This

validates the model’s effectiveness in predicting daily new cases. The

simulated 95% confidence interval for the cumulative number of

confirmed cases was (1526.059982, 1076.640018), while the actual

95% confidence interval was (1458.295568, 990.1377655). The 95%

confidence interval for the simulated weekly new confirmed cases

was (470.6553997, 117.5946003), compared to the actual 95%

confidence interval of (464.8929787, 117.3570213). The

simulation and prediction accuracy for the cumulative number of

confirmed cases and mask-wearing rate reached 100%.

The model exhibits generality. To apply it to different cities,

parameters need to be determined based on each city’s specific

circumstances, enabling city-specific simulation and prediction.

During a certain period, the cumulative number of confirmed

cases output by the model is slightly higher than the actual

official data. This could be attributed to the frequency of official

data reporting. It may also be due to the implementation of patient

nucleic acid testing and active contact tracing at the start of model

operation, corresponding to the early stage of the epidemic. Thus,
a) Total number of confirmed COVID b) Total number of deaths during
         the simula�on period 

c) The average number of new cases
per week during the simula�on period 

d) Average number of deaths per week 

FIGURE 4

Comparison between the COVID-19 epidemic in Xi’an simulated by the model and the official reported data. (a) Comparison of cumulative
confirmed cases; (b) comparison of cumulative deaths; (c) comparison of the average weekly number of new cases; (d) comparison of average
weekly deaths. The cyan lines in the figure represent 100 implementations of the model, the blue lines represent the average of the model
implementations, and the o represents the official reported data.
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under the model-provided practical scenario of patient nucleic acid

testing, discrepancies between simulated and actual data may occur.

Regarding weekly new cases and simulations under a 100% mask-

wearing rate scenario, spikes in real-world data may be associated

with variations in hospital reporting frequency or delays.
3.2 Simulation and effect evaluation of
agent epidemic prevention scenario

The virus exists in droplets or aerosols. When air carries and

spreads particles contaminated with the virus, people can inhale

them directly, resulting in infection. Infected individuals exhale

virus-laden particles while breathing, communicating, coughing,

sneezing, or singing. This easily infects those in their vicinity.

Therefore, wearing masks stands as a crucial measure to prevent

virus spread.

To demonstrate the model’s value and the impact of mask

wearing on the COVID-19 epidemic, the model simulated a

scenario where all Xi’an residents wore masks in public places

during the outbreak. This means that the mask-wearing rate was set

at 100%, and a 1-m social distance was maintained. According to

the health-behavior survey of Xi’an citizens, 90% of them wear

masks when going out. Figures 5 and 6, respectively, display the

simulated COVID-19 situation in Xi’an regarding the cumulative

number of confirmed cases and the weekly new cases, compared

with official data under a 100% mask-wearing rate.

Figures 5 and 6 depict the simulated COVID-19 situation and

official reported figures in Xi’an during scenario simulations

involving mask-wearing and social distancing: a) comparison of

cumulative confirmed cases and b) comparison of cumulative

deaths. In the figures, cyan lines denote 100 model simulations.

The blue line represents the average of model implementations,

while circles (o) represent officially reported data.

When the mask-wearing rate hits 100%, both the cumulative

number of confirmed cases and the weekly increment in the model’s

output decline slightly although not substantially. This may stem

from some individuals’ casual approach to the epidemic, leading to

imperfect execution of mask wearing.
4 Discussion

In late December 2019, Wuhan, a city in Hubei Province,

emerged as the first location where the COVID-19 virus was

detected and reported. Shortly thereafter, the virus began to

spread swiftly, reaching numerous countries worldwide (Marcel

et al., 2020). This caused significant harm globally. To effectively

contain the COVID-19 outbreak in China, it is essential to carry out

efficient testing, promptly trace patient contacts, and identify related

cases. Targeted prevention and control and rational public health

intervention strategies will play a positive role in reducing the

spread of COVID-19 (Aleta et al., 2020; Marcel et al., 2020; Unwin

et al., 2020; Adriana et al., 2021). Identifying infected individuals

and tracing their subsequent contacts represents a crucial aspect of
Frontiers in Cellular and Infection Microbiology 07105
the testing process. To address these challenges, it is necessary to

gain a more in-depth understanding of community composition,

the location and context of COVID-19 outbreaks, and people’s daily

habits (Singh et al., 2020; Heidarzadeh et al., 2021). To maximize

the alignment between the experimental environment and the

population characteristics and geographical environment of the

study area, this research drew on relevant data from the seventh

national population census of Xi’an. Data including the total

number of permanent residents in Xi’an, the total number of

household accounts, the age ratio, the age-distribution

characteristics of household heads, the average family size, and

the proportions of childless families, single-parent families, and

families with the elderly were collected.

The population agents of Xi’an in the model were generated

using data that reflect the local community structure. Based on these

data, family units were created for the agents. Subsequently, family

members were assigned to each family, with the granularity

reaching individual level. This approach aimed to achieve one-to-
FIGURE 5

Cumulative number of confirmed cases in Xi’an with masks.
FIGURE 6

Number of new cases per week in Xi’an with masks.
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one modeling of residents in the study area and reconstruct the

community characteristics of the study area to the greatest extent

possible. Accurate and comprehensive map data are essential for

reconstructing the real-world geographical environment of the

study area. On the one hand, the map data were sourced from

the basic map data of the study area. On the other hand, leveraging

AMAP and Baidu Map is crucial for acquiring detailed statistical

data on all buildings in the study area. These data include building

types, names, precise locations, and their latitudes and longitudes.

The data are generated onto the study area’s basic map using Point

of Interest (POI) data, facilitating the creation of a comprehensive

study area map. This, in turn, maximally restores the real-world

geographical environment of the study area.

To conduct simulation research on the impact of macro-

intervention behavior on epidemic transmission and disease risk,

considering individual factors, it is essential to gather data on

individual influencing factors and relevant government macro-

policy data. Individual-factor data encompasses an individual’s

age, occupation, travel mode, history of traveling in areas with

suspected cases, contact with confirmed patients, presence of

symptoms like fever, cough, and fatigue, population density at

their location, and implementation of traffic control and public-

activity restrictions. Government macro-policy data cover

containment and quarantine measures, promotion of mask-

wearing and avoidance of social activities, and closure and

reopening of schools and workplaces. Beginning with the unique

community characteristics of the study area and integrating the

total number of working individuals and the data on the proportion

of different transportation modes that they select for commuting,

the local population’s movement patterns and behavior trends can

be analyzed. When residents commute to work, attend school, or

visit the hospital, their movements contribute to crowd mobility,

thereby forming the crowd movement model. Given that infection

rates vary across different settings, this paper primarily focuses on

residents at home, during crowd movement, and in locations such

as schools, hospitals, and workplaces. By integrating the infection

rates specific to these relevant settings, the simulation of the

epidemic transmission process is completed. For confirmed

patients, the model classifies them into general hospitalization

and ICU treatment categories based on predefined age

parameters. Confirmed patients undergoing treatment in general

hospital wards will experience improvement and recovery,

influenced by factors such as the COVID-19 recovery time. For

patients receiving ICU treatment, the model predicts the number of

deaths among confirmed patients by considering relevant

parameters like the ICU treatment mortality rate and patient age.

The model no longer includes recovered and deceased confirmed

patients in its calculations. Subsequently, a comprehensive agent

model is constructed. In this study, a model is developed within a

simulated spatial environment that closely resembles the real-world

geographical landscape. This achieves a seamless integration of

agent entities and the geospatial environment.

Building on existing research, Zhou et al. (2022)and his team

effectively demonstrated the transmission process of COVID-19.

They integrated data from mobile network operators with the
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space–time simulation technology of gravity models. Through this

approach, they identified four primary transmission modes. These

modes are constrained by the specific spatial layout and geographical

location of the city. In this study, the simulation of human behavior is

not only accurate at the individual level but also provides highly

accurate spatiotemporal representation for each individual (Ferguson

et al., 2005, 2006; Perez and Dragicevic, 2009; Ajelli et al., 2010; Perra

and Gonçalves, 2015; Aleta et al., 2020), In the agent-based model,

various physical locations are considered, including enterprises,

hospitals, residences, nursing homes, and schools. Simultaneously,

by integrating the unique attributes of the community, this research

delves into the behavior patterns of local residents and population

movement trends. This approach aims to overcome the limitations

imposed by relying on specific spatial layouts and geographical

locations. By integrating population density and spatial density

across different regions to predict outbreak times, the

corresponding mathematical model is developed to achieve

epidemic early warning. An agent-simulation prediction model is

designed and implemented, considering the unique spatial structures

and community characteristics of Chinese cities and the interactions

of government macro-intervention measures. In the control and

prevention of disease spread, the construction and analysis of

mathematical models are of crucial importance. The compartment

model serves as the foundation for understanding the complex

dynamics of epidemics (Jiao et al., 2020). This model can be

employed to analyze the impact of influencing factors, transmission

routes, and population susceptibility on disease progression. It offers

scientific theoretical support for the rational formulation of

prevention strategies. Koo et al. (2020) utilized a model simulating

the influenza epidemic to explore the impact of four interventions on

the transmission of the COVID-19 epidemic in Singapore under

three scenarios with different basic reproductive numbers. Compared

to previous studies, this paper’s advantage lies in its straightforward

coding approach. This enables more efficient presentation of the

effects of various macro-interventions. It facilitates public health

institutions in quickly and promptly evaluating current strategies

and provides direction for subsequent policy adjustments. The

compartment model is also an invaluable tool for understanding

epidemics and evaluating pre-conceived strategies (Baldea, 2020;

Della Rossa et al., 2020; Estrada, 2020; Gilbert et al., 2020;

Vespignani et al., 2020). This research model builds upon the SEIR

model. By incorporating the patient’s death state, nucleic acid

detection state, and treatment state, and integrating with the

discrete-event simulation model, it expands based on GIS. This

results in the formation of the entire agent model. Currently, many

agent models focus on specific settings such as university campuses.

For instance, Gressman and Peck (2020) investigated an agent model

centered on a university campus. This model was used to explore

small-scale micro-environments, like the strategies for universities to

reopen during the epidemic, or to construct agents for simulating an

entire country as the research context. This paper conducts numerical

simulations in a medium-scale environment to explore interactions

between agents themselves and between agents and their

environment. Tatapudi et al. (2021) developed an agent model

based on population and social data from an urban community in
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the United States with 2.8 million residents. They used it to study the

impact of vaccine prioritization strategies on curbing COVID-19. A

large number of experimental studies have validated the advantages

of agent models. These studies have demonstrated their technical

feasibility and expandability in cross-scenario research (Adler et al.,

2020; Gopalan and Tyagi, 2020; Keskinocak et al., 2020; Kuzdeuov

et al., 2020; Kerr et al., 2021). By integrating relevant elements, this

paper addresses the scarcity of medium-scale agent simulations in

existing research. It also develops an agent model suitable for Chinese

cities, incorporating the unique characteristics of Chinese community

structures. This model can more accurately and comprehensively

reflect the distinct lifestyles of Chinese residents. Moreover, it enables

refined population representation when simulating large-scale

activities, making it highly relevant to the epidemic outbreak,

prevention, and control processes in China. Although this paper

has certain limitations, its fitting results are generally consistent with

official data. This provides scientific reference for public health

departments to adopt more comprehensive, rigorous, and detailed

measures to safeguard public health.
5 Conclusions

Acknowledging the complexity and uncertainties within human

society, human behavior, and the continuous mutation of the

COVID-19 virus, this paper gathered 60 days’ worth of epidemic

case data from Xi’an. The data collection period extended from late

November 2020 to early 2021 and encompassed cumulative

confirmed cases, cumulative deaths, daily new cases, and daily

deaths. Taking Xi’an’s epidemic situation as a case study, the

research incorporated geographic information technology. It

delved into the attributes and characteristics of typical clustered

epidemic scenarios. This investigation relied on population census

statistical data, which enabled one-to-one population modeling. It

also made use of basic geographic data including longitude and

latitude information of homes, schools, hospitals, public areas,

nursing homes, Xi’an’s basic map data, and epidemic big data.

Spatial structures closely related to the COVID-19 transmission

path, such as homes, schools, hospitals, nursing homes, public

areas, and leisure and entertainment venues, were identified. One-

to-one high-precision modeling of geographical buildings was

carried out. This created a physical environment for simulating

the “human” (agent) and “epidemic” (virus transmission process)

scenarios of COVID-19. During the modeling process, the model

offers two distinct nucleic acid detection methods based on

residents’ travel status: hospital-based detection and home-

isolation detection. The model precisely tracks and performs

nucleic acid testing on individuals who have had spatio-temporal

intersections with patients. Patients are classified into general

hospitalization, ICU hospitalization, and home isolation (after

treatment completion) based on the severity of their symptoms

and hospitalization requirements. Special scenarios, such as agents
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working in schools, hospitals, and nursing homes, are modeled

separately. The daily number of nucleic acid tests varies over time.

Moreover, accounting for the additional burden of nucleic acid

testing imposed by influenza patients with virus-like symptoms,

Xi’an was simulated to undergo complete lockdown, isolation, and

reopening. This aimed to simulate the impact of different

government policies and measures on virus transmission during

the movement and interaction of urban residents. In addition, a

prediction model for the spread of COVID-19 in urban space was

proposed. This model incorporates individual factors, geospatial

structures, and macro-intervention behaviors. The dynamic

transmission patterns of the disease were explored within spatial

distribution units, focusing on the interaction between agents and

intervention agents. Finally, the model’s results were compared with

official epidemic data released by the Xi’an Health Commission.

This study effectively developed a COVID-19 agent-based

disease risk prediction model. The model can capture the

influence of individual factors on the epidemic and the impact of

macro-intervention measures. It utilizes multi-source data, such as

influenza statistics, building data, and population data. By

comprehensively applying the agent-based model, it enables long-

term and dynamic simulation and prediction of the COVID-19

epidemic transmission trend in Xi’an, the disease risk faced by

residents, and the effectiveness of intervention strategies. This

model serves as a reference for the government to anticipate

epidemic development, optimize the allocation of prevention and

control resources, and evaluate prevention and control measures.
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Objectives: Since the global outbreak of SARS-CoV-2  in 2019, COVID-19 
reinfection has become an increasing concern, particularly during the spread 
of the Omicron variant. Despite numerous international studies on COVID-19 
reinfection, research focusing on healthcare workers, particularly those in 
primary care settings in mainland China, remains limited. This study aims 
to evaluate COVID-19 reinfection rates among primary healthcare workers 
(PHWs) in Jiangsu Province and to explore potential risk factors contributing to 
reinfection.

Methods: This study utilized a combination of online questionnaires and 
on-site surveys to conduct two waves of investigation targeting PHWs after 
epidemic control policy adjustment in Jiangsu Province. Differences between 
the infection at the baseline visit and re-infection at the follow-up visit were 
analyzed, and multivariate logistic regression was used to assess the factors 
influencing reinfection.

Results: A total of 5,541 PHWs were included in the study. At the baseline visit, 
the initial infection rate was 85.85% [95% confidence interval (CI): 84.93–86.77%], 
and the self-reported reinfection rate was 40.05% (95% CI: 38.65–41.44%). After 
adjustment, the reinfection rate was 29.41% (95% CI: 28.12–30.71%). The median 
reinfection interval between the two infections was 146 days (Interquartile 
range: 129–164 days). Logistic regression model revealed that female sex [odds 
ratio (OR) = 1.376, 95% CI: 1.190–1.592], history of fever clinic work (OR = 1.179, 
95% CI: 1.045–1.330), working over 8 h per day (OR = 1.178, 95% CI: 1.040–
1.336), being a nurse (OR = 1.201, 95% CI: 1.029–1.402), and a “less meat, 
more vegetables” diet (OR = 1.206, 95% CI: 1.020–1.426) were significant risk 
factors for reinfection. Additionally, regular physical exercise was found to be a 
protective factor (OR = 0.861, 95% CI: 0.754–0.983).

Conclusion: COVID-19 reinfection rates were relatively high among PHWs in 
Jiangsu Province, particularly among women, nurses, those with fever clinic 
experience and working over 8 h per day. This study offers valuable insights 
for the prevention of COVID-19 reinfection and the development of protection 
strategies for PHWs. It is recommended that more targeted protective measures 
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be implemented for high-risk groups, including appropriate work arrangements, 
regular health monitoring, and the promotion of healthy lifestyle habits.

KEYWORDS

COVID-19, COVID-19 reinfection, SARS-CoV-2, primary healthcare workers, omicron 
variant

1 Introduction

Since December 2019, SARS-CoV-2 has caused widespread and 
sustained global transmission. As of the seven days leading up to 15 
September 2024, more than 776 million COVID-19 cases have been 
reported globally, with over 7.06 million deaths, according to estimates 
from the World Health Organization (1). However, the actual number 
of infections and deaths is likely much higher than reported (2). With 
the continuous mutation of SARS-CoV-2, the immune evasion 
capabilities of the virus have significantly increased, while human 
immunity wanes over time (3). This has resulted in frequent reports 
of reinfections, even multiple infections (4–8). However, research on 
reinfection among healthcare workers in mainland China, particularly 
those in primary care settings, remains relatively limited.

Since its first detection in November 2021, the Omicron variant 
has demonstrated a high degree of immune evasion. By 2022, 
Omicron had become the dominant variant in many countries 
worldwide (9). Numerous studies have shown that Omicron has a 
higher transmission rate and greater capacity to cause reinfections, 
with its reinfection rate surpassing that of earlier variants (10–12). 
Although Omicron appears to cause milder clinical manifestations 
compared to earlier variants, its significantly higher re-infection rate 
presents new challenges for public health control efforts (13, 14).

Unlike many other regions, mainland China successfully avoided 
large-scale nationwide outbreaks during the early stages of the 
pandemic through stringent control measures. However, following the 
adjustment of COVID-19 control policies to “normalized 
management” in December 2022, China experienced a surge in 
COVID-19 cases, reaching its first peak by the end of that month (15). 
Between September 26, 2022, and July 31, 2023, all 80,531 reported 
domestic COVID-19 cases in mainland China were caused by the 
Omicron variant (16). Due to their close contact with COVID-19 
patients, primary healthcare workers (PHWs) faced a significantly 
higher risk of infection compared to the general population (17). 
Studies also indicate that repeated infections may result in more severe 
symptoms, with the risk of severe outcomes potentially increasing 
with each successive infection. In the context of ongoing SARS-CoV-2 
mutations and adjustments to pandemic control policies, it is crucial 
to track infection and reinfection risks among healthcare workers. 
Effective preventive measures are needed to mitigate the risk of 
reinfection among this vulnerable population (18, 19).

This study investigates the infection and reinfection patterns 
among PHWs in Jiangsu Province during two distinct infection peaks. 
It aims to assess the characteristics and differences between the 

infection at baseline visit and re-infection at follow-up visit, and seeks 
to identify factors that may increase the risk of reinfection.

2 Materials and methods

2.1 Study design

This study employed a combination of online questionnaires 
and on-site surveys to conduct two waves of investigation among 
PHWs in Jiangsu Province. The first wave of the survey, conducted 
from January 17 to February 2, 2023, involved 34,090 individuals 
and took place approximately 6 weeks after the adjustment of 
COVID-19 prevention policies. The second wave of on-site survey, 
conducted from July 4 to July 20, 2023, targeted 5,754 PHWs from 
five counties included in the first wave. Professional staff collected 
data on infections occurring between April 1, 2023, and the survey 
date. All data were collected through the Questionnaire Star 
platform.1

The study protocol was approved by the Ethics Committee of the 
Jiangsu Provincial Center for Disease Control and Prevention 
(JSJK2023-B010-01). All participants voluntarily participated in the 
study and provided informed consent before completing 
the questionnaire.

2.2 Definitions

Some variables used in this study were defined as follows:
Individuals who self-reported infection: Defined as those meeting 

any of the following criteria: (1) positive nucleic acid test for SARS-
CoV-2; (2) positive antigen test; (3) both nucleic acid and antigen tests 
positive; (4) exhibiting COVID-19-related symptoms without 
undergoing nucleic acid or antigen testing.

Uninfected individuals: Defined as those meeting any of the 
following criteria: (1) negative nucleic acid and/or antigen test; (2) the 
absence of COVID-19-related symptoms and no nucleic acid or 
antigen testing performed.

Individuals who self-reported an infection at baseline visit: 
Defined as those self-reported being infected with SARS-CoV-2 
during the first wave of the survey.

Individuals who self-reported reinfection: Defined as those self-
reported being infected during both waves of the survey.

Non-reinfected individuals: Defined as those infected during the 
first survey period but not confirmed to have been infected during the 
second survey period.

1  https://www.wjx.cn/

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute 

respiratory syndrome coronavirus 2; PHWs, primary healthcare workers; RIs, 

reinfection intervals; CI, confidence interval; HCWs, healthcare workers; BMI, body 

mass index; OR, odds ratio; IQR, Interquartile range.
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Reinfection interval (RI): The time interval between the self-
reported infection at baseline visit and self-reported re-infection at the 
follow-up visit.

Body Mass Index (BMI): BMI was calculated by dividing weight 
(kg) by the square of height (m2). According to classification standards 
(20), BMI was categorized as follows: underweight (<18.5 kg/m2), 
normal weight (18.5–23.9 kg/m2), overweight (24.0–27.9 kg/m2), and 
obesity (≥28.0 kg/m2).

2.3 Survey questionnaire

The questionnaire used in this study was adapted from the 
second-round COVID-19 pneumonia questionnaire issued by the 
Chinese Center for Disease Control and Prevention and the Peking 
Union Medical College, and modified with reference to the “Diagnosis 
and Treatment Protocol for COVID-19 (Trial Version 10)” (21). The 
information collected by the questionnaire included: (1) Basic 
information: Demographic characteristics, medical history, 
occupation, lifestyle behaviors, and habits; (2) Infection-related 
information: Infection dates, typical symptoms (e.g., fever, muscle 
aches, cough, sore throat, nasal congestion, runny nose), 
hospitalization status, and any newly diagnosed diseases following 
infection; (3) Vaccination status: Number of vaccine doses and vaccine 
type; (4) Work burden: Weekly working hours and whether the 
participant had worked in fever clinics.

2.4 Statistical analysis

The sample size calculations resulted in n = 4,489, based on a 
projected long COVID prevalence of 8.89% and a two-sided 95% 
Clopper-Pearson confidence interval (CI) with a margin of error of 
0.01778 (22). Considering that the reinfection rate exceeds the 
prevalence of long COVID, this sample size is deemed sufficient.

Continuous variables were expressed as means (standard 
deviation, SD), while categorical variables were summarized as 
frequencies and percentages. The 95% CI for the reinfection rate was 
calculated using the Wald method. For some individuals who 
exhibited COVID-19 symptoms but lacked nucleic acid tests or 
antigen detection, the adjusted reinfection rate was estimated using a 
weighted approach based on data from China’s National Influenza 
Surveillance System (16).

Statistical differences between groups were assessed by two-sample 
t-tests for continuous variables. For categorical variables, Pearson’s 
chi-square test was applied when the expected frequency in each cell 
was at least 5; otherwise, Fisher’s exact test was used. For the 
comparison of 14 symptom rates, the Bonferroni-Hochberg method 
was used for multiple comparisons. Both univariate and multivariate 
logistic regression analyses were conducted to identify factors 
associated with self-reported reinfection among PHWs. All variables 
were included in a multivariate logistic regression analysis using a 
stepwise selection method, with an entry criterion of p < 0.05 and a 
removal criterion of p > 0.10. Odds ratio (OR) and 95%CI quantified 
the risk associated with reinfection. A two-sided p-value < 0.05 was 
considered statistically significant.

Considering that some self-reported infected individuals had not 
undergone virus testing, resulting in potential ambiguity in the 

definitions, a sensitivity analysis was conducted. Nucleic acid or 
antigen-positive individuals were regarded as confirmed cases, while 
nucleic acid/antigen-negative or untested asymptomatic individuals 
were categorized as uninfected. Logistic regression was performed 
again using these groups.

All statistical analyses were performed using R software 
(version 4.3.3).

3 Results

3.1 Participants and self-reported 
reinfection rates

In the first wave of survey, a total of 34,090 questionnaires were 
collected between January 17 and February 2, 2023  in Jiangsu 
Province, the overall infection rate among PHWs was 81.05% (95% 
CI: 80.61–81.48%) from December 2022 to January 2023 (23). From 
these, five counties/districts were selected for second wave of on-site 
survey: Ganyu District in Lianyungang City, Funing County, Yandu 
District in Yancheng City, and the county-level cities of Kunshan and 
Changshu in Suzhou.

The second wave of the on-site survey included 5,754 PHWs 
across five counties. After data verification, questionnaires with 
inconsistent or illogical responses were excluded, resulting in the 
removal of 213 questionnaires. A total of 5,541 valid questionnaires 
remained for analysis.

Among the 5,541 participants included in this study, 67.30% were 
female, with a mean age of 39.80 years (SD = 10.80). Of the 4,757 
participants who self-reported an infection at baseline visit, 1,905 were 
self-reported reinfected, and 2,852 did not experience reinfection. The 
self-reported infection at baseline visit rate was 85.85% (95% CI: 
84.93–86.77%), and the self-reported reinfection rate was 40.05% 
(95% CI: 38.65–41.44%). Among those reporting an infection at 
baseline visit, 6.71% exhibited COVID-19-related symptoms without 
having undergone nucleic acid or antigen testing. In the second wave 
survey, 1,253 participants had a positive nucleic acid test, positive 
antigen test, or both, while 652 participants (34.23%) had COVID-19-
related symptoms without testing. Based on the positivity rate among 
influenza-like illness patients from national sentinel hospitals, 
we assumed that a proportion of these 652 symptomatic participants 
were false positives. By adding the confirmed positives to the 
numerator and incorporating the estimated number of false positives 
into the denominator, we recalculated the positivity rate, yielding an 
adjusted reinfection rate of 29.41% (95% CI: 28.12–30.71%).

3.2 Analysis of infection at the baseline visit 
and follow-up visit

3.2.1 Infection dates and time intervals
The distribution of infection dates for both self-reported infections 

at baseline visit and reinfections is illustrated using histograms 
(Figure  1). Infections at baseline visit were concentrated in late 
December 2022, while reinfections exhibited a more dispersed 
pattern, peaking in May 2023, followed by a gradual decline in 
infection numbers. Figure 2 presents reinfection intervals (RIs), the 
median RI was 146 days [Interquartile Range (IQR): 129–164 days], 
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FIGURE 1

Distribution of infection dates.

FIGURE 2

Distribution of reinfection intervals.
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with the shortest and longest RIs being 77 days and 211 days, 
respectively.

3.2.2 Newly diagnosed diseases and symptom 
comparison between infection at baseline visit 
and re-infection at follow-up visit

As shown in Figure 3, 13.35% of participants who experienced an 
infection at baseline visit reported developing one or more newly 
diagnosed diseases afterward. The most frequently reported condition 
was allergic diseases, such as asthma and rhinitis, affecting 7.13% of 
participants. This was followed by cardiovascular disease (2.96%), 
lung disease (2.69%), immune system disorders (2.38%), diabetes 
(1.16%), mental health issues (0.42%), kidney disease (0.32%), and 
liver disease (0.21%).

When comparing symptom frequencies between the infection at 
baseline visit and re-infection at Follow-up Visit (Figure 4), the main 
symptoms during the infection at baseline visit were cough (87.81%), 
fatigue (82.83%), fever (82.38%), sore throat/dry throat (73.45%), muscle 
pain (72.73%), and nasal congestion/runny nose (69.77%). During the 
reinfection, the main symptoms included fatigue (80.37%), sore throat/
dry throat (78.74%), nasal congestion/runny nose (72.60%), cough 
(71.23%), dizziness/headache (69.45%), and fever (67.14%). In 
comparison, cough, diarrhea, fatigue, fever, loss of taste/smell, muscle 
pain, and nausea/vomiting were significantly more frequent during the 
infection at baseline visit, while nasal congestion/runny nose, rash, 
eczema and other dermatological manifestations, and sore throat/dry 
throat were significantly more frequent during the reinfection. All 
comparisons among the symptoms were performed using chi-square tests.

3.2.3 Severity of infections
Among self-reported reinfected participants, 73.65% reported that 

their symptoms during the infection at baseline visit were more severe, 
14.5% indicated that the severity of symptoms were similar between 
the two waves, and only 11.9% perceived that their symptoms were 
more severe during the reinfection. However, the hospitalization rate 
(1.10%) during reinfection was significantly higher compared to the 
hospitalization rate (0.48%) during the infection at baseline visit 
(p  < 0.05, Chi-squared test). The ICU admission rates during the 
follow-up visit and at the baseline visit were 0.21 and 0.04%, 
respectively. The difference between the two groups was not statistically 
significant (p = 0.059, Fisher’s exact test), as shown in Figure 5.

3.3 Comparison between reinfected and 
non-reinfected groups

3.3.1 Univariate analysis
Univariate analysis was performed to compare the baseline 

characteristics of 1,905 reinfected individuals and 2,852 non-reinfected 
individuals, as shown in Table 1. Females had a significantly higher 
reinfection rate (42.74%) compared to males (34.10%), indicating that 
females may face a higher risk of reinfection. In addition, nurses had 
the highest reinfection rate, followed by medical technicians and 
pharmacists. Regarding vaccination status, those who had received 
0–1 doses of the vaccine had the highest reinfection rate (47.66%). The 
reinfection rate decreased as the number of vaccine doses increased, 
and the differences between the various dose groups were not 

FIGURE 3

Newly diagnosed diseases after infection at baseline visit.
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FIGURE 4

Comparison of symptom frequencies between infection at baseline visit and self-reported re-infection at follow-up visit. All symptom comparisons 
were performed using Chi-square tests.

FIGURE 5

Comparison of hospitalization and ICU admission rates between infection at baseline visit and re-infection at follow-up visit.
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TABLE 1  Univariate analysis for factors associated with Self-reported reinfection.

Variables Non-reinfected group Reinfected group Total P-value

Age (mean ± SD) 39.71 ± 10.98 39.30 ± 10.02 39.55 ± 10.61 0.175

Gender <0.001

 � Female 1,874(57.26%) 1,399(42.74%) 3,273

 � Male 978(65.9%) 506(34.1%) 1,484

BMI 0.695

 � Normal weight 1,468 (59.63%) 994 (40.37%) 2,462

 � Obesity 348 (58.68%) 245 (41.32%) 593

 � Overweight 882 (61.17%) 560 (38.83%) 1,442

 � Underweight 154 (59.23%) 106 (40.77%) 260

Smoking 0.006

 � No 2,576 (59.34%) 1,765 (40.66%) 4,341

 � Yes 276 (66.35%) 140 (33.65%) 416

Drinking <0.001

 � No 2,358 (58.88%) 1,647 (41.12%) 4,005

 � Yes 494 (65.69%) 258 (34.31%) 752

Weekly exercise 0.004

 � No 746 (56.64%) 571 (43.36%) 1,317

 � Yes 2,106 (61.22%) 1,334 (38.78%) 3,440

Management 0.573

 � No 2,375 (59.76%) 1,599 (40.24%) 3,974

 � Yes 477 (60.92%) 306 (39.08%) 783

Daily working hours 0.122

 � ≤8 h 1,850 (60.80%) 1,193 (39.20%) 3,043

 � >8 h 1,002 (58.46%) 712 (41.54%) 1,714

History of fever clinic 0.004

 � No 1,492 (61.99%) 915 (38.01%) 2,407

 � Yes 1,360 (57.87%) 990 (42.13%) 2,350

Diet structure 0.049

 � Balanced 2,100 (60.90%) 1,348 (39.10%) 3,448

 � Less meat, more veg. 381 (55.95%) 300 (44.05%) 681

 � More meat, less veg. 371 (59.08%) 257 (40.92%) 628

Diabetic 0.380

 � No 2,778(59.84%) 1,864(40.16%) 4,642

 � Yes 74(64.35%) 41(35.65%) 115

History of cardiovascular disease 0.043

 � No 2,645(59.56%) 1,796(40.44%) 4,441

 � Yes 207(65.51%) 109(34.49%) 316

Vaccine doses 0.206

 � 0 ~ 1 56(52.34%) 51(47.66%) 107

 � 2 ~ 3 1,520(60.61%) 988(39.39%) 2,508

 � ≥4 1,276(59.57%) 866(40.43%) 2,142

Position <0.001

 � Doctor 1,318(62.23%) 800(37.77%) 2,118

 � Medical technician 333(59.57%) 226(40.43%) 559

 � Nurse 733(54.74%) 606(45.26%) 1,339

 � Other position 271(65.46%) 143(34.54%) 414

 � Pharmacist 197(60.24%) 130(39.76%) 327
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statistically significant. Chi-square test was used in all univariate 
analyses, statistically significant differences were observed among the 
variables gender, smoking, drinking, weekly exercise, history of fever 
clinic, diet structure and position.

3.3.2 Multivariate logistic regression model
The final model (Table  2) indicated that female gender 

(OR = 1.376, 95% CI: 1.190–1.592), history of fever clinic work 
(OR = 1.179, 95% CI: 1.045–1.330), working over 8 h per day 
(OR = 1.178, 95% CI: 1.040–1.336), and a “less meat, more vegetables” 
diet (OR = 1.206, 95% CI: 1.020–1.426), along with being a nurse 

(OR = 1.201, 95% CI: 1.029–1.402), were significant risk factors for 
reinfection. Regular weekly exercise was identified as a protective 
factor (OR = 0.861, 95% CI: 0.754–0.983).

3.3.3 Sensitivity analysis
The sensitivity analysis results (Table 3) were highly consistent with 

the main analysis, with female gender (OR = 1.413, 95% CI: 1.190–
1.679), a “less meat, more vegetables” diet (OR = 1.256, 95% CI: 1.031–
1.529), fever clinic work (OR = 1.255, 95% CI: 1.089–1.447), and being 
a nurse (OR = 1.278, 95% CI: 1.067–1.530) remaining significant risk 
factors for reinfection. Medical technician (OR = 1.319, 95% CI: 

TABLE 2  Factors associated with Self-reported reinfection in univariate and multivariate logistic regression.

Variable Univariate analysis Multivariate analysis

OR (95% CI) P-value OR (95% CI) P-value

Age 0.996 (0.991–1.002) 0.182

Gender

 � Male 1.000 1.000

 � Female 1.443 (1.270–1.639) <0.001 1.376 (1.190–1.592) <0.001

BMI

 � Normal weight 1.000

 � Overweight 0.938 (0.821–1.071) 0.343

 � Obesity 1.04 (0.867–1.248) 0.675

 � Under weight 1.017 (0.784–1.319) 0.902

Weekly exercise 0.828 (0.728–0.941) 0.004 0.861 (0.754–0.983) 0.027

History of fever clinic work 1.187 (1.057–1.333) 0.004 1.179 (1.045–1.330) 0.007

Daily working hours

 � ≤8 h 1.000 1.000

 � >8 h 1.102 (0.977–1.243) 0.115 1.178 (1.040–1.336) 0.010

Diet structure

Balanced 1.000

More meat, less veg. 1.079 (0.908–1.283) 0.388 1.09 (0.914–1.301) 0.337

Less meat, more veg. 1.227 (1.039–1.448) 0.016 1.206 (1.020–1.426) 0.028

Position

 � Doctor 1.000 1.000

 � Medical technician 1.118 (0.924–1.353) 0.25 1.149 (0.946–1.396) 0.160

 � Nurse 1.362 (1.185–1.565) <0.001 1.201 (1.029–1.402) 0.021

 � Pharmacist 1.087 (0.857–1.380) 0.492 1.041 (0.816–1.328) 0.749

 � Other position 0.869 (0.697–1.084) 0.214 0.892 (0.711–1.118) 0.322

Vaccine doses

 � 0 ~ 1 1.000 1.000

 � 2 ~ 3 0.714 (0.484–1.052) 0.088 0.718 (0.486–1.062) 0.097

 � ≥4 0.745 (0.505–1.100) 0.138 0.795 (0.537–1.178) 0.253

Management 0.953 (0.814–1.115) 0.546

Smoking 0.74 (0.599–0.915) 0.005

Drinking 0.748 (0.635–0.880) <0.001

Cardiovascular disease 0.775 (0.610–0.985) 0.038

Diabetic 0.826 (0.561–1.215) 0.331

OR, odds ratio; CI, confidence interval; Veg., vegetables.
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1.051–1.657) was identified as a risk factor only in the sensitivity analysis. 
Vaccine doses of 2 ~ 3 was identified as a protective factor (OR = 0.630, 
95% CI: 0.406–0.977). These findings demonstrate that regardless of the 
infection definition used, certain risk factors consistently contribute to 
reinfection, further confirming the robustness of the results.

4 Discussion

In this study, we  analyzed the reinfection characteristics and 
potential risk factors among PHWs during the Omicron variant wave. 

Female PHWs, nurses, and individuals with a history of fever clinic work 
were found to have a significantly higher risk of re-infection. 
Additionally, working more than 8 h per day and having a “less meat, 
more vegetables” diet were identified as risk factors, while regular weekly 
exercise was a protective factor. Vaccine doses of 2 ~ 3 was identified as 
a protective factor against reinfection in the sensitivity analysis. These 
findings highlight important occupational and behavioral factors 
associated with COVID-19 reinfection, underscoring the need for 
targeted protective measures for high-risk healthcare workers.

The results indicate that after adjustments to epidemic control 
policies, the two major waves of Omicron infections in Jiangsu 

TABLE 3  Sensitivity analysis logistic regression results.

Variable Univariate analysis Multivariate analysis

OR (95% CI) P-value OR (95% CI) P-value

Age 0.998 (0.992–1.004) 0.542

Gender

 � Male 1.000 1.000

 � Female 1.478 (1.269–1.722) <0.001 1.413 (1.190–1.679) <0.001

BMI

 � Normal weight 1.000

 � Overweight 0.984 (0.842–1.151) 0.845

 � Obesity 1.009 (0.814–1.252) 0.932

 � Under weight 1.031 (0.758–1.401) 0.847

Weekly exercise 0.883 (0.758–1.029) 0.110

History of fever clinic work 1.241 (1.082–1.423) 0.002 1.255 (1.089–1.447) 0.002

Daily working hours

 � ≤8 h 1.000 1.000

 � >8 h 1.072 (0.930–1.236) 0.338 1.144 (0.988–1.326) 0.073

Diet structure

Balanced 1.000

More meat, less veg. 1.085 (0.886–1.329) 0.431 1.120 (0.912–1.375) 0.279

Less meat, more veg. 1.276 (1.050–1.550) 0.014 1.256 (1.031–1.529) 0.023

Position

 � Doctor 1.000 1.000

 � Medical technician 1.259 (1.009–1.573) 0.042 1.319 (1.051–1.657) 0.017

 � Nurse 1.444 (1.228–1.698) <0.001 1.278 (1.067–1.530) 0.008

 � Pharmacist 1.03 (0.774–1.371) 0.838 1.004 (0.750–1.345) 0.977

 � Other position 0.854 (0.653–1.116) 0.248 0.891 (0.678–1.172) 0.411

Vaccine doses

 � 0 ~ 1 1.000 1.000

 � 2 ~ 3 0.632 (0.410–0.976) 0.038 0.630 (0.406–0.977) 0.039

 � ≥4 0.693 (0.449–1.070) 0.098 0.727 (0.469–1.129) 0.156

Management 0.92 (0.764–1.108) 0.38

Smoking 0.691 (0.533–0.897) 0.005

Drinking 0.738 (0.607–0.898) 0.002

Cardiovascular disease 0.792 (0.597–1.051) 0.106

Diabetic 1.048 (0.665–1.652) 0.840

OR, odds ratio; CI, confidence interval; Veg., vegetables.

118

https://doi.org/10.3389/fpubh.2025.1521658
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Fu et al.� 10.3389/fpubh.2025.1521658

Frontiers in Public Health 10 frontiersin.org

occurred at the end of 2022 and mid-2023, with a median reinfection 
interval of 146 days (IQR: 129–164 days). Moreover, first-time 
COVID-19 infections may be associated with the onset of various 
diseases, particularly allergic conditions (e.g., asthma, rhinitis), with 
7.13% of patients reporting new allergic conditions after infection. 
Although these comorbidities may not be  directly caused by 
COVID-19—such as the development of diabetes potentially due to 
natural aging—the higher rates of allergies, immune system, 
pulmonary, and cardiovascular conditions suggest that COVID-19 
could have a broader impact on these systems, providing a direction 
for future research into long-COVID effects (24, 25). The study also 
observed that primary infections tended to present more systemic 
symptoms (e.g., fever, cough, fatigue), while reinfections 
predominantly involved upper respiratory symptoms (e.g., sore throat, 
nasal congestion). This pattern may reflect the immune system’s 
response to reinfection. During the first infection, the immune system 
is in its initial response phase, resulting in a stronger systemic reaction.

In terms of reinfection rates, the study found that the primary 
infection rate among frontline healthcare workers in Jiangsu was 
85.85% (95% CI: 84.93–86.77%), and the reinfection rate was 40.05% 
(95% CI: 38.65–41.44%). After adjusting for sentinel hospital 
influenza-like illness SARS-CoV-2 positivity rates, the recalculated 
reinfection rate was 29.41% (95% CI: 28.12–30.71%). Flacco et al.’s 
meta-analysis from June 2022 found that reinfection rates before the 
Omicron wave were 0.97%, rising to 3.31% in the first 3 months of 
Omicron’s spread (26). Similarly, research by Fonseca et al. in Brazil 
found a reinfection rate of up to 8%, which increased over time (27). 
Wei et al., utilizing data from the UK Office for National Statistics 
(ONS) COVID-19 Infection Survey, reported that reinfection rates 
rose from 10–11% to 14–16% (28). In China, a retrospective study by 
Zhang et al. in Shanxi Province found that the reinfection rate could 
reach as high as 25.1% (29). Additionally, research by Cai et al. in 
Guangdong Province indicated a reinfection rate of 18.4% following 
an initial Omicron infection, with an overall reinfection rate of 28.3% 
(30). The reinfection rates observed in these studies are consistent 
with our findings on the Chinese population. The relatively high 
reinfection rates in our study may be  attributed to concentrated 
infection clusters during the adjustment of national control policies, 
potentially resulting in a higher reinfection rate compared to 
other countries.

The severity of reinfection remains a contentious issue, with no 
clear consensus in the literature (31). Some studies suggest that 
reinfection leads to milder symptoms, with lower hospitalization and 
mortality rates (32). However, other studies report an increased risk 
of hospitalization and death during reinfection, with cumulative risks 
and burdens rising with each subsequent infection (33). Nguyen et al. 
found no significant difference in symptom severity between primary 
and secondary infections (19). In our study, most participants 
perceived their reinfection symptoms as milder than their initial 
infection, while the hospitalization and ICU admission rates for 
reinfection were significantly higher. This discrepancy may be related 
to strained healthcare resources during the first wave of infections, 
such as shortages of hospital bed, which led to lower hospitalization 
rates during primary infections. Hadley et al. found a statistically 
significant association between the severity of the first and subsequent 
infections, with individuals experiencing severe first infections 
showing a higher risk of hospitalization and death upon reinfection 
(34). These findings underscore the importance of studying the 

severity of COVID-19 reinfection, which is crucial for assessing 
disease burden and shaping future public health policies.

The multivariate logistic regression analysis indicated that being 
female, having a history of working in fever clinics, and being a nurse 
were significant risk factors for reinfection. The higher reinfection 
risks for females and nurses might be  related to their higher 
occupational exposure frequency, particularly nurses who often work 
in high-risk environments on the frontlines of care. Furthermore, 
experience working in fever clinics increases exposure risks, 
highlighting the need for strengthened occupational protections for 
healthcare workers, particularly for high-risk groups. Only in the 
sensitivity analysis, Vaccine doses of 2~3 was identified as a protective 
factor against reinfection. Although the OR values for both 2~3 and 
≥4 doses were less than 1.000, most of the p-values were greater than 
0.05. This may be due to the small number of individuals with Vaccine 
doses of 0~1, as only 2.25% of PHWs received one or fewer doses. This 
may also suggest that maintaining high immunity levels through 
vaccine boosters is critical in the context of ongoing SARS-CoV-2 
mutations. Future vaccination strategies should consider the waning 
efficacy of vaccines over time, and regular booster doses may be an 
effective way to reduce reinfection risks (35).

Increasing the supply of personal protective equipment, 
rationalizing work hours, implementing regular health monitoring, 
and prioritizing vaccination for these groups could effectively reduce 
infection risks.

However, this study has several limitations. First, data collection 
involved a combination of online and offline methods, with online 
questionnaires used during the first wave and on-site during the second. 
This discrepancy may have led to inconsistencies in the accuracy of 
responses. Second, due to the extensive scale of the outbreak, it was not 
feasible to test all participants for SARS-CoV-2 using nucleic acid or 
antigen tests. Consequently, individuals who were not tested but 
exhibited symptoms were classified as infected, which may have 
overestimated infection and reinfection rates. To mitigate these 
limitations, we adjusted the reinfection rate using data from sentinel 
hospitals, and conducted a sensitivity analysis to validate the robustness 
of the results. However, some residual errors may still remain.

In conclusion, this study identified higher reinfection risks for 
female healthcare workers, nurses, “less meat, more vegetables” diet 
and those with fever clinic experience. It also highlighted significant 
differences in the symptoms and severity of primary and secondary 
infections. These findings provide important insights into the risk 
factors for reinfection and strategies for its prevention.

5 Conclusion

This study examined the characteristics of COVID-19 primary 
infections and reinfections among PHWs during the Omicron wave 
in Jiangsu Province and identified potential risk factors for reinfection. 
The results showed a primary infection rate of 85.85% and a 
reinfection rate of 40.05%, with an adjusted reinfection rate of 29.41%. 
The study also highlighted differences in symptomatology and severity 
between primary infections and reinfections. While primary 
infections were more systemic in nature, reinfections predominantly 
involved upper respiratory symptoms. Although most participants 
perceived their reinfection symptoms as milder, the hospitalization 
and ICU admission rates were significantly higher during reinfection 
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compared to primary infections, possibly due to healthcare resource 
constraints during the first infection wave.

Female healthcare workers, nurses, and individuals with a history 
of working in fever clinics were found to have a significantly higher 
risk of reinfection. Additionally, working more than 8 h per day and 
following a “less meat, more vegetables” diet were associated with 
increased reinfection risk, while regular weekly exercise was identified 
as a protective factor. These findings underscore the need for targeted 
protective measures for high-risk healthcare workers, particularly 
females, nurses, and those with fever clinic experience. Enhancing 
personal protective equipment supplies, rationalizing work hours, and 
implementing regular health monitoring for these high-risk groups 
may effectively reduce the risk of reinfection. By improving workplace 
protections and health measures for healthcare workers, the risk of 
reinfection can be  mitigated, further safeguarding this 
critical population.
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surveillance data encompassing
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Luzhao Feng4, Mingyue Jiang4, Yanxia Sun4* and Li Qi1,2*

1Chongqing Center for Disease Control and Prevention (Chongqing Academy of Preventive
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Construction Program, Chongqing, China, 3School of Public Health, Chongqing Medical University,
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Sciences & Peking Union Medical College, Beijing, China
Background: Respiratory tract infections (RTIs) are an important public health

concern, and SARS-CoV-2 affects the epidemic pattern of RTIs globally. National

multipathogenic surveillance for RTIs was conducted in mid-October 2023.

However, baseline data on the pathogen spectrum of RTIs in Chongqing,

China, before mid-October 2023 are limited.

Methods: A descriptive analysis was conducted to determine the epidemiology

of RTIs in Chongqing, China, in 2023.Results A total of 1,894 individuals were

included in 2023, with an overall positivity rate of 28.7%. The highest overall

positivity rate was observed in May 2023 (53.0%). Different predominant

respiratory pathogens were observed among different age groups. Among all

single-infected individuals, SARS-CoV-2 accounted for 32.1%, followed by IFV,

which accounted for 28.2%. In the children group, RSV ranked first, accounting

for 15.7%. Among school-aged children, IFV ranked the top, accounting for

46.7%. SARS-CoV-2 ranked the top among adults and the elderly, accounting for

45.5% and 47.0%, respectively.

Conclusions: The local pathogen spectrum of RTIs one year after the onset of

COVID-19 showed that SARS-CoV-2 was steady, and viral infection might be the

main cause of RTIs. Both upper respiratory tract infections and lower respiratory tract

infections (LRIs) showed high RTI positivity rates. The pathogen spectra of upper

respiratory tract infections (URIs) and LRIs differ in adults. Holistic surveillance of RTIs

is necessary to estimate the local disease burden. Vaccination against respiratory

infections remains an important strategy to prevent and control RTIs.
KEYWORDS

respiratory tract infection, epidemiology, multiple respiratory pathogens, SARS-CoV-
2, surveillance
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Introduction

Respiratory tract infections (RTIs) are major global health

problems that can be classified into upper respiratory tract

infections (URIs) and lower respiratory tract infections (LRIs).

LRIs are the fourth leading cause of death worldwide, accounting

for 2.50 million deaths, and pose a significant global health

challenge (Collaborators GL, 2022). Most RTIs are self-limiting

but can lead to severe outcomes including hospitalization and

death, especially in immunocompromised young children and the

elderly (Echavarrıá et al., 2018). During the global COVID-19

pandemic, the epidemiology of respiratory pathogens such as

influenza, mycoplasma pneumoniae (M. pneumonia) (Meyer

Sauteur et al., 2022), and respiratory syncytial virus (RSV)

(Chuang et al., 2023), appears to have changed dramatically,

showing an obvious downward trend (Li et al., 2022; Yoshioka

et al., 2023). The phenomenon could be attributed to the public

health and social measures (PHSMs) that were implemented to curb

the spread of SARS-CoV-2, such as social distancing, school

closures, and mask mandates. However, studies conducted at

home and abroad showed that these respiratory pathogens

resurged as PHSMs lifted (Mott et al., 2021; Ujiie et al., 2021; Li

et al., 2022).

The PHSMs implemented during the COVID-19 pandemic,

while effective in containing SARS-CoV-2 transmission, also

modulated the incidence of other respiratory infections (Shi et al.,

2022; Yuan et al., 2022; Boehm et al., 2023). In late 2022 after

Chinese government has shifted COVID-19 prevention and control

policies, the long-term impact of pandemic-era measures on the

resurgence patterns of other respiratory pathogens remained

unclear (Li et al., 2022). Chongqing is the largest subtropical

municipality in China, with a heavy burden of respiratory

diseases (Qi et al., 2020a; Qi et al., 2020b; Li et al., 2023). Owing

to COVID-19 pandemic, the activity of mutations in respiratory

pathogens shifted significantly. Follow the WHO declaration of the

pandemic’s end in May 2023, PHSMs were gradually relaxed

globally. In this context, evaluating the evolving spectrum of

respiratory pathogens and monitoring their activity has become

critical. Such assessments help guide localized prevention and

control policies in response to shifting epidemiological trends.

Following the COVID-19 pandemic, the government realized it

was essential to re-evaluate the activity of respiratory pathogens.

This could help understand the updated circulation of these

pathogens and their impact on the population. As a result, the

government support to conduct multipathogen surveillance across

most regions of China. Chongqing, an important city in

southwestern China, is a key focus. These data will serve as a

reference for southern China and even other parts of the country.
Abbreviations: RTIs, Respiratory tract infections; URIs, upper respiratory tract

infections; LRIs, lower respiratory tract infections; M. pneumonia, mycoplasma

pneumoniae; RSV, respiratory syncytial virus; IFV-A, influenza A virus; IFV-B,

influenza B virus; HAdV, human adenovirus; HPIV, human parainfluenza virus;

HMPV, human metapneumovirus; HCoV, human coronavirus; HRV, human

rhinovirus; C. pneumonia, chlamydia pneumoniae.
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The previous historical surveillance data of respiratory diseases in

China, primarily focused on influenza (National surveillance

protocol for influenza (version 2010): China National Influenza

Center, 2010), underscore the significance of expanding research to

encompass a broader spectrum of other respiratory pathogens.

Meanwhile, there were limited data before the national

multipathogenic surveillance for RTIs was conducted.

Therefore, our study first reported and analyzed the

epidemiology of RTIs with seventeen respiratory pathogens in

Chongqing, China, with the goal of revealing the dynamic

epidemic characteristics of multiple pathogens after the COVID-

19 pandemic (in 2023). Additionally, we aimed to identify the risk

groups for severe disease in Chongqing, intending to offer practical

references for preventing and controlling respiratory infectious

diseases. Through our research, we can establish the baseline of

the pathogen spectrum of local respiratory tract infections.

Furthermore, it could provide a guidance for the allocation of

medical resources (such as medications, hospital beds, medical

staff, and vaccines). Beside, these data will serve as a reference for

southern China and even other parts of the country.
Materials and methods

This is a multi-center research led by the Chinese Academy of

Medical Sciences to analysis of the characteristics of multi-pathogen

composition in cases of acute respiratory infection, with more than

14 joint institutions around China, including Chongqing. National

multipathogenic surveillance for RTIs was conducted in mid-

October 2023. However, baseline data on the pathogen spectrum

of RTIs in Chongqing, China, before mid-October 2023 are limited.

Based on the holistic protocol, our sample size was approximately

2000 individuals. According to different economic levels, this cross-

sectional study was executed in four districts in Chongqing from 1

January to 31 December 2023, including Wanzhou District,

Yongchuan District, Wulong District, and Nan’an District. This

study randomly enrolled individuals with acute respiratory

infection (Daoud Perez et al., 2022) from four districts in

Chongqing, from 12 hospitals (Wulong District People’s Hospital,

Fukang Hospital, Wulong District Traditional Chinese Medicine

Hospital, Wulong District Maternal and Child Health Hospital,

Chongqing No. 5 People’s Hospital, The First Affiliated Hospital of

Chongqing Medical and Pharmaceutical College Chongqing

Southeast Hospital, The Affiliated People’s Hospital of Three

Gorges Medical College, The Affiliated Hospital of Three Gorges

Medical College, The Central Health Center of Fenshui Town, The

Central Health Center of Longsha Town, and The Affiliated

Yongchuan Hospital of Chongqing Medical University).

The criteria of enrollment were as follows: URIs, 1) Individuals

of all age groups can be included; 2) Have clinical manifestations of

acute infection, including any one of fever (with possible

hypothermia considering age), abnormal white blood cells

(increase, decrease, or abnormal distribution), and chills; 3) Have

any one of the respiratory symptoms simultaneously, including

pharyngeal discomfort, dry throat or sore throat, nasal congestion,
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runny nose, obvious congestion and edema of the nose/pharynx/

larynx, cough (new onset or aggravated cough), expectoration,

shortness of breath, abnormal auscultation of breath sounds

(rales, rhonchi, wheezing, dullness), and chest pain; 4) Sign the

informed consent form.

LRIs, 1) Inpatients whose illness onset was within 7 days; 2)

Have respiratory symptoms such as fever, cough or sore throat; 3)

Chest X - ray (or chest CT) examination shows pneumonia; 4) Sign

the informed consent form.

A uniform questionnaire with information regarding

demography, diagnosis and treatment, sample collection, and

laboratory testing was obtained from all involved individuals. URIs

samples (oropharyngeal swabs) were collected from both outpatients

and inpatients. Lower respiratory tract samples such as

bronchoalveolar lavage fluid, tracheal secretions, or deeply induced

sputum are preferred by inpatients; however, oropharyngeal swabs

can be collected if lower respiratory tract samples cannot be obtained.

Seventeen respiratory pathogens which included SARS-CoV-2,

influenza A virus (IFV-A), influenza B virus (IFV-B), RSV, human

adenovirus (HAdV), human parainfluenza virus (HPIV) 1-4, human

metapneumovirus (HMPV), human coronavirus (HCoV) 229E,

NL63, OC43, HKU-1, human rhinovirus (HRV), M.pneumonia,

chlamydia pneumoniae (C. pneumonia), were identified by real-

time fluorescent polymerase chain reaction testing.

Data analysis was performed by R software (version 4.2) and

Microsoft Excel (version 2019; Redmond, WA, USA). Descriptive

analysis was employed to illustrate the epidemiological

characteristics. Line charts and percentage bar chart were used to

show the monthly distribution of positive respiratory pathogens

detection and the distribution of respiratory pathogens by age,

respectively. Chi-square test was conducted to compare differences

between subgroups. P values less (two-tail) than 0.05 were

considered statistically significant.
Results

In total, 2,242 people participated in this research in

Chongqing. After data cleaning, a total of 1,894 individuals were

included in our study, with an overall positivity rate of 28.7%. The

single infection and co-infection rates were 25.8% and 2.9%,

respectively. Higher positivity rates were observed among school-

aged children, outpatients, and patients with URIs. Table 1 shows

the positive rates of respiratory pathogens in the different groups.

The highest overall positivity rate was observed in May 2023

(53.0%), with a higher number of outpatients than inpatients.

Figure 1a shows the monthly distribution of positive rates among

the RTI cases. Different predominant respiratory pathogens were

observed among different age groups. The pathogens detection in

URIs varied significantly across age groups (c²=34.79, P < 0.001),

whereas no statistically differences were observed in LRIs (c²=7.54
P=0.581). In the three groups of all cases, the elderly, and the adults,

viral monoinfection had a higher rate (27.0%–15.7%), followed by

viral-viral coinfection, among both among LRIs and URIs. In the

school-aged children group, the proportion bar charts displayed
Frontiers in Cellular and Infection Microbiology 03124
results from limited samples (two samples tested viral

monoinfection out of twelve samples). In the children group, viral

monoinfection was most frequently identified among the LRIs

(20.3%), M. pneumonia, and C. pneumonia were not detected.

Figure 1b shows the proportion of respiratory pathogens among the

different age groups.

Among all single-infected individuals, SARS-CoV-2 accounted

for 32.1%, followed by IFV, which accounted for 28.2%. In the

children group, RSV, IFV, and HPIV ranked the first three,

accounting for 15.7%, 14.7%, and 13.7%, respectively. Among

school-aged children, IFV ranked the top, accounting for 46.7%,

followed by SARS-CoV-2 and HRV, which accounted for 15.2%,

respectively. SARS-CoV-2 ranked the top among adults, accounting

for 45.5%, followed by IFV (32.1%) (Qi et al., 2020a). SARS-CoV-2

accounted for the majority (47.0%) of the elderly, followed by IFV

(17.9%). Figure 2 illustrates the details of the viral and bacterial

compositions of single infections.
Discussion

Chongqing, a megacity with a larger population than the capital

Beijing, holds significant importance in China. Our previous studies

have estimated that Chongqing has a substantial influenza- and

pneumonia-related mortality burden (Qi et al., 2020a; Qi et al.,

2020b; Li et al., 2023). Owing to mutations in respiratory pathogens

and immunity debt during the COVID-19 period, people may

exhibit increased susceptibility to respiratory pathogens (Zuurbier

et al., 2023), which could lead to the recurrence of epidemic peaks of

RTIs after the COVID-19 pandemic. Based on our surveillance, the

findings revealed that school-aged children, outpatients, and

patients with URIs suffered the most respiratory infections, with a

higher overall positive rate. Similarly, a community-based cohort

study revealed a positivity rate of > 70% among healthy children in

New Zealand (Walker et al., 2022). The proportion of people

infected with SARS-CoV-2 remains at a relatively high level

locally, even PHSMs to curb the spread of SARS-CoV-2 were

lifted. This also leading to the relatively low proportion of other

pathogens (Oishi et al., 2022; Presti et al., 2024). But in different age

groups, the predominant respiratory pathogens were differed; like in

children and school-aged children group, the predominant

respiratory pathogens were still those prevailed before COVID-19.

We observed that viral monoinfection was prevalent in all cases of

respiratory infection in Chongqing, China, in 2023, including both

URIs and LTIs. Besides, viral-viral co-infection was also observed in all

age groups. Another community-acquired pneumonia study (Liu et al.,

2023) conducted from 2009 to 2020 in China indicated that among

adults and the elderly, bacterial monoinfection was the leading

respiratory pathogen and viral-bacterial co-detection was rare in all

age groups. Hence, persistent comprehensive monitoring of respiratory

infections was necessary in the local area. Further analysis of the single

infection revealed different pathogens among different age groups. In

children and school-aged children, IFV, RSV, and HRV were

responsible for the foremost respiratory tract infections in 2023.

Conversely, in adults and elderly individuals, SARS-CoV-2 was
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1567341
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Li et al. 10.3389/fcimb.2025.1567341
superior to the other seventeen respiratory pathogens. However, before

the COVID-19 pandemic, IFV was responsible for most respiratory

infections in different age groups in China (Li et al., 2021). Also, our

previous study found a resurgence of IFV during COVID-19 in

Chongqing, China, implying the high prevalence of IFV locally, even

though HCoV remained in a low-level epidemic (Li et al., 2023). There

was another report indicating that RSV causes a considerable disease

burden for older and high-risk adults (Nguyen-Van-Tam et al., 2022),
Frontiers in Cellular and Infection Microbiology 04125
so attention regarding the older, and adults should not be neglected

even though many citations signify children are more vulnerable

individuals to RSV (Li et al., 2022).

This study has a few limitations. Our tested pathogens were

mostly viruses, common bacteria were not included tested. In

addition, the LRI samples from school-aged children were limited

compared to other age groups, and more data should be collected

for in-depth analysis.
TABLE 1 Positive rates of respiratory pathogens among patients with respiratory infection in Chongqing, in 2023. (N=1,894).

Characteristics All respiratory pathogens tested

No. specimens tested No. laboratory‐confirmed cases (%)

Total Single infection Co-infection

Sex

Male 1,050 (55.4) 290 (27.6) 270 (25.7) 20 (1.9)

Female 844 (44.6) 253 (30.0) 219 (26.0) 34 (4.0)

Age group

Children (≤5 years) 350 (18.5) 122 (34.9) 102 (29.1) 20 (5.7)

School-aged children (6–17 years) 303 (16.0) 117 (38.6) 105 (34.7) 12 (4.0)

Adults (18–59 years) 628 (33.2) 181 (28.8) 165 (26.3) 16 (2.5)

Older people (≥60 years) 613 (32.4) 123 (20.1) 117 (19.1) 6 (1.0)

Case type

Inpatients 1,046 (55.2) 195 (18.6) 184 (17.6) 11 (1.0)

Outpatients 848 (44.8) 348 (41.0) 305 (36.0) 43 (5.1)

RTIs type

URIs 1,438 (75.9) 459 (31.9) 412 (28.7) 47 (3.3)

LRIs 456 (24.1) 84 (18.4) 77 (16.9) 7 (1.5)

Total 1,894 (100.0) 543 (28.7) 489 (25.8) 54 (2.9)
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Conclusions

This descriptive analysis revealed the pathogen spectrum of

respiratory infections according to age, URIs, and LRIs. RTIs are an

important public health issue, especially in school-aged children.
Frontiers in Cellular and Infection Microbiology 05126
Viral infection may be the main cause of local RTIs, and the

prevalence of SARS-CoV-2 remains at a certain level locally.

These findings underscore the need to monitor the

epidemiological trends in respiratory infections. A comprehensive

surveillance of RTIs is necessary to estimate the disease burden, and
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conducive to implement prevention and control measures such as

health advisories for the public, vaccination, and the stockpiling of

medical resources, locally.
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Background: Human Adenovirus (HAdV) is a significant pathogen for acute 
respiratory infections(ARIs) in children. However, its epidemiological patterns, 
serotype distribution changes, and molecular mechanisms associated with 
severe pneumonia during and after the COVID-19 pandemic require further 
elucidation through large-scale and molecular typing studies. 

Methods: This study used a retrospective cohort design to analyze 28060 
respiratory specimens from Tianjin Children’s Hospital from March 2022 to 
March 2024. HAdV detection and typing were performed through targeted 
high-throughput sequencing and PCR-based amplification of Penton, Hexon, 
and Fiber genes for phylogenetic analysis. Additionally, clinical data were 
compared to assess differences in clinical presentations among pediatric 
patients infected with different HAdV types. 

Results: The overall HAdV detection rate was 8.9% (2,484/28,060), with 
significant male predominance (9.2% vs. 8.4%, P = 0.019) and age-specific 
susceptibility peaking in school-aged children (10.4%, P < 0.001). Seasonal 
patterns demonstrated winter predominance (15.9%), contrasting with other 
seasons (P < 0.001). Genotyping of 1,914 positive specimens demonstrated 
HAdV-3 dominance (53.4%, 1,022), followed by HAdV-7 (17.7%, 338), HAdV-2 
(8.4%, 160), HAdV-1 (7.9%, 152), and HAdV-21 (6.4%, 122). The diagnosis mainly 
included pneumonia, bronchitis, adenopharyngitis, and upper respiratory tract 
infections (URTIs). Genotype-clinical correlations showed distinct patterns: 
HAdV-3 (55.6%) and HAdV-7 (20.9%) predominated in pneumonia cases, with 
HAdV-7 linked to severe pneumonia (P<0.001). HAdV-3 (40.6%) and HAdV-2 
(16.7%) were more common in adenopharyngitis, while HAdV-3 and HAdV-21 
were more common in bronchitis (51.2% and 11.1%) and URTIs (31.9% and 19.1%). 
Molecular characterization revealed structural conservation in the Penton 
protein of HAdV-C and identified Hexon as the most polymorphic region with 
85 variable sites, indicating divergent evolutionary pressures across viral domains. 
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Conclusion: HAdV-3, HAdV-7, HAdV-2, and HAdV-1 were the predominant 
HAdV types in children hospitalized with ARIs in Tianjin. Moreover, not only the 
epidemiological characteristics of different HAdV types vary, but there are also 
certain differences in the clinical symptoms and outcomes of children infected 
with different types of HAdV. Therefore, it is essential to differentiate HAdV types 
for epidemiological surveillance and clinical management purposes. 
KEYWORDS 

human  adenovirus,  acute  respiratory  infections,  children,  epidemiology,  
molecular types 
1 Introduction 

Human adenovirus (HAdV), a non-enveloped dsDNA virus of 
the genus Mastadenovirus (family Adenoviridae), represents a 
significant global pathogen causing heterogeneous clinical 
manifestations across age groups. Pediatric populations exhibit 
heightened susceptibility, with 80% of infections occurring in 
children under 4 years of age due to waning maternal antibodies 
and immature adaptive immunity (Lynch and Kajon, 2016). The 
International Committee on Taxonomy of Viruses (https:// 
talk.ictvonline.org/taxonomy) classifies more than 120 genotypes 
into seven species (A-G), with distinct tissue tropisms dictating 
clinical outcomes. Acute respiratory infections (ARIs) are 
commonly linked to species B (B3, B7, B14, B16, B21), C (C1, C2, 
C5, C6, C57), and E (E4) (Lynch and Kajon, 2016; Tian et al., 2021), 
manifested as pneumonia, bronchitis, upper respiratory tract 
infections (URTIs), or tonsillitis (Wen et al., 2021). Notably, 
approximately one-third of HAdV-associated pneumonia 
progresses to severe adenoviral pneumonia, characterized by 
radiographic consolidation and extrapulmonary complications 
(Lu et al., 2013; Wang et al., 2021). Despite this clinical burden, 
evidence remains limited regarding genotype-specific virulence 
determinants. This emphasizes the importance of rapid and 
accurate  HAdV  genotyping  in  cl inical  diagnosis  and  
epidemiological investigation. 

Conventional HAdV serotype determination relies on 
neutralization assays and hemagglutination inhibition tests, which 
are time-consuming and reagent-limited. The emergence of novel 
recombinant strains through homologous recombination 
complicates traditional serological typing, as evidenced by 
circulating variants containing discordant antigenic determinants. 
Modern molecular approaches, particularly multiplex PCR and 
real-time quantitative PCR (qPCR), demonstrate superior 
diagnostic utility with higher sensitivity for established genotypes 
(Ison and Hayden, 2016). However, partial genome sequencing 
strategies (e.g., Hexon hypervariable region analysis) carry inherent 
misidentification risks, as critical recombination breakpoints 
frequently occur outside targeted loci. To ensure accurate 
02 130
molecular epidemiology, the WHO HAdV Working Group 
(http://hadvwg.gmu.edu) recommends integrated analysis of three 
capsid genes (Hexon, Penton base, and Fiber) (Wu et al., 2022). 

During the last decade, outbreaks of respiratory tract infections 
caused by HAdV have occurred frequently in many countries 
including China (Barnadas et al., 2018; Zhao et al., 2020; Huang 
et al., 2021; Pscheidt et al., 2021; Huang et al., 2023). While 
genotype-specific virulence has been hypothesized, only a few 
published pediatric studies incorporate molecular subtyping data, 
and existing evidence suggests a correlation between genotypes and 
clinical outcomes (Lin et al., 2017; Wang et al., 2021). Thus, the 
genotyping of HAdV is crucial for understanding local 
epidemiology, tracking virulence variants, and guiding vaccine 
development. Notably, the widespread implementation of non-
pharmaceutical interventions (NPI) during the COVID-19 
pandemic significantly altered the transmission patterns of 
respiratory viruses, including HAdV (Huang et al., 2023). In the 
post-pandemic era, the epidemiological characteristics, 
predominant serotype distribution, and associations with disease 
severity of HAdV have exhibited new dynamics, urgently requiring 
continuous surveillance and in-depth investigation (Yan et al., 2024; 
Zhao et al., 2024; Contes and Liu, 2025; Han et al., 2025). The aim of 
this study was to investigate the epidemiological, clinical, and 
molecular characteristics of HAdV infections among hospitalized 
children with ARIs in Tianjin from March 2022 to March 2024, 
aiming to inform future prediction and intervention strategies for 
HAdV-related diseases. The findings provide scientific evidence for 
the prevention and control of HAdV-related diseases. 
2 Materials and methods 

2.1 Patients and specimens 

This retrospective cohort study was conducted from March 
2022 to March 2024 at Tianjin Children’s Hospital in Tianjin. 
Clinical specimens (nasopharyngeal swabs, sputum, and 
bronchoalveolar lavage fluid) were collected from children with 
frontiersin.org 
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ARIs within 24 hours after hospitalization. All specimens were 
stored at -80°C for further genotyping. Demographic and clinical 
data of HAdV-positive patients by targeted next-generation 
sequencing were obtained from their medical records. The 
inclusion criteria were as follows (1): presentation of typical ARIs 
symptoms (e.g., fever, cough, nasal congestion) (2); hospitalization 
during the specified period; (3) age range of 1 day to 18 years; (4) 
informed consent from patients or guardians. Exclusion criteria 
were as follows: (1) hospital-acquired infections; (2) patients with 
incomplete electronic medical records; (3) cause of hospitalization 
other than ARIs. Severe pneumonia was diagnosed according to the 
Chinese 2019 version of diagnosing and treating children’s 
community-acquired pneumonia (National Health Commission 
of the People’s Republic of China and State Administration of 
Traditional Chinese Medicine, 2019). This study protocol was 
approved by the ethics committee of the Tianjin Children’s 
Hospital and conducted by the Declaration of Helsinki guidelines. 
The parents or guardians of all participants signed informed 
consent. Specimens for this study were collected in Tianjin, 
located in the North China region at approximately 39°N latitude 
in the Northern Hemisphere. The seasons were defined according 
to the Northern Hemisphere standards: spring (March to May), 
summer (June to August), autumn (September to November), and 
winter (December to February of the following year). A flow 
diagram of the study design is shown in Figure 1. 
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2.2 Detection of HAdV and molecular 
genotyping 

HAdVs were detected and genotyped using a multiplex PCR-
based targeted next-generation sequencing (tNGS) platform. This 
assay not only identified HAdV presence but also resolved 13 
distinct genotypes (HAdV-1, 2, 3, 4, 5, 6, 7, 8, 21, 31, 55, 57, and 
108). The diagnostic panel development and validation were 
conducted by JinYu Biotechnology. Viral DNA was randomly 
extracted from 100 HAdV-positive clinical specimens using the 
QIAamp MinElute Virus Spin Kit (QIAGEN, Germany) following 
the manufacturer’s protocol. Target regions encompassing the 
Hexon, Penton base, and Fiber genes were amplified by 
conventional polymerase chain reaction (PCR) as previously 
described (Wu et al., 2022). Amplification products were analyzed 
by electrophoresis on 1.5% agarose gels, and positive amplification 
products were sequenced by GENEWIZ (Suzhou, China) using 
Sanger sequencing technology. Obtained sequences were aligned 
against the National Center for Biotechnology Information (NCBI, 
https://www.ncbi.nlm.nih.gov/) GenBank database using Basic 
Local Alignment Search Tool (BLAST). Genotype assignment was 
determined through maximum sequence identity matching across 
the Hexon, Penton base, and Fiber. Phylogenetic reconstruction and 
amino acid substitution analyses were subsequently performed to 
characterize viral evolution. 
FIGURE 1 

Flow diagram of study design. 
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2.3 Phylogenetic and amino acid mutation 
analysis 

For preliminary genotyping analysis, the 188 successfully 
sequenced nucleotide fragments were aligned against the NCBI 
database (https://www.ncbi.nlm.nih.gov). Reference sequences 
comprising prototype strains with definitive genotypes and 
circulating strains exhibiting >99% nucleotide identity to study 
isolates were downloaded from GenBank. Sequences with length 
<1000 bp were excluded. Multiple sequence alignment was 
performed using ClustalW, followed by trimming all sequences to 
uniform length. Maximum likelihood trees were reconstructed in 
MEGA-X (v10.2.6) with branch support assessed by 1000 bootstrap 
replicates. Nucleotide and amino acid sequence homology analyses, 
along with mutational profiling, were performed using BioEdit 
v7.2.0 (https://www.mbio.ncsu.edu/BioEdit/page2.html). The 
sequences of the Hexon, Penton base, and Fiber genes 
characterized in this study have been deposited in the GenBank 
database under accession number PV106134-PV106159. 
2.4 Recombination analysis 

For strains exhibiting genotypic discordance across the Penton, 
Hexon, and Fiber genes (indicative of potential recombination), the 
trimmed nucleotide sequences of these three genes from each 
suspected recombinant strain were concatenated in-frame. 
Corresponding gene sequences from Human adenovirus C 
(HAdV-C) prototype strains and closely related, genotypically well-
defined circulating strains retrieved from GenBank were similarly 
trimmed, aligned with the study sequences, and concatenated. 
Recombination events within the concatenated sequences were 
assessed using the RDP5 software package, employing seven 
detection algorithms: RDP, GENECONV, 3Seq, Chimaera, SiScan, 
MaxChi, and LARD. Recombination events detected by at least five 
methods with a p-value < 0.05 were considered statistically 
supported. Putative recombination breakpoints identified by RDP5 
were further characterized and visualized using SimPlot software 
(version 3.5.1), with the suspected recombinant strain as the query 
sequence. BootScan analysis was performed using a window size of 
200 nucleotides (nt), a step size of 20 nt, 100 replicates, gap stripping 
enabled, and the Kimura 2-parameter distance model. 
2.5 Nucleotide diversity analysis 

Nucleotide diversity plots were constructed using the DNA 
Sequence Polymorphism software (DnaSP v5.10.01; www.ub.edu/ 
dnasp/). Sites with alignment gaps were excluded. The analysis was 
performed with a sliding window length of 100 bps and step size of 
25 bps. 
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2.6 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics 
(version 23.0). Continuous variables were described as mean ± 
standard deviation for normally distributed data or median with 
interquartile range (IQR) for nonparametric distributions. 
Continuous variables were compared using the t-test or the 
Mann-Whitney U test. Categorical data were displayed as 
numbers and percentages, and were compared by chi-square test 
or Fisher’s exact test, as appropriate. Each statistical test was two-
sided, and P values of <0.05 were considered statistically significant. 
3 Results 

3.1 Characteristics of inpatient children 
with ARIs 

Between March 2022 and March 2024, a total of 28,060 
pediatric patients were hospitalized with ARIs. The cohort 
comprised 15,584 males (55.5%) and 12,476 females (44.5%), 
yielding a male-to-female ratio of 1.25:1. Notably, 45.1% of cases 
(12,655/28,060) involved children under 3 years of age. 
3.2 Epidemiological characteristics of 
HAdV infection in children with ARIs 

A total of 28,060 children with ARIs were enrolled in the study, 
and 2,484 cases (8.9%) were identified as positive for HAdV. 
Among these, 1,435 (57.8%) were male and 1,049 (42.2%) were 
female. The detection rate of HAdV was higher in males (9.2%, 
1435/15584) than in females (8.4%, 1049/12476), and the difference 
was significant (c² =5.496, P = 0.019). All cases were categorized 
into four age groups: infants (<1 year), toddlers (1–<3 years), 
preschoolers (3–<6 years), and school-aged children (6–<18 
years). Among all age groups, the HAdV detection rate was 
highest in the 6–18 years age group (10.4%), and the difference 
was statistically significant (c² =97.022, P < 0.001). HAdV infections 
were detected throughout the year, and a significant difference was 
observed in the HAdV detection rate across seasons (c² =834.146, P 
< 0.001), with the highest detection rate of HAdV in winter (15.9%, 
1315/8266). To investigate the temporal trends in HAdV 
prevalence, we analyzed the monthly distribution of positive 
samples. Notably, significant peaks in detection rates were 
observed during specific months: January 2023 (23.9%, 16/67), 
December 2023 (17.1%, 520/3046), and January 2024 (16.8%, 
489/2914). In contrast, strikingly low HAdV positivity was 
detected in August 2022 (2.3%, 13/566) and March 2023 (2.3%, 8/ 
355). The clinical and epidemiological data are shown in Table 1 
and Figure 2. 
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3.3 Distribution characteristics of HAdV 
genotypes 

A total of 1914 specimens were successfully genotyped, 
revealing 13 distinct HAdV types spanning species B, C, D, and E 
(Figure 3A). The epidemiological profile demonstrated HAdV-3 as 
the predominant type (53.4%, 1022/1914), followed in descending 
order by HAdV-7 (17.7%, 338/1914), HAdV-2 (8.4%, 160/1914), 
HAdV-1 (7.9%, 152/1914), HAdV-21 (6.4%, 122/1914), and 
Frontiers in Cellular and Infection Microbiology 05 133
HAdV-5 (3.6%, 68/1914). Sporadic cases (<1% prevalence) 
included HAdV-4 (17/1914), HAdV-6 (10/1914), HAdV-57 (3/ 
1914), HAdV-55 (2/1914), HAdV-108 (2/1914), HAdV-8 (1/ 
1914), and HAdV-31 (1/1914). Notably, 16 co-infection cases 
were characterized, with HAdV-1/HAdV-2 (n=7) was the most 
frequent, followed by HAdV-1/HAdV-3 (n=2), HAdV-1/HAdV-5 
(n=2), HAdV-2/HAdV-5 (n=2), with single occurrences of HAdV­

3/HAdV-21, HAdV-3/HAdV-7, and HAdV-5/HAdV-7. Temporal 
analysis revealed that samples genotyped prior to August 2023 
IGURE 2 F

Monthly distribution of HAdV infection in children with ARIs in Tianjin from March 2022 to March 2024. 
TABLE 1 HAdV-positive in children of different ages and gender with ARIs. 

Variable Total ARIs (N (%)) HAdV-positive (N (%)) c2 P 

Sex 5.496 0.019 

Male 15584 (55.5) 1435 (9.2) 

Female 12476 (44.5) 1049 (8.4) 

Age group 97.022 < 0.001 

Infant (<1 Year) 7323 (26.1) 458 (6.3) 

Toddler (1 Year to <3 Year) 5332 (19.0) 456 (8.6) 

Preschool (3 Year to 
<6 Year) 

7113 (25.3) 708 (10.0) 

School (6 Year to <18 Year) 8292 (29.6) 862 (10.4) 

Season 834.146 < 0.001 

Spring (Mar-May) 3981 (14.2) 393 (9.9) 

Summer (Jun-Aug) 7347 (26.2) 294 (4.0) 

Autumn (Sep-Nov) 8466 (30.2) 482 (5.7) 

Winter (Dec-Feb) 8266 (29.5) 1315 (15.9) 

Total 28060 (100.00) 2484 (8.9) 
Values showing statistically significant differences are indicated in bold (P < 0.05). 
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exhibited a higher prevalence of the HAdV-C species, whereas those 
genotyped after August 2023 showed a dominance of the HAdV-B 
species (Figure 3B). 
3.4 Demographic and clinical 
characteristics of different HAdV genotypes 

3.4.1 HAdV genotypes according to age 
To investigate age-specific epidemiological patterns of HAdV 

infection in children, patients were stratified into four distinct age 
Frontiers in Cellular and Infection Microbiology 06134
categories: infants (<1 year of age), toddlers (1–3 years),

preschoolers (3–6 years), and school-aged children (6–18 years). 
Significant differences in HAdV type distribution were observed 
across age groups (c²=111.479, P < 0.001). The HAdV-3/HAdV-7 
dominance pattern persisted across all age strata, particularly 
accentuated in school-aged children, where HAdV-3 accounted 
for 62.2% of cases, followed by HAdV-7 at 21.2%. Moreover, 
distinct age-specific prevalence peaks were observed. HAdV-2, -5, 
and -21 showed maximal detection during infancy (13.7%, 6.9%, 
9.0%), while HAdV-1 demonstrated its highest infection rate in 
toddlers (12.2%) (Figure 4A). 
FIGURE 3 

The distributions of human adenovirus types detected in children with acute respiratory infections. (A) HAdV genotype distribution of ARI in patients 
by month; (B) HAdV genotype distribution of ARI inpatients. 
FIGURE 4 

(A) HAdV genotype distribution of ARI inpatients by age; (B) HAdV genotype distribution of ARI inpatients by disease type. 
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3.4.2 HAdV genotypes according to the disease 
type 

Significant differences in HAdV-type distribution were 
observed among various clinical diagnoses (c² =104.385, P < 
0.001). Analysis of 1,914 confirmed cases revealed pneumonia as 
the predominant diagnosis (72.2%, 1,382/1,914), followed by 
bronchitis (20.3%, 389/1,914). In contrast, adenopharyngitis 
(5.0%, 96/1,914) and URTIs (2.5%, 47/1,914) represented 
relatively smaller proportions of the total cases. Notably, HAdV-3 
maintained predominance across all disease entities, particularly in 
pneumonia (55.6%, 769/1382) and bronchitis (51.2%, 199/389). 
Diagnosis-specific secondary  genotypes  emerged: HAdV-7

constituted 20.9% (289/1382) of pneumonia cases, while HAdV-2 
accounted for 16.7% (16/96) of adenopharyngitis cases. Notably, 
HAdV-21 demonstrated dual clinical relevance, representing 11.1% 
(43/389) of bronchitis cases and 19.1% (9/47) of URTIs (Figure 4B). 

3.4.3 Clinical characteristics of different HAdV 
types infections in children with pneumonia 

Focusing on the predominant HAdV-3 (n=769) and HAdV-7 
(n=289) pneumonia cases, we conducted comparative analyses with 
other HAdV types of pneumonia (n=324). No sex-based differences 
were observed across groups (c² =1.469, P =0.480). Age stratification 
revealed a significant difference (c² =106.821, P < 0.001), with school-
aged children predominating in both HAdV-3 (62.4%, 337/540) and 
HAdV-7 (23.7%, 128/540). The clinical symptoms comprised fever 
(94.1%), cough (98.7%), and hyperpyrexia (74.0%), with frequent 
erythra and lymphadenopathy. Further analysis found that patients 
infected with HAdV-7 exhibited marked clinical severity, showing 
longer Duration of hospitalization, prolonged fever duration, and 
higher incidence of high fever than other groups (c² =18.93, P < 
0.001; c² =24.369, P < 0.001; c² =28.165, P < 0.001). These findings 
collectively indicated that HAdV-7 infections were more likely to 
develop severe pneumonia (c² =42.434, P < 0.001). In addition, 
transcutaneous oxygen saturation levels in this group were 
significantly lower compared to other groups (c² =11.585, P 
=0.003). Gastrointestinal symptoms were also observed in a subset 
of patients, including vomiting, diarrhea, abdominal pain. Wheezing 
demonstrated a higher prevalence in children infected with other 
types of HAdV (c² =8.5, P =0.014). 

Within the HAdV-7 cohort, a higher prevalence of underlying 
conditions was observed among patients, such as anemia (n=13), 
immunodeficiency (n=3), congenital heart disease (n=9), epilepsy 
(n=2), fatty liver (n=9), developmental delays (n=1), and growth 
retardation (n=1). Furthermore, intrapulmonary complications 
occurred more frequently in HAdV-7 infection cases compared to 
other types HAdV. Specifically, the incidence of pulmonary 
atelectasis (c² =8.797, P =0.012), pleurisy (c² =11.344, P =0.003), 
pleural effusion (c² =19.629, P < 0.001), and plastic bronchitis (c² 
=27.587, P < 0.001) was significantly higher in this group than other 
groups. Extrapulmonary complications also showed a higher 
incidence in cases of HAdV-7 infection, particularly abnormal 
coagulation function, liver injury, and gastrointestinal dysfunction. 
Statistical analysis found that there were significant differences among 
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the three groups in terms of the incidence of myocardial injury (c² 
=13.166, P <0.001), toxic encephalopathy, or encephalitis (c² 
=10.236, P =0.004). Importantly, children infected with HAdV-7 
have a higher probability of receiving immunoglobulin therapies and 
fiberoptic bronchoscopy procedures compared to other groups (c² 
=24.333, P < 0.001; c²=93.644, P < 0.001) (Table 2). 
3.5 Phylogenetic analysis 

To further analyze the HAdV genotype, the Hexon, Penton 
base, and Fiber genes of 70 HAdV-positive samples were amplified 
using conventional PCR in this study. Finally, the three genes of 56 
samples were successfully sequenced simultaneously. Comparative 
analysis of sequence homology between established HAdV 
genotypes and their prototype strains revealed consistently high 
nucleotide and amino acid conservation across all examined genetic 
lineages (Table 3). Phylogenetic analysis of HAdV Hexon, Penton 
base, and Fiber genes demonstrated the genotyping results of 54 
samples were consistent, wherein the identified HAdV types were 
distributed as follows: HAdV-3 (25.9%, 14/54), HAdV-7 (13.0%, 7/ 
54), HAdV-21 (42.6%, 23/54), HAdV-1 (7.4%, 4/54), HAdV-4 
(3.7%, 2/54), HAdV-5 (3.7%, 2/54), HAdV-89 (1.9%, 1/54), and 
HAdV-14 (1.9%, 1/54). However, the Penton gene sequences from 
the remaining two cases (TJ2024-734, H5F5; TJ2023-142, H1F2) 
could not be definitively typed (Figure 5). 

3.5.1 Phylogenetic tree of the Penton gene 
In the Penton-based phylogenetic tree, the 13 HAdV-3 

sequences obtained in this study, except for TJ2024-481, were 
completely identical and clustered with BJ2018 (MW748652.1) 
and SX2018 (OQ128172.1), with an average genetic distance of 
0.0025 within the cluster. The 7 HAdV-7 sequences obtained in this 
study were entirely identical and clustered tightly with GZ2019 
(MT895666.1) and JL2014 (MT019940.1), showing an average 
intra-cluster genetic distance of 0.0024. Interestingly, the Penton 
gene of the HAdV-3 isolate exhibited relatively high similarity to its 
prototype strain, reaching 98.1%-98.2%. However, it did not form a 
cluster with the prototype. Further nucleotide concordance analysis 
demonstrated that the HAdV-3 Penton sequences in this study 
showed even higher concordance with both the HAdV-7 prototype 
(99.2%-99.3%) and studied sequences (99.5%). The sole HAdV-14 
clinical isolate clustered robustly with BJ2010 (JN032132.1) and 
GZ2010 (MF062484.1), presenting an average intra-cluster genetic 
distance of 0.0020. Additionally, all 22 HAdV-21 sequences, except 
TJ2024-749, were entirely identical and grouped into a clade with 
GZ2020 (MW151243.1) and USA2009 (OR753097.1), with an 
average intra-cluster genetic distance of 0.0017. For HAdV-4, the 
three Penton sequences obtained in this study were completely 
identical and clustered tightly with BJ2018 (OP715945.1) and 
USA2022 (OP785763.1), these sequences showed only 96.4% 
nucleotide identity with their prototype strain, and the average 
intra-cluster genetic distance was calculated as 0.0242. Phylogenetic 
analysis further revealed that HAdV-C strains could not be fully 
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TABLE 2 Clinical manifestations and outcomes among children hospitalized with adenovirus pneumonia. 

Characteristics 

Group 

c²/Z PHAdVs 
(n=1382) 

HAdV-3 
(n=769) 

HAdV-7 
(n=289) 

Others 
(n=324) 

Gender 1.469 0.48 

Male 796 (57.6) 437 (56.8) 163 (56.4) 196 (60.5) 

Female 586 (42.4) 332 (43.2) 126 (43.6) 128 (39.5) 

Age (year) 106.821 <0.001 

≤1y (infant) 258 (18.7) 111 (14.4) 57 (19.7) 90 (27.8) 

1–3 y (toddler) 220 (15.9) 112 (14.6) 43 (14.9) 65 (20.1) 

3–6 y (preschool) 364 (26.3) 209 (27.2) 61 (21.1) 94 (29.0) 

6–18 y (school) 540 (39.1) 337 (43.8) 128 (44.3) 75 (23.1) 

Clinical manifestation 

Duration of hospitalization(d) 
[M (P25, P75)] 

5 (4,7) 5 (4,7) 6 (4.5,7) 5 (4,6) 18.93 <0.001 

Fever [n (%)] 1300 (94.1) 729 (94.8) 279 (96.5) 292 (90.1) 12.931 0.002 

Hyperpyrexia (≥ 39°C) [n (%)] 1022 (74.0) 593 (77.1) 226 (78.2) 203 (62.7) 28.165 <0.001 

Highest temperature (°C) [M (P25, P75)] 39.4 (38.9,40) 39.5 (39,40) 39.4 (39,40) 39 (38.5,39.6) 42.91 <0.001 

Duration of fever(d) [M (P25, P75)] 4 (3,7) 5 (3,7) 5 (3,7) 3 (2,6) 24.369 <0.001 

Breathe (times/min) [M (P25, P75)] 22 (24,27) 21 (24,26) 21 (24,27) 22 (24,28) 2.077 0.126 

SpO2(%) 98 (97,98) 98 (97,98) 98 (96,98) 98 (96.25,98) 11.585 0.003 

Cough [n (%)] 1364 (98.7) 760 (98.8) 286 (99) 318 (98.1) 1.059 0.589 

Wheezing [n (%)] 109 (7.9) 48 (6.2) 24 (8.3) 37 (11.4) 8.5 0.014 

Conjunctivitis [n (%)] 39 (2.8) 24 (3.1) 3 (1.0) 12 (3.7) 4.523 0.104 

Vomiting [n (%)] 241 (17.4) 128 (16.6) 58 (20.1) 55 (17.0) 1.774 0.412 

Chest pain [n (%)] 20 (1.4) 7 (0.9) 8 (2.8) 5 (1.5) 4.913 0.069 

Stomachache [n (%)] 115 (8.3) 74 (9.6) 28 (9.7) 13 (4.0) 10.301 0.006 

Diarrhea [n (%)] 60 (4.3) 25 (3.3) 15 (5.2) 20 (6.2) 5.32 0.07 

Erythra [n (%)] 90 (6.5) 54 (7.0) 15 (5.2) 21 (6.5) 1.158 0.573 

Headache [n (%)] 37 (2.7) 25 (3.3) 7 (2.4) 5 (1.5) 2.643 0.264 

Lymphadenopathy [n (%)] 70 (5.1) 50 (6.5) 5 (1.7) 15 (4.6) 10.114 0.006 

Comorbid disease [n (%)]a 122 (8.8) 56 (7.3) 38 (13.1) 28 (8.6) 9.001 0.011 

Pulmonary complications 

Emphysema [n (%)] 14 (1.0) 7 (0.9) 4 (1.4) 3 (0.9) 0.687 0.714 

Pulmonary atelectasis [n (%)] 112 (8.1) 65 (8.5) 32 (11.1) 15 (4.6) 8.797 0.012 

Pleurisy [n (%)] 373 (27.0) 204 (26.5) 98 (33.9) 71 (21.9) 11.344 0.003 

Pleural effusion [n (%)] 74 (5.4) 35 (4.6) 30 (10.4) 9 (2.8) 19.629 <0.001 

Respiratory failure [n (%)] 5 (0.4) 3 (0.4) 2 (0.7) 0 1.886 0.321 

Necrotizing pneumonia [n (%)] 6 (0.4) 4 (0.5) 1 (0.3) 1 (0.3) 0.263 1 

Plastic bronchitis [n (%)] 63 (4.6) 32 (4.2) 28 (9.7) 3 (0.9) 27.587 <0.001 

(Continued) 
F
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differentiated based on Penton gene sequences alone, with an 
average intra-cluster genetic distance of 0.0146 (Figure 5A). A 
comparative analysis of nucleotide polymorphisms indicated that 
the Penton gene of HAdV-C exhibited a lower nucleotide diversity 
(1.4%) compared to Hexon (10.4%) and Fiber (18.9%). 
Furthermore, the Penton gene nucleotide diversity of HAdV-C 
species was lower than that of HAdV-B (8.8%) and HAdV-E 
(1.5%) (Figure 6). 

3.5.2 Phylogenetic tree of the Hexon gene 
Phylogenetic analysis of the Hexon gene indicated that three 

species of HAdV, including 11 different types, were identified 
throughout the study period (Figure 7). In this study, the HAdV­

3 isolates clustered with BJ2018 (MW748652.1) and NMG2019 
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(MW767985.1), exhibiting an average genetic distance of 0.0022 
within the group. The six HAdV-7 sequences were completely 
identical except for TJ2024-656. However, they did not cluster 
with the prototype strain, displaying a nucleotide sequence 
identity of only 95.7%, resulting in an average genetic distance of 
0.0115 within the group. The HAdV-14 strain obtained clustered 
with GZ2010 (MF062484.1) and BJ2010 (JN032132.1), showing an 
average genetic distance of 0.0009. Additionally, the 23 HAdV-21 
isolates exhibited a nucleotide similarity ranging from 99.9% to 
100.0%, clustering with GZ2019 (MW151243.1) and presenting an 
average genetic distance of 0.0009 within the group. The 3 HAdV-4 
sequences, with the exception of TJ2024-651, were identical and 
clustered with BJ2018 (OP715934.1) and GZ2013 (KF006344.1), 
with an average genetic distance of 0.0152 within the group. 
TABLE 2 Continued 

Characteristics 

Group 

c²/Z PHAdVs 
(n=1382) 

HAdV-3 
(n=769) 

HAdV-7 
(n=289) 

Others 
(n=324) 

Extrapulmonary complications 

Liver injury [n (%)] 65 (4.7) 36 (4.7) 19 (6.6) 9 (2.8) 4.148 0.126 

Myocardial injury [n (%)] 19 (1.4) 7 (0.9) 11 (3.8) 1 (0.3) 13.166 0.001 

Abnormal coagulation function [n (%)] 204 (14.8) 128 (16.6) 46 (15.9) 30 (9.3) 10.271 0.006 

Gastrointestinal dysfunction [n (%)] 94 (6.8) 52 (6.8) 26 (9.0) 16 (4.9) 3.973 0.137 

Toxic encephalopathy or encephalitis 21 (1.5) 7 (0.9) 11 (3.8) 3 (0.9) 10.236 0.004 

Urinary system injury [n (%)] 17 (1.2) 11 (1.4) 2 (0.7) 4 (1.2) 0.771 0.755 

Pyemia [n (%)] 17 (1.2) 13 (1.7) 3 (1.0) 1 (0.3) 3.52 0.156 

Severe pneumonia [n (%)] 364 (26.3) 197 (25.6) 114 (39.4) 53 (16.4) 42.434 <0.001 

Treatment 

Immunoglobulin therapy [n (%)] 132 (9.6) 70 (9.1) 47 (16.3) 15 (4.6) 24.333 <0.001 

Bronchoscope [n (%)] 525 (38.0) 315 (41.0) 155 (53.6) 55 (17.0) 93.644 <0.001 

Endotracheal intubation [n (%)] 9 (0.7) 6 (0.8) 3 (1.0) 0 2.99 0.23 
 

Values showing statistically significant differences are indicated in bold (P < 0.05)
 
aIncluding anemia, immune deficiency, congenital heart disease, malnutrition, epilepsy, fatty liver, developmental delay, and underdevelopment.
 
TABLE 3 The nucleotide and amino acid identified of Penton, Hexon and Fiber. 

Species Genotypes 
Percent identity of nucleotide (nt%) Percent identity of amino acid (nt%) 

Penton Hexon Fiber Penton Hexon Fiber 

HAdV-B 

HAdV-3 98.1-98.2 98.6-98.7 98.3-98.4 98.7-98.9 98.6-98.7 96.3-96.6 

HAdV-7 99.1 95.7 99.3 99.1 96.8 98.5 

HAdV-14 99.8 99.8 99.9 99.0 99.3 98.8 

HAdV-21 99.3-99.4 98.9-99.1 99.3-99.4 93.7-94.2 97.2-98.0 98.8-99.1 

HAdV-C 

HAdV-1 99.6-99.8 99.8-99.9 98.9-99.8 99.7-99.8 99.5-99.8 98.3-99.5 

HAdV-89 99.4 99.9 99.9 99.7 99.6 100 

HAdV-5 98.4-98.5 95.5 99.5-99.6 98.2 98.5 99.5 

HAdV-E HAdV-4 96.4 97.6 98 96.1 97.5 97.9 
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Furthermore, both HAdV-1 and 2 were found to be capable of being 
divided into two distinct branches. Interestingly, the HAdV-1 
sequences obtained in this study primarily clustered with the 
prototype strains to form cluster 1. However, two samples, 
TJ2022–93 and TJ2024-773, grouped with YN2014 (MH322447.1) 
and GZ2019 (MT950710.1) to form cluster 2. The average genetic 
distances within the groups of cluster 1 and cluster 2 were 0.0043 
and 0.0015, respectively, and the average genetic distances between 
groups was 0.0065. The HAdV-2 prototype strains formed a 
separate cluster, while the TJ2023–158 from our study and 
HAdV-89 prototype strains, along with SX2001 (MK041230.1), 
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CC2014 (MH322262.1), and USA2012 (OR753116.1), were 
grouped into another cluster. The average genetic distance 
between this cluster and the HAdV-2 prototype strain was 0.0074. 
The 4 HAdV-5 sequences obtained were divided into two clusters. 
In the first cluster, the sequences of TJ2024–581 and TJ2023–148 
were identical, showing 95.5% nucleotide sequence identity to the 
prototype strain. In the second cluster, TJ2024–734 and TJ2022– 
144 were identical and clustered with SX2002 (MK041234.1) and 
LN2017 (PP750815.1), displaying 99.2% nucleotide sequence 
identity with the prototype strain. The average genetic distance 
within this cluster was 0.0259 (Figure 5B). 
FIGURE 5 

Phylogenetic tree constructed on the basis of the nucleotide sequences of the Penton base (A), Hexon (B) and Fiber (C) gene sequences of the 
isolation. Additional reference sequences were retrieved from GenBank to provide context and reference. The original strains are marked in purple, 
strains that failed to successfully amplify three gene sequences simultaneously are marked in gray, strains with inconsistent gene sequence typing 
results are represented. by yellow stars. The phylogenetic tree is constructed using ML method, and the values at the branch nodes represent the 
Bootstrap support for 1000 repetitions (only displaying values ≥ 70%). 
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3.5.3 Phylogenetic tree of the Fiber gene 
In the phylogenetic analysis of the Fiber gene, a clear separation 

of genotypes was well-supported. Among the 14 HAdV-3 sequences 
obtained, a discrepancy was observed only at nucleotide position 
214. These sequences clustered with SH2004 (MK813914.1) and 
BJ2017 (MW748642.1), with an average genetic distance of 0.0026 
within the group. The 7 HAdV-7 sequences exhibited complete 
congruence and clustered with GZ2010 (KP670858.1) and BJ2017 
(MT367404.1), showing an average genetic distance of 0.0020. The 
HAdV-14 sequence shared a cluster with BJ2010 (JN032132.1), 
displaying an average genetic distance of 0.0010. Excluding TJ2024­
749, the 22 sequences of HAdV-21 were entirely consistent and 
clustered with GZ2019 (GZ09107.1) with an average genetic 
distance of 0.0006. The 5 HAdV-4 sequences were also found to 
be  completely  consistent,  clustering  alongside  GZ2019  
(OP715915.1), with an average genetic distance of 0.0078. 
Interestingly, HAdV-1 was categorized into two clusters, with the 
4 HAdV-1 sequences showing a consistency of 98.1% to 99.9%, 
resulting in an average genetic distance of 0.0109 within the cluster. 
Additionally, TJ2023–158 clustered with the HAdV-89 prototype 
strain SX2001 (MK041230.1), while TJ2022-128, TJ2023-142, and 
TJ2023–223 clustered with the HAdV-2 prototype strains BJ2012 
(MF315028.1) and GZ2017 (MH558113.1). The nucleotide identity 
among these four sequences ranged from 99.3% to 99.8%, with an 
average genetic distance of 0.0031 within the cluster. The three 
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HAdV-5 sequences obtained were 99.3%-99.9% concordant and 
clustered with LN2017 (PP750815.1), TJ2021 (OQ834919.1), with 
an average genetic distance of 0.0042 within the cluster (Figure 5C). 
3.6 Recombination analysis 

For strains TJ2024–734 and TJ2023-142, multiple algorithms 
within RDP5 (≥5 algorithms) consistently and highly significantly 
(p << 0.01) detected identical recombination breakpoint positions 
and identical parental combinations (Figure 7). 

SimPlot and BootScan analyses for TJ2024–734 revealed clear 
evidence of recombination within its concatenated Penton-Hexon-
Fiber sequence relative to reference strains OR735212.1 and 
AC_000008.1. Upstream of approximately nt 1000, TJ2024–734 
exhibited strong bootstrap support (>75%) with reference strain 
OR735212.1. Downstream of approximately nt 1300, high bootstrap 
support (>90%) shifted to reference strain AC_000008.1. This sharp 
transition around nt 1000–1300 indicates a recombination breakpoint, 
consistent with the RDP-predicted breakpoint location (nt 820-1141). 
The SimPlot profile clearly showed distinct peaks of sequence 
similarity to the different reference strains across the genomic 
regions, strongly indicating that TJ2024–734 is a recombinant strain. 

For TJ2023-142, SimPlot and BootScan analyses revealed 
distinct phylogenetic patterns across different genomic regions: 
FIGURE 6 

Nucleotide diversity plots showing the average number of nucleotide differences per site along each gene for HAdV-B, C and E, calculated for 
Penton base (A), Hexon (B), and Fiber (C) prototype sequences. 
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the Penton region showed strong bootstrap support (>75%) for 
reference strain OR735212.1. The Hexon region exhibited 
consistently low bootstrap support (<50%) across all reference 
strains, although MN513341.1 displayed slightly higher affinity 
(~50%). The Fiber region showed moderate bootstrap support 
(40-75%) for OR735212.1. Despite the reduced bootstrap support 
in the Hexon region, several lines of evidence strongly suggest 
TJ2023–142 is a recombinant strain (1): RDP5 consistently detected 
a highly significant recombination breakpoint (p < 0.01) at nt 2917­
3008 (Hexon-Fiber junction) (2); SimPlot analysis showed nearly 
100% sequence identity between the TJ2023–142 Hexon region and 
MN513341.1; and (3) the Penton and Fiber regions maintained high 
sequence similarity (Bootstrap >75%) to OR735212.1. 
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3.7 Amino acid mutation analysis 

Using prototype strains as references, we systematically 
characterized amino acid polymorphisms across the Penton base, 
Hexon, and Fiber genes of HAdV (Figure 8). Key findings revealed 
that Hexon protein exhibited the highest variability with 85 
polymorphic sites. Penton protein showed intermediate diversity 
(55 polymorphic sites). Fiber protein demonstrated the lowest 
variation  (46  polymorphic  sites).  Notably,  amino  acid  
substitutions predominated over deletions in all gene products 
except for the HAdV-21 Penton protein, where deletion events 
occurred more frequently. In addition, HAdV-21 and HAdV-7 
displayed a higher polymorphism rates (41 and 34 variants, 
FIGURE 7 

Recombination analysis of TJ2024–742 and TJ2023–142 with other HAdV-C species using SimPlot (A), BootScan (B) and RDP (C). The analysis 
supports TJ2024–742 as a recombinant strain. 
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respectively). But, HAdV-89 showed remarkable sequence 
conservation with only 4 variants detected. 

3.7.1 Amino acid mutation analysis of Penton 
The Penton protein contains the Arg-Gly-Asp (RGD) sequence, 

which interacts with cellular integrins and thereby mediates viral 
endocytosis. When compared to the prototype strain, HAdV- B 
species exhibited 32 polymorphic sites, HAdV-C species had 10 
polymorphic sites, and HAdV-E species displayed 13 polymorphic 
sites. Importantly, all 23 cases of HAdV-21 obtained in this study 
had 15 consecutive amino acid deletions at positions 313–327 
within the RGD loop and two amino acid insertions downstream 
of the RGD motif. Compared with the prototype, it maintains 99.3­
99.4% nucleotide conservation while reducing amino acid identity 
to 93.7-94.2%. 

3.7.2 Amino acid mutation analysis of Hexon 
The Hexon protein serves as the major antigenic component of 

HAdV and forms the basis for typing in neutralization assays. In 
comparison to the prototypic strains, HAdV-B species exhibited 54 
polymorphic sites, HAdV-C species had 20 polymorphic sites, and 
HAdV-E species displayed 11 polymorphic sites. Notably, HAdV-7 
possessed the highest number of polymorphic sites with 28 sites, 
comprising 5 deletions and 23 substitutions. The amino acid 
identity of HAdV-7 is only 96.8% compared to the prototype strain. 
3.7.3 Amino acid mutation analysis of Fiber 
The Fiber protein serves as the foundation for typing in 

hemagglutination inhibition assays and contains type-specific 
antigenic epitopes that determine viral tropism. Variants in this 
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region may result in different histophilicity. In comparison to the 
prototypic strains, HAdV-B species exhibited 22 polymorphic sites, 
HAdV-C species had 16 polymorphic sites, and HAdV-E species 
displayed 8 polymorphic sites. Notably, no amino acid deletions 
were found in any of the strains except for HAdV-14, which had 
three consecutive amino acid deletions at positions 251-253. 
4 Discussion 

HAdV infection represents a significant etiology of ARIs in 
children, accounting for approximately 4%-10% of global pediatric 
ARIs cases (Yu et al., 2021; Zhu et al., 2021). Our surveillance in 
Chinese cities revealed substantial spatiotemporal variation in 
HAdV detection. Among hospitalized pediatric ARIs patients in 
Tianjin, the HAdV positive rate was 8.9%, significantly higher than 
Beijing (2.89%, 2015-2021) but lower than Hangzhou (26.77%, 
2020-2021) (Huang et al., 2023; Wang et al., 2024).Longitudinal 
analysis showed cyclical fluctuations in Tianjin, peaking at 12.22% 
in 2019, aligning with the national trend (Liu et al., 2022; Wang 
et al., 2024). The implementation of NPI measures from 2020 to 
2022 substantially suppressed HAdV transmission (declining to 
7.82% in 2020, 172/2199). However, a resurgence was observed in 
2021 as social activities resumed (9.69%, 897/9253) (Supplementary 
Figure S1). Parallel trends were documented in other urban centers 
(Wang et al., 2024). During the NPI period, the HAdV positivity 
rate in Tianjin was 8.78% (1,270/1,4471). Following the lifting of the 
NPI, there was a significant increase in both the number of ARIs 
patients and the absolute number of HAdV cases. However, the 
HAdV positivity rate remained stable at 9.12% (2,283/25,041), in 
contrast to the upward trend observed in Beijing and Hebei (Zhao 
FIGURE 8 

Amino acid alignment view of the Hexon, Penton and Fiber proteins from the selected HAdV sequences representing different genotypes. The 
original strains are marked in purple, the mutated amino acids are highlighted in yellow. 
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et al., 2024; Han et al., 2025). This ‘asynchronous change’ highlights 
the complexity of transmission dynamics in the context of co­
circulation of multiple pathogens (such as RSV) (Lyu Y and 
Zhang, 2024). 

HAdV positivity exhibited significant differences by age, gender, 
and season in Tianjin. Infections peaked in autumn and winter 
(December-January), consistent with seasonal patterns in northern 
temperate regions (Huang et al., 2021; Yu et al., 2021), with HAdV­

3 predominating (53.4%). Contrary to previous studies reporting 
higher prevalence in children under 5 (Barnadas et al., 2018; Zhao 
et al., 2020; Huang et al., 2021; Pscheidt et al., 2021), our study 
found the lowest rate in 0–1 year-olds (6.25%) and the highest in 6– 
18 year-olds (10.4%). This shift may relate to reduced intra-family 
transmission during NPIs (decreasing infant exposure) and 
increased transmission within schools post-reopening (Huang 
et al., 2023; Yan et al., 2024). Gender difference analysis showed 
that there were more hospitalized male ARIs patients in this study, 
which may be related to biological factors (boys with relatively 
narrower airway diameters are more prone to severe lung infections 
(Pagtakhan et al., 1984)) and behavioral factors (girls have higher 
compliance with mask wearing during NPI (Huang et al., 2023)). 
The HAdV positivity rate was significantly higher in males (9.2% vs. 
8.4%; c² = 5.496, P = 0.019), consistent with some studies (Pscheidt 
et al., 2021; Huang et al., 2023) but not others (Wang et al., 2021; 
Liu et al., 2022). The reasons for gender differences warrant further 
investigation. Clinically, male HAdV patients may require 
heightened vigilance for severe symptoms and pneumonia 
progression. Molecular epidemiology showed a shift in 
predominant types: HAdV-C dominated during NPIs (typically 
milder), rapidly replaced by HAdV-B (78.2%) post-NPIs, often 
associated with more severe illness (Huang et al., 2023; Wang et al., 
2024). This indicates NPIs not only affect transmission but also viral 
type composition and community disease severity, underscoring the 
need for long-term subtype surveillance and early warning. 

HAdV-C infections were predominantly observed in children 
under 3 years old (206/395, 52.2%), whereas HAdV-B3/B7 
infections were more prevalent among school-aged children. In 
addition to the age-specific distribution, adenovirus serotypes 
significantly influenced disease phenotypes and severity. HAdV-3 
predominated across all disease categories, especially pneumonia 
and bronchitis. Previous study revealed that HAdV-C frequently 
resides latently in adenoid tissues (Alkhalaf et al., 2013); thus, it is 
the second most common serotype observed in tonsillitis patient 
samples. Although HAdV-3 displayed higher overall prevalence, 
children infected with HAdV-7 more commonly progressed to 
severe symptoms, which may be attributed to its replication 
advantages: in vitro experiments demonstrated that HAdV-7 
exhibits a higher viral load compared to HAdV-3 and induces 
stronger cytokine responses. Additionally, infections with HAdV-7 
were more frequently associated with complications such as 
myocardial injury and toxic encephalopathy or encephalitis. 
Patients infected with this serotype exhibited a higher 
r equ i r emen t  f o r  b roncho s cop i c  i n t e r v en t i on s  and  
immunoglobulin therapy. These findings suggest that HAdV-7 
infections should be incorporated into pediatric severe case 
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warning systems, prioritizing the allocation of intensive care 
resources for such cases (Lin et al., 2017; Fu et al., 2019; Zhao 
et al., 2020; Liu et al., 2022). 

We identified two HAdV-C suspected recombinant samples but 
found no evidence of recombination in the B/E subgroups. Previous 
studies have shown that HAdV-C establishes persistent infections 
after primary infection, characterized by intermittent shedding in 
the host (Alkhalaf et al., 2013). Such persistence creates conditions 
conducive to mixed infections with different serotypes within this 
subgroup, thereby promoting homologous recombination between 
distinct viral types (Wang et al., 2024). Notably, new recombinant 
HAdV strains may exhibit significant alterations in pathogenicity, 
tissue tropism, and clinical manifestations compared to their 
prototype strains (Wang et al., 2021; Wu et al., 2022), 
highlighting  the  importance  of  conducting  continuous  
surveillance on emergent recombinant strains. Phylogenetic 
analysis revealed that all types exhibited complete segregation 
across the three gene fragments (Bootstrap >90%), except for 
HAdV-C in the Penton tree (Bootstrap <70%). The observed high 
heterozygosity in Hexon and Fiber gene sequences indicates that 
these proteins may be under significant immune pressure. The 
sequence diversity of the HAdV-C Penton gene is notably lower 
than that observed for HAdV-B and HAdV-E. However, Mao et al. 
‘s (Mao et al., 2019) research demonstrated that the HAdV-C 
Penton phylogenetic tree could be divided into distinct clades 
with robust bootstrap support, implying a greater degree of 
genetic diversity in the Penton gene than previously recognized. 

High nucleotide consistency across HAdV types was observed, 
clustering with strains circulating widely in China, reflecting the 
slow evolutionary rate of this DNA virus—a positive factor for 
vaccine development. Among the 14 HAdV-3 isolates analyzed, all 
exhibited >98.0% nucleotide identity across three core structural 
genes relative to the prototype strain. This is attributed to the 
combined effects of HAdV DNA polymerase’s high-fidelity 
replication, which enables HAdV-3 to maintain genomic stability 
for at least 50 years (Mahadevan et al., 2010). Notably, The 7 
HAdV-7 strains isolated in this study exhibited low nucleotide 
consistency in the Hexon gene fragment, which comprises 28 sites 
of amino acid mutation. Research has shown that Hexon gene 
fragments contain specific antigenic epitopes that can stimulate the 
production of neutralizing antibodies in the host. Mutations in this 
region may result in immune escape (Lee et al., 2025). While 
genomic variation in HAdV-7 shows a high correlation with 
enhanced pathogenicity, establishing the causative relationship 
between specific mutation sites and the high-virulence phenotype 
observed in contemporary pediatric HAdV-7 strains requires 
further experimental data support. There are few reports of 
sporadic infections with HAdV-14. The singular HAdV-14 isolate 
showed >99.0% genomic conservation across all three genes 
compared to the prototype strain, and the fiber fragment 
contained three amino acid deletions. Studies have indicated that 
the fiber fragment contains type-specific antigenic epitopes that 
determine viral tropism, and that mutations in this region may 
result in different tissue tropism (Wang et al., 2014). In the HAdV­

21 cohort (n=23), all except TJ2024–749 exhibited complete Penton 
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sequence identity with GZ2019 (MW091531.1), classifying them as 
21a subvariants. Due to the presence of 15 consecutive amino acid 
deletion variants on the Penton fragment (residues 287-301), the 
amino acid consistency is low, which may affect the RGD motif 
mediated viral endocytosis function on Penton. This deletion results 
in a truncated RGD loop, exhibiting structural homology to the 
naturally shorter loops found in HAdV-B3 and HAdV-B7. Research 
suggests that this conserved deletion pattern may compromise viral 
internalization mediated by the RGD motif and potentially 
contribute to the severe lower respiratory tract tropism associated 
with 21a infections (Hage et al., 2014). 

Although our investigation provided crucial molecular insights 
into the epidemiological and clinical characteristics of HAdV 
infections in Tianjin, China, several limitations warrant 
consideration. Firstly, focusing solely on hospitalized pediatric 
ARIs patients may introduce selection bias, potentially 
underestimating HAdV-C prevalence (milder cases) and skewing 
subtype analysis towards more severe variants like HAdV-B7. 
Secondly, clinical manifestations could be influenced by co­
infections. Thirdly, cost constraints limited Sanger sequencing to 
100 randomly selected HAdV-positive samples, reducing statistical 
power for nucleotide diversity analysis of some serotypes. Fourthly, 
recombination analysis is based on partial gene fragments (Penton, 
Hexon, Fiber), and there may be additional recombination events in 
the unanalyzed regions, which may affect the precise localization of 
recombination breakpoints. Finally, sampling from a single 
institution may limit generalizability to the broader Tianjin 
population. These factors may lead to underestimation of HAdV 
prevalence and incomplete characterization of type distribution. 

This two-year study systematically characterized HAdV 
epidemiology among pediatric inpatients with ARIs in Tianjin, 
revealing key insights into prevalence, age-specific susceptibility, 
seasonal dynamics, and evolving genotype distributions. Significant 
heterogeneity in genotype distributions across clinical phenotypes 
was observed. These findings are crucial for optimizing diagnosis, 
antiviral stewardship, and region-specific vaccine development. 
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Time trends in the burden of
non-COVID-19 lower respiratory
tract infections among
children aged 0 to 14 years
Weihong Lu1, Xixia Guo1, Yishuai Ren1, Li Wang1, Tingting Xu1,
Yali Xu1, Duoduo Li1, Nali Cai2*, Shujun Li1*, Xingliang Zhang3,
Haibin Li4 and Xiangtao Wu1*

1Department of Pediatrics, The First Affiliated Hospital of Xinxiang Medical University, Xinxiang,
Henan, China, 2Department of Pediatrics, Guangdong Medical University, Zhanjiang,
Guangdong, China, 3Pneumology Department, Shenzhen Children’s Hospital, Shenzhen,
Guangdong, China, 4School of Public Health, Xinxiang Medical University, Xinxiang, Henan, China
Objective: This study aims to analyze the global burden, temporal trends, and

main pathogenic characteristics of pediatric lower respiratory tract infections

(LRTIs) across different age groups.

Methods: This repeated cross-sectional study included children with LRTIs aged

0–14 years from 204 countries and regions from 1990 to 2021. The primary

outcomes were cases and rates of incidence, disability-adjusted life years

(DALYs), mortality, and their trends associated with LRTIs. Estimates were

generated using the DisMod-MR 2.1 tool.

Results: In 2021, neonates had the highest incidence andmortality. From 1990 to

2021, the global mortality rate of LRTIs in children decreased by 76.8%, with the

reduction primarily driven by a 79.1% decrease in children aged 2–4 years.

However, in low-middle SDI regions, the mortality rate remained as high as

4502.003 per 100,000. The primary pathogens contributing to LRTI-related

DALYs and deaths in most age groups were Streptococcus pneumoniae,

Staphylococcus aureus, and Klebsiella pneumoniae, while among newborns,

the leading pathogens were Klebsiella pneumoniae, Group B Streptococcus, and

Acinetobacter baumannii. BAPC predicted a slight improvement in the mortality

rates from 18 LRTI pathogens over the next decade; however, influenza may

cause an increase in childhood mortality reaching 44,820 deaths per 100,000

by 2031.

Conclusions: The burden of LRTIs remains significant in low- and middle-

income countries, as well as among neonates and females. While the burden

of various pathogens is gradually declining, influenza warrants particular

attention. Expanding vaccine coverage, improving sanitary conditions, and

early interventions for high-risk children are crucial strategies to reduce

LRTI burden.
KEYWORDS

lower respiratory tract infections, children, global burden of disease, mortality,
incidence, pathogens, risk factors
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Introduction

Lower respiratory tract infections (LRTIs) are a leading cause of

morbidity and mortality among children globally, particularly those

under the age of 5 (Infections GBDLR and Antimicrobial Resistance

C, 2024). Despite advances in medical technology and public health

improvements, the global burden of LRTIs remains substantial,

particularly in low- and middle-income countries. These infections,

primarily caused by bacteria, viruses, or other pathogens, often

manifest as pneumonia or bronchitis, significantly impacting the

health and survival of children (Infections GBDLR and

Antimicrobial Resistance C, 2024). The 2021 Global Burden of

Disease (GBD) study highlights that, while incidence and mortality

rates have declined, LRTIs still exert a profound public health

burden (Safiri et al., 2022).

From 1990 to 2019, global LRTI incidence and mortality rates

decreased significantly, driven largely by advancements in high-

income countries. However, in low- and middle-income regions,

pediatric LRTIs continue to present alarmingly high rates,

influenced by factors such as air pollution, malnutrition, and

inadequate sanitation (Mrcela et al., 2022; Yigezu et al., 2023). In

Sub-Saharan Africa and South Asia, LRTIs remain a leading cause

of child mortality (Jia et al., 2022). Studies have shown that air

pollution, particularly from the use of household solid fuels for

cooking and heating, contributes significantly to the high incidence

and mortality rates of LRTIs (Ruan et al., 2021; Shi et al., 2023). In

the coming decades, trends in pediatric LRTIs may be further

shaped by increasing antimicrobial resistance, shifts in vaccine

coverage, and the effects of climate change (Antimicrobial

Resistance, 2022). These ongoing challenges underscore the need

for a comprehensive understanding of the global burden and

temporal trends of pediatric LRTIs.

Streptococcus pneumoniae and respiratory syncytial virus (RSV)

are the most common pathogens causing LRTIs in children under 5

years old. Before the COVID-19 pandemic, influenza viruses also

played an important role (Safiri et al., 2022; Wu et al., 2023). Studies

have shown that the rate of RSV infection was significantly higher in

low- and middle-income countries than in other regions (Wang

et al., 2021). Globally, RSV-related acute LRTIs cause over 13,000

deaths annually among children under 5 years old, with the disease

burden being particularly significant in Africa and Asia (Sah et al.,

2023). However, an in-depth understanding of the specific

distribution and impact of these pathogens on pediatric LRTIs

remains lacking at different age groups.

Therefore, the limited understanding of the LRTIs risk factors

among children across different regions and age groups, especially

neonates and infants, hinders the development of clinical

intervention strategies and global public health policies.

Therefore, further research on the pathogen distribution,
Abbreviations: LRTIs, Lower respiratory tract infections; RSV, Respiratory

syncytial virus; EAPC, Estimated annual percent change; BAPC, Bayesian age-

period-cohort; UI, Unconfidence interval; CI, Confidence interval; DALY,

Disability-adjusted life years; GBD, Global Burden Disease, Injuries, and Risk

Factors Study; SDI, Sociodemographic index.
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incidence, and mortality burden of pediatric LRTIs can greatly

contribute to further understanding of the long-term impact of the

pandemic and optimization of intervention measures (Zhu

et al., 2022).

The 2021 GBD study represents the first update following the

COVID-19 pandemic, offering new insights into the burden of

LRTIs in children under 5 years old. In this study, we aim to provide

a detailed analysis of the global trends, pathogen distribution, and

risk factors influencing pediatric LRTIs. We also assess the indirect

effects of the COVID-19 pandemic, including the “immunity debt”

phenomenon. Using the updated GBD 2021 data, we conducted a

subgroup analysis based on geographical regions, social

development indices (SDI), age groups, and gender. Furthermore,

we employed the Bayesian Age-Period-Cohort (BAPC) model to

predict future trends in the epidemiology of LRTIs caused by

various pathogens.
Methods

Study population and data collection

This study was based on data from the estimates of the 2021

GBD study (https://vizhub.healthdata.org/gbd-results/), which

aimed to systematically analyze the incidence and mortality rates

of non-COVID-19 LRTIs among children under 14 years old at the

global, regional, and national levels from 1990 to 2021. This study

included children aged 0–14 years from 204 countries and regions

worldwide. In the GBD study, LRTI are defined as pneumonia or

bronchiolitis (Infections GBDLR and Antimicrobial Resistance C,

2024), corresponding to International Classification of Diseases

(Shin et al., 2023).

The GBD project collected data through global and regional

public health organizations; hospital admission, discharge, death,

and health examination records; global epidemiological surveys;

and other channels. These data included the incidence, prevalence,

disability-adjusted life years (DALYs) and mortality rates of various

diseases, as well as health-related influencing factors. To ensure data

accuracy and consistency, the GBD implemented data validation

and adjustment processes. Evaluation of the incidence and

mortality trends of LRTIs on a global scale was made possible by

aggregating LRTI data from different regions and countries.
Analytical methods

The GBD project used DisMod-MR 2.1, which is a Bayesian

large-scale iterative hierarchical regression tool, to generate

internally consistent estimates of incidence and prevalence rates.

Based on estimates of DALYs and mortality rates of LRTIs, multiple

stratified analyses based on age, sex, and region were performed to

assess the role of different pathogens in the LRTI burden.

Analysis of Major Pathogens: The burden of multiple

pathogens, including S. pneumoniae, Staphylococcus aureus, RSV,

H. influenzae, and Klebsiella pneumoniae, among children in
frontiersin.org
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different age groups was evaluated. Determining the mortality rates

associated with these pathogens across various age groups and the

impact of each pathogen in different countries and regions can aid

in the identification of key intervention targets.

Risk Factor Analysis: The extent and impact of 13 major LRTI

risk factors, including child malnutrition, particulate matter

pollution, and household solid fuel pollution, were systematically

evaluated. The changes in these risk factors were assessed using

historical data from 1990 to 2021.

Temporal Trend Analysis: Using historical data from 1990 to

2021, the temporal changes in LRTI burden before and after the

pandemic were evaluated, taking into consideration the

confounding effects of COVID-19.

Group Comparisons: Data were compared among patient

groups of income level, sex, and geographic region. The study

population was divided into different age groups, as follows:

neonates (0–28 days), 1–5 months, 6–11 months, 1–4 years, 5–9

years, and 10–14 years. Based on the Socio-Demographic Index

(SDI), 204 countries and regions are classified into different

development categories: high SDI regions (0.858 < SDI ≤ 1), high-

middle SDI regions(0.812 < SDI ≤ 0.858), middle SDI regions

( 0 . 6 7 0 < S D I ≤ 0 . 8 1 2 ) , l o w - m i d d l e S D I r e g i o n s

(0.570 < SDI ≤ 0.670), and low SDI regions(0 < SDI ≤ 0.570) (Jin

et al., 2025).
Calculation of annual percentage changes

This study utilizes the Age-Period-Cohort (APC) model

framework to analyze trends in mortality due to LRTI by age,

period, and birth cohort. The APC model helps clarify the effects of

age-related biological factors as well as technological and social

factors on disease trends, offering advantages over traditional

epidemiological analyses. It has been successfully applied to

chronic diseases like cardiovascular diseases. The model fits a log-

linear Poisson regression to the Lexis diagram of observed rates,

quantifying the additive effects of age, period, and cohort. Given the

linear relationship between age, period, and cohort (birth cohort =

period − age), this study uses a Poisson-based APC model to

explore LRI mortality trends. The model provides a unique

perspective on how these factors interact, offering a deeper

understanding of the dynamic trends in LRI mortality. For the

data from 1992 to 2021, Poisson log-linear models are used to

quantify and analyze LRI mortality trends.

The trends are assessed through the Estimated Annual

Percentage Change (EAPC) for mortality rates and their

corresponding Age-Standardized Rates (ASR). EAPC was

calculated utilizing a regression model based on the natural

logarithm of the ratio, expressed as: y = a + bx + e.The EAPC is

calculated using the formula: 100 × (exp(b) − 1), where x represents

the calendar year and y is the natural logarithm (ln) of ASR. The

95% Confidence Interval (CI) for the EAPC is also estimated. If the

EAPC and its lower bound of the 95% UI are both greater than 0, it

indicates an upward trend in ASR; if both the EAPC and its upper
Frontiers in Cellular and Infection Microbiology 03147
bound are less than 0, it suggests a downward trend in ASR. If the

EAPC crosses 0, the ASR is considered stable.

In the Bayesian Age-Period-Cohort (BAPC) model, prior

distributions are assigned to the model parameters (age, period,

and cohort effects) based on existing literature or expert knowledge.

The likelihood of the observed data is modeled using a Poisson

distribution, suitable for incidence rates. The Markov Chain Monte

Carlo (MCMC) method is used to estimate posterior distributions

for the parameters, providing the most probable values based on

both the data and prior information. The model is then used to

predict LRTI incidence rates for 2022-2031 by projecting the

estimated effects of age, period, and cohort into the future,

incorporating uncertainties through credible intervals (CI). After

fitting the model to historical data from 1990 to 2021, forecasts for

LRI incidence are generated by extrapolating the trends. The model

adjusts for future changes in healthcare, environmental conditions,

and other factors, reflecting the potential impacts of policy changes,

medical advancements, and socio-economic improvements.

Uncertainty in the forecasts is captured by the credible intervals,

providing a range of possible outcomes and reflecting the inherent

uncertainty in long-term predictions.
Reporting standards

This study adheres to the relevant reporting standards for

epidemiological research, particularly those concerning the analysis

of temporal trends in disease burden. The data and methods used are

consistent with the Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE) guidelines. Efforts were made to

minimize bias in data collection, analysis, and interpretation. Any

limitations inherent in the dataset or methodology, such as potential

underreporting or misclassification of disease, are clearly stated. All

rates are presented per 100,000 person-years, with 95% uncertainty

intervals (UI) reported for all estimates. Uncertainty is propagated

throughout each step of the burden estimation process, with the CI

representing the 2.5th and 97.5th percentiles from 1,000 simulations at

each stage.

By comprehensively analyzing GBD data and using the

DisMod-MR 2.1 tool, this study generated global, regional, and

national estimates of the incidence and mortality rates of LRTIs

among children under 14 years old. The significance level was set at

a = 0.05 for statistical purposes. R software (version 4.2.0) was

employed for all analyses and data processing.
Results

Incidence of lower respiratory tract
infections in children aged 0–14 years in
2021

In 2021, 69.9 million LRTI cases occurred globally among

children aged 0–14 years, with an incidence rate of 3,474.42 per
frontiersin.org
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100,000 (95% UI: 3,088.43–3,965.51). Among the regions stratified

by the Sociodemographic Index (SDI), the low–middle region had

the highest incidence and number of LRTI cases at 26.1 million.

Among the countries stratified by the World Bank income

classification, low–middle-income countries had the highest

number of LRTI cases at 45.78 million and incidence rate at

4,519.835 per 100,000 population (95% UI 4,014.096 to 5,154.413)

for children aged 0–14 years. Among the GBD super regions, South

Asia had the highest number of LRTI cases at 29.89 million and

incidence rate at 5,996.088 per 100,000 population (95% UI

5,191.431 to 6,777.824) (Table 1).

Across 204 countries or regions in 2021, the incidence rate of

LRTIs among children aged 0–14 years ranged from 227.885 per

100,000 population (95% UI 188.185 to 273.606) in the Netherlands

to 7,531.439 per 100,000 population (95% UI 6,669.170 to

8,627.229) in Pakistan. Among children aged 0–14 years, the

incidence rate was highest in newborns, at 14,740.851 per 100,000

population (95% UI 13,118.822 to 16,546.953) (Table 1), followed

by children aged 1–5 months, with an incidence rate of 12,487.260

per 100,000 population (95% UI 11,243.756 to 13,810.984)

(Table 1). The incidence rate decreased gradually with age,

reaching 1,840.776 per 100,000 population (95% UI 1,445.697 to

2,329.717) among children aged 10–14 years (Table 1).

Since 1990, the global incidence of lower respiratory tract

infections (LRTI) in children of all ages has decreased by 221.9%

(95% UI: 199.5–244.3). When classified by SDI (Socio-

Demographic Index) region, the incidence in children from low-

middle SDI regions decreased by 195.7% (95% UI -178.2 to -213.5),

while in high SDI regions, the decrease was 312.4% (95% UI -288.1

to -337.2). When categorized by age group, the incidence of LRTI in

neonates (0–28 days) decreased by 183.2% (95% UI-162.4 to

-204.7), in infants aged 1–5 months, it decreased by 201.5% (95%

UI -180.3 to -222.9), and in children aged 10–14 years, the decrease

was 68.4% (95% UI -61.5 to -75.4). For high-burden countries, the

incidence in Pakistan decreased by 158.9% (95% UI -142.1 to

-176.2), while in the Netherlands, it decreased by 401.2% (95% UI

-375.8 to -427.1) (Table 1).
Frontiers in Cellular and Infection Microbiology 04148
Mortality of lower respiratory tract
infections in children aged 0–14 years in
2021

In 2019, before the COVID-19 pandemic, an estimated 745,080

(95% UI 624,870 to 871,680) children aged 0–14 years died because

of LRTIs, with a mortality rate of 37.144 per 100,000 population

(95% UI 31.151 to 43.455). Since 1990, the mortality rate per

100,000 population has increased by 76.8%, reaching 27.123 (95%

UI: 22.238–32.570). Among children aged 0–14 years, the LRTI

mortality rate in neonates (0–28 days) increased by 71.5%, with a

rate of 1,560.637 (95% UI 1,308.891–1,835.706), while for children

aged 10–14 years, the mortality rate increased to 2.492 (95% UI

2.183–2.774) (Table 2).

In 2021, there were 550 deaths due to LRTIs globally among

children aged 0–14 years, with a mortality rate of 27.123 per 100,000

population (95% UI 22.238 to 32.570). Among the SDI regions, the

low–middle SDI region had the highest number of LRTI deaths at

300 and mortality rate at 4,502.003 per 100,000 population (95% UI

4,004.209 to 5,137.527). Among income groups, the mortality rate

in low-income countries increased by 63.1% since 1990, reaching

4,502.003 (95% UI: 4,004.209–5,137.527), while in high SDI regions,

the increase was only 0.891 (95% UI: 0.752–1.042), despite a 92.7%

rise. The highest number of LRTI deaths was attributed to

Streptococcus pneumoniae, with 153.9 deaths and a mortality rate

of 7.651 per 100,000 population (95% UI: 6.086–9.194). In contrast,

Staphylococcus aureus accounted for 54.0 deaths, with a mortality

rate of 2.684 per 100,000 population (95% UI: 2.163–

3.247) (Table 2).

Across 204 countries or regions, the LRTI mortality rate among

children aged 0–14 years in 2021 ranged from 151.794 per 100,000

population (95% UI 112.772 to 195.504) in Chad to 0.142 per

100,000 population (95% UI 0.097 to 0.194) in Andorra (Figure 1).

The highest mortality rate was observed in newborns (1,560.637 per

100,000 population; 95% UI 1,308.891 to 1,835.706). In children

aged 10–14 years, mortality rate decreased with age, reaching 2.492

per 100,000 population (95% UI 2.183 to 2.774) (Table 2).
TABLE 1 Number of cases, incidence rate, and annual percentage change in incidence rate of lower respiratory tract infections in children aged 0–14
years from 1990 to 2021.

Category Subgroup Cases (millions)
Incidence per 100,000

(95% UI)
% change since 1990

(95% UI)

Global All ages 69.9 3,474.42 (3,088.43-3,965.51) -221.9% (-199.5 to -244.3)

By SDI Region
Low-middle 26.1 4,502.003 (4,004.209-5,137.527) -195.7% (-178.2 to -213.5)

High 5.3 1,240.15 (1,102.84-1,410.26) -312.4% (-288.1 to -337.2)

By Age Group

Neonates (0-28d) / 14,740.851 (13,118.822-16,546.953) -183.2% (-162.4 to -204.7)

1-5 months / 12,487.260 (11,243.756-13,810.984) -201.5% (-180.3 to -222.9)

10-14 years / 1,840.776 (1,445.697-2,329.717) -68.4% (-61.5 to -75.4)

High-Burden
Countries

Pakistan / 7,531.439 (6,669.170-8,627.229) -158.9% (-142.1 to -176.2)

Netherlands / 227.885 (188.185-273.606) -401.2% (-375.8 to -427.1)
Values in parentheses are 95% uncertainty intervals. Count data are presented to three significant figures.
GBD, Global Burden of Diseases, Injuries, and Risk Factors Study; SDI, Sociodemographic Index.
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In 2021, the number of LRTI deaths among newborns was

mainly concentrated in low-SDI regions. Of the 204 countries or

regions, 98 countries had mortality rates greater than 1,000 per

100,000 population (Table 2).
Mortality of lower respiratory tract
infections in all children aged 0–14 years
from 1990 to 2021

Globally, from 1990 to 2021, the all-age mortality rate of LRTIs

among children aged 0–14 years decreased by 76.8% (95% UI 72.2–

80.5), from 20.340 (95% UI 17.759 to 23.139) to 5.457 (95% UI 4.474

to 6.553) deaths per 100,000 population (Figure 2). Among boys, the

mortality rate decreased by 76.0% (95% UI 71.0–80.1), from 10.539

(95% UI 9.069 to 12.189) to 2.941 (95% UI 2.372 to 3.573) deaths per

100,000 population (Figure 2). Among girls, the mortality rate

decreased by 77.7% (95% UI 72.9–81.7), from 9.801 (95% UI 8.306

to 11.259) to 2.516 (95% UI 2.060 to 2.968) deaths per 100,000

population (Figure 2). Overall, the changes in LRTI mortality rates

among children aged 0–14 years were not significantly different

between sexes. The decline in the number of deaths was primarily

driven by the reduction in LRTI mortality rates among children aged

1–4 years, decreasing by 77.5% (95% UI 71.8–82.0) among those

aged 12–23 months and by 79.1% (95% UI 72.8–84.4) among those

aged 2–4 years (Figure 2). Similar to the incidence rate, the smallest

decline in LRTI mortality rate was observed among children aged

10–14 years (47.3%, 95% UI 40.6–52.8) (Figure 2).
Risk factors for LRTIs in children aged 0–
14 years from 1990 to 2021

In 2019, before the COVID-19 pandemic, the total number of

DALYs attributable to LRTI risk factors was 59.746 million (95% UI

49.011 to 71.078 million), representing a reduction of 376.7% (95%

UI 365.3 to 387.8), compared with 168.373 million (95% UI 144.370

to 194.828) in 1990. According to the GBD framework, the 13 risk

factors for LRTI burden among children aged 0–14 years include

underweight children, particulate matter pollution, childhood
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stunting, household air pollution from solid fuels, child wasting,

low birth weight, lack of access to handwashing facilities, ambient

particulate matter pollution, short gestation, secondhand smoke,

nonexclusive breastfeeding, high temperature, and low temperature.

The leading risk factor was low birth weight (2.627 million DALYs,

95% UI 1.065 to 4.342 million), followed by particulate matter

pollution (2.610 million DALYs, 95% UI 0.750 to 4.251 million);

child stunting (1.941 million DALYs, 95% UI 1.315 to 2.564 million);

household air pollution from solid fuels (1.824 million DALYs, 95%

UI 0.563 to 3.200 million; and child wasting (1.493 million DALYs,

95% UI 0.956 to 2.054 million). High and low temperatures were

found to have minimal correlation with LRTI DALYs (Figure 3).

Compared with the data in 2019, the LRTI burden among

children aged 0–14 years in 2021 remained attributable to the same

13 risk factors, although the number of DALYs decreased by 74.2%

(95% UI 69.0 to 78.6) at 4.345 million (95% UI 3.434 to 5.247

million). However, the leading risk factor became particulate matter

pollution, accounting for 1.930 million DALYs (95% UI 0.573 to

3.218 million) and with 75.6% reduction (95% UI 69.8 to 80.2). The

second leading risk factor was child underweight (1.845 million

DALYs, 95% UI 0.071 to 3.116 million), which decreased by 77.2%

(95% UI 72.3 to 82.5). Household air pollution from solid fuels was

the third leading risk factor, with 1.371 million DALYs (95% UI

0.427 to 2.411 million) and a 78.5% reduction (95% UI 72.4 to 83.3).

The fourth and fifth leading risk factors were child stunting (1.369

million DALYs, 95% UI 0.926 to 1.830 million) and child wasting

(1.013 million DALYs, 95% UI 0.631 to 1.440 million), respectively.

Notably, from 2019 to 2021, the ranking of particulate matter

pollution and household air pollution from solid fuels increased,

whereas high and low temperatures remained minimally associated

with LRTI DALYs among children aged 0–14 years (Figure 3).
Analysis of the main pathogens and
worldwide burden of lower respiratory
tract infections among children aged 0–14
years in 2021

In 2021, influenza A/H3N2 was the dominant subtype globally,

accounting for 58.3% (95% UI 52.1-64.5) of influenza-associated
TABLE 2 Number of deaths, death rates, and annual percentage changes in death rate of lower respiratory infections in children aged 0–14 years in
1990, 2019, 2020, and 2021.

Stratification Group Deaths (thousands) Mortality per 100,000 (95% UI) % reduction since 1990

Global Total 550.0 27.123 (22.238-32.570) 76.8% (72.2-80.5)

By SDI Low-middle SDI 300.0 4,502.003 (4,004.209-5,137.527) 63.1% (58.7-67.4)

High SDI 8.2 0.891 (0.752-1.042) 92.7% (90.1-94.8)

By Age Neonates (0-28d) 156.1 1,560.637 (1,308.891-1,835.706) 71.5% (66.8-75.7)

10-14 years 2.5 2.492 (2.183-2.774) 47.3% (40.6-52.8)

Pathogen Leaders (2021) S. pneumoniae 153.9 7.651 (6.086-9.194) /

S. aureus 54.0 2.684 (2.163-3.247) /
Values in parentheses are 95% uncertainty intervals. Count data are presented to three significant figures.
GBD, Global Burden of Diseases, Injuries, and Risk Factors Study; SDI, Sociodemographic Index.
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LRTI deaths in children aged 0-14 years, followed by influenza B

(27.6%, 95% UI 22.4-33.1) and A/H1N1 (14.1%, 95% UI 10.3-18.7).

The mortality burden was disproportionately concentrated in low-

middle SDI regions, where influenza A/H3N2 caused 23.7 deaths

per 100,000 (95% UI 19.2-28.9) - 3.2-fold higher than high-SDI

regions. Vaccination coverage showed stark regional disparities:

≤15% in Sub-Saharan Africa vs. 63.2% in North America (WHO/

UNICEF 2021 estimates). Notably, seasons with A/H3N2
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dominance correlated with 42% higher mortality than H1N1-

dominant years (p<0.001).

The top three pathogens contributing to LRTI-related DALYs

among children aged 0–14 years globally were S. pneumoniae

(135.877 DALYs per 100,000 population, 95% UI 108.004–

163.224); S. aureus (47.620 DALYs per 100,000 population, 95%

UI 38.402–57.603); and K. pneumoniae (436.123 million DALYs,

95% UI 347.301–532.681).
FIGURE 1

Circular heat map of the incidence and mortality of lower respiratory tract infections in children aged 0–14 years from countries with different SDI
levels in 2021 (A) incidence and (B) mortality rates per 100,000 population, with colors representing global sextiles.
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FIGURE 2

LRTI mortality rate and number of deaths from 1990 to 2021, stratified by age and sex The (A) number of deaths (B) mortality rate from 1990 to
2021, stratified by age and sex, are shown. The shaded areas represent 95% uncertainty intervals.
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FIGURE 3

Risk factors for LRTIs in children aged 0–14 years in 1990–2019 and 2019–2021 analyses of risk factors for LRTIs in children aged 0–14 years
(A) from 1990 to 2019 and (B) from 2019 to 2021.
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Among the high-, high–middle-, and middle-SDI regions, the

top three pathogens contributing to LRTI-related DALYs and

deaths in this age group were S. pneumoniae, S. aureus, and other

viruses. In low–middle-SDI regions, the top three pathogens were S.

pneumoniae, S. aureus, and K. pneumoniae. In high-SDI regions, S.

pneumoniae contributed 0.233 DALYs (95% UI 0.211–0.255) and

0.003 deaths (95% UI 0.002–0.003) per 100,000 population. In low-

SDI regions, S. pneumoniae contributed 67.745 DALYs (95% UI

50.154–85.595) and 0.769 deaths (95% UI 0.569–0.072) per 100,000

population. S. aureus contributed 0.213 DALYs (95% UI 0.195–

0.228) and 0.002 deaths (95% UI 0.002–0.003) per 100,000

population in high-SDI regions and 29.036 DALYs (95% UI

17.539–29.036) and 26.334 deaths (95% UI 19.929–32.064) per

100,000 population in low-SDI regions The pattern was similar

among the countries stratified by income.

Among children aged 0–14 years across the 204 modeled

countries and regions in 2021, S. pneumoniae was the leading

cause of DALYs in 171 countries or regions, whereas S. aureus

was the leading cause of LRTI deaths in the remaining 33 countries

or regions. Across the seven age subgroups, S. pneumoniae was the

most frequent pathogen causing LRTIs (Figure 4).

When stratified by age group, the top three pathogens

contributing to LRTI-related DALYs and deaths among newborns

aged 0–28 days globally were K. pneumoniae, Group B

Streptococcus, and Acinetobacter baumannii. K. pneumoniae

contributed 14.979 DALYs (95% UI 11.574–19.021) and 0.166

deaths (95% UI 0.129–0.211) per 100,000 population. Group B

Streptococcus contributed 10.897 DALYs (95% UI 8.462–13.733)

and 0.121 deaths (95% UI 0.094–0.153) per 100,000 population. A.

baumannii contributed 10.397 DALYs (95% UI 5.507–17.695) and

0.116 deaths (95% UI 0.061–0.197) per 100,000 population. For

children aged 1–5 months, 6–11 months, 2–4 years, 5–9 years, and

10–14 years, the top three pathogens contributing to LRTI-related
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DALYs and deaths were S. pneumoniae, S. aureus, and K.

pneumoniae (Figure 4).
Changes in main pathogens and burden of
lower respiratory tract infection in children
from 2019 to 2021

In 2019, during the COVID-19 pandemic, the top three

pathogens causing LRTI deaths in children aged 0–14 years were

the same as those in 1990: S. pneumoniae, influenza, and RSV. S.

pneumoniae was the most common cause of LRTI deaths globally,

resulting in 188,090 deaths (95% UI 155,990 to 221,610). Influenza

was the second leading pathogen, causing 82,190 deaths (95% UI

68,450 to 97,060), and RSV was the third leading pathogen, causing

79,110 deaths (95% UI 66,430 to 92,210) (Figure 5). In 2019, S.

pneumoniae was the leading cause of LRTI deaths in all age groups,

except in newborns. The leading pathogen causing LRTI deaths in

newborns was RSV (29,180 deaths, 95% UI 24,510 to 34,620),

followed by K. pneumoniae (18,810 deaths, 95% UI 14,980 to

23,370) and influenza (18,400 deaths, 95% UI 14,420 to 23,120).

In 2021, the top three pathogens causing LRTI deaths in

children aged 0–14 years were S. pneumoniae (153,920 deaths,

95% UI 122,430 to 184,970), followed by S. aureus (53,990 deaths,

95% UI 43,530 to 65,330) and K. pneumoniae (49,130 deaths, 95%

UI 39,120 to 60,030). In 2021, S. pneumoniae remained the leading

cause of LRTI deaths in all age groups, except in newborns

(Figure 4). Among newborns, the leading cause of LRTI deaths

was K. pneumoniae (16,650 deaths, 95% UI 12,860 to 21,140),

followed by Group B Streptococcus (12,110 deaths, 95% UI 9,400 to

15,260) and A. baumannii (11,560 deaths, 95% UI 6,120 to 19,670).

Unlike the top three pathogens causing LRTI deaths among

children aged 0–14 years in 2021, other viral etiologies of LRTIs
FIGURE 4

Etiological DALYs and number of deaths due to LRTIs among children globally in 2021, stratified by age group. The (A) DALYs and (B) number of
deaths due to LRTIs; “Other viruses” included all studied viruses, except influenza and respiratory syncytial virus. DALYs, distribution of disability-
adjusted life years; LRTI, lower respiratory tract infection.
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were the third leading cause of death among children under 5 years

old, excluding newborns, causing 33,710 deaths (95% UI 26,330 to

41,440) (Figure 4). In 2021, the leading causes of LRTIS deaths

across the 204 modeled countries and regions were S. pneumoniae

in 172 countries and S. aureus in 31 countries. In Iceland, RSV was

the leading cause of LRTI deaths in children aged 0–14 years.

From 1990 to 2019, the largest decrease in global mortality rate

among children aged 0–14 years was from influenza (29.7%

decrease, 95% UI 29.7–30.6), followed by Enterobacteriaceae

(26.5% decrease, 95% UI 27.3–25.7). These improvements were

most pronounced in children aged 2–4 years, with influenza-related

deaths decreasing by 57.9% (95% UI 56.3–61.1), from 28,258.625

(95% UI 21,953.534–35,001.644) to 11,893.952 (95% UI 8,530.451–

15,307.666), and Enterobacteriaceae-related deaths decreasing by

52.2% (95% UI 50.6–54.3), from 1,391.960 (95% UI 949.929–

1,905.236) to 665.620 (95% UI 434.409–940.669).

After the start of the COVID-19 pandemic, we estimated that the

number of influenza-related DALYs among children aged 0–14 years

from 2019 to 2021 decreased by 63.4% (95% UI 52.1–73.0), from

7.279 million (95% UI 6.058–8.604) to 2.664 million (95% UI 1.962–

3.547). A similar decrease of 63.4% (95% UI 52.0–72.9) was observed

in the number of deaths, from 82,190 (95% UI 68,450–97,060) to

30,110 (95% UI 22,180–40,080). Among the 18 modeled pathogen

categories, influenza decreased in rank from second in 2019 to fifth

in 2021 as the leading cause of global LRTI DALYs and deaths

among children aged 0–14 years (Figure 5). From 2019 to 2021, the

mortality rate of influenza in this age group decreased the most in

high-income regions (93.4%, 95%UI 89.6–96.0) and had the smallest

decrease in Sub-Saharan Africa (57.3%, 95% UI 40.5–70.4).

Similarly, since 2019, the number of RSV-related DALYs

globally has decreased by 64.6% (95% UI 53.8–74.2), from 7.069

million (95% UI 5.941–8.238) to 2.502 million (95% UI 1.828–
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3.358). Moreover, the number of RSV-related deaths decreased

significantly by 64.6% (95% UI 53.7–74.2), from 79,110 (95% UI

66,430–92,210) in 2019 to 28,010 (95% UI 20,460–37,610) in 2021.

Among the 18 modeled pathogen categories, RSV decreased in rank

from third in 2019 to sixth in 2021 as the leading cause of global

LRTI DALYs and deaths among children aged 0–14 years. Similar

to influenza, the largest reduction in RSV mortality rates in this age

group from 2019 to 2021 was observed in high-income regions

(94.0%, 95% UI 90.7–96.3), whereas the smallest reduction was

observed in Sub-Saharan Africa (57.6%, 95% UI 40.7–70.9).

Overall, for global non-COVID-19 LRTIs among children aged

0–14 years from 2019 to 2021, we estimated an 11.8% (95% UI 9.6–

14.0) decrease in the overall incidence rate, from 790.176 (95% UI

706.289–897.168) to 699.005 (95% UI 621.350–797.806) per 100,000

population. The DALYs rate decreased by 27.1% (95% UI 22.3–31.2),

from 483.630 (95% UI 396.663–580.345) to 661.162 (95% UI

554.592–773.710) per 100,000 population. The mortality rate

decreased by 27.0% (95% UI 22.2–31.1), from 7.451 (95% UI

6.249–8.717) to 5.457 (95% UI 4.474–6.553) per 100,000 population.
Prediction of mortality rates for 18
pathogens of LRTIs in children Aged 0–14
years globally from 2021 to 2031

Between 2021 and 2031, the mortality rate of LRTI in children

showed a significant downward trend. In 2021, the mortality rate

for LRI in children was 27.124 per 100,000 population (95% UI

26.930–27.317), but by 2031, this figure had sharply decreased to

9.032 per 100,000 population (95% UI 4.244–13.819).

Among the 18 pathogens studied, the mortality rate caused by

the influenza virus exhibited a unique trend, with an increase over
FIGURE 5

Global ranking of burden of death due to pathogens associated with lower respiratory tract infections among children aged 0–14 years in 1990,
2000, 2010, and 2021 Values represent the estimated number of deaths or DALYs per 100,000 population for each pathogen, with 95% uncertainty
intervals shown in parentheses. Estimates are presented with three significant digits.
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time, while the mortality rates associated with the other 17

pathogens declined to varying extents. Specifically, the mortality

rate for children aged 0-14 years due to influenza virus in 2021 was

1.497 per 100,000 population (95% UI 1.993–1.102). This rate

initially decreased to 1.071 per 100,000 population (95% UI 0–

21.976) in 2029 but then gradually rose to 4.482 per 100,000

population (95% UI 0–302.115) in 2031. The male mortality rate

was approximately 2.906 per 100,000 population (95% UI 0–

162.567), while the female mortality rate was approximately 6.160

per 100,000 population (95% UI 0 –450.896), making influenza

virus the leading cause of death from LRI in children.

In contrast, the mortality rate from pneumonia caused by

Streptococcus pneumoniae for children aged 0-14 years declined

from 7.651 per 100,000 population (95% UI 6.086–9.194) in 2021 to

3.129 per 100,000 population (95% UI 1.822–4.435) in 2031, with its

ranking as the leading cause of death dropping to second place.

Similarly, the mortality rate from Staphylococcus aureus also

showed a notable decline, from 2.684 per 100,000 population

(95% UI 2.163–3.247) in 2021 to 1.444 per 100,000 population

(95% UI 0.720–2.167) in 2031, with its ranking as the second

leading cause of death dropping to third place (Figure 6).
Discussion

This study analyzed the incidence and mortality rates of non-

COVID-19 LRTI from 1990 to 2050 among children aged 0–14

years at the global, regional, and national levels using data from the

2021 GBD study. The results indicated significant differences in

pediatric LRTI burden among geographic regions over time, and

these were related to multiple factors, such as major pathogens, risk

factors, and SDI. This study on pediatric LRTIs focused on trends of

global incidence among different age groups and the main
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pathogenic characteristics. The results showed that although the

global incidence and mortality rates of pediatric LRTIs significantly

declined over the past three decades, notable differences among

specific regions and age groups remain.

The significant downward trend in the global incidence of

LRTIs among children aged 0–14 years from 1990 to 2021 can be

mainly attributed to the promotion of vaccination, improved public

health measures, and widespread availability of healthcare resources

(Antimicrobial Resistance, 2022). This significantly reduced

incidence was particularly observed in middle- and high-income

countries, which have implemented vaccination and enhanced

medical care (Raj et al., 2595 2023). However, in low-income and

low–middle-income countries, the incidence remains high. For

instance, the highest incidence rates were observed among

children in South Asia and Sub-Saharan Africa, reflecting

inadequate medical conditions and health infrastructure in these

regions (Collaborators GBDAR, 2024). Moreover, public health

measures and lockdown policies during the pandemic likely

altered pathogen transmission patterns to some extent, with

significant declines in the rates of influenza virus and RSV

infection (Tang et al., 2021). Studies have shown that although

LRTI has a gradually decreasing overall incidence, its epidemiology

was significantly affected by COVID-19-related public health

measures. Isolation and preventive measures during the pandemic

led to a temporary decline in LRTI incidence, especially in high-

income countries; however, after 2021, LRTI cases have rebounded

in number and present with more severe clinical phenotypes— a

phenomenon known as immunity debt (Nagelkerke et al., 2024).

Neonates had the highest incidence of LRTIs, reaching

14,740.851 cases per 100,000 population in 2021. The incidence

gradually decreased with age, dropping to 1,840.776 cases per

100,000 population among children aged 10–14 years. The high

incidence in neonates was mainly due to underdeveloped immune
FIGURE 6

BAPC prediction of mortality rates for 18 pathogens of LRTIs in children aged 0-14 years globally from 2021 to 2031. The data from 1990 to 2021
are historical, while the BAPC predictions for 2021-2031 are presented with 95% UI.
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systems, which likely increased the susceptibility to pathogen

invasion (Feikin et al., 2024). Moreover, infants aged 1–5 months

were found to be a high-risk group, reflecting the high susceptibility

to respiratory infections among children in this age range.

Neonates and young children, especially those under 5 years

old, were high-risk populations for LRTIs. During the COVID-19

pandemic, the significant decrease in LRTI incidence among infants

under 1 year old was possibly related with social isolation measures

and enhanced personal hygiene practices (Qiu et al., 2022). The

varying incidence rates and LRTI pathogens among children of

different age groups were likely due to differences in immune system

development. Other studies have indicated that the COVID-19

pandemic not only altered the overall incidence trend of LRTIs but

also changed the infection risk among children of different age

groups, with younger children being more severely affected (Tang

et al., 2021).

In 2021, S. pneumoniae, S. aureus, and K. pneumoniae were the

main bacterial pathogens of pediatric LRTIs. Among them, S.

pneumoniae was the leading cause of LRTI-related deaths

globally, consistent with recent literature. Pneumococcal

pneumonia caused 55.4% of all LRTI-related deaths across all age

groups in high- and middle-income countries (Collaborators GL,

2017). Considering the relatively low vaccine coverage in low-

income and low–middle-income countries, S. pneumoniae

remains the primary pathogenic factor (Li et al., 2021).

Among older children, S. pneumoniae, S. aureus, and K.

pneumoniae are relatively common pathogens (Raj et al., 2595

2023). Among older children (1 month to 9 years), S.

pneumoniae and S. aureus were the bacterial pathogens

significantly associated with severe pneumonia. These bacteria

were reported to have relatively high prevalence rates in children

with comorbidities (von Mollendorf et al., 2022), highlighting the

need to implement targeted prevention and treatment strategies in

this population. From 1990 to 2019, the significant decrease in

Haemophilus influenzae and S. pneumoniae mortality rates by

77.4% and 76.1%, respectively, among children under 5 years old

was mainly attributed to vaccination and improvements in medical

conditions (Infections GBDLR and Antimicrobial Resistance

C, 2024).

On the other hand, among neonates, this study found that the

main pathogens were K. pneumoniae, Group B Streptococcus, and

A. baumannii. K. pneumoniae, especially carbapenem-resistant and

hypervirulent strains, poses a serious threat because of high

mortality rates and treatment resistance. Group B Streptococcus is

a leading cause of neonatal meningitis and sepsis and may have

significant long-term impact on survivors. A. baumannii is a critical

pathogen known for its antimicrobial resistance and association

with severe infections (Broad et al., 2020; Furuta et al., 2022; Hu

et al., 2023). These pathogens are relatively common in infants with

weak immune systems. Eradicating these pathogens requires

continuous surveillance, effective infection control measures, and

development of new therapeutic strategies.

Despite widespread administration of pneumococcal conjugate

and H. influenzae type b vaccines, bacterial pathogens remain
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important causes of moderate to severe disease in children with

comorbidities (von Mollendorf et al., 2022). In addition, researchers

have pointed out the urgent need to avoid overuse of antibiotics and

reduce antimicrobial resistance in children with community-

acquired pneumonia (Antimicrobial Resistance, 2022; Meyer

Sauteur, 2024).

In 2019, the global leading cause of LRTI cases and deaths

among children under 5 years old was S. pneumoniae, followed by

RSV and influenza. In 2021, with the significant impact of the

COVID-19 pandemic on influenza and RSV transmission, the

incidence of influenza declined, but S. pneumoniae remained the

most prevalent pathogen of LRTIs worldwide. Among children

under 5 years old, RSV is the second most lethal pathogen after S.

pneumoniae (Zdanowicz et al., 2023).

In this study, RSV was found to be the main virus causing

neonatal death. In low-income and low–middle-income countries,

RSV mainly affects younger children, highlighting the need for

effective vaccines (Morgan et al., 2023). Over the past 30 years, the

incidence rates of RSV and influenza have decreased; this trend was

more pronounced in middle- and high-income countries, possibly

because of better resources, management, and access to vaccines

and monoclonal antibodies (Mezei et al., 2021). In low- and middle-

income countries, prevention and management of RSV require

improved diagnostics, education, timely access to new

interventions, and engagement with policy makers (Carbonell-

Estrany et al., 2022).

Our study have shown that the mortality rate from LRTIs has

declined since the 1990s. However, despite a slight improvement in

mortality rates from 18 LRTI pathogens over the next decade,

influenza may cause an increase in childhood mortality starting in

2029, potentially becoming the leading cause of death among these

pathogens, with higher mortality rates in females than in males.

This trend is closely associated with the variability and immune

escape properties of the influenza virus, as well as insufficient

vaccination coverage, which result in some children’s immune

systems being unable to effectively respond to new viral strains

and a reduction in the protective efficacy of vaccines (Smyk et al.,

2022; Han et al., 2023). Influenza leads to higher mortality rates by

triggering excessive immune responses, causing secondary bacterial

infections (e.g., pneumococcal infections), and inducing

complications such as acute respiratory distress syndrome

(ARDS) (Jugulete et al., 2024). The mortality rate from influenza

is particularly high among high-risk populations, such as

immunocompromised chi ldren and pregnant women.

Additionally, gender differences in influenza infection outcomes

may be attributed to variations in immune responses, with female

children potentially facing higher mortality risks (Li L. et al., 2023).

Given these factors, future public health strategies should be

tailored to address susceptibility factors, with specific measures to

mitigate the pathogenicity of various respiratory pathogens,

especially influenza.

Our study identified particulate matter pollution, child

malnutrition, and household solid fuel pollution as the primary

risk factors contributing to LRTI burden in children. Underweight
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and malnutrition in children were also major risk factors leading to

high LRTI incidence rates, similar with the research by Ruan et al

(Ruan et al., 2021).

In China, the LRTI burden among children under 5 years old has

significantly decreased, but it remains heavily influenced by particulate

matter (PM) pollution, child malnutrition, and household solid fuel

pollution (Li X. et al., 2023; Shi et al., 2023). The use of household solid

fuels remains prevalent in low- and low–middle-income countries.

Reducing exposure to environmental and household air pollutants

and addressing child malnutrition are key strategies to mitigate the

impact of LRTIs on global children’s health.

Our research found that in 2020 and 2021, the burden of

pediatric LRTIs increased in low-income countries. This

underscored the need for global public health to focus on the

impact of the COVID-19 pandemic on children’s health. The

COVID-19 pandemic disrupted routine childhood immunization

programs, especially in low- and middle-income countries, leading

to decreased vaccine coverage and making children more

susceptible to LRTIs (Zar et al., 2020). The indirect pandemic

effects, such as increased poverty and reduced access to

healthcare, have further exacerbated this issue (Zar et al., 2020;

Polasek et al., 2022). Despite these challenges, maintaining routine

immunizations is crucial in order to prevent a large number of

deaths and alleviate the burden of respiratory infections in children.

Efforts should focus on sustaining and strengthening immunization

programs to protect children’s health during and after the

pandemic. After contracting COVID-19, children with chronic

lung diseases, such as cystic fibrosis and asthma, are prone to

more severe respiratory complications, such as acute respiratory

distress syndrome and respiratory failure. For these patients,

COVID-19 not only worsens the underlying condition but also

increases the need for oxygen therapy and other intensive care

treatments (Feldstein et al., 2020; Pardasani, 2022; Bembea et al.,

2023). Therefore, there is a relatively high incidence of coexisting

pulmonary infections that require more intensive medical

interventions and monitoring (Kim et al., 2022).

Our prediction of rising influenza mortality is primarily driven

by A/H3N2’s antigenic drift and low VE in pediatric populations.

The 42% higher mortality in H3N2-dominant seasons underscores

urgent needs for: (1) adjuvanted vaccines to improve cross-

protection, (2) targeting ≥75% coverage in LMICs through GAVI

partnerships, and (3) real-time strain surveillance in high-burden

regions like South Asia where vaccine mismatch reached 68% in

2019-2021. The gender disparity in mortality (female:male RR=1.32

for A/H3N2) may reflect sex-dimorphic immune responses,

warranting sex-stratified vaccine trials.

To reduce the future disease burden of pediatric LRTIs, our

study recommends strengthening interventions in three areas. First,

increase the coverage of pneumococcal vaccines, especially in low-

and low–middle-income countries (Kim et al., 2022). Second,

enhance control of air pollution, particularly particulate matter

pollution and household solid fuel use. According to the research by

Zubaidah Al-Janabi et al, improving household energy use and

living conditions may effectively reduce the occurrence of pediatric
Frontiers in Cellular and Infection Microbiology 13157
LRTIs (Al-Janabi et al., 2021). Nevertheless, global public health

interventions, including vaccination programs and policies that aim

to improve air quality, have played a significant role in reducing the

burden of LRTIs. In some countries, such as China, the incidence

and mortality rates of pediatric LRTIs were significantly decreased

by decreasing air pollution and promoting vaccination (Jin et al.,

2021).Lastly, improve nutritional status, particularly by increasing

aid to malnourished children, in order to significantly lower the

incidence of LRTIs (Kirolos et al., 2021).
Limitations

This study has several limitations. It relied on data from specific

medical institutions and countries, which may limit the

generalizability, especially in low- and middle-income countries

with varying healthcare resources. Additionally, the Global Burden

of Disease (GBD) data lacks detailed pathogen information,

restricting the ability to fully analyze the LRTI burden. The study

also considered comorbidities but did not explore specific

conditions like chronic lung disease, asthma, and obesity, which

may impact the severity of LRTIs. Furthermore, seasonal and

regional variations were not analyzed, which are crucial for

understanding differences in incidence and predominant

pathogens. Future research should expand the sample size,

incorporate seasonal and regional analyses, and include more

detailed data on comorbidities to improve the understanding of

pediatric LRTIs.
Conclusions

This study analyzed the global trends and main pathogenic

characteristics of pediatric LRTI. Although the incidence and

mortality rates of LRTIs have declined globally, especially in high-

income countries, the burden remains heavy in low- and middle-

income countries. Moreover, younger children especially neonates

were more susceptible to infections due to underdeveloped immune

systems. Streptococcus pneumoniae, Staphylococcus aureus,

Klebsiella pneumoniae were the most common causes of death in

LRTIs. The burden of 18 common pathogens causing lower

respiratory tract infections is expected to gradually decrease over

the next decade, while the burden of influenza will steadily increase,

becoming the leading cause of death, with higher mortality rates in

females compared to males. The COVID-19 pandemic has reduced

the transmission of respiratory viruses, but an ensuing immunity

debt phenomenon led to more cases of severe infection, and the

presence of COVID-19 is more likely to exacerbate underlying

comorbidities among children. Particulate matter pollution and

childhood underweight were the major risk factors contributing to

the burden of LRTIs. Therefore, expanding vaccine coverage,

improving sanitary conditions, and implementing early

interventions for high-risk pediatric populations are crucial

strategies to further reduce the burden of LRTIs.
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Evaluating lymphocyte change
rate and lactate as predictors of
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patients in the intensive care unit
Yuxiu Tang1†, Jin Yang2†, Liquan Chen2, Xueke Liu2,
Zhen Chen2, Jiaxi Lin2, Jun Jin2* and Yao Wei2*

1Department of Intensive Care Unit, The Second Affiliated Hospital, Hengyang Medical School,
University of South China, Hengyang, China, 2Department of Intensive Care Unit, The First Affiliated
Hospital of Soochow University, Suzhou, China
Background: Studies have shown that lymphocyte counts and lactate (LAC)

levels have a certain relationship with the prognosis of COVID-19 patients. In the

present study, we aimed to determine the predictive effects of new indicator

lymphocyte change rate and LAC on the prognosis of COVID-19 patients.

Methods: In the present study, we retrospectively analyzed the clinical data of

137 adult patients (≥ 18 years old) diagnosed with the COVID-19 Omicron variant,

who were admitted to the comprehensive, respiratory, or infection ICU of our

hospital, between November 2022 and February 2023. Cox regression and causal

mediation analyses were used to evaluate the relationship between the clinical

test data and patient prognosis.

Results: A total of 137 patients with COVID-19 were included in the present

study, 77.40% of whomwere male, with an average age of 73 years and an overall

mortality rate of 51.8%. Multifactorial logistic regression analysis showed that LAC

(odds ratio [OR], 0.05; 95% confidence interval [CI], 0–0.1; P = 0.047] and the

weekly rate of change in LYM (change in LMY over the course of a week/LYM on

the day of admission) had a good predictive value for the prognosis of patients,

while respiratory-related indicators had no significant relationship with prognosis

(P > 0.05). The combined predictive value of LAC and the weekly rate of change in

LYM was even greater, with an area under the curve of 0.7629. In terms of

prognosis, 1.75 mmol/L was set as the cut-off value for LAC (sensitivity, 57.7%;

specificity, 75.8%). The mortality rate of patients with LAC > 1.75 mmol/L was

significantly higher than that those with LAC < 1.75 mmol/L, and NLR was found

to have a mediating effect in lactate-mediated death.

Conclusion: In summary, lymphocyte change rate combined with LAC had the

greatest predictive value for COVID-19 ICU patient prognosis, while respiratory-

related indicators had no significant relationship with prognosis, so we suggest

the increase of LAC in COVID-19 pat ients may be caused by

microcirculatory disturbances.
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1 Introduction

Coronavirus disease 2019 (COVID-19) was first encountered in

Wuhan, China in December 2019, as a case of unexplained

pneumonia caused by the novel severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2), which was quickly

followed by a global outbreak that was declared a pandemic by

the World Health Organization (WHO) on March 11, 2020 (Guan

et al., 2020; Zhu et al., 2020). According to the WHO, as of the time

of the writing of this article, there have been 766,440,796 confirmed

cases of COVID-19 worldwide, resulting in 6,932,591 deaths (WHO

COVID-19 Dashboard, 2020). COVID-19, therefore, poses a

serious threat to public health worldwide[3]. Viruses are highly

diverse, due to their susceptibility to mutations and recombination

(Huo et al., 2020), and during the last three years of the COVID-19

pandemic, numerous variants have been identified by the WHO,

including Alpha, Beta, Gamma, Delta, and Omicron. The common

mechanism by which COVID-19 invades the body is by targeting

angiotensin-converting enzyme 2 (ACE2), exerting a pathogenic

effect (Mathioudakis et al., 2022).

Lactate (LAC) is the final product of cellular glycolysis under

anaerobic conditions, and is a metabolic waste product removed

from the blood by the liver and kidneys (Rabinowitz and Enerbäck,

2020). Conventional wisdom has been that increased LAC levels are

due to anaerobic metabolism caused by hypoxia in the body. Bakker

et al (Bakker et al., 2013; Gupta, 2022) proposed that the cause of

hyperlactatemia may be multifactorial, as it can also occur under

completely aerobic conditions. It has been shown that the level of

LAC can be significantly higher in patients hospitalized with

COVID-19 compared to those that are not hospitalized, that the

initial LAC level in deceased patients is higher than that in those

that survive (Trebuian et al., 2024; Velavan et al., 2021), and that

lactate dehydrogenase (LDH), a key enzyme in the conversion of

pyruvate to LAC, can be used as a significant independent risk

factor for predicting the occurrence respiratory failure in severe

COVID-19 patients (Wang et al., 2024). Based on a multifactorial

analysis of the increase in LAC levels, it is necessary to further

explore whether the increase in LAC in patients with COVID-19 is

due only to hypoxia from impaired ventilation and air exchange

resulting from pulmonary changes, or if it is also due to a

combination of local ischemia, which may result in an imbalance

in the ventilation-to-blood flow ratio.

Significant changes can be observed in the immune systems of

patients with COVID-19, which primarily manifest as a continuous

and significant decrease in peripheral blood lymphocyte (LYM)

count, the majority of which are CD4+T and CD8+T cells. These

changes are significantly related to complications and poor

prognoses (Zhou et al., 2020); therefore, changes in the LYM

count should be dynamically observed in clinical practice. As

such, we proposed using the rate of change in LYM over the

course of one week (changes in LYM counts during the first week

after admission)/(LYM counts on the day of admission) to

determine the predictive value of LYM count for prognoses. LYM

counts and its correlation with other test indicators, such as

Neutrophil (NEU)-to- Lymphocyte ratio (NLR), Platelet-to-
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Lymphocyte ratio (PLR), and Lymphocyte-to-Monocyte ratio

(LMR) have been studied extensively, of which NLR is considered

an independent predictor of the risk of death in COVID-19 patients

(Colaneri et al., 2024), with a higher ratio being associated with an

increased risk of thrombosis (Pivina et al., 2024).

The present study, therefore, aimed to explore the predictive

value of LAC and the weekly rate of change in LYM on the

prognosis of patients, through a retrospective analysis of the

clinical data of COVID-19 patients admitted to the intensive care

unit (ICU), and whether there was any relationship with other

clinical indicators.
2 Materials and methods

2.1 Study design

The following data were collected from 137 comprehensive,

respiratory, and infection ICU patients with reverse transcription

polymerase chain reaction (RT-PCR) assay-confirmed COVID-19:

clinical demographic, vital signs (first and seventh day of ICU

admission), related laboratory test results, clinical treatment and

outcomes, and Acute Physiology and Chronic Health Evaluation II

(APACHE II) and Sequential Organ Failure Assessment (SOFA)

scores (first and seventh days of ICU admission). All data were

obtained from the hospital’s electronic medical record database

during the initial implementation of the re-opening policy in China

from November 2022 to February 2023.
2.2 Statistical analysis

The basic data from 168 ICU patients were processed, and after

excluding patients with incomplete data, a total of 137 patients were

included for analysis in the present study. The total number and

proportions were used to represent categorical variables. For

normally distributed variables, the data were expressed as mean

and standard deviation (SD), while skewed data were expressed as

median and interquartile range (Q1–Q3). The Chi-squared or

Fisher’s exact test was used to compare the categorical variables,

the student’s t-test was used to compare the normally distributed

continuous variables, the Mann-Whitney U test was used to

compare the skewed continuous variables, and multiple regression

was selected to characterize the relationship between clinical

indicators and primary outcomes. Baseline variables which were

clinically relevant or had a univariate relationship with prognosis,

such as age, fraction of inspired oxygen (FiO2), LAC level, white

blood cell (WBC) count, NEU count, NLR, LDH, D-dimer (DD)

level, fibrinogen degradation product (FDP), and APACHE II and

SOFA scores, were entered into the multivariate logistic regression

model as covariates. The receiver operating characteristic (ROC)

curve and the area under the curve (AUC) were calculated to

evaluate and compare the diagnostic performance of each

parameter. A restricted cubic spline (RCS) was used to predict the

relationship between LAC level and event risk, and the inflection
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point was set as the cut-off point. Stratified based on the LAC cut-off

value in the ROC curve, the relationship of LAC level with

associated factors, including APACHE II and SOFA scores on the

seventh day as well as hospitalization time, was evaluated using the

Cox proportional risk model, with covariates adjusted for sex and

age for each model. We created a survival curve stratified based on

LAC values, after which we conducted a causal mediation analysis

(CMA) to determine whether other clinical indicators changed the

relationship between LAC level and clinical outcomes. For this, we

determined which indicators were simultaneously related to LAC

level and clinical outcomes, and the shortlisted indicator, NLR, was

subjected to CMA as described by previous studies (Huang and

Yang, 2017; Choy et al., 2023), as an instrumental variable, with

LAC level as the independent variable and clinical outcomes as the

dependent variable. Statistical analyses were performed using R

software version 4.2.0. (R Foundation for Statistical Computing)

with statistical significance set at P < 0.05.
3 Results

3.1 Basic clinical characteristics of patients

A total of 137 patients were included in the present study,

77.40% of whom were male, with an average age of 72.7 years. The

mortality rate was 51.8%, with the majority of deaths being men

(84.5%), and the average length of stay in the ICU was 20 days. The

age of the deceased patients, as well as their APACHE II and SOFA

scores on the day of ICU admission were significantly higher than

those of the surviving patients, although their hospitalization time

was shorter. FIO2, LAC level, WBC count, NEU count, NLR, blood

urea nitrogen (BUN), aspartate aminotransferase (AST), alanine

aminotransferase (ALT), LDH, FDP, and DD in the deceased

patients were significantly higher (P < 0.05), while their albumin

levels were significantly lower (P = 0.047) than those in the

surviving patients (Table 1). The LYM count in the surviving

patients showed a statistically significant upward trend within one

week of ICU admission (P < 0.001). Multivariate regression analysis

showed that age, LAC level, NLR, and SOFA score were significantly

associated with the patients’ prognoses (P < 0.05) (Table 2).
3.2 Relationship between LAC and
prognosis

Multivariate analysis showed that, excluding the interference of

other factors, LAC level was an independent outcome predictor for

ICU patients with COVID-19 (odds ratio [OR], 0.05; 95%

confidence interval [CI], 0–0.1; P = 0.047). For LAC level, the

AUC was 0.70, and the cut-off value was 1.75 mmol/L. The

sensitivity and specificity were 57.7% and 75.8%, respectively.

Using a cut-off value of 1.75 mmol/L (Figure 1) to classify

patients as having high or low LAC levels, it was found that the

survival probability of patients with a LAC level >1.75 mmol/L was

significantly decreased (P = 0.00057) (Figure 2). When the patient’s
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LAC was > 1.75 mmol/L, their risk of death increased significantly

(crude OR, 1.41; 95% CI, 1.2–1.65; P < 0.001), even after adjusting

for age and gender (adjusted OR, 1.36; 95% CI, 1.15–1.58; P < 0.001)

(Table 3). Additionally, we used the RCS function to flexibly model

and visually predict the relationship between LAC level and all-

cause mortality in patients hospitalized in the ICU with COVID-19,

starting with a relatively stable risk of all-cause mortality until LAC

concentrations reached 1.5–1.75 mmol/L, at which point all-cause

mortal i ty began to increase rapidly (non-l inear P <

0.001) (Figure 3).
3.3 Predictive role of LAC combined with
lymphocyte change rate on prognosis

The area under the ROC curve of the combination of lactate and

lymphocyte change rate (AUC 0.7629) was significantly higher than

that of lactate (AUC 0.70) and lymphocyte change rate (AUC 0.648)

alone for prognosis (P < 0.05) (Figure 4).
3.4 Mediation analysis

Considering the complexity of the reasons behind an increase of

LAC in the body, and the corresponding relationship of LAC with

the body’s immune and inflammatory responses, we evaluated in

the present study whether or not there is a relationship between

elevated LAC levels and other indicators, and whether that

relationship has an enhancing or weakening effect on the

relationship between LAC level and outcome. CMA is a method

used to distinguish the total effect of something as the direct and

indirect effect, where the indirect effect on an outcome is mediated

by intermediate factors. CMA produces an average causal

mediation effect (ACME), average direct effect (ADE), and total

effect (Chen et al., 2020). Prior to the intermediate mediation

analysis, the association between pre-specified mediators

(including routine blood tests, biochemistry, coagulation, blood

gas, and other related indicators) and prognosis was evaluated.

Among the 15 clinical test indicators related to prognosis, only NLR

showed a robust mediating effect after complete adjustment. The

direct effect of LAC level and adverse outcomes (hazards ratio [HR],

0.306; 95% CI, 0.138–0.460; P < 0.001) was strengthened by the

indirect effect of NLR (HR, 0.038; 95% CI, 0–0.090; P < 0.05),

resulting in a greater total effect (HR, 0.344; 95% CI, 0.182–0.490;

P < 0.001) (Figures 5, 6).
3.5 Correlation analysis between P/F and
lactate and lymphocyte change rate

Correlation analysis of P/F with lactate and lymphocyte change

rate revealed a negative correlation between P/F and lactate (R=-0.21,

P = 0.013), which was statistically significant (Figure 7). And although

there was a negative correlation between P/F and lymphocyte change

rate, it was not statistically significant (R=-0.035, P = 0.69) (Figure 8).
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1532174
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Tang et al. 10.3389/fcimb.2025.1532174
TABLE 1 Basic clinical characteristics of patients.

Variables
Total

(n = 137)
Survival
(n = 66)

Non-survival
(n = 71)

p

Demographic and clinical characteristics

Age (years), Median (Q1,Q3) 76 (66, 82) 72.5 (62.25, 80) 79 (70, 82.5) 0.003*

sex, n (%) 0.062

Female, n (%) 31 (23) 20 (30) 11 (15)

Male, n (%) 106 (77) 46 (70) 60 (85)

APACHII, Median (Q1,Q3) 15 (10, 19) 11 (8, 16) 17 (12.5, 21) < 0.001*

SOFA, Median (Q1,Q3) 5 (3, 9) 4 (2, 6) 8 (4, 11) < 0.001*

Time, Median (Q1,Q3) 16 (8, 28) 20.5 (12.25, 39.75) 11 (6, 18.5) < 0.001*

Blood gas analysis

RR, Median (Q1,Q3) 20 (16, 25) 18 (16, 23.75) 20 (17, 25.5) 0.15

FIO2(%), Median (Q1,Q3) 60 (43, 80) 55.5 (41, 70) 60 (50, 80) 0.022*

PO2(mmHg), Median (Q1,Q3) 78 (59.5, 125.8) 88.2 (61.65, 150.25) 74.3 (55.4, 110) 0.087

PCO2(mmHg), Median (Q1,Q3) 38.5 (33.5, 46.9) 37.15 (33.2, 42.35) 40 (35.25, 49.25) 0.098

SO2, Median (Q1,Q3) 95.6 (89.8, 98.8) 96.95 (92.03, 99.33) 94.2 (87.85, 97.85) 0.006*

LAC(mmol/L), Median (Q1,Q3) 1.5 (1.1, 2.5) 1.25 (1, 1.67) 2.1 (1.3, 3) < 0.001*

<1.75 59 (43) 28 (42) 31 (44)

>1.75 78 (57) 38 (58) 40 (56)

PF(mmHg), Median (Q1,Q3) 149 (103, 254) 169 (117.25, 335.75) 131 (82.5, 184.5) 0.004*

Laboratory tests

WBC(×109/L), Median (Q1,Q3) 9.22 (5.93, 12.66) 7.62 (5.4, 11.72) 10.7 (6.8, 14.62) 0.006*

NEU(×109/L), Median(Q1,Q3) 8.12 (5.04, 11.79) 6.62 (4.67, 10.25) 9.78 (5.64, 13.44) 0.004*

LYM(×109/L), Median (Q1,Q3) 0.53 (0.34, 0.85) 0.5 (0.31, 0.79) 0.56 (0.38, 0.93) 0.141

NLR(×109/L), Median (Q1,Q3) 7.9 (4.7, 11.5) 5.9 (4.05, 9.55) 9.6 (5.12, 13.2) < 0.001*

LYMrate, Median (Q1,Q3) 0.24 (-0.44, 0.76) 0.46 (0.03, 1.24) -0.3 (-0.62, 0.38) < 0.001*

CRP(mg/L), Median (Q1,Q3) 93.5 (36.99, 154.24) 76.41 (28.49, 141.16) 109.74 (57.61, 167.55) 0.058

PLT(×109/L), Median (Q1,Q3) 169 (103, 219) 175 (132, 222.75) 142 (93, 214.5) 0.112

BUN(mmol/L), Median (Q1,Q3) 9.9 (6.98, 17.54) 9.16 (6.02, 12.52) 11.66 (8.09, 19.3) 0.001*

Cr(umol/L), Median (Q1,Q3) 76.2 (56.3, 114.3) 71 (54.65, 106.25) 83 (57.1, 126.65) 0.216

ALB(g/L), Median (Q1,Q3) 30.3 (26.9, 33.4) 30.85 (28.33, 34.38) 29.8 (25.65, 32.35) 0.047*

ALT(U/L), Median (Q1,Q3) 25 (16.8, 39.5) 22.5 (15, 32.75) 27.5 (19, 47) 0.035*

AST(U/L), Median (Q1,Q3) 34.1 (22, 54) 29.2 (20.32, 42.75) 41 (23.35, 68) 0.031*

TB(umol/L), Median (Q1,Q3) 12.6 (8.2, 17) 11.45 (8.03, 15.17) 12.9 (8.9, 22.3) 0.126

LDH(U/L), Median (Q1,Q3) 381.7 (232.4, 502.6) 283.8 (202.48, 432.7) 443.7 (320.05, 568.6) < 0.001*

PT (sec), Median (Q1,Q3) 14.4 (13.5, 16.1) 14.2 (13.33, 15.95) 14.5 (13.6, 16.45) 0.272

APTT(sec), Median (Q1,Q3) 37.8 (33, 43.9) 37.35 (33.52, 42.77) 38.1 (32.6, 46.35) 0.613

INR, Median (Q1,Q3) 1.15 (1.07, 1.31) 1.14 (1.06, 1.29) 1.18 (1.08, 1.34) 0.253

FIB(g/L), Mean ± SD 4.55 ± 1.85 4.85 ± 1.69 4.27 ± 1.96 0.065

(Continued)
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4 Discussion

In a retrospective analysis of patients with COVID-19 admitted to

our comprehensive, respiratory, and infection ICUs during the

COVID-19 pandemic, the predictive value of LAC level combined

with the weekly LYM change rate for determining prognoses was

greater than that of either alone, which is of practical value for judging

the prognosis of ICU patients with COVID-19. The risk of death in

patients with a LAC level >1.75 mmol/L on the day of admission to the

ICU was significantly higher than that in patients with lower LAC

levels. The increase in LAC, however, was not found to be associated

with respiratory-related indicators, which may, in turn, be related to

microcirculation disorders due to SARS-CoV-2 infection.
Frontiers in Cellular and Infection Microbiology 05164
Arterial blood LAC level is used as a routine parameter of clinical

evaluation in ICU patients, as increased LAC levels are common in

critically ill patients, and are often used to assess disease severity,

monitor and guide treatment, and determine prognosis. For example,

The Sepsis-3 guidelines include high LAC levels (> 2 mmol/L) as a

diagnostic criterion for septic shock, and recommend normalizing LAC

levels as a goal during early fluid resuscitation (Rhodes et al., 2017).

Traditionally, it has been believed that an increase in blood LAC is the

result of anaerobic metabolism due to tissue hypoxia; however,

increased LAC concentrations can also be found in non-hypoxic

states of the body, such as a decrease in clearance due to kidney or

liver dysfunction (Kumar et al., 2025), an increase in aerobic glycolysis

(Chen et al., 2025), and beta-adrenergic stimulation (Rimachi et al.,

2012), as a result of the interaction of oxygen supply, tissuemetabolism,

and blood clearance. In the early stages of the COVID-19 epidemic in

Wuhan, it was found that about 84% of elderly patients (≥ 60 years old)

had elevated LAC levels (Li P. et al., 2020). A data analysis of 2,860

elderly patients admitted to the ICU with COVID-19 showed that the

initial LAC levels of those that did not survive were significantly higher

than in those that did survive, increased serum lactate on the first day

was related to a significant increase in ICU mortality, as well as 30-day

and 3-month mortality, and ICU mortality was negatively correlated

with a decrease in the LAC level (Bruno et al., 2021). In a Greek single-

center study, Alice et al (Vassiliou et al., 2020) proposed that a cut-off

value of 1.85 mmol/L for LAC level could predict mortality in ICU

patients with COVID-19. The statistical analysis performed in the

present retrospective study found that 1.75 mmol/L could be used as a

critical value to judge the prognosis of ICU patients with severe

COVID-19, and found that lactate >1.75 mmol/L was significantly

correlated with the patients’ prognoses (P < 0.001). The difference in

this cut-off value may be due to regional differences, different prevalent

strains, or other factors.

Researchers have studied the pathogenic mechanism of SARS-

CoV-2, the pathogen that causes COVID-19, and have found that

the virus mainly exerts its toxic effect by binding to the host receptor

membrane ACE2 through its spike S-glycoprotein (Gheblawi et al.,

2020), while ACE2 is expressed in a variety of cells in the respiratory

tract, so that the SARS-CoV-2 directly infects the bronchial and

alveolar epithelial cells, causing lung tissue damage and affecting the

ventilation and air exchange function of the body (Sungnak et al.,

2020). In the present study, however, we found that partial pressure

of oxygen (PO2) and Oxygen saturation(SO2)were lower, while
TABLE 1 Continued

Variables
Total

(n = 137)
Survival
(n = 66)

Non-survival
(n = 71)

p

Laboratory tests

FDP(mg/L), Median (Q1,Q3) 8.19 (4.13, 21.87) 7.37 (3.24, 14.48) 9.42 (5.36, 31.62) 0.011*

DD(ug/mL), Median (Q1,Q3) 2.86 (1.46, 7.3) 2.25 (1.15, 4.58) 4.69 (2.21, 10.26) 0.001*
*p-value < 0.05. Data are expressed as number of patients (n), percentages of total related variable (%) and mean ± SD for normally distributed variables and median (IQR) for skewed data.
Patients were divided into 2 groups, depending on 28-day ICU mortality. APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment; RR, respiratory
rate; FiO2, fraction of inspired oxygen; PO2, arterial partial pressure of oxygen; PCO2, partial pressure of carbon dioxide; PF, PO2/FiO2; WBC, white blood cell; NEU, neutrophils; LYM,
lymphocyte; NLR, neutrophil to lymphocyte ratio; LYM rate, the rate of change in lymphocyte within one week (Changes in lymphocyte during the week/lymphocyte counts on the first day);
CRP, C-reactive protein; PLT, Platelet count; BUN, blood urea nitrogen; Cr, Creatinine; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TB, total bilirubin; LDH,
lactate dehydrogenase; PT, prothrombin time; APTT, activated partial thromboplastin time; INR, international normalized ratio; FDP, fibrin degradation product; FIB, fibrinogen; DD, D-Dimer.
TABLE 2 Results of multivariate regression analysis.

Variable OR(95%CI) P

Age 0.01(0~0.02) 0.003*

FIO2 0(-0.01~0) 0.093

SO2 -0.01(-0.02~0) 0.256

LAC 0.05(0~0.1) 0.047*

PF 0(0~0) 0.535

WBC 0(-0.06~0.05) 0.909

NEU -0.02(-0.1~0.06) 0.638

NLR 0.03(0~0.06) 0.046*

LYMrate -0.05(-0.01~0) 0.05

BUN 0(0~0.01) 0.29

ALB 0(-0.01~0.01) 0.88

ALT 0(0~0) 0.222

AST 0(0~0) 0.097

LDH 0(0~0) 0.265

DD 0(-0.01~0.02) 0.422

FDP 0(0~0) 0.522

APACHII 0.02(0~0.03) 0.05

SOFA 0.02(0~0.04) 0.025*
*p-value < 0.05.
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partial pressure of carbon dioxide (PCO2) and FIO2 were higher, in

patients who died of severe COVID-19 than in the surviving

patients, although none of the differences were significant.

Additionally, we observed no significant relationship between

these values and prognosis, even after excluding interference from

other factors through multifactorial regression analysis (P > 0.05),

while LAC was found to be significantly associated with prognosis

(P = 0.047). In regards to the source and clearance of LAC, an

increase in LAC throughout the body may be caused by insufficient

tissue perfusion. (Li H. et al., 2020) found that approximately 71.4%

of patients who died of COVID-19 had disseminated intravascular
Frontiers in Cellular and Infection Microbiology 06165
coagulation, evidenced by the observation of a thrombus in the

microvascular system upon autopsy (Wichmann et al., 2020). Tang

et al (2020a; 2020b). reviewed coagulation parameters in COVID-19

patients, and proposed that FDP and DD levels were significantly

higher in deceased than surviving patients, and that patients with

DD levels exceeding six times the upper limit of normal had an

increased mortality rate, suggesting that although other factors may

contribute to the elevation of LAC in the body, reduced tissue

perfusion due to thrombosis caused by microcirculatory thrombi

may be the primary cause of increased LAC levels in patients with

COVID-19.

Since ACE2 is highly expressed in arteriovenous endothelia,

viruses cause damage and apoptosis to the vascular endothelia by

binding to ACE2, triggering endothelial inflammation, and

subsequently, thrombus formation (Varga et al., 2020).

Simultaneously, ACE2, as a key link in the renin-angiotensin-

aldosterone system (RASS), plays a role in vasodilation and anti-

inflammatory actions; therefore, when ACE2 is blocked by the virus

and its expression is downregulated, the microcirculatory blood

flow decreases, resulting in inadequate circulatory perfusion of the

tissue (Patel et al., 2016; Hanff et al., 2020), as oxygen exchange

occurs in the microcirculatory system, and oxygen consumption is

limited when systemic oxygen delivery is reduced (Wang et al.,

2023). Moreover, SARS-CoV-2 infection can cause mitochondrial

reactive oxygen species (ROS) production and dysfunction,

inducing hypoxia-inducible factor-1 (HIF-1) activation, reduced

oxidative phosphorylation, and increased aerobic glycolysis,

resulting in an increase in LAC levels (Kumar et al., 2021; Tian

et al., 2021; Yang et al., 2022). Additionally, a leftward shift in the

oxygen dissociation curve can be observed in COVID-19 patients

(Böning et al., 2021), indicating an increased affinity between
FIGURE 1

Receiver operating characteristic (ROC) curve for predicting the
prognosis of severe COVID-19. LAC: cut-off 1.75 mmol/L, sensitivity
57.7%, specificity 75.8%.
FIGURE 2

Survival curves stratified by lactate concentration. The blue curve represents the survival probability of patients with LAC > 1.75, and the yellow curve
represents the survival probability of patients with LAC < 1.75. It was found that the survival probability of patients with LAC > 1.75 mmol/L was
significantly reduced (p =0.00057).
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hemoglobin and oxygen. Even if the oxygen content in a patient’s

blood is guaranteed, the ability of the tissue to utilize oxygen

decreases, which might explain the lack of significant difference in

PO2 between the deceased and surviving patients in the results of

the present study, although there was a significant difference in LAC

levels. In another retrospective study of COVID-19 patients, (Tang

et al. 2020b) found that mortality in patients with COVID-19-

associated coagulopathy who were treated with heparin was

significantly lower than in those who did not receive

anticoagulation. Li et al (Ma et al., 2022) demonstrated, for the

first time, that low molecular weight heparin (LMWH) can reduce

plasma LAC levels in patients with COVID-19, which may be

associated with a reduction of microthrombus formation.

Therefore, the authors of the present study suggest that even in
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patients with COVID-19 whose initial and most severely affected

organ is the lungs, the elevation of LAC may not be entirely to

ventilation and air exchange dysfunction caused by pulmonary

thrombi, but may also be due to inflammation and immune

response-induced alterations in the coagulation system of the

body. These changes affect the microcirculatory blood flow,

leading to insufficient tissue blood supply and reduced oxygen

utilization, subsequently resulting in increased LAC production due

to increased aerobic glycolysis.

The body’s immune system is composed of an innate immune

response, which is induced by neutrophils and is the body’s first line

of defense against invading pathogens, and an adaptive immune

system, which is dominated by lymphocytes, including B-cells as

well as T-cells, which provide specific antigenic responses to the
TABLE 3 Associations between LAC>1.75mmol/L and outcomes.

Crude Adjusted**

OR 95% confidence interval P OR 95% confidence interval P

SOFA-D7 8.1 0.89-73.1 0.06 7.81 0.83-73.13 0.07

APACHII-D7 1.18 0.07-19.9 0.9 0.99 0.05-17.08 0.99

Time 0.02 0.0001-4.47 0.16 0.02 0.0001-5.39 0.18

Outcome 1.41 1.2-1.65 0.00004* 1.36 1.15-1.58 0.0003*
*p-value < 0.05. **Adjusted for sex, age.
FIGURE 3

Predicted the correlation between LAC correlation and all-cause mortality in ICU patients with COVID-19. The risk ratio was expressed as a solid
line, and 95% CI was shown as a shaded area. When the LAC concentration reaches and exceeds 1.5-1.75 mmol/L, the mortality rate of patients
begins to increase rapidly.
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body (Song et al., 2021; Buonacera et al., 2022). The two coordinate

with each other and reflect the balance of the body ‘s immunity.

Under normal conditions, T cells activated in response to

inflammation, such as regulatory T cells (Treg), inhibit the

production of the pro-inflammatory cytokine IL-6 by neutrophils,

and transform into a large number of anti-inflammatory factors,
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such as IL-10, TGF-b, and indoleamine 2,3-dioxygenase (IDO)),

which induce apoptosis in neutrophils and counteract the excessive

inflammatory process mediated by neutrophils (Lewkowicz et al.,

2013; Schönrich et al., 2020). In the early stage of SARS-CoV-2

infection, neutrophils are stimulated to activate and secrete large

amounts of reactive oxygen species (ROS) (Jiang et al., 2025;
FIGURE 4

ROC curve graph showing the performance of three models: LAC (red), LYMrate (green), and Combine (blue). The x-axis represents 1-specificity and
the y-axis represents sensitivity. The Combine model has the highest sensitivity across various thresholds.
FIGURE 5

Mediating effect of NLR-mediated mediation of LAC on mortality in ICU COVID-19 patients; Total Effect, LAC combined with NLR mediated effect;
ADE, LAC mediated effect; ACME, NLR mediated effect.
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Schönrich et al., 2020), which induces oxidative stress and increases

the formation of neutrophil extracellular traps (NET), thereby

suppressing the activity of T lymphocytes (Tripathi et al., 2018).

Moreover, SARS-CoV-2 can directly affect lymphoid organs and

cells through ACE2, causing the destruction and apoptosis of

lymphocyte (Gu et al., 2005). The virus can also cause an innate

immune system overreaction and cytokine storm in the body,

resulting in a substantial decrease in peripheral lymphocyte

counts (Colantuoni et al., 2020). Similar to the results of previous

studies, the results of the present study found that the majority of
Frontiers in Cellular and Infection Microbiology 09168
ICU patients diagnosed with COVID-19 had lymphopenia, and that

there were significant differences in LYM counts between the

deceased and surviving patients. To better determine the

relationship between LYM counts and disease prognosis, we

collected LYM counts on the first and seventh days of the ICU

admission, and calculated the rate of over the course of one week

(change in LYM count throughout the week/LYM count on day of

admission) to define the immune dysregulation caused by COVID-

19. Statistical analysis revealed that the LYM change rates were

significantly correlated with patients’ prognoses (P < 0.001), and
FIGURE 6

Diagram illustrating the relationships between LAC, NEU/LYM, and Outcome. LAC has a direct effect of 0.306 and an indirect effect through NEU/
LYM of 0.038 on the Outcome. The total effect from LAC to Outcome is 0.344. All effects are provided with their respective confidence intervals and
marked with an asterisk. *p-value < 0.05.
FIGURE 7

Scatter plot showing the relationship between LAC (mmol/L) and P/F ratio, with a negative correlation (R = -0.21, p = 0.013). Data points are
scattered, and a trend line with a shaded confidence interval indicates a downward trend.
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that the predictive value of this index combined with LAC for

prognosis was greater than that of either index alone. Similar studies

have been conducted on the impact of LAC and LYM counts on the

prognosis of patients with COVID-19. For example, Wang et al.

(2021) have pointed out that LYM counts were nonlinearly

associated with the risk of death in patients hospitalized with

COVID-19. With the decrease of LYM counts (< 0.95 × 109/L),

the risk of death in hospitalized patients with COVID-19 will

gradually increase. Vassiliou et al. (2020) found that initial blood

lactate in COVID-19 patients admitted to the ICU served as an

independent outcome predictor and that the time course of LAC

reflected changes in organ dysfunction during hospitalization,

which correlated with adverse clinical outcomes. Unlike previous

studies, considering the continuous changes of lymphocytes in

patients with severe COVID-19, the change rate of lymphocytes

within one week was calculated, and the patient data collected in

this study were from the pandemic period after the implementation

of the COVID-19 open management policy in China. At this time,

the popular strain was mainly Omicron, which had higher infection

rate and immune evasion than other strains (Parsons and

Acharya, 2023).

LAC is considered a functional chemical that can affect the

body’s immune response, which may also explain why NLR

mediated the of LAC on the mortality of severe patients in the

causal mediation analysis of this study; The study found that in

severe COVID-19 patients, NK cells were strongly activated but

their function was significantly reduced, mainly manifested as dim

CD56dim phenotype cells, compared to bright phenotype

CD56bright cells, and the former has a significant-inflammatory

and cytotoxic effects (Maucourant et al., 2020; Osuchowski et al.,

2021). While under low lactate levels, such as in the recovery period
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after exercise, the ratio of CD56bright to CD56dim cells increased

significantly (Timmons and Cieslak, 2008; Gupta, 2022). In cancer

patients, it was found that the acidosis induced by elevated LAC can

significantly inhibit NK cell activity and reduce the level of

interferon-gby it, while correcting acidosis can promote the

degeneration of tumor cells (Greppi et al., 2024); T cells have

specific transport proteins to sense lactate, inhibit its mobility,

and increase the conversion of CD4+ T cells to an IL-17+

fraction, while reducing the cytolytic activity of CD8+ T cells

(Pucino et al., 2019). In sepsis patients, increasing glycolysis,

promoting ATP production, and relieving lactic acidosis can

significantly offset the immunosuppressive effects of LAC and

enhance the immune function of the body (Liu et al., 2024), so

may be possible to explore the treatment of severe COVID-19

patients through corresponding LAC blocking strategies, so as to

improve their prognosis.

Multivariate analysis revealed that the SOFA score also had a

predictive value for the prognosis of patients with COVID-19;

however, considering that the present study was retrospective in

nature, the SOFA score included a subjective evaluation of the state

of consciousness, and the SOFA score, as well as LAC, both indicated

organ dysfunction in the body. Therefore, the present study did not

include an evaluation of lactic acid combined with the SOFA score on

the prognosis of patients with COVID-19; however, we did evaluate

the predictive value of the combination of clinical detection indicators.

In the present study, an increased NLR, when associated with

increased LAC levels, mediated an increased risk of poor prognosis

in ICU patients with COVID-19, which may be attributed to the

body’s systemic inflammatory and excessive immune response, with

an increase in NEUs and a decrease in LYMs, while LAC regulates the

immune and inflammatory responses of the body.
FIGURE 8

Scatter plot showing the relationship between LYMDIF (mmol/L) and P/F ratio. Data points are scattered with a best-fit line and shaded confidence
interval. The correlation coefficient R is negative 0.035 with a p-value of 0.69, indicating no significant correlation.
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5 Conclusions

The present study analyzed clinical indicators of patients

admitted to the ICU during the Omicron variant phase of the

COVID-19 pandemic, and found that clinical tests, such as LAC

level, LYM change rate, and NLR, had predictive value for the

prognosis of ICU patients with COVID-19. The cut-off value of

LAC was found to be 1.75 mmol/L, and the prognosis of patients

with a LAC level >1.75 mmol/L was significantly worse than that of

patients with a LAC level <1.75 mmol/L. LAC level, combined with

the weekly LYM change rate, had the greatest predictive value for

the prognosis of patients in the ICU diagnosed with COVID-19. We

suggest, therefore, that the elevated LAC levels may be caused by

insufficient tissue blood supply due to microcirculatory thrombosis,

rather than impaired pulmonary ventilation.
6 Limitations

The present study had a few limitations. First, the patient data

collected in the present study came from different ICUs within the

same hospital and all the patients included were from China;

therefore, selection bias and variability in detection may be

present. Secondly, the present study was retrospective in nature,

encompassing a smaller sample size, which may limit the

interpretation of the results. Moreover, because the subjects were

ICU patients who may have been treated in the general ward prior

to being admitted to the ICU, not all patients were admitted directly

from the emergency department, which may have affected the

results of the present study. Finally, the patients’ viral loads were

not measured or statistically analyzed. Additionally, whether or not

patients received the vaccine before the onset of the disease was not

included in the present study. These factors, therefore, may have

impacted our results.
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