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a b s t r a c t 

Background: During the COVID-19 pandemic, prolonged nonpharmaceutical interventions (NPIs) reduced 

the circulation of respiratory pathogens. The effects of NPIs on “immunity debt” in children are unclear, 

especially after almost 3 years of NPIs in China. 

Methods: Between November 2021 and October 2023, a cross-sectional study of 235 children (age 9 

months-5 years) was conducted at the China–Japan Friendship Hospital, Beijing. Serum IgG antibodies 

against 10 respiratory pathogens, including influenza A, influenza B, respiratory syncytial virus (RSV), 

parainfluenza virus, adenovirus (types 7 and 55), Mycoplasma pneumoniae , and severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) variants, were measured using a novel antigen-specific detection 

platform. Antibody levels were compared between the following three periods: during NPIs (2021-2022), 

after NPIs (January-June 2023), and during the Mycoplasma pneumoniae epidemic (July-October 2023). In 

parallel, hospital-based nucleic acid surveillance from 2017 to 2023 was analyzed. 

Findings: IgG levels exhibited pathogen-specific patterns. Antibody titers against M. pneumoniae and in- 

fluenza A declined significantly during NPIs and rebounded after the restrictions were lifted, coinciding 

with increased clinical detection of these two pathogens. In contrast, the antibody levels for influenza B, 

RSV, parainfluenza virus, and adenovirus were stable across all periods. SARS-CoV-2 antibody titers rose 

after December 2022, reflecting the introduction of this new pathogen. 

Interpretation: Our results provide the first multi-pathogen serological evidence that prolonged NPIs led 

to pathogen-specific immunity debt in young children in China. The effects were most pronounced for 

pathogens with high pre-pandemic circulation or rapid antigenic drift. Sustained serological surveillance 

and pathogen-targeted vaccination strategies can mitigate epidemic rebounds after periods of reduced 

exposure. 

© 2025 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 
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Key Points 

Question : Did the prolonged nonpharmaceutical interven- 
tions (NPIs) during COVID-19 lead to an “immunity debt” in 

young children, reducing antibody levels and increasing sus- 
ceptibility after restrictions were lifted? 
Findings : A cross-sectional study of 235 children (age: 9 
months-5 years) in Beijing revealed that IgG antibody levels 
against Mycoplasma pneumoniae and influenza A subtypes de- 
clined significantly during NPIs and rebounded sharply after 
restrictions ended, paralleling pathogen resurgence. 
Meaning : Immunity debt is pathogen-specific and most pro- 
nounced for pathogens with high pre-pandemic circulation 

or rapid antigenic drift. Sustained serological surveillance and 

targeted vaccination strategies are essential to mitigate post- 
NPI epidemic surges in children. 

ntroduction 

Nonpharmaceutical interventions (NPIs) are an essential strat- 

gy for protecting populations during pandemics of emerging res- 

iratory infectious diseases [ 1 , 2 ]. During the COVID-19 pandemic, 

xtensive NPIs were implemented. After the NPIs were lifted, in- 

ections increased, especially among children [ 3 ]. In particular, the 

esurgence of a wide variety of respiratory pathogens was docu- 

ented in China, the United States, the United Kingdom [ 4 ], Aus- 

ralia [ 5 ], and France [ 6 ]. 

The leading explanation for the resurgence of pathogens after 

PIs is “immunity debt” [ 7 ]. Immunity debt refers to reduced im- 

une stimulation due to diminished pathogen exposure during 

tringent NPIs [ 8 ], This leads to an insufficient immune response 

o certain pathogens, creating what is termed “immunity debt”

 9 ]. Empirical evidence supporting immunity debt is limited. Most 

revious studies concerning immunity debt relied on disease inci- 

ence data, which indirectly measure immunity at the population 

evel. At present, large-scale population surveys have found that af- 

er NPI, the antibody levels of respiratory syncytial virus (RSV) and 

roup A Streptococcus major antigens decrease [ 10 ]. Only a hand- 

ul of studies have assessed antibody levels against pathogens in 

ediatric populations [ 5 , 11–13 ], and these studies were conducted 

n countries where NPIs were relatively brief or intermittent. The 

uration of NPI enforcement significantly affects population im- 

unity [ 14 , 15 ]. Furthermore, intermittent implementation compli- 

ates the interpretation of data concerning the effects of NPIs on 

athogens [ 16 ]; the observed fluctuations in immunity due to sea- 

onal variation [ 17 ], shifts in pathogen circulation, and the direct 

onsequences of NPIs [ 18 ] are intertwined and difficult to untangle, 

nd determining if the changes in antibody levels are pathogen- 

pecific or due to broader alterations in immune function is diffi- 

ult [ 19 , 20 ]. The NPI policies were maintained for almost 3 years in

hina and were among the longest and most stringent NPIs world- 

ide [ 21 ]. The abrupt lifting of NPIs at the end of 2022 is a clearly

efined intervention point, offering a unique opportunity to inves- 

igate the long-term effects of extended NPIs on immunity at the 

opulation level. Thus, a study was conducted to understand the 

mpact of NPIs on pathogen resurgence and immunity debt using 

amples collected before and after the implementation of NPIs in 

hina. 

ethods 

tudy design and participants 

This cross-sectional study analyzed pediatric serum samples 

ollected and categorized into three periods: the nonpharmaceu- 
2

ical intervention period (“NPI,” 2021-2022), the period after NPI 

“after NPI”; January-June 2023), and the period during the My- 

oplasma pneumoniae ( M. pneumonia ) epidemic (“during MP”; July- 

ctober 2023). Blood samples were collected from 235 children 

ged 9 months to 5 years who were hospitalized at the China–

apan Friendship Hospital between November 2021 and October 

023. IgG antibody levels in the serum against key epitopes of 10 

athogens were measured, including influenza A (H1N1), influenza 

 (H3N2), influenza B, parainfluenza viruses, adenovirus subtypes 

 and 55, M. pneumoniae , severe acute respiratory syndrome coro- 

avirus 2 (SARS-CoV-2) variants, and respiratory syncytial virus 

RSV). In addition, the numbers of nuclei-confirmed cases of var- 

ous pathogens in the Pediatric Department of the China–Japan 

riendship Hospital from the first quarter of 2017 to the fourth 

uarter of 2023 were analyzed. 

The children included in the study had residual serum sam- 

les preserved from routine laboratory tests conducted for other 

esearch purposes, with prior approval from the hospital’s Ethics 

ommittee (2019-79-K51). All sample identifiers were replaced 

ith anonymized codes to ensure that personal information could 

ot be tracked to individuals. 

The inclusion criteria were: (1) children hospitalized due to 

cute infectious diseases (respiratory, gastrointestinal, and urinary 

ract infections); (2) age between 9 months and 5 years; (3) re- 

ained serum samples; (4) samples from the first hospitalization 

f children were hospitalized multiple times during the study pe- 

iod; (5) complete clinical data; and (6) signed informed parental 

onsent. The exclusion criteria were: (1) born after the end of 

he NPIs; (2) a history of chronic infections (e.g., hepatitis B or 

uberculosis), malnutrition, craniofacial or thoracic deformities, or 

enetic syndromes; (3) coexisting chronic diseases involving the 

eart, liver, kidneys, hematopoietic system, or other chronic condi- 

ions; and (4) immunodeficiency or connective tissue diseases. The 

tudy included 235 children. Among children with multiple hospi- 

alizations, only the sample from the first hospitalization was re- 

ained, and 148 repeat admissions were excluded accordingly. The 

verall study design is illustrated in Figure 1 . 

gG antibody detection 

To assess antigen-specific immunoglobulin levels in the serum, 

arget antigens from major respiratory-associated viruses were 

xpressed and purified. The target antigens included the RBD 

rotein of the wild type and XBB variant of SARS-CoV-2, the 

ajor surface adhesion protein P30 of M. pneumoniae (M129 

C_0 0 0912.1), the hexon proteins of adenovirus types 7 and 55 

hexon-7: QJW70255.1; hexon-55: OM714808.1), the trimeric pre-F 

rotein of RSV, the HA proteins of the H1N1 and H3N2 influenza A 

iruses (A/Beijing-Chaoyang/SWL1330/2023, A/California/123/2022 

Q245336.1), the HA protein of influenza B virus (B/Beijing- 

haoyang/164/2022) with the GCN4pII sequence to stabilize the 

rimeric conformation, and the fusion protein of HPIV3 (I213C- 

230C/Q162C-L168C/A463V/I474Y) with two pairs of disulfide 

onds and two point mutations to stabilize the conformation. 

The DNA sequences encoding P30, Hexon7, and Hexon55 were 

ynthesized and cloned into the pET21a vector. E. coli BL21 (DE3) 

ells were transformed with the pET21a-P30, pET21a-Hexon7, or 

ET21a-Hexon55 plasmid and grown in lysogeny broth media. Pro- 

ein expression was induced with 0.1 mM IPTG (Yeasen Biotech, 

hina) at 18 °C for 18 h. P30 was purified from bacterial lysates us- 

ng His-tag affinity chromatography. Hexon-7 and Hexon55 were 

urified from bacterial inclusion bodies. The optimized coding se- 

uences for the HA of influenza and the fusion protein of HPIV 

ere synthesized and cloned into the pCDNA3.1 vector. The op- 

imized coding sequences for the RBDs of SARS-CoV-2 were syn- 

hesized and cloned into the pCEP4 vector. Plasmids were tran- 
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Figure 1. Development of the during “NPI,” “after NPI,” and “during Mycoplasma pneumoniae (MP)” groups. Among children with multiple hospitalizations, only the sample 

from the first hospitalization was retained, and 148 repeat admissions were excluded accordingly. 
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5:1. 
iently transfected into Expi293F cells using polyethylenimine, fol- 

owing the manufacturer’s recommendations. Recombinant pro- 

eins were purified from the cell culture supernatants using affin- 

ty chromatography with a Ni column, followed by a Superdex200 

ize-exclusion column. RSV per-F protein was kindly provided by 

ENEVAX Biological Products Co., Ltd. The molecular size and pu- 

ity of the eluted protein were confirmed by sodium dodecyl- 

ulfate polyacrylamide gel electrophoresis. 

Plates (96-well, Corning) were coated with the purified proteins 

vernight at 4 °C. Serum samples were serially diluted and added 

o the plates. Detection was performed using horseradish peroxi- 

ase (HRP)-conjugated anti-human IgG (H + L) (W4031, Promega, 

I, USA). HRP activity was assessed using the substrate 3,3′ ,5,5′ - 
etramethylbenzidine (Sigma-Aldrich, MO, USA) by measuring the 

ptical density at 450 nm using a microplate reader (SpectraMax, 

SA). The results were plotted using the A450 value of each well 

s the y-axis and the logarithmic value of the corresponding serum 

ilution as the x-axis. The area under the curve (AUC) was calcu- 

ated using Y = 0 as the baseline, and the AUC was used for sta-

istical analysis. 

athogen nucleic acid detection 

Pathogen nucleic acid detection was performed using multiplex 

T-PCR combined with capillary electrophoresis, T7 RNA isother- 

al amplification with multi-biotin signal amplification, or real- 

ime PCR. The selection of diagnostic tests was guided by clinical 

udgment. 
3

Multiplex RT-PCR and capillary electrophoresis were used to de- 

ect nucleic acids from influenza A, influenza A H1N1, influenza 

 H3N2, influenza B, RSV, parainfluenza virus, adenovirus, and 

. pneumoniae . One-step RT-PCR with specific primers targeting 

he conserved sequences for 13 respiratory viruses was performed 

sing the SureX 13 Respiratory Pathogen Multiplex Detection Kit 

Health Gene Tech., Ningbo, China). The reaction mixture consisted 

f ResP premix, RT-PCR enzyme solution, and nucleic acids from 

he sample. PCR amplification was performed, following the manu- 

acturer’s specified cycling conditions. The products were analyzed 

n a 3500 Dx Series Genetic Analyzer (ABI, USA). Data analysis, 

ncluding peak identification based on fragment size, shape, and 

ignal intensity, was performed using GeneMapper 5.0 software 

ThermoFisher, USA). 

T7 RNA isothermal amplification with multi-biotin signal ampli- 

cation was used to detect influenza A, influenza B, RSV, parain- 

uenza virus, adenovirus, and M. pneumoniae (Zhongchi Biotech, 

uhan, China). Based on the manufacturer’s instructions, 2 μL 

f nucleic acid from the sample lysate was amplified in a re- 

ction mixture containing 17 μL of amplification mix and 1 μL 

f amplification enzyme at 42 °C for 1 hour. The amplified prod- 

cts were hybridized with specific probes in a microplate at 50 °C 

or 1 hour, followed by incubation with a HRP-streptavidin con- 

ugate. After the addition of the chemiluminescent substrate, sig- 

als were detected using the ADC CLIA200 automated chemi- 

uminescence immunoassay system (Zhongchi Biotech, Wuhan, 

hina). A sample was deemed positive if the ratio of relative light 

nits between the test sample and the negative control exceeded 
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Influenza A, influenza B, RSV, and M. pneumoniae were de- 

ected using real-time PCR assays, according to the manufac- 

urer’s protocols. The following kits were used: Influenza A (DAAN 

ene, Guangzhou, China), Influenza B (DAAN Gene, Guangzhou, 

hina), RSV A/B typing (Liferiver, Shanghai, China), and M. pneu- 

oniae / Chlamydia pneumoniae (Liferiver, Shanghai, China). Reac- 

ions were conducted on the QuantStudio 5 system (ABI, USA). 

aily positive and negative controls were used to ensure assay 

eliability. 

tatistical analysis 

Overall differences in age and AUC during the “NPI,” “after NPI,”

nd “during MP” periods were assessed for each pathogen using 

he Kruskal–Wallis test, using epsilon ² for the effect size. Pairwise 

omparisons were performed using Wilcoxon rank-sum tests with 

enjamini–Hochberg adjustments for multiple testing. Effect sizes 

ere assessed using Hodges–Lehmann median differences with 

5% bootstrap CIs and Cliff’s delta with 95% CIs. A linear model 

AUC for period + age) with heteroskedasticity-robust (HC3) stan- 

ard errors was used for covariate-adjusted contrasts. A two-sided 

 -value < 0.05 indicated significant differences. Data analysis and 

tatistical computations were performed using R (version 4.3.1). 

esults 

Of the 2459 pediatric patients recruited between November 

021 and October 2023, the following patients were excluded: 

788 patients outside the 9-month to 6-year age range, 148 pa- 

ients readmitted within 1 month, 52 children with chronic dis- 

ases, 229 non-blood samples, 1 pediatric patient born after the 

nd of the NPIs, and 6 children with insufficient clinical data. Thus, 

35 pediatric patients were included in the experimental cohort, 

ncluding 100 female patients. The patients were divided into the 

PI group (n = 43, 18.30%; 2021.11-2022.12), the “after NPI” group 

n = 89, 37.87%; 2023.01-2023.06), and the “during MP” group 

n = 103, 43.83%; 2023.07-2023.10). The median ages in the “NPI,”

after NPI,” and “during MP” groups were 47 months, 44 months, 

nd 43 months, respectively. No patients were immunocompro- 

ised. 

To investigate the potential existence of immunity debt, IgG an- 

ibody levels against 10 pathogens were examined in the three 

roups. The age distribution did not differ significantly among 

he three groups (Figure S1 and Tables S1 and S2). As shown in 

igure 2 and Figure S2, overall comparisons revealed pathogen- 

pecific patterns of IgG responses. IgG levels were significantly 

igher in the “after NPI” and “during MP” groups compared with 

he “NPI” group for SARS-CoV-2 RBD-WT (overall P < 0.05) and 

BB variant (overall P < 0.05). This pattern was consistent with the 

pidemiological dynamics observed after the emergence of new 

athogens. Notably, M. pneumoniae exhibited a similar trend (over- 

ll P = 0.02). In contrast, IgG levels against influenza A(H1N1) 

overall P = 0.03) and A(H3N2) (overall P = 0.01) peaked in the 

during MP” group and were significantly higher than levels in the 

NPI” and “after NPI” groups ( P < 0.05). No significant group dif- 

erences were observed for influenza B, adenovirus 7 and 55, RSV, 

r parainfluenza viruses (all P ≥ 0.05). These findings suggest the 

mmunity debt is pathogen-specific, particularly for M. pneumoniae 

nd the influenza A viruses. 

To characterize temporal changes in antibody levels, the study 

eriod was stratified into 2021, 2022, and every 2 months during 

023. As shown in Figure 3 , IgG levels against SARS-CoV-2 RBD- 

T, SARS-CoV-2 RBD-XBB, and M. pneumoniae P30 were low dur- 

ng 2021-2022 but rose in 2023. Similarly, IgG levels against in- 

uenza A(H1N1) and A(H3N2) increased significantly after March 

023. In contrast, antibody levels against influenza B, adenovirus, 
4

arainfluenza virus, and RSV exhibited minimal fluctuations dur- 

ng the study period. To assess the robustness of our findings, we 

erformed a sensitivity analysis excluding potential outliers, which 

ere defined as values greater than the 75th percentile plus 1.5 

imes the interquartile range. The results were consistent with the 

rimary findings (Figure S3), supporting the robustness of the ob- 

erved patterns. 

To investigate the causes underlying the differences in an- 

ibody levels, the number of clinical submissions and the pro- 

ortion of positive detections for each pathogen were analyzed 

 Figure 4 ). The detection rates for M. pneumoniae were low dur- 

ng the “NPI” period compared with the prepandemic and “after 

PI” periods, accounting for the significant decline in antibody lev- 

ls in the “during NPI” period. The detection rates for influenza 

(H1N1) and A(H3N2) markedly increased in Q1 of 2023, con- 

istent with the increased IgG responses. In contrast, influenza B 

nd adenovirus detection rates were persistently low, and RSV and 

arainfluenza virus were detected throughout the study, provid- 

ng a plausible explanation for the absence of significant antibody 

hanges. 

Collectively, these findings indicate that immunity debt is 

athogen-specific, developing for M. pneumoniae and influenza A 

iruses but not the other pathogens. Antibody response levels for 

. pneumoniae and influenza A increased substantially after re- 

uced exposure during NPI, and the development of this immunity 

ebt was closely linked to pathogen circulation patterns. 

iscussion 

Integrating pediatric serological data with pathogen surveil- 

ance during the NPIs, after the NPIs, and during the MP out- 

reak revealed that “immunity debt” is pathogen-specific. Immu- 

ity debt was pronounced for M. pneumoniae and influenza A 

ut negligible for influenza B, adenovirus, RSV, and parainfluenza 

irus. 

Several factors may account for these differences. First, although 

he incidence of M. pneumoniae was high before the pandemic 

 22 ], the incidence decreased rapidly during the NPIs, as shown in 

igure 4 . This sharp reduction directly accounted for the marked 

all in antibody titers. Following the cessation of NPIs, antibody 

evels rose rapidly and reached levels similar to the levels dur- 

ng the large-scale M. pneumoniae outbreak in late 2023 [ 23 ]. The 

esurgence of M. pneumoniae was driven by the accumulation of 

usceptible individuals during NPIs, seasonal transmission dynam- 

cs in winter, the increasing prevalence of macrolide resistance, and 

he emergence of a new dominant genotype [ 24 , 25 ]. 

Second, the rate of antigenic drift varies across pathogens. In- 

uenza A undergoes more rapid antigenic drift [ 26 ]; after nearly 3 

ears of NPIs, population immunity to A-subtypes may have waned 

ore than the immunity to influenza B [ 19 ]. Thus, infection inci- 

ence and antibody titers against influenza A increased sharply af- 

er lifting the NPIs. However, influenza B is characterized by slower 

rift and lower circulation, and antibody levels for influenza B did 

ot change much after lifting the NPIs. 

Third, certain pathogens, such as RSV and parainfluenza virus, 

ontinued to circulate at reduced levels during the pandemic. The 

ersistence of these pathogens resulted in no significant differ- 

nces in antibody levels across the three periods. Ongoing trans- 

ission reflects the high transmissibility, relative stability, and a 

arge susceptible reservoir of these pathogens in the population 

 27 ]. 

Fourth, the SARS-CoV-2 data provided internal validation. Be- 

ore lifting the NPIs, neutralizing antibody titers against the XBB 

ariant were nearly absent because XBB had not circulated in 

hina, but low-level titers against ancestral strains reflected prior 

nfections in a small proportion of children. After December 2022, 
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Figure 2. Group-wise distribution of antibody levels, measured as area under the curve (AUC), across the “NPI,” “after NPI,” and “during MP” periods. Boxes indicate medians 

and interquartile ranges; whiskers show ranges after excluding outliers. Statistical comparisons and adjusted P values are provided in Tables S3-S4. 
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ntibody titers against SARS-CoV-2 rose sharply, mirroring the in- 

idence of infection and underscoring the robust relationship be- 

ween pathogen circulation and serological immunity. 

Together, these results confirm a general pattern in which pro- 

onged NPIs interrupt natural exposure, leading to declines in 

opulation-level antibody titers and the accumulation of suscep- 

ible individuals [ 28 ]. After NPIs are lifted, renewed transmission 

esults in sharp increases in disease incidence and antibody levels. 

hese effects are most evident for pathogens that were markedly 

uppressed during the NPIs. Pathogens that continued to circu- 

ate or had intrinsically low incidence did not change much. These 

athogen-specific differences highlight the importance of sustained 

urveillance of disease incidence and antibody dynamics. 

NPIs reduce the burden of respiratory infections [ 29 ], partic- 

larly in vulnerable populations. However, prolonged suppression 

f exposure contributes to population-level declines in antibody- 

ediated immunity [ 30 ]. This is similar to previous literature re- 

orts which demonstrated that the total IgG level decreased after 

PI [ 11 ]. From a public health perspective, maintaining appropriate 

evels of immune stimulation via natural exposure and providing 

accinations for high-risk groups is crucial for sustaining popula- 

ion immunity and mitigating the risk of surges in low-risk groups 

nce restrictions are lifted [ 31 , 32 ]. 

This study has several important limitations. First, the sample 

ize was relatively modest, and all participants were recruited from 

 single hospital in northern China, which may limit the general- 

zability of the findings to other regions with different lifestyles, 

ealthcare-seeking behaviors, and NPI patterns. Future multicen- 

er studies spanning diverse geographical settings are needed to 

alidate these observations. Second, the study employed a cross- 

ectional design, meaning that incidence, antibody relationships 

ere inferred at the population level rather than through longi- 

udinal follow-up. More comprehensive prospective cohort stud- 

es, including neutralizing antibody assays, mucosal immunity, and 

ellular immune responses, will be required to better define the 

ynamics of immunity debt. Third, behavioral exposure data such 

s travel history or attendance at public places were not col- 
i

5

ected due to patient privacy and study design constraints, how- 

ver, children’s activity levels and public mobility increased af- 

er COVID-19 restrictions were lifted [ 33 , 34 ]. introducing poten- 

ial unmeasured confounding. Moreover, the antigen panel did not 

nclude pathogens with notable post-COVID resurgence, such as 

treptococcus pyogenes, Bordetella pertussis , and enteroviruses , ow- 

ng to technical constraints and the empirical application of an- 

ibiotics. Possible serological cross-reactivity between respiratory 

denoviruses (Ad7/Ad55) and enteric adenoviruses (Ad40/41) also 

annot be fully excluded. Finally, beyond pathogen-specific immu- 

ity debt, NPIs suppressed multiple respiratory pathogens simul- 

aneously, likely altering co-infection dynamics. Synergistic inter- 

ctions between viruses and bacteria—such as RSV and Streptococ- 

us pneumoniae —are known to amplify epidemic waves. Changes in 

hese ecological interactions may have contributed to the intensity 

f post-NPI rebounds and should be considered when interpreting 

mmunity patterns. 

Our results using serum samples from NPI and non-NPI peri- 

ds and pathogen surveillance data provide new insights into the 

oncept of immunity debt in young children. Specifically, our re- 

ults demonstrate pathogen-specific patterns. M pneumoniae is a 

aradigm for prolonged NPIs causing decreased antibody levels and 

ubsequent explosive resurgence. Our findings support the estab- 

ishment of long-term, longitudinal antibody surveillance systems 

o mitigate epidemic rebounds. 

esearch in context 

revious evidence 

A PubMed search for studies published in English from the 

nception of the database through September 1, 2025, using the 

erms “immune debt” or “immunity debt,” identified 135 rele- 

ant articles. Most previous studies about immunity debt relied 

n the surveillance of disease incidence, which indirectly reflects 

opulation-level immunity. Serological studies are scarce and typ- 

cally focus on only a few pathogens in settings where NPIs 
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Figure 3. Median antibody areas under the curves (AUCs) with interquartile ranges (IQRs) across time periods according to the pathogen. Each panel corresponds to one 

pathogen. The x-axis shows time bins, including the entire year of 2021, the entire year of 2022, and bimonthly bins for 2023 (e.g., January-February and March-April). Points 

indicate the median AUCs, and error bars show the IQRs (Q1-Q3); numeric labels above the points indicate the sample size (n). Only samples that passed quality control 

(pathogen-specific quality control columns exist) were included. 
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ere relatively brief or intermittent. Thus, the effects of prolonged 

PIs on broad or pathogen-specific immunity in children are 

nclear. 

ontribution of this study 

Previous studies focused on a limited number of pathogens 

nd the short-term effects of NPIs. In contrast, an IgG detec- 

ion platform targeting the surface proteins of 10 major respi- 

atory pathogens was established in this study. Data from this 

etection platform provided the first multi-pathogen serological 

vidence from China, where NPIs were maintained for nearly 

 years. Prolonged suppression of pathogen circulation can in- 
6

uce pathogen-specific immunity debt in young children. IgG an- 

ibody profiling and the hospital-based surveillance data showed 

hat immunity debt is not universal and depends on pathogen 

pidemiology and antigenic drift dynamics. This serological and 

pidemiological approach strengthens causal inference regarding 

he link between reduced exposure and declines in antibody 

evels. 

mplications of the findings 

Our findings highlight the dual effect of NPIs. Extended NPIs 

re highly effective at reducing infection burden, but cause 

opulation-level declines in antibody-mediated immunity for 
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Figure 4. Total tests and positive counts by quarter and pathogen (stacked bars). Each panel shows one pathogen. Quarters are on the x-axis (up to 2023 Q4), and counts 

are on the y-axis. Each bar represents the number of tests in that quarter, and the colors indicate negative (blue) vs positive (red) counts. 
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ertain pathogens. Public health strategies should therefore incor- 

orate pathogen-specific monitoring and vaccination programs to 

aintain protective immunity, particularly in children and other 

ulnerable groups. Establishing long-term, multicenter serologi- 

al surveillance is critical for limiting post-restriction surges in 

athogenic infections and guiding immunization policies. 
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