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Serological identification of SARS-CoV-2 infections
among children visiting a hospital during the
initial Seattle outbreak
Adam S. Dingens 1, Katharine H. D. Crawford1,2,3, Amanda Adler4, Sarah L. Steele4, Kirsten Lacombe4,

Rachel Eguia1, Fatima Amanat 5,6, Alexandra C. Walls7, Caitlin R. Wolf8, Michael Murphy9, Deleah Pettie 9,

Lauren Carter9, Xuan Qin4, Neil P. King7,9, David Veesler 7, Florian Krammer 6, Jane A. Dickerson4,10,

Helen Y. Chu8, Janet A. Englund4,11✉ & Jesse D. Bloom 1,2,12✉

Children are strikingly underrepresented in COVID-19 case counts. In the United States,

children represent 22% of the population but only 1.7% of confirmed SARS-CoV-2 cases as of

April 2, 2020. One possibility is that symptom-based viral testing is less likely to identify

infected children, since they often experience milder disease than adults. Here, to better

assess the frequency of pediatric SARS-CoV-2 infection, we serologically screen 1,775 resi-

dual samples from Seattle Children’s Hospital collected from 1,076 children seeking medical

care during March and April of 2020. Only one child was seropositive in March, but seven

were seropositive in April for a period seroprevalence of ≈1%. Most seropositive children

(6/8) were not suspected of having had COVID-19. The sera of seropositive children have

neutralizing activity, including one that neutralized at a dilution > 1:18,000. Therefore, an

increasing number of children seeking medical care were infected by SARS-CoV-2 during the

early Seattle outbreak despite few positive viral tests.
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One of the first cases of community transmission of
SARS-CoV-2 in the United States was identified in the
greater Seattle area in late February, 20201,2. By late

March, thousands of cases had been identified in Washington
state by viral reverse transcription-polymerase chain reaction
(RT-PCR) testing, mostly among adults (https://www.doh.wa.
gov/Emergencies/Coronavirus). Schools closed statewide on
March 17, and a statewide stay-at-home order was issued the
next week. March and April of 2020 are therefore critical
months for understanding the early dynamics of the SARS-CoV-
2 pandemic in the Seattle area.

Children are underrepresented in confirmed SARS-CoV-2
case counts3–5. Since SARS-CoV-2-infected children often
experience little or no disease3,6–9, one possibility is that
pediatric infections are oftentimes missed by symptom-based
administration of viral tests. Therefore, we sought to identify
infections using an approach independent of symptom-based
viral testing. Serological assays, which detect antibodies induced
by infection, provide such an approach. When interpreting these
assays in a temporal context, note that individuals do not
become seropositive until ≈1–2 weeks post symptom onset10–14,
while PCR-based testing generally only detects viral RNA during
the first few weeks after symptom onset11,12.

Results and discussion
Serological screening to residual pediatric sera samples. We
serologically screened 1775 residual serum samples from Seattle
Children’s Hospital that were collected between March 3 and
April 24, 2020 following approval from the Human Subjects
Institutional Review Board. These samples were collected from
1076 unique children who visited the hospital and received blood
draws for any reason, including respiratory illnesses, surgery,
or ongoing medical care. Demographics and the reason for
medical admission are presented below with the results of our
serological testing. The generalizability of this study population to
all children in Seattle is unknown, particularly because hospital
visitors were primarily those with urgent medical needs during
the statewide stay-at-home order.

We used a multi-assay serological testing approach based on
an enzyme-linked immunosorbent assay (ELISA) protocol that
recently received emergency use authorization from New York State
and the FDA15,16, although we increased stringency by adding a
second-validation ELISA and confirming putative seropositives with
the Abbott SARS-CoV-2 IgG chemiluminescent microparticle
immunoassay (CMIA), which identifies IgG antibodies to the
nucleocapsid protein, and has been shown to have 99.9% specificity
and 100% sensitivity for samples taken greater than 17 days post
symptom onset17. Furthermore, as described below, we confirmed
that seropositive samples had activity in pseudovirus-neutralization
assays.

We first screened all sera at a 1:50 dilution in an ELISA for IgG
binding to the SARS-CoV-2 spike receptor-binding domain
(RBD) and compared the results to a negative control consisting
of a pool of sera collected in 2017 and 2018 (Fig. 1a). We
identified 102 of 1775 samples with readings that exceeded the
average of the negative controls by >5 standard deviations. These
preliminary hits were further assessed with IgG ELISAs using
serial dilutions of sera against two antigens: RBD and pre-fusion-
stabilized spike ectodomain trimer (Fig. 1b). As negative controls,
we included twelve serum samples and two serum pools collected
before 2020; we also tested some pediatric samples that were
negative in the initial RBD screen. We summarized the ELISAs by
calculating the area under the curve (AUC), and called samples as
putatively seropositive if the AUC exceeded the average of the
negative controls by >5 standard deviations for both RBD and

spike (Fig. 1b). We then performed a final validation by testing
with the Abbott CMIA all putative seropositives from the ELISAs,
as well as most other samples with sufficient volume that passed
the initial RBD screen. The AUCs for the RBD and spike ELISAs
were highly correlated with each other and the Abbott CMIA
index values (Fig. 1c).

Visual inspection of the serological assay results in Fig. 1b
provides a sense of the trade-offs in calling seropositivity. Our
assays included controls from adults with RT-PCR-confirmed
infections, as well as samples from five children with confirmed
infections collected at various times post symptom onset, including
children from outside the study population (see “Methods—Study
participants” for additional details). Neither adult nor child
samples <1 week post symptom onset were seropositive by our
criteria, consistent with prior reports that infected individuals
generally do not become seropositive until at least a week post
symptom onset10–14. However, all samples ≥1 week post symptom
onset were seropositive, and in most cases, the signal greatly
exceeded pre-2020 negative controls. Samples from children who
never tested positive for SARS-CoV-2 are shown at the far right in
Fig. 1b. The samples in this set that we classified as seropositive
had readings comparable to confirmed infections ≥1 week post
symptom onset. However, some samples from children who had
not tested positive for the virus had readings that exceeded pre-
2020 negative controls, but were weaker than confirmed-infection
samples ≥1 week post symptom onset, and below the cutoffs in one
or more assay. Our stringent criteria classify these samples as
seronegative, although it is possible that some represent recent
infections in children who had not yet developed robust antibody
responses. Indeed, one symptomatic child who tested positive by
RT-PCR had multiple samples taken <1 week post symptom onset
that were seronegative in all assays (Fig. 1b, “child < 1 week”). Of
note, two samples passed the ELISA cutoffs but were negative in
Abbott CMIA and therefore classified as seronegative—but no
samples were positive in the Abbott CMIA and negative in the
ELISAs. Given that the Abbot CMIA has been shown to have 100%
sensitivity for samples greater than 17 days post symptom onset17,
we suspect that any infections missed by our serological screening
must have been quite recent (such as the <1-week RT-PCR-
confirmed infections in Fig. 1b, and possibly the two ELISA-
positive but Abbot-negative samples).

Overall, our assays identified ten seropositive samples from eight
different children in the study population. These include seven
seropositive samples from six children who had never tested
positive for SARS-CoV-2 (far-right facet of Fig. 1b), as well as the
samples from the children labeled as 2 and 3 weeks post symptom
onset in Fig. 1b. The seropositive samples from the children 1 and
4 weeks post symptom onset are from RT-PCR-confirmed SARS-
CoV-2 infections that were referred to Seattle Children’s Hospital,
and are not part of the residual serum pool that makes up our study
population (see “Methods” for details).

Timing and clinical information of seropositive samples. We
next examined the frequency of seropositive samples in the
context of the temporal dynamics of the SARS-CoV-2 outbreak in
Seattle (Fig. 2a). The first seropositive sample was collected in late
March, and there were no additional seropositive samples until
the second week of April. From that time on, a low but steady
fraction of samples were seropositive for a period seroprevalence
in our study population of ≈1% in April (Fig. 2a, b). While this
convenience sample from children seeking medical care is unli-
kely to be representative of all children in Seattle, the period
seroprevalence measurements for our population are similar to
all-age cumulative incidence estimates for the Seattle region based
on viral testing and mortality data20,21, given the ≈1–2-week lag
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between symptom onset and seroconversion10–14. In addition, the
temporal dynamics of seropositivity in our study population
mirrors recent viral testing-based findings that infection in Seattle
area children was rare before March 202022, but increased
markedly in March and April23.

We also examined how many seropositive children had received
RT-PCR viral tests for COVID-19. This is an important question,
since children are underrepresented in viral-testing case counts3–5

and household-contact studies24,25, and other studies26–28 differ on
whether children are less susceptible to infection than adults. Over a
third of children in our study had received at least one viral test
(Table 1; note that administration of a viral test does not imply that
a child was suspected of having COVID-19, since tests were
routinely administered before hospital admission or procedures
such as surgery). Of the eight seropositive children, only two had
tested positive for the virus (Table 1, Supplementary Table 1). Two
other seropositive children had tested negative for the virus in
routine screening prior to surgery. The remaining seropositive
children never received a viral test. In addition, one child with a

positive viral test was seronegative; this is the child whose serum
was collected <1 week post symptom onset (Fig. 2b, c), prior to
when seroconversion is expected to occur.

A detailed chart review revealed that only the two seropositive
children with a RT-PCR-confirmed viral infection had docu-
mented COVID-19 symptoms (Supplementary Table 1). One
additional seropositive child, who presented at the hospital for an
allergic reaction, had previous household exposure to the virus,
but had not been tested because she did not develop symptoms.
The five other seropositive children were at the hospital for
reasons unrelated to respiratory illness (e.g., surgery and the
underlying medical conditions) and had no documented
exposures (Supplementary Table 1).

Other demographic and clinical data had limited noteworthy
associations with seropositivity. There were more seropositive
males than females, but the difference was not statistically
significant (P= 0.29, Fisher’s exact test, Table 1). Note that
studies in China found no major sex differences in pediatric
cases6,8, but a recent report found more pronounced male sex
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skewing in SARS-CoV-2 cases among pediatric oncology patients
in New York29. The seropositive children spanned all ages from 0
to 4 years to ≥15 years, and were admitted to the hospital for a
variety of reasons (Table 1, Supplementary Table 1).

Neutralizing activity of pediatric seropositive samples. Finally,
we measured the neutralizing activity of sera from seropositive
children using lentiviral particles pseudotyped with spike30. Sera
from all eight seropositive children neutralized the virus at a >1:25
dilution (Fig. 3, Supplementary Fig. 1), including children that did
not have documented symptoms. Neutralization correlated with
RBD and spike binding as measured in the ELISAs (Supplementary
Fig. 2). Two children had very high neutralizing activity, including
one with a potency that exceeded the limit of our assay (>1:18,000
dilution). In comparison, the aggregated results of four studies of
adults reported only 2 out of 263 individuals who had neutralizing
activity >1:10,000 at 2–5 weeks post symptom onset using lentiviral
pseudotype assays similar to our own10,31–33. Our sample size is too
small to draw conclusions about neutralizing immunity in children
versus adults, but this is an interesting area for further study, given
that children develop stronger or quicker neutralizing responses to
some other viruses34–38.

In this study, we used serological assays to retrospectively
identify SARS-CoV-2 infections in children early in the Seattle
outbreak. Although our study used sera from children seeking
medical care, and therefore does not represent an unbiased
population survey, it nonetheless represents the first large-scale
SARS-CoV-2 serological survey of children. Because we lack
serological data from a comparable adult population in Seattle, our
results are not sufficient to draw strong conclusions about the
relative prevalence of SARS-CoV-2 infection of children versus
adults in Seattle. However, as noted above, the frequency of
seropositive samples in our study population is roughly similar to
estimates of cumulative all-age incidence in Seattle based on testing
and mortality data20,21. Comparing across age groups remains an
important area for further investigation, as other very recent
serosurveys that included both children and adults have reached
differing conclusions about whether prevalence differs39,40. In any
case, our work shows how serological assays can identify pediatric
infections missed by the symptom-based administration of viral
tests, as most seropositive children in our study had never tested
positive for the virus. However, the overall frequency of
seropositivity was low (≈1%) even in April, suggesting that while
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Table 1 Cohort demographics.

All children
(n= 1076)

Seropositive
children (n= 10)

Age (years) 0–4 192 4
5–9 214 1
10–14 301 2
≥15 369 3

Sex F 535 4
M 541 6

RT-PCR viral-
testing status

Positive 3 2
Negative 389 3
Not tested 684 5

Admit type Outpatient 653 4
Inpatient 306 4
Emergency 101 2
Day surgery 16 0

If a child had multiple samples, age and admit were determined based on the child’s first visit.
For viral-testing status, a child was classified as positive if they had a positive viral test at
any visit.
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Fig. 3 Neutralizing activity of sera against spike-pseudotyped lentiviral
particles. The y axis is reciprocal dilution of serum that inhibits infection
by 50% (IC50). Dashed blue lines are the limits of dilution series; points
at those limits are lower or upper bounds. The child sera shown here are
from the same individuals as in Fig. 1b; the two seronegative “child no
+PCR” samples are the two ELISA+, Abbott CMIA− samples. Shaded
categories indicate single individuals, as in Fig. 1b. Full curves are in
Supplementary Fig. 1.
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infections of children are often missed by viral testing, perhaps due
to the lack of symptoms, only a small fraction of children in Seattle
had been infected by SARS-CoV-2 as of April 2020.

Methods
Study participants. Residual sera samples at Seattle Children’s Hospital were
collected starting March 3, 2020. The adequate volume of sera remaining after
other lab tests were conducted was the main sample-selection criterion, which
inherently reduces the relative number of samples from infants who have smaller
blood-draw volumes. Adult samples (Fig. 1b, c) were residual plasma collected
from RT-PCR-confirmed inpatient cases from the Seattle area at the University of
Washington, or from RT-PCR-confirmed outpatient individuals enrolled in a
prospective cohort study. The sample collection and this study were approved by
the Institutional Review Boards of Seattle Children’s Hospital and the University of
Washington. This study was granted a waiver of consent since it used residual
clinical samples and existing clinical data.

Additional RT-PCR-confirmed COVID-19 pediatric cases were actively recruited
to enroll in another approved study at Seattle Children’s Hospital during this study
period. These actively enrolled children were omitted from this seroprevalence study,
which consisted of the residual serum sample pool at Seattle Children’s Hospital and
its clinics. However, pediatric samples from 1 to 4 weeks post symptom-onset facets in
Figs. 1b, c and 3 are from these actively enrolled children, and were included in these
plots to illustrate the sensitivity of our serological assays—however, these two children
are not included in the estimates of seroprevalence in Fig. 2 or Table 1. In addition, in
Fig. 1b, c, samples in the <1-week facet (two samples from the same individual), the
2-week facet (two samples from another individual), and the 3-week facet (a single
sample from another individual) were RT-PCR-confirmed cases that were not
recruited to Seattle Children’s Hospital and therefore are included in the
seroprevalence estimates.

Serological assays. We initially screened all sera at a 1:50 serum dilution for IgG
binding to RBD. This was performed in four temporally grouped batches as
samples became available (Fig. 1a). All sera were heat-inactivated at 56 °C for 1 h.
Ninety-six-well Immunlon 2HB plates (Thermo Fisher, 3455) were coated with
2 μg/mL of His-tagged RBD in phosphate-buffered saline (PBS) overnight at 4 °C.
The RBD antigen was produced in mammalian cells and purified as previously
described15,16,41. The next day, the plates were washed three times with PBS
containing 0.1% Tween 20 (PBS-T) using an automated plate washer (Tecan
HydroFlex) and blocked for 1–2 h at room temperature with PBS-T containing 3%
nonfat dry milk. Sera were diluted 1:50 in PBS-T containing 1% nonfat dry milk.
The block was thrown off, and 100 μL of diluted sera were transferred to the ELISA
plate in a setup as previously described16. Each plate also contained two positive-
control wells (CR302218,19, an anti-SARS-CoV-1 monoclonal antibody that reacts
to the SARS-CoV-2 RBD, at 0.5 μg/mL) and two negative-control wells (pooled
human sera taken from 2017 to 2018 (Gemini Biosciences, 100–110, lot H86W03J,
pooled from 75 donors)). CR3022 was expressed in Expi293F cells and purified by
protein A and size-exclusion chromatography using established methods. After a
2-h incubation at room temperature, the plates were washed with PBS-T thrice.
Goat anti-human IgG-Fc horseradish peroxidase (HRP)-conjugated antibody
(Bethyl Labs, A80-104P) was diluted 1:3000 in PBS-T containing 1% milk, and
50 μL was added to each well. After 1 h at room temperature, the plates were
washed thrice with PBS-T, and 100 μL of TMB/E HRP substrate (Millipore Sigma,
ES001) was added to each well. After 5 min, 100 μL of 1 N HCl was added, and
OD450 was read immediately on a Tecan infinite M1000Pro plate reader. Samples
were considered potential positive hits in the screen if their reading exceeded the
average of all of the 2017–2018 negative-control readings by >5 standard devia-
tions, computing this threshold separately for each screening batch (Fig. 1a).

Follow-up ELISAs were performed on all potential positive hits from the screening
assay, plus a subset of samples that were negative in the initial screen (n= 30 for the
RBD titration, and n= 32 for the spike titrations; all samples that proved seropositive
by our criteria were positive in the initial screen). These follow-up ELISAs were
performed as for the screening step described above, with the following differences: all
sera were run at five 3-fold dilutions, starting at 1:25. Each plate contained a negative-
control dilution series (pooled human sera taken from 2017 to 2018), and a CR3022
positive-control dilution series starting at a concentration of 1 µg/mL. Trimeric,
prefusion-stabilized spike was produced as previously described41 with the following
minor changes: the protein was produced using expiHEK293F cells transfected
transiently with PEI, and the cultures were grown at 33 °C for 3 days prior to
downstream talon-batch purification. The additional control samples tested during
follow-up ELISAs were pooled human sera from 2008 to 2015 (Gemini Biosciences,
100–110, lot H87W00K, pooled from 156 donors), and 12 de-identified banked serum
samples collected between 1986 and 1992 (Bloodworks Northwest).

The Abbott SARS-CoV-2 IgG CMIA was run on all samples that were run in
follow-up ELISAs that still had adequate sample volume remaining (n= 124, with
10 samples omitted due to volume [8 RBD screen positive and 2 RBD screen negative,
all seronegative by follow-up ELISAs and classified as seronegative overall]). This
assay, which detects IgG antibodies to SARS-CoV-2 nucleocapsid protein, was run on
the Abbott Architect instrument according to the manufacturer’s instructions. We
used the manufacturer’s recommended positivity index value cutoff of 1.40.

AUC analysis. For the follow-up ELISAs performed at serial dilutions, the
AUC represents the area under the titration curve after putting the serial dilu-
tions on a log scale (as plotted in Fig. 1b). Readings for the 2017–2018 pooled
sera that were run on each plate were first averaged and treated as a single
sample. This, along with the 12 banked pre-2020 sera samples and the additional
2008–2015 pooled sera, were treated as 14 negative controls and used to
determine a cutoff in each assay (average of all negative controls plus 5 standard
deviations).

Neutralization assays. SARS-CoV-2 spike-pseudotyped lentivirus-neutraliza-
tion assays were performed as previously described30, with the following slight
modifications. Infections were carried out in poly-L-lysine- (P4707, Millipore
Sigma, Burlington, MA, USA) coated black-walled, clear-bottom plates (655090,
Greiner Bio-One, Kremsmünster, Austria), and luciferase activity was measured
in these plates without transferring to opaque-bottom plates. Sera were diluted
3-fold 7 times starting at a 1:25 dilution, and luciferase activity was measured at
52 h post infection. Target cells were HEK-293T cells transduced to express
hACE230 (BEI Resources, NR-52511). Samples were run in duplicate, and each
plate included two no-serum controls. Fraction infectivity was calculated by
normalizing the luciferase reading for each sample by the average of the two no-
serum control wells in the same row. Neutralization curves were plotted using
the neutcurve Python package (https://jbloomlab.github.io/neutcurve/, 0.3.1).
This package fits a three-parameter Hill curve, with the top baseline fixed to one
and the bottom baseline fixed to zero. The neutralization curves are shown in
Supplementary Fig. 1.

Period seroprevalence analysis. Period seroprevalence was calculated over 2-week
periods at the individual level. We calculated the percentage of all tested patients that
had a seropositive sample during each time period. Individuals were counted a single
time even if multiple samples from a single time period were tested. If an individual
contributed samples to multiple time periods (n= 279), they were counted for each
time period.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Full raw data for all serological assays, as well as much demographic and viral-testing
data that can be provided without compromising sample and patient de-identification,
are available in Supplementary Data files 1–4.

Received: 26 June 2020; Accepted: 7 August 2020;

References
1. Chu, H. Y. et al. Early detection of Covid-19 through a citywide pandemic

surveillance platform. N. Engl. J. Med. 363, NEJMc2008646 (2020).
2. Bedford, T. et al. Cryptic transmission of SARS-CoV-2 in Washington State.

medRxiv https://doi.org/10.1101/2020.04.02.20051417 (2020).
3. Team, C. C. -19 R. Coronavirus Disease 2019 in Children—United States,

Februar 12–April 2, 2020. Morb. Mortal. Wkly Rep. 69, 1–8 (2020).
4. Gudbjartsson, D. F. et al. Spread of SARS-CoV-2 in the icelandic population.

N. Engl. J. Med. https://doi.org/10.1056/NEJMoa2006100 (2020).
5. Wu, Z. & McGoogan, J. M. Characteristics of and important lessons from the

Coronavirus Disease 2019 (COVID-19) Outbreak in China: Summary of a
Report of 72314 Cases from the Chinese Center for Disease Control and
Prevention. J. Am. Med. Assoc. 323, 1239–1242 (2020).

6. Lu, X. et al. SARS-CoV-2 Infection in Children. N. Engl. J. Med. https://doi.
org/10.1056/NEJMc2005073 (2020).

7. Wang, Z. et al. Clinical characteristics of COVID-19 clinical characteristics
of children with COVID-19: a rapid review and meta-analysis. medRxiv
https://doi.org/10.1101/2020.04.13.20064352 (2020).

8. Dong, Y. et al. Epidemiological characteristics of 2143 pediatric patients with
2019 coronavirus disease in China. Pediatrics https://doi.org/10.1542/
peds.2020-0702 (2020).

9. Singh, T. et al. Lessons from COVID-19 in children: key hypotheses to guide
preventative and therapeutic strategies. Clin. Infect. Dis. https://doi.org/10.1093/
cid/ciaa547 (2020).

10. Wu, F. et al. Neutralizing antibody responses to SARS-CoV-2 in a COVID-19
recovered patient cohort and their implications. medRxiv https://doi.org/
10.1101/2020.03.30.20047365 (2020).

11. Borremans, B. et al. Quantifying antibody kinetics and RNA shedding during
early-phase SARS-CoV-2 infection. OSF Prepration https://doi.org/10.31219/
osf.io/evy4q (2020).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18178-1 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4378 | https://doi.org/10.1038/s41467-020-18178-1 | www.nature.com/naturecommunications 5

https://jbloomlab.github.io/neutcurve/
https://doi.org/10.1101/2020.04.02.20051417
https://doi.org/10.1056/NEJMoa2006100
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1101/2020.04.13.20064352
https://doi.org/10.1542/peds.2020-0702
https://doi.org/10.1542/peds.2020-0702
https://doi.org/10.1093/cid/ciaa547
https://doi.org/10.1093/cid/ciaa547
https://doi.org/10.1101/2020.03.30.20047365
https://doi.org/10.1101/2020.03.30.20047365
https://doi.org/10.31219/osf.io/evy4q
https://doi.org/10.31219/osf.io/evy4q
www.nature.com/naturecommunications
www.nature.com/naturecommunications


12. To, K. K. W. et al. Temporal profiles of viral load in posterior oropharyngeal
saliva samples and serum antibody responses during infection by SARS-CoV-2:
an observational cohort study. Lancet Infect. Dis. 20, 565–574 (2020).

13. Wang, X. et al. Neutralizing antibodies responses to SARS-CoV-2 in COVID-
19 inpatients and convalescent patients. medRxiv https://doi.org/10.1101/
2020.04.15.20065623 (2020).

14. Okba, N. M. A. et al. Severe acute respiratory syndrome coronavirus 2—
specific antibody responses in coronavirus disease 2019 patients. Emerg. Infect.
Dis. J. 26, 1478–1488 (2020).

15. Amanat, F. et al. A serological assay to detect SARS-CoV-2 seroconversion in
humans. Nat. Med. https://doi.org/10.1038/s41591-020-0913-5 (2020).

16. Stadlbauer, D. et al. SARS-CoV-2 seroconversion in humans: a detailed
protocol for a serological assay, antigen production, and test setup. Curr.
Protoc. Microbiol. 57, e100 (2020).

17. Bryan, A. et al. Performance characteristics of the abbott architect SARS-CoV-2
IgG assay and seroprevalence in Boise, Idaho. J. Clin. Microbiol. https://doi.org/
10.1128/JCM.00941-20 (2020).

18. Tian, X. et al. Potent binding of 2019 novel coronavirus spike protein by a
SARS coronavirus-specific human monoclonal antibody. Emerg. Microbes
Infect. 9, 382–385 (2020).

19. Ter Meulen, J. et al. Human monoclonal antibody combination against SARS
coronavirus: synergy and coverage of escape mutants. PLoS Med. 3, 1071–1079
(2006).

20. Thakkar, N., Ferres, J. M. L., Painter, I. & Famulare, M. WA Situation Report
1: COVID-19 Transmission Across Washington State. (2020).

21. Thakkar, N., Burstein, R., Klein, D. & Famulare, M. Sustained reductions in
transmission have led to declining COVID- 19 prevalence in King County,
WA Executive Summary. 1–12 (2020).

22. Rha, B. et al. SARS-CoV-2 Infections in Children—Multi-Center Surveillance,
United States, January–March 2020. J. Pediatric Infect. Dis. Soc. https://doi.
org/10.1093/jpids/piaa075 (2020).

23. Malmgren, J., Guo, B. & Kaplan, H. G. COVID-19 confirmed case incidence
age shift to young persons age 0-19 and 20-39 years over time: Washington
State March—April 2020. medRxiv https://doi.org/10.1101/
2020.05.21.20109389 (2020).

24. Bi, Q. et al. Epidemiology and Transmission of COVID-19 in Shenzhen
China: Analysis of 391 cases and 1,286 of their close contacts. medRXiv
https://doi.org/10.1101/2020.03.03.20028423 (2020).

25. Li, W. et al. The characteristics of household transmission of COVID-19. Clin.
Infect. Dis. https://doi.org/10.1093/cid/ciaa450 (2020).

26. Viner, R. M., Waddington, C., Panovska-griffiths, J. & Davies, N. G.
Susceptibility to SARS-CoV-2 infection amongst children and adolescents
compared with adults: a systematic review and meta-analysis. medRxiv
https://doi.org/10.1101/2020.05.20.20108126 (2020).

27. Davies, N. G. et al. Age-dependent effects in the transmission and control of
COVID-19 epidemics. Nat. Med. 2020.03.24.20043018 https://doi.org/
10.1038/s41591-020-0962-9 (2020).

28. Fontanet, A. et al. SARS-CoV-2 Infection in Primary Schools in Northern
France: A Retrospective Cohort Study in an Area of High Transmission. (2020).

29. Boulad, F., Kamboj, M., Bouvier, N., Mauguen, A. & Kung, A. L. COVID-19 in
children with cancer in New York City. JAMA Oncol. https://doi.org/10.1001/
jamaoncol.2020.2028 (2020).

30. Crawford, K. H. D. et al. Protocol and reagents for pseudotyping lentiviral
particles with SARS-CoV-2 spike protein for neutralization assays. Viruses 12,
513 (2020).

31. Rogers, T. F. et al. Rapid isolation of potent SARS-CoV-2 neutralizing
antibodies and protection in a small animal model. bioRxiv https://doi.org/
10.1101/2020.05.11.088674 (2020).

32. Robbiani, D. F. et al. Convergent antibody responses to SARS-CoV-2 infection
in convalescent individuals. bioRxiv https://doi.org/10.1101/
2020.05.13.092619 (2020).

33. Brouwer, P. J. M. et al. Potent neutralizing antibodies from COVID-19
patients define multiple targets of vulnerability. bioRxiv https://doi.org/
10.1101/2020.05.12.088716 (2020).

34. Goo, L., Chohan, V., Nduati, R. & Overbaugh, J. Early development of broadly
neutralizing antibodies in HIV-1-infected infants. Nat. Med. 20, 655–658
(2014).

35. McGuire, E. P. et al. HIV-exposed infants vaccinated with an MF59/
recombinant gp120 vaccine have higher-magnitude anti-V1V2 IgG responses
than adults immunized with the same vaccine. J. Virol. 92, e01070–17 (2018).

36. Cobey, S. & Hensley, S. E. Immune history and influenza virus susceptibility.
Curr. Opin. Virol. https://doi.org/10.1016/j.coviro.2016.12.004 (2017).

37. Iversen, O. E. et al. Immunogenicity of the 9-valent HPV vaccine using 2-dose
regimens in girls and boys vs a 3-dose regimen in women. J. Am. Med. Assoc.
316, 2411–2421 (2016).

38. Potluri, T. et al. Age-associated changes in the impact of sex steroids on
influenza vaccine responses in males and females. npj Vaccines. 4, 29 (2019).
https://doi.org/10.1038/s41541-019-0124-6.

39. Herzog, S. et al. Seroprevalence of IgG antibodies against SARS coronavirus 2
in Belgium: a prospective cross-sectional study of residual samples. medRxiv
https://doi.org/10.1101/2020.06.08.20125179 (2020).

40. Stringhini, S. et al. Seroprevalence of anti-SARS-CoV-2 IgG antibodies in
Geneva, Switzerland (SEROCoV-POP): a population-based study. Lancet
6736, 1–7 (2020).

41. Walls, A. C. et al. Structure, function, and antigenicity of the SARS-CoV-2
spike glycoprotein. Cell 181, 281–292 (2020).

Acknowledgements
We are grateful to all study participants for contributing samples. We also thank Abigail
Powell, Peter Rupert, and Roland Strong for sharing antigens, Elizabeth Ahearn for
laboratory management at Seattle Children’s Hospital, and Mike Famulare and Alex
Greninger for helpful comments on this paper. This work was supported by the NIAID/
NIH (R01AI141707 and R01AI140891 to J.D.B., HHSN272201700059C to D.V., and
F30AI149928 to K.H.D.C.), the NIMGS/NIH (R01GM120553 to D.V.), the Bill &
Melinda Gates Foundation (OPP1156262 to N.P.K.), a Pew Biomedical Scholars Award
(to D.V.), and Burroughs Wellcome Investigators in the Pathogenesis of Infectious
Diseases awards (to D.V. and J.D.B.). J.D.B. is an investigator of the Howard Hughes
Medical Institute. Work in the Krammer laboratory was partially supported by the
NIAID Centers of Excellence for Influenza Research and Surveillance (CEIRS) contract
HHSN272201400008C, Collaborative Influenza Vaccine Innovation Centers (CIVIC)
contract 75N93019C00051, and philanthropic donations.

Author contributions
Conceptualization: A.S.D., J.A.E., and J.D.B.; investigation: A.S.D., K.H.D.C., R.E., and
J.A.D.; analysis: A.S.D., K.H.D.C., and J.D.B.; clinical management, sample, and data
handling: A.A., S.S., K.L., C.R.W., X.Q., H.Y.C., and J.A.E.; resources and specialized
reagents: A.C.W., C.R.W., F.A., N.P.K., D.V., F.K., and H.Y.C.; writing—original draft
preparation, A.S.D and J.D.B.; writing—review and editing: all authors. All authors have
read and agreed to the published version of the paper.

Competing interests
H.Y.C. is a consultant for Merck and Glaxo Smith Kline and receives research funding from
Sanofi Pasteur, outside of the submitted work. N.P.K. is a co-founder, shareholder, and chair
of the scientific advisory board of Icosavax, Inc. Mount Sinai has licensed serological assays
to commercial entities and has filed for patent protection for serological assays. J.A.E. is
a consultant for Sanofi Pasteur and Meissa Vaccines. The remaining authors declare no
competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18178-1.

Correspondence and requests for materials should be addressed to J.A.E. or J.D.B.

Peer review information Nature Communications thanks Michael Mina for his
contribution to the peer review of this work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18178-1

6 NATURE COMMUNICATIONS |         (2020) 11:4378 | https://doi.org/10.1038/s41467-020-18178-1 | www.nature.com/naturecommunications

https://doi.org/10.1101/2020.04.15.20065623
https://doi.org/10.1101/2020.04.15.20065623
https://doi.org/10.1038/s41591-020-0913-5
https://doi.org/10.1128/JCM.00941-20
https://doi.org/10.1128/JCM.00941-20
https://doi.org/10.1093/jpids/piaa075
https://doi.org/10.1093/jpids/piaa075
https://doi.org/10.1101/2020.05.21.20109389
https://doi.org/10.1101/2020.05.21.20109389
https://doi.org/10.1101/2020.03.03.20028423
https://doi.org/10.1093/cid/ciaa450
https://doi.org/10.1101/2020.05.20.20108126
https://doi.org/10.1038/s41591-020-0962-9
https://doi.org/10.1038/s41591-020-0962-9
https://doi.org/10.1001/jamaoncol.2020.2028
https://doi.org/10.1001/jamaoncol.2020.2028
https://doi.org/10.1101/2020.05.11.088674
https://doi.org/10.1101/2020.05.11.088674
https://doi.org/10.1101/2020.05.13.092619
https://doi.org/10.1101/2020.05.13.092619
https://doi.org/10.1101/2020.05.12.088716
https://doi.org/10.1101/2020.05.12.088716
https://doi.org/10.1016/j.coviro.2016.12.004
https://doi.org/10.1038/s41541-019-0124-6
https://doi.org/10.1101/2020.06.08.20125179
https://doi.org/10.1038/s41467-020-18178-1
https://doi.org/10.1038/s41467-020-18178-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Serological identification of SARS-CoV-2 infections among children visiting a hospital during the initial�Seattle outbreak
	Results and discussion
	Serological screening to residual pediatric sera samples
	Timing and clinical information of seropositive samples
	Neutralizing activity of pediatric seropositive samples

	Methods
	Study participants
	Serological assays
	AUC analysis
	Neutralization assays
	Period seroprevalence analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




