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SUMMARY

SARS-CoV-2 infections in children are generally asymptomatic or mild and rarely progress to severe dis-
ease and hospitalization. Why this is so remains unclear. Here we explore the potential for protection
due to pre-existing cross-reactive seasonal coronavirus antibodies and compare the rate of antibody
decline for nucleocapsid and spike protein in serum and oral fluid against SARS-CoV-2 within the pediatric
population. No differences in seasonal coronaviruses antibody concentrations were found at baseline be-
tween cases and controls, suggesting no protective effect from pre-existing immunity against seasonal
coronaviruses. Antibodies against seasonal betacoronaviruses were boosted in response to SARS-CoV-
2 infection. In serum, anti-nucleocapsid antibodies fell below the threshold of positivity more quickly
than anti-spike protein antibodies. These findings add to our understanding of protection against infec-
tion with SARS-CoV-2 within the pediatric population, which is important when considering pediatric
SARS-CoV-2 immunization policies.

INTRODUCTION

Since the emergence of SARS-CoV-2, it has been noted that infections experienced by children were generally asymptomatic and rarely pro-

gressed to severe disease and hospitalisation.1 Understandingwhy children are less severely affected is important to further our knowledge of

COVID-19 pathogenesis. Hypotheses to date have includeddifferences in humoral immune responses to SARS-CoV-2 infections in adults and
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Figure 1. Timeline of SARS-CoV-2 variants circulating within the UK up until July 2021, adapted to show recruitment periods for ‘‘STORY’’ and ‘‘COVID

Warrior’’ studies

This figure was produced by my world data and licensed under CC BY.
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children or differences in baseline seasonal coronavirus humoral immunity.2 Alternate theories suggest differences in cellular immunity such

as T cell responses or cytokine responses in adults and children.1,3

Uncertainty remains regarding the role of immunity against seasonal coronaviruses in providing protection against SARS-CoV-2 infections.

There are two families of seasonal coronaviruses: alphacoronoviruses (229E andNL63) and betacoronaviruses (OC43, HKU-1). Dowell et al.

showed SARS-CoV-2 infection in children boosts humoral responses against alphacoronaviruses (229E and NL63) and betacoronaviruses

(OC43, HKU-1)4 and that concentrations of antibodies against OC43 and HKU-1 following SARS-CoV-2 infection were significantly higher

in children than adults.4 The implications of these findings are unclear, as it could not be determined if the observed differences pre-dated

the SARS-CoV-2 infection. Furthermore, given antibodies to 229E, NL63, HKU-1, and OC43 viruses provide only short-term immunity from

reinfection with the same virus,5–7 any cross-reactive protection may be short-lived.

There is also uncertainty about the persistence of immune responses post SARS-CoV-2 infection in young children and adolescents, as

most available data have been derived from (predominantly adult) severe or hospitalized cases or from population serosurveys where

most participants are adults or from vaccination studies.

To better understand immunological responses to SARS-CoV-2 and seasonal coronaviruses and the inter-relationship between the two, we

analyzeddata from two longitudinal cross-sectional seroprevalence studies ’’COVIDwarriors’’8 (ClinicalTrials.gov Identifier: NCT04347408) and

’’STORY’’9,10(ClinicalTrials.gov Identifier: NCT04061382). Both studies were carried out within the UK between October 2019 and June 2021

when widespread immunization within the pediatric population was not available (Figure 1)11. Strains circulating during this time period

included ancestral lineages, alpha, beta and delta variants of SARS-CoV-2.11 A case-control analysis was used to determine whether the pres-

enceofdetectable antibodiesagainst seasonal coronaviruses influenced thesubsequent likelihoodof seroconversion for SARS-CoV-2. Further-

more, longitudinal datawere used to estimate the rateof declineof antibodies against SARS-CoV-2 in serumandoral fluid over time in children.
RESULTS

SARS-CoV-2 antibodies in children cross react with beta human coronaviruses (hCov)

Serum or plasma samples from participants were collected in both studies and were processed using multiple assays evaluating antibodies

against spike protein, nucleocapsid and receptor binding domains (Table S1). Samples were classified according to Roche Elecsys Anti-SARS-

CoV-2 IgG spike assay (RocheS), Roche Elecsys Anti-SARS-CoV-2 IgG nucleocapsid assay (RocheN), DiaSorin LIAISONSARS CoV-2 S1/S2 IgG

assay (DiaSorin) and a UK Health Security Agency in house receptor binding domain assay (UKHSA RBD) into seropositive samples (i.e., a

positive result against SARS-CoV-2 as defined by the manufacturers’ definition (Table S1)12,13 on one or more of the assays) and seronegative

samples (defined as a negative result against SARS-CoV-2 across all assays). In total, 52 children and adolescents with seropositive samples

(range 3–19 years, mean andmedian 12 years) and 145 children and adolescents with seronegative samples (range 0–19 years, mean 10 years,

median 11 years) were analyzed. These were compared with 74 pre-pandemic serum samples collected from children aged 0–13 years (mean

7 years, median 7 years) in 2009/2010 (EudraCT Number: 2009-014719-11) and 2017/2018 (EudraCT Number: 2017-004732-11). All samples

were retested using the Meso Scale Discovery (MSD) V-PLEX platform to quantify IgG concentrations to SARS-CoV-2 (receptor binding

domain, nucleocapsid and spike protein), alpha coronaviruses (229E and NL63 spike protein) and beta coronaviruses (SARS-CoV-1, MERS,

HKU-1, and OC43 spike protein). Groups were compared using the Mann–Whitney U test as data were not normally distributed, and results

with a value of p < 0.01 were considered statistically significant due tomultiple comparisons. Figure 2 shows one sample per participant cate-

gorized as seropositive, seronegative (positivity defined on original study assays) or pre-pandemic. IgG concentrations against SARS-CoV-2 S,
2 iScience 26, 108500, December 15, 2023
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Figure 2. A comparison of seropositive (red), seronegative (blue), and pre-pandemic (black) samples (positivity defined by the original study assays)

tested using the MSD platform

Mann–Whitney U test was used to compare between groups. A value of p<0.01 were considered statistically significant. The threshold of positivity is shown by a

solid line (adult cut-off) and dashed line (pediatric cut-off).
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N and RBD as determined by the MSD assay were significantly higher in seropositive participants than in seronegative and pre-pandemic

cohorts. SARS-CoV-2 seropositive children also had significantly higher antibody titers against all other seasonal coronavirus spike proteins

than pre-pandemic cohorts and, for the betacoronaviruses, seropositive children had significantly higher antibody titers than seronegative

children (Figure 2).

Figure S1 shows concordance for negative results of 84.4–90.6% across all assays when detecting the same SARS-CoV-2 antigen, with the

MSD platform identifying 5.6–9.3% more positive results than the four SARS-CoV-2 assays described above.

hCoV antibodies do not confer protection against SARS-CoV-2 infection

Pre-existing immune responses to seasonal coronaviruses have been postulated as a reason why children are less severely affected by SARS-

CoV-2 infection. Consequently, we conducted a matched case-control analysis of 38 cases and 87 controls aged 2–19 years where samples

from two time points were available (baseline and seroconversion visit). A seroconversion ’’case’’ was defined by a positive result (above the

thresholds of positivity shown in Table S1) for SARS-CoV-2 on at least one study assay (RocheS, Diasorin, RocheN or RBD) at the second or

third visit, following consistently negative previous/prior visit result(s). A control was defined as a child who did not seroconvert for SARS-CoV-

2 and was matched on.
iScience 26, 108500, December 15, 2023 3
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1. date of the matched case’s first positive result (date +/� 15 days).

2. date of a negative preceding visit (date +/� 15 days).

3. study site (COVID warriors) or NHS region (STORY).

4. Age (COVID warriors +/� two years) STORY (within an age band +/� two years Figure S2).

Between one and three controls were identified for each case. Each case had a definedbaseline (V1) visit followedby a V2 visit (where cases

had seroconverted), with the timing of V1 and V2 visits for cases matched as above. Samples were tested on the MSD platform. Conditional

logistic regression was used to determine if the seasonal coronavirus antibody’s baseline (V1) level could predict SARS-CoV-2 seroconversion

(case/control status), adjusting for study (STORY or COVID warriors).

At baseline (V1) cases and controls showed no significant difference in antibody concentrations against any seasonal coronaviruses. Base-

line antibodies against seasonal coronaviruses did not alter the risk of being a ‘‘case’’ versus control (Figure 3; Table S2).

At the seroconversion (V2) visit, concentrations of spike-specific IgG were significantly higher in cases than in controls for all SARS-CoV-2

and betacoronavirus HKU1S, Cov1S, MERSS assays (OC43S p = 0.01). No significant differences in alphacoronavirus IgG concentrations be-

tween cases and controls were seen at V2 (Figure 3).

Children are predicted to maintain an SARS-CoV-2 stable immune response to spike protein

Two or more timepoints were available for 1,350 participants across COVID warriors and ‘‘STORY’’ studies. The most frequently used assay

was RocheN; 1,263 participants had results at two or more time-points for this assay (Table S3). Seropositive participants fromCOVIDwarriors

(participants with a positive test on either DiaSorin or RocheN assays) were retested with RocheS to allow the ‘‘STORY’’ and ‘‘COVID warrior’’

datasets to be combined when modeling antibody decline of spike (RocheS) and nucleocapsid (RocheN) antibodies.

Concentrations of SARS-CoV-2 IgG from RocheS and RocheN assays were plotted against time with up to four observations per partici-

pant. Time from the first positive antibody result and time from highest positive antibody concentration were explored separately. Partici-

pants were grouped by age (0–4 years, 5–9 years, 10–14 years, 15–24 years).

Anti-nucleocapsid IgG concentrations are predicted to wane more quickly than anti-spike IgG concentrations in serum

within the children and adolescent population

Figures 3A and 3B show antibody titers over time using the RocheS and RocheN assays respectively, where timepoint 0 was defined as the

participant’s first positive result using manufacturers’ definitions (Table S1). The spike assay and nucleocapsid assay show a similar trend over

all age groups, with IgG subsequently falling below the threshold of detection within the study period for eight out of 175 (4.5%) participants

with a positive spike (Figure 4A) compared with six out of 181 (3.3%) participants when measured on the nucleocapsid assay (Figure 4B).

Plotting from the highest positive result for RocheS anti-spike IgG assay (Figure 4C) shows results from 181 participants with one or more

samples taken at times ranging between 0 and 217 days (median 0 days, mean, 27 days). The RocheN anti-nucleocapsid IgG assay (Figure 4D)

model shows 175 participants with one or more samples taken at times ranging between 0 and 327 days (median 75 days, mean 80 days) after

their highest antibody result.

A mixed-effects linear regression was carried out with log-transformed antibody concentration as the outcome, fixed effects for time from

the highest positive result as a continuous variable, age group and study, and random intercepts for each participant.14 Figures 4E and 3F

demonstrate antibody decline graphically by plotting adjustedmeans for antibody concentration over time with day 0 as the highest positive

result for RocheS and RocheN respectively. The half-life was 160 days (95% CI 79–241 days) for anti-spike antibodies and 82 days (95% CI 57–

107 days) for anti-nucleocapsid antibodies. Serum anti-nucleocapsid antibodies sero-revert more rapidly than anti-spike antibodies

(Figures 4E and 4F; Table 1).

Oral fluid concentrations of IgG against nucleocapsid wane more quickly than against spike protein and both wane more

quickly than serum antibodies within the pediatric population

Oral fluid (OF) samples were collected using Oracol15 swabs from participants returning for repeat visits within the ‘‘STORY’’ study. OF con-

tains saliva and gingiva-crevicular fluids which has transudate from serum. This results in IgG and IgM concentrations at approximately 1/800

and 1/400, respectively, of that found in serum.16 These were analyzed using an SARS-CoV-2 IgG Enzyme immunoassays (EIA) developed by

UKHSA, using SARS-CoV-2 viral nucleoprotein (NP) and spike (S) proteins in IgG isotype capture format.16

Serum IgG and oral fluid IgG concentrations collected from the same participants at the same time point were concordant in 623/658

(94.6%) and 610/662 (92.1%) for anti-spike IgG and anti-nucleocapsid IgG respectively. The number of serum-positive results with a negative

oral fluid result was 34/658 (5.2%) and 50/662 (7.6%) for anti-spike and anti-nucleocapsid IgG respectively (Figure S3), while only 1 (0.2%) and 2

(0.3%) oral fluid results were positive with negative serum results for anti-spike and anti-nucleocapsid IgG (respectively).

Figures 5A and 5B shows the change in concentrations over time for oral fluid anti-spike IgG and anti-nucleocapsid IgG from the first pos-

itive result. When tested on the oral anti-spike IgG assay 4/26 (15%) of participants who provided at least one result after their initial positive

result had concentrations falling below the threshold of detection within the study period compared with 8/20 (40%) falling below the

threshold using with oral anti-nucleocapsid IgG assay (Figure 5B).

A mixed-effects linear regression was carried out with antibody concentration as the outcome, fixed effects for time from highest positive

result as a continuous variable and age group, and random intercepts for each participant using the same methodology used to assess
4 iScience 26, 108500, December 15, 2023



Figure 3. A matched case-control analysis (positivity defined by original study assays) tested on the MSD platform

Mann–Whitney U test was used to compare between groups. A value of p < 0.01 were considered statistically significant. The threshold of positivity is shown by a

solid line (adult cut-off) and dashed line (pediatric cut-off).
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antibody decline in serum. Antibody decline was demonstrated graphically by plotting adjusted means for antibody concentration at fixed

values of days with day 0 defined as the highest positive result.

Timepoint 0 was defined as the highest positive result when calculating adjustedmeans for antibody titer. Themodel of oral fluid anti-spike

IgG assay contained data from 85 participants with one or more data points taken at times ranging between 0 and 283 days (median 0 days

mean 25 days). The oral fluid anti-nucleocapsid IgG assay model contained data from 64 participants with one or more data points taken at

times ranging between 0 and 283 days (median 0 days, mean 44 days) after their highest antibody result (Figures 5C and 5D). The models

demonstrate that anti-nucleocapsid antibodies in oral fluid are predicted to cross below the threshold of positivity more quickly than anti-

spike antibodies but confidence intervals are overlapping (Figures 5E and 5F; Table 1). Oral fluid anti-spike and nucleocapsid, and serum

anti-spike antibodies all have a half-life of �160 days.

DISCUSSION

These studies, conducted in a vaccine naive population between the beginning of the pandemic and June 2021 show no evidence of pro-

tection against SARS-CoV-2 infection from antibodies against seasonal coronaviruses. Additionally, infected children and teenagers hadmin-

imal waning from their highest anti-spike serum IgG antibody concentration (half-life of five months) in the absence of vaccine boosting.

Our data supports and builds on literature which reports a trend of increased antibodies against both alphacoronaviruses and betacor-

onaviruses in SARS-CoV-2 seropositive versus seronegative participants which was statistically significant for OC43 and HKU-1.4 This increase

was reported to be due to antibodies that were cross-reactive with the S2 subunit of the spike protein of SARS-CoV-2 which is more closely

related in betacoronaviruses.4 This concurs with our data demonstrating a significantly higher IgG concentration for betacoronaviruses both

when comparing seropositive with seronegative samples, and when analyzing the V2 samples for cases versus controls, but this was not seen

with the alphacoronaviruses.

The case-control analysis builds on these cross-sectional comparisons and shows there was no evidence of higher baseline seasonal co-

ronavirus antibodies conveying protection against SARS-CoV-2 infection. This suggests that the higher antibodies against seasonal corona-

virus antibodies seen in similar pediatric studies4 have occurred in response to SARS-CoV-2 infection, implying cross-reactivity but not cross-

protection. A limitation of the case-control analysis is the categorization of participants on different assays before testing on the MSD

platform.
iScience 26, 108500, December 15, 2023 5



Figure 4. IgG serum antibody concentrations over time

Figure shows results of serological testing for (A) Roche Elecsys�Anti-SARS-CoV-2 IgG spike antibody persistence over time. (B) Roche Elecsys�Anti-SARS-CoV-

2 IgG nucleocapsid antibody persistence over time. Time-point 0 is defined as the participant’s first positive result (A and B). (C) Roche Elecsys�Anti-SARS-CoV-2

IgG spike antibody persistence over time d. Roche Elecsys� Anti-SARS-CoV-2 IgG nucleocapsid antibody persistence over time. Time-point 0 is defined as the

participant’s highest positive result (C and D). Figures (A–D) are broken down into age groups. Figures (E and F) show a mixed regression model predicting the

adjustedmeans with time point 0 being the highest positive result with individual participant’s serum antibody concentrations over timemarked with (x) for Roche

Elecsys� Anti-SARS-CoV-2 IgG spike antibodies (A) and Roche Elecsys� Anti-SARS-CoV-2 IgG nucleocapsid antibodies (B). 95% confidence intervals are shown.

The threshold of positivity is indicated by the red line on each plot.
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The increase in IgG concentration in betacoronaviruses seen within our case-control analysis may be explained by immune imprinting, i.e.,

the immune system recalling existingmemory cells, rather than stimulating de novo responses when encountering a novel but closely related

antigen (back boosting effect).17,18 In adult patients with severe COVID-19 back boosting of antibodies against the S2 subunit from betacor-

onaviruses has been recognised,17 with Westerhuis et al. specifically demonstrating increases in OC43 specific anti-nucleocapsid and spike

antibodies following severe COVID-19 in adults.19 The limitation of these studies is that they were in hospitalized patients, but the data we

present here suggests this is seen in children with mild infections as well as in adults with severe COVID-19. Lavell et al. studied healthcare

workers who were working during the first wave of the pandemic and demonstrated no significant association with HCoV-OC43 spike protein

serum IgG concentration and SARS-CoV-2 seropositivity. In contrast, when measuring anti HCoV-OC43 nucleocapsid antibodies, they found

that high levels of anti-HCoV-OC43 IgG was an indicator of recent SARS-CoV-2 infection and was associated with protection against SARS-

CoV-2 infection.20 Our research focused on antibodies against spike protein, and did not evaluate anti-nucleocapsid antibodies or cell-medi-

ated immunity, and these limitations should be considered when drawing conclusions about the association of seasonal coronaviruses with

protection against SARS-CoV-2 infection.
6 iScience 26, 108500, December 15, 2023



Table 1. A comparison of the predicted antibody decline of anti-spike and anti-nucleocapsid IgG concentrations in serum and oral fluid

Spike Nucleocapsid

Days (95% CI) IgG concentration (AU/mL) Days (95% CI) IgG concentration (COI)

Serum Time point 0 0 354.8 0 50.7

Half-life 160 (79–241) 176.2 82 (57–107) 25.1

Time to sero-revert from positive to negative 1320 (786–1872) 0.8 450 (392–508) 1.0

Days IgG concentration (COI) Days IgG concentration (COI)

Oral fluid Time point 0 0 4.1 0 2.9

Half-life 161 (84–240) 2.0 162 (109–213) 1.5

Time to sero-revert from positive to negative 323 (178–463) 1.0 250 (184–317) 1.0

ll
OPEN ACCESS

iScience
Article
While our findings suggest that immunity against seasonal coronaviruses in children does not provide protection against SARS-CoV-2 in-

fections, it is still possible that it couldmitigate the severity of infection. There is some evidence for this in adults, in whomhigher levels of anti-

nucleocapsid IgA antibodies againstOC43were observed in asymptomatic comparedwith symptomatic SARS-CoV-2 infected participants.21

In addition, a higher fold increase in anti-nucleocapsid IgG concentrations against NL63 were seen after asymptomatic versus symptomatic

SARS-CoV-2 infections.21 It is difficult to distinguish whether the difference in findings between Ortega et al. and our study when looking at

baseline anti-HCoV antibodies are due to differences in methodologies or the age groups of the participants. Other adult studies have re-

ported no cross-protection from seasonal coronaviruses against SARS-CoV-2.22–24

The literature shows seropositive children and adults had broadly similar antibody responses against SARS-CoV-2 nucleocapsid. They also

demonstrated a trend toward a higher antigen specific geometric mean IgG concentration in children when compared with adults, most

notably against spike protein and RBD domains.4

The evidence of a lack of cross-protection from seasonal coronaviruses emphasizes the need for ongoing research to understand why chil-

dren are less susceptible to severe infections, including more detailed assessments of the differences in cellular immune response between

adult and pediatric populations. Children are reported to display fewer symptoms than their adult counterparts despite a similar viral load, but

they mount a robust innate immune response which allows better early control of inflammation than adult counterparts.25

Further clues may be provided by the increase in susceptibility to SARS-CoV-2 following the emergence of omicron variants.26

Omicron variants have altered the clinical presentation of COVID-19, predominantly affecting the upper respiratory tract rather than the lower

respiratory tract, leading to an increased number of children presenting with croup. Children are more susceptible to upper airway infections

as they have relatively smaller airways compared with adults.27 The entry of SARS-CoV2 into host cells has also changed with the new variants,

with previous strains entering via ACE2 receptors (less numerous in children than adults28), while the method of entry for omicron variants is

endocytic.29 With increased susceptibility to Omicron a proportional increase of severe disease in children has not been seen26 suggesting

that the method of viral entry was not responsible for the reduced disease severity in children.

Nucleocapsid antibodies waningmore quickly than spike antibodies has been widely reported in adults4,21,30 and in this study, we demon-

strate that serum anti-nucleocapsid antibodies serorevert in a shorter time compared with anti-spike antibodies, however, there is no statis-

tically significant difference between half-lives. A limitation of the analysis was there was no way to adjust for reinfections of individuals within

the cohort. Therefore, an estimation was made by taking the highest antibody result. In an age of widespread vaccination, serological sur-

veillance of natural infection rates relies on nucleocapsid testing, but our data demonstrate this may underestimate the number of infections

within the population in children as well as adults.

An alternative approach to population surveillance is the use of oral fluid, rather than serum, for large-scale population studies in pediatrics

as it is more acceptable to parents and young children than a blood test. The usefulness of oral fluid in prevalence calculations is limited as

antibody concentrations in gingiva-crevicular fluids, which contains IgG antibodies from serum31 have been shown to wane quickly32,33 and

therefore would underestimate prevalence. In this study, we demonstrate saliva collection is feasible in younger age groups. Although PCR

swabs from the nose and throat were the gold standard during the pandemic, this type of swab was uncomfortable which may impact of the

quality of these swabs in younger age groups.34 Saliva PCR testing may prove to be more acceptable to young children and therefore be of

use in monitoring incidence.35–39

Multiple studies in adults have shown the persistence of antibodies to SARS-CoV-2 infection for up to 18 months regardless of infection

severity30,40,41 however it was noted that participants who were recovering from COVID-19 had significantly reduced neutralizing capacities

one year after symptomatic infection.42 Dowell et al. assessed the longevity of immune responses for 35 children at 6months. All had retained

humoral immunity andmaintained higher antibody concentrations against spike protein and RBD.4 By 12months it was shown that 16 children

had antibody responses to spike protein and RBDwhich were similar but slightly reduced to those levels seen at 6months.4 Studies looking at

antibody concentrations over time are further complicated by the emergence of different strains of SARS-CoV-2 and the potential for rein-

fections within the period of study. ‘‘COVID warriors’’ and ‘‘STORY’’ recruited over periods where ancestral lineages A and B, alpha, beta,

gamma and delta were circulating within the UK.43 This highlights that surveillance of antibody concentrations in the population does not

inform on population immunity.
iScience 26, 108500, December 15, 2023 7



Figure 5. A comparison of IgG antibody concentration in oral fluid and serum samples over time

(A–D) Shows both oral fluid (red) and corresponding serum samples where available (blue). (A and B) Where timepoint 0 is defined as the first positive oral fluid

result for spike protein (A) and nucleocapsid (B). (C and D) Define time-point 0 as the highest positive oral fluid result for spike protein (C) and nucleocapsid (D).

The threshold of positivity is marked by the dashed line (OF) and solid line (serum). These thresholds overlap on nucleocapsid plots.

(E and F) Shows a mixed regression model for oral fluid predicting the adjustment means with time point 0 being highest positive result with individual

participants antibody concentrations over time marked with (x) for anti-spike protein (E) and anti-nucleocapsid antibodies (F). 95% confidence intervals

shown. The threshold of positivity indicated by the red line on each plot.
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While we have demonstrated minimal waning in serum anti-spike antibodies against SARS-CoV-2 in children and adolescents, we know

this is not protective against breakthrough infections.44 As of January 2023, theUKHSA had reported 1.4million reinfections in England,44 with

breakthrough infections due to a combination of waning immunity and the emergence of new variants of concern. Therefore, understanding

antibody responses in terms of magnitude and decline following natural infection is important as this contributes to population immunity and

can therefore inform public health policy and vaccine booster campaigns.

With vaccination programs offering vaccines to all children over five years of age in the UK and with SARS-CoV-2 continuously circulating

within the community, the opportunity to study children’s immune responses to SARS-CoV-2 in a naive population becomes more chal-

lenging. The data we have presented here are historically unique, providing invaluable insight into the interrelationship between SARS-

CoV-2 and seasonal coronaviruses and kinetics of the antibody responses in a predominantly vaccine naive population.

Limitations of the study

A limitation of the case-control analysis is the lack of a consistent ‘‘gold standard’’ assay to determine SARS-CoV-2 seropositivity. ‘‘COVID

warriors’’ and ‘‘STORY’’ used various assays when undertaking seroepidemiological surveys, and participants were categorized as either a
8 iScience 26, 108500, December 15, 2023
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case (positive on at least one assay) or a control (negative on all assays). Once these categories had been established, samples were retested

using the Meso Scale Discovery assays to compare concentrations of IgG anti-spike protein antibodies against a panel of hCov viruses which

included the Meso Scale Discovery SARS-CoV assays. Participants were not recategorized despite discordant Meso Scale Discovery assay

results, to maintain adequate sample sizes for analysis. Also, while our analysis suggested that HCoV-spike-specific antibodies do not protect

against subsequent SARS-CoV-2 infection however we did not evaluate anti-nucleocapsid antibodies, nor cell-mediated responses and

further research should be undertaken to understand the association between the broader immune response to seasonal coronaviruses

and SARS-CoV-2 infection.

A limitation of the analysis of antibody response over time is that reinfections were not adjusted for within the cohort, a limitation that was

addressed by calculating decline in antibodies from the highest antibody result.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Oxford Vaccine Group Biobank Oxford Vaccine Group

Critical commercial assays

Roche Elecsys� Anti-SARS-CoV-2 IgG spike assay Roche 0928926750

DiaSorin LIAISON� SARS CoV-2 S1/S2 IgG assay DiaSorin 311510

Roche Elecsys� Anti-SARS-CoV-2 IgG nucleocapsid assay Roche 09203095501

UKHSA Receptor binding domain (RBD) assay UKHSA

MSD SARS-CoV-2 S Meso Scale Discovery K15369U-2

MSD SARS-CoV-2 RBD Meso Scale Discovery K15369U-2

MSD SARS-CoV-2 N Meso Scale Discovery K15369U-2

Oral fluid assays

SARS-CoV-2 viral nucleoprotein (NP) UKHSA

SARS-CoV-2 viral spike (S) UKHSA

Software and algorithms

STATA statistical software Stata Release 17
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Helen Ratcliffe

(helen.ratcliffe@paediatrics.ox.ac.uk).
Materials availability

Two pediatric studies supplied samples for analyses. ‘COVID warriors’ obtained ethical approval from the London - Chelsea Research Ethics

Committee (REC Reference - 20/HRA/1731) and the Belfast Health & Social Care Trust Research Governance (ref. 19147TW-SW). ‘STORY’

obtained ethical approval from the London-Surrey Research Ethics Committee (REC Reference-19/LO/1040). As part of the ‘STORY’ study,

2963 participants between the ages of 0–24 years provided samples to establish a biobank of serum samples with their vaccination history.

This biobank is available through the Oxford Vaccine Group. Samples were collected between October 2019 and June 2021.
Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report the original code.

� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

COVID warriors recruited 992 participants from five UK centers between April 2020 and January 2021. Participants were children of healthcare

workers (defined as National Health Service (NHS) employee) aged between two and fifteen years at the time of recruitment with 49% of par-

ticipants identifying as female. Potential participants were recruited via internal intranet advertisements and e-mail circulars.8 Participants pro-

vided a blood sample at baseline, two and six months.

‘STORY’ was a community-based cross-sectional seroprevalence study recruiting participants aged 0–24 years from 13 sites distributed

across all sevenNHS regions in England, conducted betweenOctober 2019 and June 2021.9 The study recruited 2,963 participants 0–24 years,

2,477 of whom were aged 0–18 years. Of the total 2,477, 1,230 individuals (50%) identified as female and 426 (17%) identified as belonging to

non-white ethnic groups.9
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METHOD DETAILS

Information regarding the study was disseminated by invitation letters sent through Docmail (a UK General Data Protection Regulation

compliant bulk mailing system) from extracts provided by either NHS Digital10 or Child Health Information Systems (CHIS)11 databases, social

media campaigns, school nurse newsletters, and pharmacies. Potential participants and their families were invited to visit the study website

https://whatsthestory.web.ox.ac.uk for more information and to contact the regional study site if they wished to participate. Once enrolled to

the main study participants were asked if they would be happy to participate in further study visits with a minimum time of two months be-

tween visits.
Data collection

Participant demographics and date of visits were collected for both studies using the REDCap (Research Electronic Data Capture) system.
Assays

COVID warriors and ‘STORY’ used a variety of different assays when undertaking seroepidemiological surveys, which included Roche Elecsys

Anti-SARS-CoV-2 IgG spike assay, DiaSorin LIAISON SARS CoV-2 S1/S2 IgG assay, Roche Elecsys Anti-SARS-CoV-2 IgG nucleocapsid assay

and UKHSAReceptor binding domain (RBD) assay.8,9 For each sample, one ormore assay result was available but, there was no assay that was

used consistently for all participants across the two studies. The overall sensitivity ranged from 64 to 96%, whereas specificity was high across

all the assays (98–100%) used in the initial seroepidemiology work.
Sample processing

Serum samples for both COVID Warriors and STORY were stored at �80�C. The COVID Warrior samples had undergone one freeze-thaw

cycle before testing on the MSD platform, while most STORY samples were frozen directly after centrifugation. No sample underwent

more than two freeze-thaw cycles. Nine individual assays were run on a total of 14 plates. Each plate had anMSD standard and the percentage

recovery requiredwas close to 100% for at least 4–5 dilutions. No significant difference in assay results was identified between the plates. Over

multiple studies using the MSD assay no significant batch effect was detected.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by Stata Statistical Software 17 software. To compare group responses to human coronaviruses, descriptive

statistics were used. This included mean, median and range, which were used to describe the age distribution of participants within each

group. Groups were compared using the Mann Whitney U test as data were not normally distributed, and results with a value of p < 0.01

were considered statistically significant due to multiple comparisons (Figures 2 and 3).

To analyze the concentration of antibody over time, participants’ results were plotted graphically. A mixed-effects linear regression was

carried out with log-transformed antibody concentration as the outcome, fixed effects for time from the highest positive result as a continuous

variable, age group and study, and random intercepts for each participant. Antibody decline was presented graphically by plotting adjusted

means for antibody concentration over time with day 0 as the highest positive result (Figures 4 and 5).
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