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Methods: Prospective active serological surveillance in 46 primary schools in England tested for SARS-CoV-2
antibodies during June, July and December 2020. Samples were tested for nucleocapsid (N) and receptor
binding domain (RBD) antibodies, to estimate antibody persistence at least 6 months after infection, and for
the correlation of N, RBD and live virus neutralising activity.

K ds: . .
Szgl:lr s Findings: In June 2020, 1,344 staff and 835 students were tested. Overall, 11.5% (95%Cl: 9.4—13.9) and 11.3%
Antibody (95%Cl: 9.2—13.6; p = 0.88) of students had nucleoprotein and RBD antibodies, compared to 15.6% (95%Cl:

SARS-CoV-2 13.7-17.6) and 15.3% (95%Cl: 13.4—17.3; p = 0.83) of staff. Live virus neutralising activity was detected in
79.8% (n =71/89) of nucleocapsid and 85.5% (71/83) of RBD antibody positive children. RBD antibodies corre-
lated more strongly with neutralising antibodies (rs=0.7527; p<0.0001) than nucleocapsid antibodies
(rs=0.3698; p<0.0001). A median of 24.4 weeks later, 58.2% (107/184) participants had nucleocapsid anti-
body seroreversion, compared to 20.9% (33/158) for RBD (p<0.001). Similar seroreversion rates were
observed between staff and students for nucleocapsid (p = 0.26) and RBD-antibodies (p = 0.43). Nucleocapsid
and RBD antibody quantitative results were significantly lower in staff compared to students (p = 0.028 and
<0.0001 respectively) at baseline, but not at 24 weeks (p = 0.16 and p = 0.37, respectively).

Interpretation: The immune response in children following SARS-CoV-2 infection was robust and sustained
(>6 months) but further work is required to understand the extent to which this protects against reinfection.

Funding: Department for Health and Social Care.
Crown Copyright © 2021 Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

SARS-CoV-2 first emerged in December 2020 and spread rapidly
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Research in context

Evidence before this study

A PubMed search found children develop robust humoral and
cellular immune responses after symptomatic and asymptom-
atic SARS-CoV-2 infection. Younger children have higher anti-
body titres but lower neutralizing activity than older children
or young adults. There are however limited data on the longev-
ity of antibody and cellular immune responses following acute
infection in children.

Added value of this study

Through the serial collection of blood samples in primary
school students and staff over a 6-month period, we found that
SARS-CoV-2 antibody seropositivity rates were similar in stu-
dents and staff, with higher antibody results at baseline but
similar results 6 months later. Nearly all students and staff
retained SARS-CoV-2 antibodies after 6 months.

Implications of all the available evidence

Young children develop and maintain robust and sustained
immune responses that is at least similar to adults after acute
infection. Further studies are needed to assess protection
against emerging variants of concern.

[1,2] In order to limit the rapid spread of the virus, many countries
implemented national lockdown measures including school closures
which, in England, began on 20 March 2020. Children, however, have
a lower risk of disease, hospitalisation or death due to COVID-19
compared to adults [3]. Indeed, most children exposed to SARS-CoV-
2 remain asymptomatic or develop mild, transient infection with
non-specific symptoms, which may often not be attributed to the
virus, raising concerns that they may unknowingly transmit the virus
to others [4].

Following partial reopening of UK schools after national lockdown
in June 2020, there were concerns that the large number of children
gathering in close confinement with limited social distancing would
provide a hub for infection, leading to widespread transmission, not
only amongst the children themselves, but also to school staff, house-
hold members and, potentially, the wider community [5,6]. In order
to investigate SARS-CoV-2 infection and transmission in educational
settings, Public Health England (PHE) initiated prospective active sur-
veillance in 131 primary schools (5—-11 years) across England. Some
schools implemented weekly swabbing for participating staff and
students, while others involved swabbing with blood sampling to
measure serum SARS-CoV-2 antibodies [7].

Antibody testing provides a robust measure of prior exposure to
SARS-CoV-2 in individuals with symptomatic, asymptomatic or mild,
transient infection, making it a useful surveillance tool. Antibodies,
and neutralising antibodies in particular [8], are also important
markers of immunity against re-infection. Recent longitudinal adult
studies, mainly in healthcare workers and adults, have shown that
SARS-CoV-2 antibodies following SARS-CoV-2 infection lasts for at
least 6—-8 months [9], and is associated with up 90% protection
against re-infection [10]. Antibody persistence after infection is,
therefore, an important component in assessing duration of protec-
tion. This is particularly the case in children who can have multiple
re-infections with endemic coronaviruses, at least in part due to anti-
body waning [11,12] Evidence to date has demonstrated antibody
persistence in children up to 62 days after SARS-CoV-2 infection, but
data on long-term antibody persistence in children is limited [13].
The COVID-19 Surveillance in school KIDs (sKIDs) study, collected 3
samples between June and December 2020, and, to date, the analysis

of these data has focused on transmission within schools. How-
ever, the repeat samples also provide a unique opportunity to
investigate the persistence of SARS-CoV-2 antibodies against
nucleocapsid (N) and the receptor binding domain (RBD) of the
spike protein at least 6 months after infection in primary school
students, and compare them to staff [7]. We additionally investi-
gate N and RBD-antibody seroprevalence differences in the first
sampling round, and the correlation between N, RBD and live
neutralising antibodies.

2. Methods
2.1. Sampling

The protocol for sKIDs surveillance is available online [7].
Briefly, 131 primary schools were recruited and included 46
schools involved in swabbing with blood sampling at three time-
points: following partial reopening of schools on 01 June 2020
(1—-19 June 2020) and end of the summer term (3—23 July 2020),
which were used as baseline seroprevalence and, following full
reopening of all schools on 1 September 2020, at the end of the
autumn term (23 November to 18 December 2020). Informed
consent was provided by staff and the parent or guardian of stu-
dents prior to the first sampling round in participating schools.
The protocol was approved by PHE Research Ethics Governance
Group (Ref: NR0209, 16 May 2020). The primary aim of this anal-
ysis was to estimate antibody persistence at 6 months in children,
with secondary analysis aims of comparing N and RBD antibody
seroprevalence and the correlation of RBD, N and neutralising
antibodies at the start of the study.

2.2. Laboratory testing

Blood samples were tested for nucleoprotein antibodies using
a chemiluminescent microparticle immunoglobulin G (IgG) immu-
noassay targeting the nucleocapsid (SARS-CoV-2 IgG, Abbott Com-
merce Chicago, USA) with a seropositivity cut-off index (COI)
threshold of 0.8. The samples were also tested for RBD antibodies
using an in-house indirect IgG RBD assay, seropositivity COI
threshold of 5 [14]. Commercial RBD subunit was purchased from
SinoBiological Inc (Beijing, P.R. China) and expressed in HEK293
cell culture with a C-terminal mouse Fc tag (Arg319-Phe541
(V367F);# YP_009724390.1). Nunc MaxiSorp flat-bottomed, poly-
styrene 96-well microtitre plates were coated by diluting 20 ng
recombinant protein/well in sterile phosphate buffered saline
(PBS); pH7.2 + 0.05 (-CaCl2, -MgCl2), (GIBCO, Thermo Fischer,
Waltham, U.S.A) at 4-8 °C for a minimum of 16 h. Serum was
diluted at a final dilution factor of 1 in 100. IgG binding on the
plate surface was detected with an anti-Human IgG—horseradish
peroxidase antibody conjugate (Sigma Aldrich, St Louis, U.S.A)
and detected with 3,3, 5,5'- Tetramethylbenzidine (Europa Bio-
products Ltd, Ipswich, U.K). Samples were analysed in duplicate
and optical density (OD450) data were evaluated by dividing
average OD450 values for individual samples by average OD450
of a known calibrator with negative antibody levels (T/N ratio).

Blood samples with sufficient serum from N antibody positive stu-
dents in June and July 2020 were also tested for neutralising antibod-
ies using a modification of the WHO influenza microneutralisation
methodology [15]. Briefly, 200 median tissue culture infectious dose
(TCID50) of virus was incubated with serial dilutions of serum from
participants, after which a suspension of Vero E6 cells were added.
After 22 h, cells were fixed and in-cell SARS-CoV-2 N expression
determined by ELISA using Rabbit polyclonal to SARS-CoV N (Sino-
Biological; Cat no 40,143 T62). The live virus-neutralising antibody
titre was determined as the serum concentration that inhibited 50%
of SARS-CoV-2 N expression.
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2.3. Statistical analysis

Data were analysed using Stata SE (version 15.1). Student and staff
seropositivity for N and RBD antibodies was compared and antibody
persistence at 24 weeks was estimated for participants tested in June
2020 and at the end of the autumn term in November/December
2020. Where participants were also tested in July, antibody persis-
tence at 4 weeks was estimated. Whilst seroprevalence comparison
in June is a secondary aim, it is presented first in the results, as the
analysis of antibody longevity at 4 and 24 weeks, the primary aim, is
conducted on a subset of this group.

Seroreversion was defined as testing negative after previously
testing positive on the same antibody assay platform. Categorical var-
iables were described as proportions and compared using Chi [2] and
Fisher’s Exact tests. Seroprevalence and antibody persistence propor-
tions were calculated with 95% binomial confidence intervals. Spear-
man’s rank was used to test for correlation between neutralising
antibody response, N-antibody and RBD-antibody results. Correlation
between longitudinal samples, taken on average 4 weeks later, was
also tested for. Kruskal-Wallis H Test was used to compare neutralis-
ing results by age-group in children. Due to the rapid initiation of the
study in June, age was not well complete, but following efforts to
improve data quality age is known for 96% of students and 69% of
staff. As a result of missing data and a focus on child antibody-results,
age comparisons are on students only. Previous studies have shown
some linear differences in N and spike antibody levels by age in chil-
dren, so students were split into three equally sized age-groups
[16,17].

Quantitative antibody results were log-transformed and com-
pared using matched and unmatched t-tests. Additionally, a linear
regression on log-transformed quantitative results was used to test
for differences between students and staff, and at baseline and final
sample, including an interaction between participant type and testing
round. For RBD, this only included participants who were RBD posi-
tive at baseline. Samples were clustered by individual participant to

2,197 people tested in
June for N-antibodies

account for repeated measurements. The regression coefficient was
exponentiated to provide ratio measures.

2.4. Role of funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. SNL
and GI had access to the data and had final responsibility to submit
for publication.

3. Results
3.1. Seroprevalence in June

At recruitment in June 2020, 2179 samples obtained from sKIDs
participants in England had sufficient sample volume to be addition-
ally tested for RBD antibodies (Fig. 1). Staff represented 61.7% (1344/
2179); median age was 43 years (interquartile range [IQR], 33—-52)
and 80.8% (1086/1344) were females. The median age of 835 students
(38.3%) was 8 years (IQR: 6—-10) and 50.5% (422/835) were females.

Overall, seropositivity for N (14.0%; 305/2179; 95% Confidence
Interval [CI]: 12.6-15.5) and RBD (13.7%; 299/2179; 95% CI:
12.3-15.2) antibodies was similar (p = 0.79). This was also true for
students and staff: 11.5% (95% Cl: 9.4-13.9) and 11.3% (95% CI:
9.2—-13.6; p = 0.88) of students were seropositive for N and RBD anti-
bodies, respectively, compared to 15.6% (95% Cl: 13.7-17.6) and
15.3% (95% Cl: 13.4-17.3; p = 0.83), respectively, amongst staff
(Table 1). N and RBD-antibody quantitative results correlated signifi-
cantly (0.4280, p<0.0001) (Fig. 2).

N and RBD-antibody result agreement was 96.6% (Fig. 1b), with a
lower proportion of staff having concordant results compared to stu-
dents (95.5% vs 98.3%; p<0.001). Of the 74 (3.4%) with discordant
results, 34 (45.9%) were N-antibody negative but RBD-antibody posi-
tive, 40 (54.1%) were N-antibody positive but RBD negative and there

18 insufficient serum

v
Seroprevalence analysis

l

2,179 additionally tested
for RBD, antibodies

1,874 people N-
antibody negative

305 people N-protein
antibody positive

! |

209 staff

[

96 students ——

Y
6 were N-antibody
positive in July

136 (65.1%)
tested
December

42 (43.8%)
tested
December

Antibody persistence
analysis

All available samples for 184
participants tested for RBD antibodies

Neutralising antibody analysis

l—» 7 insufficient
serum

89 student tested for
neutralising antibodies

l

48 retested in July and tested
for neutralising antibodies

Fig. 1. Participant flow between antibody seroprevalence, antibody persistence and neutralising antibody analysis in sKIDs participants (a) and agreement between N and RBD anti-

body results in participants tested in June 2020 on both assays (n =2179) (b).



4 G. Ireland et al. / EClinicalMedicine 41 (2021) 101150

Agreement between N and RBD-antibody results

Fig. 1. Continued.

was no difference in proportion with discordant results between stu-
dents and staff (p = 0.52).

Live virus neutralising antibody titres were assessed in 89 N-anti-
body positive students from the June testing round. In these samples,
79.8% (71/89) had neutralising antibodies and all six children (6.7%)
who were RBD antibody negative at baseline had no detectable neu-
tralising antibodies. Of the 83 RBD-antibody positive students at
baseline, 85.5% (71/83) had neutralising antibodies. One month later,
a paired sample was available and tested for neutralising activity in
48 students. Across all samples (n = 137), both N and RBD quantita-
tive results positively correlated with neutralising titres, with RBD
antibodies demonstrating a stronger correlation (N: 0.3698,
p<0.0001 and RBD: 0.7527, p<0.0001). (Supplementary Fig. 1a and
1b). There was no difference in neutralising antibody titres by age in
students (p = 0.30) (Supplementary Fig. 2).

Median neutralising antibody titres in 48 students with paired
samples in June and July were similar (35.2 [IQR,26.0—54.1] in June
vs. 33.0 [IQR:22.5-49.8] in July; p = 0.23) and correlated strongly
between the two-time points (0.8087; p<0.0001) (Supplementary
Fig. 1c).

3.2. Nucleocapsid and RBD-antibody persistence

Of the 311 participants (211 staff, 100 students) who were N-anti-
body positive in June 2020 or seroconverted by July 2020, 184
(59.2%) underwent subsequent sampling at the end of the autumn
term. This cohort included 178 participants who were N-antibody
positive in June and 6 who had seroconverted by July (Fig. 1).

Of the 178 who were N-antibody positive in June, 69.7% (124/178)
had a further antibody sample in July (median 4.3 weeks, IQR:
3.9-5.1). Of these, none of the students seroreverted for N (0/25) or
RBD (0/24) antibodies, whereas, 5.1% (5/99) of staff seroreverted for
N and 10.0% (8/80) for RBD antibody (Fig. 2). Only one of the 5 staff
participants with N antibody seroreversion remained positive for
RBD antibodies.
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Fig. 2. Log nucleocapsid and RBD antibody quantitative results (COI) for 2179 students
(red) and staff (blue) tested as part of the sKIDs study in June 2020 in England. Lines
denote the threshold values for reporting a positive result.

At the end of the autumn term, 184 (46 students, 138 staff) had a
repeat blood sample at a median of 24.4 weeks (IQR: 23.1-25.9) later.
Of these, 58.2% (107/184) seroreverted for N-antibodies compared to
20.9% (33/158) for RBD (p<0.001) (Fig. 3). There was no difference in
N (65.2% vs 55.8%, p = 0.26) and RBD antibody (16.7% vs 22.4%
p = 0.43) seroreversion between students and staff. Of those who
seroreverted on the N antibody assay, 73.3% (n = 22/30) of students
and 59.7% (n = 46/77; p = 0.19) of staff remained positive for RBD anti-
bodies.

In this cohort of 184 N antibody positive participants, 26 (14.1%)
had a negative RBD result in June 2020, including 4 (4/46, 8.7%) stu-
dents and 22 (22/138, 15.9%) staff (p = 0.22). Only one, a staff member
(1/22, 4.5%), subsequently seroconverted on the RBD assay by the end
of the autumn term.

The N and RBD antibody quantitative results were significantly
lower in staff compared to students (p = 0.028 and <0.0001 respec-
tively) at baseline, but not at 24 weeks (p = 0.16 and p = 0.37, respec-
tively) (Fig. 4). Using linear regression, N-antibody results at baseline
were 22.8% (95% ClI: 6.0-35.0%) lower in staff than students and
42.1% (95% CI: 29.3—-52.6) lower against RBD. After 6 months, N-anti-
body results were 88.2% (95% CI: 83.4—91.7) lower compared to base-
line results in students and 78.4% (95% CI: 75.0—81.4) lower amongst
staff. The corresponding reductions for RBD antibody results were
69.0% (95% CI: 58.5-76.9) and 50.4% (95% Cl: 43.7—-56.4), respec-
tively. Only 3.3% (6/184) and 10.8% (17/158) had an increase in N and
RBD quantitative results respectively at 24 weeks than baseline.

4. Discussion

SARS-CoV-2 antibody prevalence was similar in primary school
staff and students in June 2020, with high concordance between anti-
body seropositivity against N and the RBD of the spike protein. Anti-
body kinetics over time, however, differed. Less than half of positive

-I{Iaulzll:o]capsid and RBD antibody seropositivity at baseline in primary school students and staff during June 2020.
RBD antibody
Total Students Staff
Negative Positive Negative Positive Negative Positive
Nucleocapsid antibody ~ Negative 1840(84.4) 34(1.6) 733(87.8) 6(0.7) 1107 (82.4) 28(2.1)
Positive 40 (1.8) 265(122) 8(1.0) 88(10.5) 32(24) 177 (13.2)
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Fig. 3. Nucleocapsid and RBD-antibody* positivity at 0, 4 and 24 weeks in the sKIDs Study in England.

*where RBD positive at baseline.

participants retained N-antibodies measured using the Abbott assay.
RBD-antibodies, on the other hand, correlated more strongly with
neutralising antibody titres, and persisted in 78% of students and 83%
of staff for more than 6 months after infection. Antibody results at
baseline were significantly higher in students than staff but declined
over time such that they were similar in the two groups after 24
weeks.

The Abbott N-antibody assay was originally selected for SARS-
CoV-2 surveillance in educational settings because it could detect
SARS-CoV-2 antibodies within 7—14 days after infection, earlier than
assays measuring Spike protein antibodies, thus facilitating early
detection of seroconversions after symptomatic or asymptomatic
infections between testing rounds [6,18,19] There is, however,
increasing evidence that the high seroreversion rates observed with
the Abbott assay are not biological but a function of the antibody
assay. In our other adult cohort studies, for example, 44% of adults
seroreverted for N-antibodies using the Abbott assay by 9 weeks and
58% by 24 weeks [ 18] but N-antibodies remained positive using other
assays such as the Roche N assay [18] Other investigators have also
reported similar findings [20] Nucleocapsid is an immunodominant
antigen in many enveloped virus infections and, although less well
correlated with neutralising, nucleoprotein antibodies to other
viruses have been shown to facilitate viral clearance in vivo, most
likely through T-cell mediated immunity and cytotoxic T cells (CTLs)
against nucleoprotein, which can rapidly eliminate infected cells dis-
playing nucleoprotein peptides [21].

a)

Nucleocapsid (COI)

i [

baseline final sample baseline final sample

Students Staff

Because of the high seroreversion rate for N-antibodies with the
Abbott assay, we re-tested all available sera with a validated in-house
RBD assay, which we and others have shown to correlate more
strongly with neutralising antibodies in adults [14,22,23]. We have
now also confirmed this strong correlation in young children. More-
over, other investigators found almost all adults with confirmed
COVID-19 had neutralising antibodies up to 6 months later and, while
antibody results decreased progressively over time, anti-RBD anti-
body concentrations and neutralising antibody titres remained
strongly correlated at 1, 3 and 6 months after infection [24]. This is
reassuring for our cohort as the majority of students and staff will
have been infected with SARS-CoV-2 during the first pandemic peak
in the UK in March and April 2020, and retained RBD antibodies up to
nine months later, at the end of the autumn term in November/
December 2020.

A small proportion of participants in our cohort had detectable N-
antibodies but were RBD antibody negative upon initial testing and,
importantly, had no virus neutralising activity and remained RBD-
antibody negative in subsequent tests. Taken together, these findings
suggest that a small proportion had false positive antibody results
using the Abbott assay, potentially due to non-specific, cross-reactive
antibodies from prior coronavirus infections [18]. The choice of anti-
body assay in sero-surveillance will become increasingly important
as current vaccines only induce spike protein antibodies, while mea-
surement of N-antibodies will help confirm prior SARS-CoV-2 infec-
tion irrespective of vaccination status.

b)
50
45
40
35
g 30
= 25
8 f
& 2
15
10 L
5
0
baseline final sample baseline final sample
Students Staff

Fig. 4. Geometric mean, with 95% confidence intervals, of (a) nucleocapsid and (b) RBD* antibody quantitative results (COI) at baseline and 24 weeks (final sample) for students and

staff participating in the sKIDs study. *where RBD antibody positive at baseline.
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Compared to staff, students had significantly higher RBD and N
antibody results at baseline, but these differences had resolved after
six months, with similar RBD antibody results and seroreversion rates
during this period. This is reassuring, given that 76% of student com-
pared to 47% of staff who seroconverted during the surveillance
period had asymptomatic infection, indicating that children with
asymptomatic SARS-CoV-2 infection are able to mount a robust and
durable immune response similar to — if not better than — adults [7].

We assessed the association between antibody results and virus
neutralising activity in students only because this has already been
extensively investigated in adults. The few studies in children have
reported robust immune responses following SARS-CoV-2 infection
albeit with some important differences when compared with adults
[16,17] amongst 1—24 year-olds in a recent New York seroprevalence
study, for example, SARS-CoV-2 total IgG and RBD antibody titres
were highest in younger children and declined with increasing age,
while surrogate neutralising antibody activity and antibody avidity
were lowest in younger children and increased with age [17]. Others
have also reported lower neutralising antibody titres in children
compared to adults [16,17,25]. We have, however, recently reported
a higher prevalence and magnitude of cellular responses against the
spike protein of SARS-CoV-2 in our cohort of primary school-aged
children compared to adults more than six months after primary
infection [26].

The early initiation of surveillance in primary schools provided
a unique opportunity to monitor seroprevalence, seroconversion
and antibody persistence in more than 2000 healthy young chil-
dren and adults with similar exposure risks to SARS-CoV-2 in 45
schools across England [7]. A limitation of our study was the lim-
ited testing for SARS-CoV-2 infection in the community during
the first wave of the pandemic; we were, therefore, unable to
confirm acute SARS-CoV-2 infection in symptomatic participants
prior to recruitment. Additionally, most seropositive children in
June 2020 were reported by their parents to be asymptomatic
and, therefore, the timing of their infection was not known. Addi-
tionally, we only assessed the correlation of N and RBD antibodies
with neutralising activity during the first two rounds of testing in
June and July 2020 and assumed that this correlation would be
retained in round 3 in December 2020, as has been reported by
others. Moreover, whilst we focused on the antibody responses to
infection in this analysis, cellular immune responses are also
likely to play an important role in protection against SARS-CoV-2
re-infection [26]. Finally, this surveillance was undertaken prior
to the emergence and rapid spread of the alpha and delta SARS-
CoV-2 variants, which have both been associated with increased
transmission compared to previously circulating strains [27,28].
We, therefore, cannot comment on the protective effects of prior
SARS-CoV-2 infection against reinfection with new variants.

The majority of primary school students and staff retained
RBD antibodies, which strongly correlated with neutralising activ-
ity, for more than 6 months after SARS-CoV-2 infection. Our find-
ings provide further evidence of a robust and sustained immune
response in children following primary SARS-CoV-2 infection. Fur-
ther studies are needed to assess protection against emerging
variants of concern.
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