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Abstract

Background: Surveillance tools to estimate viral transmission dynamics in young populations are essential to guide
recommendations for school opening and management during viral epidemics. Ideally, sensitive techniques are
required to detect low viral load exposures among asymptomatic children. We aimed to estimate SARS-CoV-2
infection rates in children and adult populations in a school-like environment during the initial COVID-19 pandemic
waves using an antibody-based field-deployable and non-invasive approach.

Methods: Saliva antibody conversion defined as = 4-fold increase in IgM, IgA, and/or IgG levels to five SARS-CoV-2
antigens including spike and nucleocapsid constructs was evaluated in 1509 children and 396 adults by high-
throughput Luminex assays in samples collected weekly in 22 summer schools and 2 pre-schools in 27 venues in
Barcelona, Spain, from June 29th to July 31st, 2020.
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Results: Saliva antibody conversion between two visits over a 5-week period was 3.22% (49/1518) or 2.36% if
accounting for potentially cross-reactive antibodies, six times higher than the cumulative infection rate (0.53%)
assessed by weekly saliva RT-PCR screening. IgG conversion was higher in adults (2.94%, 11/374) than children
(1.31%, 15/1144) (p=0.035), IgG and IgA levels moderately increased with age, and antibodies were higher in
females. Most antibody converters increased both IgG and IgA antibodies but some augmented either IgG or IgA,
with a faster decay over time for IgA than IgG. Nucleocapsid rather than spike was the main antigen target. Anti-
spike antibodies were significantly higher in individuals not reporting symptoms than symptomatic individuals,

suggesting a protective role against COVID-19.

Conclusion: Saliva antibody profiling including three isotypes and multiplexing antigens is a useful and user-
friendlier tool for screening pediatric populations to detect low viral load exposures among children, particularly
while they are not vaccinated and vulnerable to highly contagious variants, and to recommend public health

policies during pandemics.
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Background

Children infected with the severe acute respiratory syn-
drome coronavirus (SARS-CoV-2) usually present milder
forms of the coronavirus disease (COVID-19) or are
often asymptomatic, although they seem to be similarly
susceptible to getting infected and therefore transmit the
virus [1-4]. The lack of attention to this age group has
prevented evidence-based information to guide public
health policies specifically designed for this population.
There is a need to have solid data on how COVID-19 af-
fects children and what is their contribution to overall
community transmission [4-7], particularly while they
are not vaccinated and more contagious viral variants of
concern circulate worldwide.

Most clinical and epidemiological studies report that
children are diagnosed less often with COVID-19 [1, 8]
but still, there are confounding factors and controversial
reports [9, 10]. Several hypotheses have been postulated
for the milder presentation of COVID-19 in children,
including a putative protective role of pre-existing
cross-reactive antibodies to common cold human
coronaviruses (HCoV) [11, 12], lower expression of
angiotensin-converting enzyme 2 (ACE2) [13], and
lower pro-inflammatory propensity in their immune
system [14].

SARS-CoV-2 diagnostic procedures implemented in
children are essentially the same as in adults. Nasopha-
ryngeal swabs for real-time polymerase chain reaction
(RT-PCR) or protein antigen diagnosis are the preferred
because of their higher sensitivity and specificity [15].
To reduce the inconvenience and discomfort of
nasopharyngeal samples, nasal swabs have also been ap-
proved [16]. In addition, non-invasive and better-
accepted saliva sampling for RT-PCR has shown similar
results to nasopharyngeal swabs [17]. However, such
methods diagnose current infection but do not establish
the percentage of the population that has been exposed

to SARS-CoV-2. For this, antibody-based methods are
more appropriate, given that certain immunoglobulins
persist over time. Furthermore, antibody surveillance
could increase the sensitivity to detect incidence of new
cases in longitudinal cohorts by assessing antibody con-
version rates in prospective samples, particularly among
asymptomatic children who may have lower viral loads
and possibly more frequent false negatives for RT-PCR
and/or for antigen detection tests.

Antibody assays are usually performed using plasma/
serum samples and can be done in saliva samples [18-20],
although they are not implemented in clinical practice.
They offer many logistic advantages over tests requiring
blood samples, especially in pediatric patients and large
studies. Versatile multiplex antibody assays measuring
several isotypes (IgM, IgA, I1gG) and multiple SARS-CoV-
2 antigens [21] offer the greatest sensitivity to detect and
accurately quantify a breadth of specificities, increasing
the potential to identify recently and past exposed individ-
uals, even if they have lower antibody levels, e.g., in
asymptomatic subjects. In addition, IgA plays a very im-
portant role in COVID-19 immunity [22], and interrogat-
ing saliva samples can shed more light into mechanisms
of mucosal protection.

The objective of this study was to determine SARS-
CoV-2 exposure and antibody conversion in two con-
secutive saliva samples, as a proxy of seroconversion, in
children and adult populations in a school-like environ-
ment, between the first and second COVID-19 pandemic
waves in Spain, using a friendly and convenient SARS-
CoV-2 antibody conversion technique.

Methods

Design, subjects, and samples

A cohort of 1907 children (age 0—14 years old) attending
22 summer schools and 2 pre-schools, and adult staff
working at the same facilities, located in 27 different
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venues in the Barcelona metropolitan region, Spain, was
followed up from June 29th to July 31st, 2020.
Symptomatic children were defined as those with acute
respiratory infection including fever, cough, headache,
gastrointestinal symptoms, rhinorrhea or nasal conges-
tion, anosmia or ageusia, dyspnea, and myalgia.

Saliva samples were collected weekly over a 5-week
period with Oracol devices (Malvern, UK) for optimal
harvesting of crevicular fluid enriched with serum
antibodies [23, 24], centrifuged, heat inactivated (60 °C,
30 min), and frozen until antibody analysis.

Laboratory measurements

Saliva SARS-CoV-2 RT-PCR detection was performed as
described [25]. Levels of IgG, IgA, and IgM against
SARS-CoV-2 nucleocapsid (N) full-length (FL) and C-
terminus (CT) [26], spike (S), S2, and RBD proteins,
were measured by Luminex assays [21] (details in Add-
itional file 1: Detailed methods) in saliva samples diluted
1:10 in 384-well plates, with paired samples from the
same individual run together. Pre-pandemic negative
controls were not available. Samples were acquired on a
Flexmap 3D xMAP°® and median fluorescent intensities
(MFI) were exported for each analyte using xPONENT.

Statistical data analysis
Non-parametric Mann-Whitney U tests were used in
boxplots to compare levels (log;oMFI) of each antibody/
antigen pair between study groups. Radar plots were
used to compare median MFIs of antibody responses
between study groups by Mann-Whitney U test,
adjusting p values for multiple comparison by
Benjamini-Hochberg. Heatmaps with hierarchical clus-
tering (by Euclidian or Canberra methods) were used to
evaluate patterns of responses at the individual level. To
quantify how many participants got infected during the
study period, we considered at least a 3—4-fold increase
(FC) in antibody levels between two consecutive visits
[19]. To define the saliva antibody conversion rate, we
applied the more stringent threshold of > 4-FC in anti-
body levels from the first to the last week visit only in
the subset of individuals in whom at least two samples
were collected > 6 days apart. Saliva antibody reversion
was defined as a 24-FC decrease in antibody levels from
the first to the last week visit in the same subset of indi-
viduals (see Additional file 1: Detailed methods).

Saliva antibody conversion rates were finally compared
depending on the age, sex, and the presence or not of
symptoms.

Results

The characteristics of the participants tested for saliva
antibodies are summarized in Table 1. Detailed baseline
characteristics and incidence of RT-PCR infections in
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Table 1 Characteristics of participants in the summer school
longitudinal study. All individuals with at least one saliva sample
of sufficient volume available are included

Initial visit Final visit Single visit
(N=1568) (N=1568) (N=339)
Age continuous median® 8.0 (5.0-14.0) 7.0 (5.0-10.0)
Age stratified®
Children 1181 (75.3%) 316 (93.2%)
Adults 387 (24.7%) 23 (6.8%)
Sex
Male 756 (48.2%) 184 (54.3%)
Female 812 (51.8%) 155 (45.7%)
Dates collection®
1" week 465 (29.7%) 0 (0.0%) 59 (17.4%)
2" week 873 (55.7%) 46 2.9%) 175 (51.3%)
3 week 216 (13.8%) 385 (24.6%) 73 (21.5%)
4™ week 14 (0.9%) 603 (38.5%) 25 (7.4%)
5™ week 0 (0.0%) 535 (34.1%) 8 (24%)
SARS-CoV-2 RT-PCR?
Positive 2 (0.1%) 7 (0.4%) 2 (0.6%)
Negative 1552 (99.2%) 1557 (99.5%) 335 (98.8%)
Indeterminate 1 (0.1%) 1 (0.1%) 0 (0.0%)
Not valid 9 (0.6%) 0 (0.0%) 2 (0.6%)
Symptoms
Yes 71 (4.5%) 76 (4.8%) 16 (4.7%)
Children 62 (5.2%) 65 (5.5%) 16 (5.1%)
Adults 9 (2.3%) 11 (2.8%) 0 (0.0%)
No 1492 (952%) 1492 (952%) 323 (95.3%)
Children 1119 (94.8%) 1116 (94.5%) 300 (94.9%)
Adults 378 (97.7%) 376 (972%) 23 (100%)

2Missing age of 9 adults. IQR in parenthesis

PAdult: Age 15 years or older

“Average (median) time in days between initial and final visit was 14 (SD 6.69,
IQR 7.0-21.0); 15.69 (SD 6.44, IQR 10-21) if only those with > 6 days between
visits are included

9n the saliva antibody study cohort, there were 7 children and 3 adults who
tested RT-PCR positive. Among them, one child and one adult were single
visits. There was one adult who was positive at the first visit and negative at
the last visit, and one child who was positive at both visits; therefore there
were 11 positive samples. Among the paired samples, there were 8 with a
positive RT-PCR at any timepoint (6 children, 2 adults). In the main infection
cohort study [25], 12 participants (9 children among them) were positive by
RT-PCR at least in one visit, and from 11 of them there was a saliva sample
available for serology. 3446 samples were RT-PCR negative, 2 indeterminate,
11 invalid, and 7 non-available. Only 5 adults have had COVID-19 before

the study

the cohort were reported elsewhere [25] and in
Additional file 2: Table S1. We processed 5368 saliva
samples from 1497 children and 410 adults. Only 5
adults had a COVID-19 prior diagnosis. For the antibody
determinations, 3475 inactivated saliva samples with suf-
ficient volume, including first and last paired visits (1568
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samples each) and those with only one visit available
(339 samples), were analyzed. Median time between
first and last visits, excluding single visits, was 14 days
(SD 6.44, IQR 7-21). Between those two visits, 7 chil-
dren and 3 adults tested positive for SARS-CoV-2
RT-PCR.

SARS-CoV-2 antibody saliva conversion

For the estimation of antibody conversion/reversion
rates, only data from participants with minimum two
visits and minimum 6 days in between visits were con-
sidered (1548 participants). Figure 1 and Additional file
3: Figure S1 show the subjects in whom saliva antibody
levels to SARS-CoV-2 changed > 3—4-fold from the first
to the last visit. Computing those with a > 4-fold
increase in antibody levels to at least one Ig/antigen pair,
the overall antibody conversion rate was 3.22% (49/
1518) (Table 2). This represented a 6 times higher esti-
mate of new SARS-CoV-2 infections than what RT-PCR
detected in this subgroup (8/1518, 0.53%). Stratifying by
age, IgG conversion rates were significantly higher in
adults (2.94%, 11/374) than in children (1.31%, 15/1144)
(p=0.035) (Additional file 4: Table S2). Antibody conver-
sion was higher for IgA (2.37%, 36/1518) and IgG
(1.71%, 26/1518) than for IgM (0.2%, 3/1518). The N FL
and N CT proteins were the main targets of saliva anti-
bodies, followed by the S2 protein. Excluding individuals
who only increased SARS-CoV-2N FL antibodies
(0.86%, 13/1518), potentially cross-reactive with HCoV
N FL [26], the final adjusted conversion rate was 2.36%.
Antibodies were maintained at a wide range of levels in
a large number of subjects, and in others, they decayed
from the first to the last visit (Table 2, Fig. 1), but no
one reverted for all isotypes/antigens (> 4-fold decrease).
SARS-CoV-2 IgAs reverted more than IgGs. Additional
file 5: Figure S2 shows the antibody levels in those diag-
nosed as RT-PCR positive and Additional file 6: Figure
S3 shows all subjects, including those with only one
sample collected.

Factors affecting SARS-CoV-2 antibodies

Saliva IgA and IgG levels were significantly lower in
children (#=2677) than in adults (#=800), while no
differences were seen for IgM (Fig. 2A). IgG and IgA
levels gradually increased statistically significantly with
age (Additional file 7: Figure S4). Among RT-PCR posi-
tives (n=10), IgA and IgG levels tended to also be higher
in adults compared to children (Additional file 8: Figure
S5A). Children with COVID-19-compatible symptoms
had statistically significantly lower IgA to S2 and IgM
and IgG RBD than children not reporting symptoms
(Fig. 2B). Antibody levels were higher in females than
males (Additional file 9: Figure S6).
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Multi-marker antibody patterns

In a heatmap of FC antibodies from the first to the last
visit, most individuals with high FC raised both IgG and
IgA (very few IgM), and a smaller group showed a raised
either IgG or IgA (Fig. 3A). Focusing on individuals with
> 4-FC, some increased IgG predominantly, some in-
creased IgA predominantly, and others increased both
isotypes (Fig. 3B). There was no clear pattern for age or
symptoms.

Combining all antibodies and variables in all individ-
uals, the strongest signal for the high responders
mapped to IgG to N FL and S2 antigens, as seen in the
antibody conversion analysis, which was accompanied by
IgG to S and RBD responses, but lower IgA reactivity
(Fig. 3C). Another group of antibody responders had a
more predominant IgA than IgG reactivity, while others
had a more predominant IgG than IgA reactivity. There
were more adults among higher antibody responders
and no clear pattern was seen for symptoms.

Discussion

We showed that a non-invasive screening approach
based on weekly saliva sampling in ~ 2000 subjects with
thousands of visits, coupled to a high-throughput multi-
plex assay to quantify antibodies, is capable of measuring
infection rates in pediatric populations, being more
friendly than serology, which is especially relevant for
children. Thus, saliva antibody conversion between two
study visits over a 5-week period in our population,
based on a > 4-FC increase combining 3 immunoglobu-
lin isotypes and 5 SARS-CoV-2 antigens, was 3.22%, or
2.36% excluding individuals with only N FL antibodies
that may cross-react with HCoV [26]. In addition to cir-
cumventing the need for blood sampling, saliva surveys
are easier to deploy in the field and do not require quali-
fied health care personnel for collection.

Saliva antibody conversion estimates were 6 times
higher than the cumulative infection rate derived from
weekly RT-PCR screening, despite capturing exposure to
the virus with ~ 10-14 days delay in respect to the infec-
tion. Of note, 6 out of 8 RT-PCR positive individuals
had the viral diagnosis at the final visit, therefore we
would not expect antibody conversion in those until
some days later.

The finding that a number of potential infections were
detected by saliva antibody FC but not by RT-PCR could
be related to lower viral loads in asymptomatics and in
children [27-29] (the predominant population here),
consistent with their lower antibody levels compared to
symptomatics and adults. Another explanation is that
the virus presence could be more transitory in children
[28]. Also, the viral load in saliva lasts shorter than in
nasopharyngeal tissue and becomes negative earlier in
asymptomatics [30]. Importantly, other studies have also
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(See figure on previous page.)

Fig. 1 Evolution of IgM, IgA, and IgG levels to SARS-CoV-2 antigens between the first and last visit in paired samples. Individuals who decreased
or increased IgM (A), IgA (B), or IgG (C) levels per each isotype and antigen are shown in different plots. Gray lines mean < 3-fold-change, blue
lines mean 3-4-fold change, and red lines mean 24-fold-change. Table 1 indicates the number and proportion of individuals in each category.
The levels of antibodies in individuals with only one sample are depicted in Figure S3

shown that children with a negative RT-PCR can have
antibody responses detectable in saliva [31]. Together,
data indicate that children can mount an antibody
response to SARS-CoV-2 without a viral diagnosis,
suggesting that immunity in children could prevent the
establishment of SARS-CoV-2 infection.

Interestingly, saliva IgG conversion rates, and levels of
IgA and IgG, were significantly lower in children than
adults, consistent with different infection and transmission
dynamics. A recent study found a negative correlation of

age with IgG levels in children and a moderate but posi-
tive correlation in adults [32]. The lower levels in children
contrast with them being globally more asymptomatic
than adults; however, their antibodies could be more effi-
cacious against the virus than in adults

The value of detecting asymptomatic exposure by sal-
iva antibodies may lead to a better determination of the
COVID-19 incidence, especially in the school setting.
This diagnosis method could allow the saliva self-
collection of the children and an easier analysis

Table 2 Saliva antibody conversion rates between the first and last study visit

Antibody Antigen Increased® Decreased® Maintained®
N (%) N (%) N (%)

Fold change: <4 >4 Total <4 24 Total -

IgM N cT? 207 (13.6%) 0 (0%) 207 245 (16.1%) 0 (0%) 245 1066 (70.2%)
N FL 241 (15.9%) 1 (0.06%) 242 44 (22.6%) 1 (0.06%) 345 931 (61.3%)
RBD 192 (12.6%) 0 (0%) 192 212 (13.9%) 0 (0%) 212 1114 (73.4%)
S 223 (14.7%) 0 (0%) 223 243 (16.0%) 0 (0%) 243 1052 (69.3%)
S2 268 (17.6%) 2(0.1%) 270 340 (22.4%) 2 (0.13%) 342 906 (59.7%)
Global 3 (0.2%) 0 (0.0%) -

N FL only 1(0.1%) - -

IgA NCT 524 (34.5%) 20 (1.3%) 544 619 (40.8%) 27 (1.7%) 646 328 (21.6%)
N FL 546 (35.9%) 15 (1.0%) 561 656 (43.2%) 26 (1.7%) 682 275 (18.1%)
RBD 461 (30.4%) 5(0.3%) 466 551 (36.3%) 7 (04%) 558 494 (32.5%)
S 442 (29.1%) 3(0.2%) 445 529 (34.8%) 6 (0.4%) 535 538 (35.4%)
S2 481 (31.7% 8 (0.5%) 489 627 (41.3%) 19 (1.2%) 646 383 (25.2%)
Global 36 (2.3%) 1(0.1%) -

N FL only 8 (0.5%) - -

I9G N CT 566 (37.3%) 14 (0.9%) 580 509 (33.5%) 14 (1.0%) 523 5 (27.3%)
N FL 586 (38.6%) 15 (1.0%) 601 561 (36.9%) 18 (1.3%) 579 338 (22.3%)
RBD 439 (289% 2 (0.1%) 441 419 (27.6%) 5(0.3%) 424 653 (43.0%)
S 418 (27.5%) 3 (0.2%) 421 376 (24.8%) 5 (0.3%) 381 6 (47.2%)
S2 504 (33.2%) 6 (0.4%) 510 500 (32.9%) 2 (0.8%) 512 496 (32.7%)
Global 26 (1.7%) 4 (0.3%) -

N FL only 9 (0.6%) -

Total 49 (3.2%) 0 (0.0%) -

N FL only 13 (0.9%) - -

“The number (N) of subjects who increased antibody levels was calculated for each isotype/antigen pair, per Ig isotype, and globally, out of the 1518 individuals in
whom two samples were available with >6 days of difference (see also Fig. 1). Individuals who increased antibody levels >4-fold change (FC) for at least one
isotype/antigen were considered antibody positive. The total saliva antibody conversion rate (% in bold) was calculated as the proportion of positive individuals
PA decrease in antibody levels >4 FC was interpreted as negativization for any given isotype/antigen pair. Within an individual, complete antibody reversion was
considered only if the antibody levels decreased >4 FC for all the isotype/antigen pairs

“Individuals who maintained antibody levels between visits are computed for comparison

N nucleocapsid, CT C-terminus end, FL full-length, RBD receptor binding domain of spike (S). Antibody conversion for N FL is shown separately as representative

of potential cross-reactivity with endemic human coronaviruses
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(B). Group medians were compared through Mann-Whitney U test. Statistically significant differences between comparisons are highlighted with
asterisks. * p < 0.05, ** p < 0.01, *** p < 0.001

procedure, to obtain real data about SARS-CoV-2 im- symptomatic or severe disease patients have higher viral
pact in screening campaigns, for example, leading to bet-  loads and SARS-CoV-2 antibody levels than asymptom-
ter policy decisions with respect to the bubble groups atic individuals, reflecting the intensity of exposure. Our
and social distance measures. results point to an anti-disease effect of saliva S-specific

Further supporting a role for saliva antibodies on im-  antibodies that are known to neutralize SARS-CoV-2 in-
munity, mucosal IgM, IgA, and IgG to S but not N pro-  vasion via ACE2 receptor in respiratory mucosal tissues.
teins were significantly higher in individuals not Indeed, there is increasing data on the significant role
reporting symptoms than in symptomatic ones. This is  for mucosal immunity and particularly for secretory as
the opposite of what is commonly observed in blood: well as circulating IgA antibodies in COVID-19 [33].
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(See figure on previous page.)

Fig. 3 Heatmap analysis of antibody responses per individual. Fold change antibody levels (MFI) with hierarchical clustering (Canberra), including
all individuals with paired first and last visit samples, showing decreasers (blue scale), maintainers and increasers (red scale) (A) or including only
individuals who increased or decreased antibody levels 24-fold between the two visits (B). Antibody levels (log;o MFI) with hierarchical clustering

(Euclidean) in all individuals (C)

Mucosal IgA can have a key role in early SARS-CoV-2-
specific neutralizing response [22]. Patients with high
saliva viral loads developed antiviral antibodies later than
those with lower viral loads [33]. Therefore, studies de-
tecting IgA in addition to IgG in saliva will help to better
understand the dynamics of COVID-19 mucosal im-
munity. Thus, saliva antibody assays could be valuable to
monitor vaccine take and correlates of protection when
inhaled or intranasal boosters become available [34].

Due to the more transient nature of SARS-CoV-2 anti-
body responses in oligosymptomatic patients, reliance
on measuring serum IgA and IgG might underestimate
the percentage of individuals who have experienced
COVID-19. In addition to serum, measurement of mu-
cosal IgA should be considered, as local responses may
be higher than systemic in such cases, or it could be that
the response is only mucosal. IgA in mild COVID-19
cases can often be transiently positive in serum [34], and
serum IgG may remain negative or become positive
many days after symptom onset, while IgA could appear
faster in saliva. Thus, an added benefit of saliva sero-
logical surveys is that it may catch people with no or
transient IgA or IgG serum responses but detectable IgA
levels in nasal fluid [35]. Here, the measurement of both
IgG and IgA in saliva increased the probability to iden-
tify positive responders because not all subjects pro-
duced both isotypes at the time of sampling.

Regarding kinetics, many individuals appeared to
maintain antibody levels similar to the ones observed in
increasers over the follow-up period, with no reversions.
A faster decay in antibodies was seen for IgA than for
IgG, consistent with its shorter half-life. Systemic IgG
antibodies may be maintained in COVID-19 patients for
at least 12 months post symptoms onset [36—38]. Less
information is available on the long-term kinetics of mu-
cosal antibodies, which would be relevant to investigate
it in follow-up studies.

Levels of saliva antibodies were higher to N than to S
antigens. This shows that antibodies to N proteins, not
included in current first-generation vaccines, are never-
theless immunogenic and may be useful to track viral
exposure in saliva field surveys and after vaccination.
There is higher cross-reactivity for N than S antigens
among different coronaviruses, and higher levels of pre-
existing antibodies to some seasonal HCoV could pro-
vide partial immunity against COVID-19 [26, 39].

The main study limitation was the unavailability of
pre-pandemic saliva samples that did not allow

establishing the positivity threshold by the classical
method, but the use of >4 FC metric is valid as indicated
by WHO and EMA guidelines. A related constraint was
that we could not relate saliva antibodies to the current
infection because there were very few RT-PCR positives,
and that we could not compare saliva to serum re-
sponses due to the unavailability of blood samples. How-
ever, studies showing a significant correlation between
saliva and serum antibody levels [18-20] indicate that
our approach could also be applicable to study the per-
sistence of immunity and reinfections following COVID-
19 vaccination at a larger scale.

Conclusion

Antibody profiling in saliva samples with a multiplex
technique represents a helpful and simpler tool in
community-based surveys for determining saliva anti-
body conversion and prevalence of SARS-CoV-2 ex-
posure in a school-like environment. Saliva antibodies
and conversion in the 2020 initial pandemic waves
were lower in children than adults, and levels were
higher in asymptomatic than symptomatic individuals,
pointing to an anti-disease protective role of mucosal
immunoglobulins. This non-invasive screening tech-
nique can help study the dynamics of the pandemic
and guide policies about maintaining schools and
holiday camps active, particularly in later waves when
SARS-CoV-2 community transmission could be higher
in unvaccinated children, and when the circulation of
more contagious variants could make them more vul-
nerable to disease manifestations. This approach will
also be useful to study reinfections over time as well
as immunogenicity and persistence of immunity after
COVID-19 vaccination at a larger scale, due to the
distinct N and S antigen specificities evaluated,
particularly when mucosal vaccine boosters become
available.
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