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Summary

Background. Antibody responses to virus reflect exposure artdrgi@l protection.

Methods. We developed a highly specific and sensitive apgrda measuring antibodies against SARS-
CoV-2 for population-scale immune surveillance. iBatly positivity was defined as a dual-positive
response against both the receptor binding domaith @ucleocapsid proteins of SARS-CoV-2.
Antibodies were measured by immuno-precipitatiosags in capillary blood from 15,771 children aged
1 to 18 years living in Bavaria, Germany, and piéting in a public health type 1 diabetes scrgni
program (Clinicaltrials.gov NCT04039945), in 1,9died blood spots from neonates in a Bavarian
screening study (Clinicaltrials.gov NCT0331626Indan 75 SARS-CoV-2 positive individuals. Virus
positive incidence was obtained from Bavarian thealithority data.

Findings. Dual-antibody positivity was detected in none 883 children in 2019 (100% specificity) and
73 of 75 SARS-CoV-2 positive individuals (97.3% si@imity). Antibody surveillance in children during
2020 resulted in frequencies of 0.08% in Januaaeoch, 0.61% in April, 0.74% in May, 1.13% in June
and 0.91% in July. Antibody prevalence from Aprd2® was six-fold higher than the incidence of
authority-reported cases (156 per 100,000 childrehpwed marked variation between the seven
Bavarian regionsR<0.0001), and was not associated with age or seqasmission in children with
virus-positive family members was 35%; 47% of gesitchildren were asymptomatic. No association
with type 1 diabetes autoimmunity was observedibaly frequency in newborns was 0.47%.
Conclusion. We demonstrate the value of population-based sirg@rograms for pandemic monitoring.

Funding. The work was supported by funding from the BMBRZB1KX1818).



Introduction

Severe acute respiratory syndrome coronavirus R&LoV-2) has infected millions of humans and has
led to widespread shutdown of communities, cousitréad continentSThe responses implemented to
control the spread of virus have varied from congpleckdown and closure of schools with the intent
slow the spread of virus to relatively benign measun the hope that there would be sufficient sxpe

to achieve herd immunity. Immunoglobulin G (IgG)tibadies provide a measure of exposure and
potentially also immunity to the virds. Several assays that measure antibodies to SARS2Cmate
been developed and some are available commertfaliyne frequency of individuals with an immune
response to SARS-CoV-2 ranged from <1% to >10%riior peports, depending on the test used and the
virus spread in the population testédHowever, a widely discussed limitation of measgrimtibodies

to SARS-CoV-2 is an inadequate specificity of assayhich can result in an overestimate of the true
prevalence of antibodies, especially in populationscommunities with limited exposufé®® For
example, the population frequency of reported vjasitive cases in the majority of European coestri
is <1% (www.worldometers.info/coronavirus/). A tesith 99% specificity will, therefore, result in a
large proportion of false positive results if applifor immune surveillance in these countries. True
antibody prevalence, therefore, requires an apprtizett has a specificity close to 100%. This i=lsar
achieved by a single test and appears not to beate for SARS-CoV-2 antibody te&tdn alternative
strategy is to screen with one sensitive test fadidh by additional diagnostic tests in those pasitivthe
screening test This strategy is used successfully by us and sttrediagnose the pre-symptomatic stage
of type 1 diabetes in children, a condition presert0.5% of the populatioff:**

Almost all studies reporting the prevalence of SARS/-2 antibodies in a population have used a singl
test>* We believe that a two-stage approach might prodsensitive and specific approach for
detecting SARS-CoV-2 antibodies. Therefore, usirgsgtive assays against the predominant target
antigens of SARS-CoV-2, the receptor binding dom@&BD) and the nucleocapsid antigen, we have
developed and validated an approach for immuneeglamce of SARS-CoV-2. We have applied this
approach to population-based screening of chilifiehe Frida study®?and newborn screening in the
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Frederlk study to determine the extent of immunity in the Gernstate of Bavaria. This is the state
with the highest reported incidence of SARS-CoVli2dermany. Bavaria went into lockdown in late
March and gradually reopened from early May.

The Frlda and Frederlk studies provided us witbpgoortunity to track the prevalence of SARS-CoV-2
antibodies from prior to the first appearance efvirus in Germany through the period of lockdowd a
reopening and to compare antibody prevalence torteg virus positive incidences in children in the

same region.



Results

Specificity and Sensitivity of SARS-CoV-2 antibody tests.

To establish a threshold for positivity, we meaduaatibodies to the RBD protein of SARS-CoV-2 using
a luciferase immunoprecipitation system (LIPS) amples collected from 3221 children (1562 girls,
48.5%; median age, 3.0, interquartile range [IQR]-4.2 years) enrolled in the Bavarian Frlda study
between August 2019 and December 2019 before #re &t the CoViD-19 pandemic in Germany
(Figure 1, Table S1). The distribution of antibotiter ranged from 0.0 to 5.7 arbitrary units (AU)
calculated from a calibration curve (Figure S1AheTogarithmic mean was 0.0 AU and the logarithmic
mean plus 5 standard deviations (SD) was 0.9 Alotal of 22 of 3221 (0.68%; specificity, 99.32%)
children had values >0.9 AU (Figure 2A). In compan, 74 of 75 (98.67% sensitivity) individuals with
either an active virus positive infection or whores@reviously virus positive (virus-positive cohjanad
values >0.9 AU, ranging from 1.3 to 600 AU. ValugsAU were only found in the virus-positive cohort
(62/75 cases), but there was an overlap betwees-pissitive cases and controls for values betwegn 0
and 6 AU.

We reasoned that people who were exposed to the were more likely to have antibodies to other
SARS-CoV-2 antigens. Therefore, we tested sampis RBD antibody titers >0.9 AU for antibodies
against the SARS-CoV-2 nucleocapsid protein (Fi@Be None of the 22 children with RBD antibodies
>0.9 AU and 73 of 75 of the virus positive cased &ati-nucleocapsid antibodies. Therefore, we deffin
anti-SARS-CoV-2 positivity as RBD antibody titer o0.9 AU and positive for anti-nucleocapsid
antibodies. To validate this definition, we testefilirther 666 samples collected from children inilAqr
May 2019 (Figure 2A). Of these, four (0.60%) hadOR&ntibody titers >0.9 AU and none of these four
had anti-nucleocapsid antibodies. Therefore, wemasl positivity for antibodies to SARS-CoV-2 in 0
of 3887 children sampled prior to January 2020 $40€pecificity) and in 73 of 75 virus positive
individuals (97.3% sensitivity).

To provide further confidence in the definitionanftibody positive status, competition of bindingte
nanoluciferase-tagged SARS-CoV-2 RBD with purifie8@D protein was performed in samples with
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RBD antibody titers >0.9 AU (Figures 2C, and S1Binding was inhibited by >50% in 72 of 73 of dual
positive samples and in seven of 20 samples peditivjust RBD antibodied(< 0.0001). To determine
whether some of the RBD binding may be associatgld khinding to other beta coronaviruses, 62
children with SARS-CoV-2 RBD antibody titers of 80AU (h = 19) or <0.9 AU 1§ = 43) and 50 of the
confirmed virus-positive individuals with SARS-C@®/RBD antibodies were also tested against OC43
RBD (Figure 2D). Binding to OC43 RBD was observeccach group, but was lower in the confirmed
virus-positive cohort than in children with SARSAG8 RBD antibody titers >0.9 AUR = 0.011) or
<0.9 AU (P = 0.001). We found no correlation between antibsdd SARS-CoV-2 RBD and OC43 RBD
in the samples from children € 0.08;P =0.55; Figure S2A) or the confirmed virus-posito@hort ¢ = -
0.12; P =0.38; Figure S2B). Finally, antibodies to SARSVWE® measured using the LIPS assay in the
patient samples were correlated with the resultaiokd using an enzyme-linked immunosorbent assay
(ELISA; Euroimmun AG, Luebeck, Germany) (LIPS RBDs 0.64,P = 0.0027; LIPS nucleocapsid=

0.72,P = 0.0004; Figures S2C, and S2D).

Public health screening: SARS-CoV-2 antibody distribution in children during the pandemic
Antibodies to the SARS-CoV-2 RBD were tested in848hildren (5853 girls, 49.3%) enrolled in the
Bavarian Frlda study between January 2020 and 2080 (Figure 1). The median age at sample
collection was 3.2 years (IQR, 2.2 to 5.1 yeargb(& S1). The RBD antibody titer was >0.9 AU in 174
of 11884 children. The frequency of RBD antiboditivity ranged from six of 1026 (0.58%) children
enrolled in February to 40 of 2206 (1.81%) childemrolled in June (Figure 3A). Dual positivity for
RBD and nucleocapsid antibodies was observed inhd&ren, including one of 513 (0.19%) children
sampled in January, none of 1026 in February, 61€@0 (0.09%) in March, 9 of 1472 (0.61%) in April
21 of 2822 (0.74%) in May, 25 of 2206 (1.13%) ctell in June, and 25 of 2746 (0.91%) children iy Jul
(P <0.001; Figure 3B and Table S2). Binding to thelRBas inhibited in 43 of 43 tested dual RBD and
nucleocapsid antibody positive samples and in 28%%4fsamples with RBD antibody titers >0.9 AU
without nucleocapsid antibodieP & 0.0001; Figure S3). Therefore, significant amdifp responses to
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SARS-CoV-2 were observed in children in Bavariarfrépril 2020. There were no differences in the
antibody frequencies between boys (41 of 4674,9%)88nd girls (39 of 4571, 0.85%, =0.99) from
April to July and no difference in antibody freqogrbetween children aged 0 to 6 years (66 of 7821,

0.84%) and children aged 7 to 18 years (14 of 18Z8%;P =0.72) in April to July (Table S3).

Incidence of health authority reported virus positive casesin Bavarian children

The incidence of SARS-CoV-2 virus positive caseBavaria was determined from health authority
reported data (Bavarian Health and Food Safety é\itth. In comparison to the antibody frequencies,
the cumulative incidence of authority-reported sifpositive cases in Bavarian children aged 0 to 18
years was around 2 fold lower at March (46 per Q00), and around 6- to 8-fold lower at the end of
April (111 per 100,000), May (129 per 100,000), {36 per 100,000) and July (156 per 100,000)
(Figure 3B). Unlike the SARS-CoV-2 antibodies, theidence of authority-reported virus positive case
was lower in children aged 0 to 6 years (111 pér,d@ at end of July) than in children aged 7 to 18
years (182 per 100,00@; < 0.0001) and both were lower than in adults (488 100,000P < 0.0001)

(Table S4).

Regional differencesin SARS-CoV-2 antibody frequencies among Bavarian children

In addition to the temporal spread of the antiboeponses, the Frlda study provided an opporttmity
examine demographic differences in antibody fregie=n Bavaria is divided into seven administrative
regions with four northern (approximately 40% oé tBavarian population) and three southern located
regions. There was a marked variation in the fraquef SARS-CoV-2 antibody-positive children from
April and July between region® <0.0001; Figure 4A, and Table S5) ranging fromB8862(4/1418) in
Middle Franconia to 1.63% (9/551) in Lower Bavafa=0.0023). Prevalence was 3.5-fold higher in the
southern regions (66 of 5268; 1.25%, 95% confidenterval [Cl], 0.97-1.59) than in the northern
regions (14 of 3914; 0.36%, 95% CI, 0.20-0.80< 0.0001). There was also an east-west gradient.
Nearby locations with marked variation in frequescivere also observed. For example, eight of 164
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(4.9%) children tested from the adjacent Starnlaem Landsberg districts were positive compared with
five of 730 (0.7%;P =0.0006) children tested in the Augsburg distwdbich is adjacent to Landsberg.
The highest incidence of health authority-repoi$&@RS-CoV-2-positive cases in children aged 0 to 18
years was also observed in southern and easteariBavegions and lowest in the north-western megjio
but was discordant with the antibody frequenciesSwabia and for Upper Franconia (Figure 4B, and
Table S6). In a logistic regression analysis, thgdency of SARS-CoV-2 antibodies was associatéia wi
living in southern Bavaria (odds ratio [OR], 3.9 Cl, 2.1-6.7P <0.001), but not with older age (OR,

1.25; 95% ClI, 0.67-2.1R =0.45) or sex (OR, 1.02; 95% ClI, 0.65-1.8%:0.94; Table S7).

Follow-up of children with antibodiesto SARS-CoV-2

Follow-up blood samples were obtained in 17 SARS-Qaantibody-positive children after a median of
98 days (range, 36 to 134). RBD antibodies weratétl in both sets of samples. RBD antibody titers
increased from the first sample (median, 666.4 AQR 123.5-941.3) to the second sample (median,
875.0 AU; IQR, 643.0-1167. =0.03) (Figure S4A). No differences were obserketiveen the first
and second sample for nucleocapsid antibody t{feigure S4B). One child with 1.83 AU for SARS-
CoV-2 RBD antibodies in the first sample became RBilibody negative (0.63 AU) after 42 days, but

retained nucleocapsid antibodies (60 AU to 37 AU).

Inhibition of RBD binding to ACE2 by SARS-CoV-2 antibodiesin children

There was insufficient sample available in the dreih to perform virus neutralization tests. We,
therefore, established an assay to measure theigapé sera positive for SARS-CoV-2 antibodies to
inhibit the binding of RBD to recombinant biotintéa ACE2. Binding inhibition ranged from -0.2% to
26.3% (median, 15.8%) in SARS-CoV-2 antibody-nagathildren (n=22) and from -5.8% to 94.1%
(median, 59.4%) in SARS-CoV-2 antibody-positiveldtan (n= 74;P <0.0001) (Figure 5A). Binding
inhibition was >26.3% in 61 of 74 (82.4%) antibgualysitive children. Binding inhibition in the antithp-
positive samples was correlated with SARS-CoV-2 Riifibody titer (r =0.71P <0.0001) (Figure 5B).
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Antibodiesto SARS-CoV-2, symptoms, and virus positivity

Questionnaires on previous SARS-CoV-2 virus pasjtisnd symptoms were completed by parents for
4859 children enrolled from the middle of April fuly (Figure 6, and Table S8). A previous virus
positive result was reported by parents for 125@p children, COVID-19-like or flu-like symptoms
were reported in 514 (10.6%) children, includingfa2 virus-positive children, and 88 (1.8%) chédr
had a virus-positive family member. No symptomgha child and no previous virus positivity in the
child or family members were reported in 4296 (88).£hildren. SARS-CoV-2 antibodies were observed
in 46 (0.95%) of the 4859 children. This includeddf the 12 (91.7%) children reported as SARS-CoV-
2-virus-positive, 20 of 77 (26%) children withoutaus-positive report, but with a virus-positivanfily
member, four of 474 (0.84%) children with symptorbs} without a virus-positive report or virus-
positive family member, and in 11 of 4296 (0.3%}lé remaining childrerP(<0.0001). There were no
differences in the SARS-CoV-2 RBD antibody titers the positive children between these groups
(Figure Sb).

Of the 47 SARS-CoV-2 antibody-positive or virus-piee children with completed questionnaires, 22
(46.8%) did not report symptoms, and 11 (24%) weorted to have no symptoms and no family
member with a positive COVID-19 test. Conversely,08 the 47 (77%) SARS-CoV-2 antibody-positive
or questionnaire virus-positive children could beritified from within the sub-group of 563 children
who had symptoms or a virus-positive family membegxtrapolating these data to virus screening
strategies in children, the data indicate thattlingi virus testing to the children who have sympgamn a
virus-positive family member would require testinfgl1.6% of the Bavarian childhood population waith
positivity rate of up to 6.4%, and identify 77% tife total virus positive cases in the childhood

population.
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The family data provided an opportunity to asses®emial transmission rates to children. Of the 88
children who had at least one virus-positive familgmber, 30 (34.1%) were positive for SARS-CoV-2
antibodies, 11 (12.5%) were reported as virus-pasiand 31 (35.2%) were either antibody- or virus-
positive. There was no difference in age betwéen3l children who were antibody or virus positive
(median, 4.1 years; IQR, 2.1-5.1) and the 57 whoeweegative (median, 3.9 years; IQR, 2.9-31;

=0.91), and no difference in sex between the tvonigs (55% male vs 49% make=0.80).

Antibodiesto SARS-CoV-2, type 1 diabetes, and type 1 diabetes associated islet autoantibodies

All children in the Frlda study were also testadigtet autoantibodies and type 1 diabetes. A wit&36
children were islet autoantibody positive in sarapieken between January and July 2020 including 28
with newly detected islet autoantibodies (22 withultiple islet autoantibodies, 6 with single islet
autoantibodies), and 208 children previously idadi with multiple islet autoantibodies who were
sampled as part of follow-up for progression taickl type 1 diabetes. None of the 28 children with
newly detected antibodies was SARS-CoV-2 antibaalsitive and no increase in the frequency of islet
autoantibodies was observed (9 of 2638, 0.34% nialy to March vs 19 of 9246 in April to July;
=0.25). Two of 208 children with previously detattislet autoantibodies (0.96%) had antibodies to
SARS-CoV-2. A total of 12 children progressed timichl type 1 diabetes in 2020 including 8 children
between April and July 2020. None of these 12 ciilchad antibodies to SARS-CoV-2, and of the 82

children with positive SARS-CoV-2 antibodies, naleveloped type 1 diabetes.

Dried blood spot measur ement of anti-SARS-CoV-2 antibodies in newborns

The ability to measure antibodies to SARS-CoV-2dimed blood spots may facilitate widespread
screening. Therefore, we developed a protocol basexernight elution of stored blood spot punclass,
previously describetf. Validating the dried blood spot assay, SARS-CoRBD antibody titers in the
blood spot eluate from SARS-CoV-2 antibody-positarel -negative individuals were highly correlated
with those obtained from the corresponding serumpées (Figure 7A). To estimate the prevalence of
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SARS-CoV-2 antibodies in women at delivery, antifsxCoV-2 RBD antibodies and subsequently
nucleocapsid protein antibodies were measureddrethates from dried blood spots of 1916 newborn
children (936 girls, 48.9%; median age, 2 days; ,|IQR2 days) enrolled in the Bavarian Frederlk study
from April to June 2020 (Figure 1). In total, 940%) of the samples were SARS-CoV-2 antibody-
positive (anti-RBD >0.9 AU and nucleocapsid antipasitive), including one of 757 (0.1%) newborns

in April, three of 784 (0.4%) in May, and five o723 (1.3%) in June (Figure 7B, and Table S9).
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Discussion

We developed a highly specific and sensitive sfsate monitor the COVID-19 pandemic in a public
health setting. Key elements of the strategy inedlscreening for IgG antibodies to the virus’ RBIEhw

a highly sensitive test, and testing for antibodéea second antigenic region, the nucleocapsitejpran
individuals who were positive for RBD antibodiessikp this approach, we found an overall SARS-CoV-
2 antibody prevalence between April and July 2020087% in Bavarian children and 0.47% in
newborns. The antibody frequency in children wasuad six-fold higher than the incidence of health
authority reported SARS-CoV-2-positive cases in@&vand a six-fold variation in antibody prevalenc
was found across the seven Bavarian regions. Alimed§bf the antibody-positive children did not gho
symptoms and transmission rates in children withrigs positive family member was 35%.

The prevalence of the antibodies in children walstntially higher than the incidence of health
authority reported SARS-CoV-2 cases, but was nbekyss indicative of low overall exposure to SARS-
CoV-2 in children and in pregnant women. Bavaria tfee highest incidence of SARS-CoV-2 cases in
Germany (www.lgl.bayern.de, www.rki.de) and, althbuhere are specific districts with substantially
higher frequencies, we do not expect the antibodywaglence to be higher in other German states.
Estimates in other countries, mainly in adults,éhauggested up to 10-fold higher exposure ratesttiea
authority reported SARS-CoV-2 caség he extreme specificity of our approach and thatikely high
proportion of the Bavarian population that is tddter virus strengthen our estimate of a six-foldrease

in exposure over reported cases in children. Wendidobserve increased antibody frequencies in the
newborn samples (maternal antibodies) as comparéetchildren. We had no additional information on
these positive samples and are, therefore, unaldetermine whether the low prevalence is due o lo
exposure, transmission, and/or immune responssARS-CoV-2 in pregnant women.

As frequently notetf%*31%18 the estimated frequency is largely influencedtiy specificity of the
testing strategy and methods used, potentiallyingat greatly overestimated population prevaleQugr.
study demonstrated how a strategy that combineseasing test with a confirmatory test can achibee

necessary specificity of 100% without compromisgamsitivity. We do not claim that the LIPS assays
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used in this study are superior to existing tesid stress that neither the RBD nor the nucleocapsid
antibody test had 100% specificity. The use ofegitiest alone would have identified a large nundfer
false positives and we emphasize that a criticaketsof our study is the demonstration that 100%
specificity can be achieved if multiple assaysused. To our knowledge, this and the study perfdrine
Spairt’® are the only public health screenings that hawsl s second different test for confirmation to
determine population antibody prevalence. The Genter Disease Control recommends a similar
strategy (www.cdc.gov/coronavirus/2019-ncov/laliteses/antibody-tests-guidelines.html) but do not
state that the confirmatory test should target fieint SARS-CoV-2 antigen. We suggest that our
approach has the advantage of a low rate of fabs#iyes arising from cross-reactivity to otheraet
coronaviruses if positivity is defined using bolletRBD and nucleocapsid protein. The availability o
sensitive and specific multiplexed assays that oreasnd distinguish antibodies to multiple SARS-EoV
2 antigens may improve the practicality of the apph and may increase sensitivity.

The study has a number of strengths. The test guoeeand thresholds to define positives were
developed using a large number of samples obtgined to the first reported cases of SARS-CoV-2
infection in Germany (January, 2020) and were eédid using a second set of samples. These samples
were collected under the same conditions as sanugked for immune surveillance. The specificity of
positives was validated further by competition gss&Ve were also able to show that samples with-hig
titer RBD antibodies identified in 2020 inhibitduetbinding of SARS-CoV-2 RBD to its receptor, ACE2,
suggesting that these antibodies are likely torfate with virus entry and may have infection-
neutralizing potential. Follow-up measurements,clvhivere performed on 20% of the positive children,
did not show a loss of IgG antibodies over a megianiod of 3 months, except in one child with ldtert
antibodies. The study covers the whole of Bavantzas been shown to be representative of its fpiedia
populatios* (www.lgl.bayern.de), and antibody prevalence ccddirectly compared to the incidence
of health authority reported virus-positive childri@ the region over the same time period. The $snp
were derived from capillary blood, which facilitat¢he application of this screening strategy in the
general population, and the test procedure wasdetketo testing dried blood spots on filter pafére
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procedure has been set up for relatively high thinput, including semi-automated processes for
punching dried blood spots, and robotic handlingarhples and currently allows for over 1000 samples
to be tested daily.

The temporal and regional differences in prevalereeconsistent with our expectations. IgG antiegdi
against the virus can take 1-4 weeks to manifedttstause the majority of infections in Germany
occurred in March and April, an increase in thevalence and antibody titers among positive samples
from March is expected. A higher prevalence in Beut and eastern Bavaria was also consistent gth t
reported frequency of virus-positive cases. Newdetds, the regional and district variations in kzody
prevalence show and confirm notable differencegxposure across a single state, highlighting the
importance and likely benefit of broad virus moriiig that can detect local outbreaks and allowlloca
isolation. Although antibody measurements cannotubed for screening due to the delay in their
manifestation, they provide important retrospectiserveillance data to prepare for the future.
Accordingly, it should be emphasized that popufatiased screening studies with consented biobanking
of blood samples, like the Frlda study, provideeaceptional resource that will allow us to assess a
track viral exposure in the community quickly, esp#y if combined with questionnaires on exposure.
The inclusion of IgM and IgA antibody measurementsuld allow the detection of earlier cases and
should be considered if these measurements wedieisntly specific.

There is interest in the possibility of SARS-CoVhfection causing or accelerating the onset of elie,
including type 1 diabete$.Evidence includes a case report of type 1 diatfetesving SARS-CoV-2
infection?” The Frlda study was designed to detect and fodbildren with pre-symptomatic type 1
diabetes! We observed no increase in the frequency of pmepsymatic typel diabetes and no
association between SARS-CoV-2 antibodies and lypé@betes autoantibodies or the development of
type 1 diabetes in islet autoantibody positive drigih, suggesting that SARS-CoV-2 will not lead to a
large increase in the incidence of autoimmune fiyd&abetes in childhood.

The study also provided data that may be relexannhterstanding transmission rates in childrenes w
as practical information for tracking virus-poséighildren. Almost two-thirds of children who haidus-
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positive family members were negative for SARS-Cbh¥ntibodies and virus. Although we do not have
data on efforts to minimize exposure in these caiidthe finding suggests a less than 50% trangmiss
rate to children. Transmission rate in childrendssistently shown to be lower than in adtfitShe large
majority of studies, however, show transmissioesaif less than 20% in childf@i? which is markedly
lower than our estimate. Most of the previous figdi were from China and, unlike our study, few were
based on serology. It is largely accepted thatohil have fewer symptoms than adults and as & eesul
less frequently tested for virus positivity’>* Consistent with this, aimost half of the antibqubsitive
children were asymptomatic, indicating that onistireg children with symptoms will not be effectiwre
identifying virus positive children. Around half dahe asymptomatic cases had virus-positive family
members. Therefore, a strategy that tests childfdnsymptoms and children who had contact to virus
positive individuals is likely to identify the maijty, but not all, childhood cases.

Tracking virus exposure in a pandemic was madeilgesby the availability of highly specific and
sensitive virus antibody testing using a two-stepltimle antigen approach and population screening
programs with consented biobanking. The abilityytockly implement testing in the population before
and after the spread of virus has provided a tealestimate of exposure that is around 1% of the
childhood population of Bavaria Germany with subtd regional variation, but no sex or marked age-
related differences. Based on these findings, exposs around six-fold higher than the childhood
incidence of health authority-reported virus pesiticases. We, therefore, strongly advocate the
implementation of national disease screening progravhich can be rapidly made available to help the

readiness of countries to contain virus spreadnamwitor the impact of containment policies.

Limitations of study. The relative stability of antibodies over time wessed on follow-up samples from
only 20% of the antibody positive children and,réfere, may be inaccurate. The inhibiting antibody
capacity of the antibodies in children was estimdty a surrogate method as there was insufficient
sample volume for virus neutralizing antibody ass&ye did not validate the specificity of our aprio

in samples from individuals who were known to h&een exposed to other coronaviruses. We expect
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that the 2019 samples, all of which were negatiduded children who had previously been infedigd
other beta coronaviruses. Nevertheless, we canubtide the presence of false positives due to beta
coronavirus cross-reactivity. Questionnaires witfoimation on virus positivity and symptoms werd no
completed for a large number of children enrolled\pril to July, and although the study was perfedm
as part of a type 1 diabetes screening programcameot exclude the possibility of selection bias fo
virus-positive children in some pediatric clinidhe frequency of questionnaire-reported virus-pesit
children (0.23%) was similar to the health authoriéported virus-positive prevalence (0.16%) among
children aged 0-18 years in Bavaria, suggestitig bir no bias. Moreover, the frequency of SARS-€oV
2 antibodies among children with completed questiines (0.95%) was also similar to the antibody
frequency in the total cohort (0.87%). It is alszsgible that the sensitivity of dual antigen tegtivas
missed some true positive cases that have antibddi®ther regions of the spike protéimand that
additional antigens may further increase sensjtiwitthout compromising specificity. Finally, onlgG
antibodies were measured and we cannot assessewtieghinclusion of IgM or IgA could improve the

screening strategy.
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Figurelegends

Figure. 1 | Numbers of individuals tested for SARs-CoV-2 antiiles. The total numbers from each
group and the numbers positive at the screeningcanfirmation stages are shown. AU, arbitrary unit;
RBD, receptor binding domain; SARS-CoV-2, sevenmgt@acespiratory syndrome coronavirus 2. See also
Table S1.

Figure. 2 | SARS-CoV-2 antibody sensitivity and specificity. BARS-CoV-2 RBD antibody titers in
3321 children sampled between August and Decenil®3,2n 75 people with a confirmed SARS-CoV-2
antibody-positive virus test, and 666 children siaipn April or May 2019. The red broken line shows
the logarithmic mean plus 5 SD at >0.9 AU. Samplik values >0.9 AU are shown as large circles. B.
Antibodies to SARS-CoV-2 nucleocapsid proteirakis) and RBD antibodiesx4axis) in children
sampled in 2019 with RBD antibodies >0.9 AU (opéles) and in SARS-CoV-2 virus-positive cases
(filled circles). The broken lines indicate the ebinold for positivity assigned to each antibody. C.
Inhibition of binding to Nluc-SARS-CoV-2 RBD proteby competition with purified RBD proteiry-
axis) in children (open circles) and virus-positoases (filled circles) with RBD antibodies >0.9 Alhe
samples were separated into nucleocapsid proteilbody-negative (left) and -positive (right) sangle
The broken line indicates 50% inhibition. D. Antibbes to the RBD of the beta coronavirus OC43 in
children f-axis) with SARS-CoV-2 RBD antibodies <0.9 AU (opeircles) and >0.9 AU (grey filled
circles), and in virus-positive cases (dark grdéledi circles). AU, arbitrary unit; PCR, polymerasieain
reaction; RBD, receptor binding domain; SARS-Co\&&yere acute respiratory syndrome coronavirus 2.
See also Figure S1 and Figure S2.

Figure.3 | Immune surveillance for SARS-CoV-2 antibodiesha Frlda study for children with samples
obtained in 2020. A. SARS-CoV-2 RBD antibody value41884 children sampled between January and
July 2020. Samples with antibody titers >0.9 AU at®wn as large circles. Samples fulfilling the
definition of antibody-positive status (RBD antilyotiters >0.9 AU and positive for anti-nucleocapsid
antibodies) are indicated as filled circles. The lbeoken lines indicate the logarithmic mean pl&bat
>0.9 AU. B. Frequency of SARS-CoV-2 antibody-paatchildren per month in 2020 (gray bars and left
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y axis) and the cumulative incidence of health arity reported virus-positive children by the enfd o
each month from March through to July (blue dot lames, right y axis). Error bars show the uppade9
confidence interval for the antibody prevalence.,Adubitrary unit; 1gG, immunoglobulin G; RBD,
receptor binding domain; SARS-CoV-2, severe acegpiratory syndrome coronavirus 2. See also Table
S2, S4 and Figure S3, S4.

Figure. 4 | Regional variation in SARS-CoV-2 antibody prevalerand health authority reported
incidence of virus-positive cases. A. The frequeotgmntibody positive children for the period Apid
July 2020 in the seven administrative regions ofeéBa is indicated as a heatmap. The number of
antibody-positive children out of the total numbested in the regions is also indicated. B. Th&amce

of health authority reported virus-positive childnger 100,000 children inhabitants by July 31, 2020
the seven administrative regions indicated as tniega See also Tables S5, and S6.

Figure. 5 | Serum inhibition of RBD binding to its receptor AZEA. The ability of SARS-Cov-2
antibody negative sera (open circles, n=22 childeenl positive sera (filled green circles, n=74drein)

to inhibit the binding of nanoluciferase-tagged RBD biotinylated recombinant ACE2 coated
streptavidin sepharose beads. Maximum RBD bindimgACE2-sepharose beads corresponded to
approximately 90,000 light units and backgrounddbig of RBD to uncoated beads corresponded to
approximately 300 light units. B. Inhibition of ldimg (y axis) is shown against the SARS-Cov-2 RBD
antibody titer (x axis) for the antibody positivieildren (n=74).

Figure. 6 | SARS-CoV-2 antibodies in relation to family commeatied virus positivity and symptoms.
The questionnaire data from 4859 children are shasva Venn diagram depicting children who were
indicated as virus positive (pale red, n=12), hgwoviD-19-like or flu-like symptoms (blue, n=514),
having a virus positive family member (n=88) andsth without virus, symptoms or a virus positive
family member (n=4296). The number of children atke of the Venn diagram sectors is indicated and
the number of the children in each sector who waRSCoV-2 antibody positive is given in

parentheses. See also Table S8 and Figure S5.
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Figure. 7 | SARS-CoV-2 antibodies in newborns. A. Relationdigween SARS-CoV-2 RBD antibody
titers in serumx-axis) and the blood spot eluategxis) from the same blood draw £ 45) obtained by
the luciferase immunoprecipitation assay used tasme SARS-CoV-2 antibodies, which was adapted to
measure eluates from dried blood spots. The diieodbspots were stored at -80*C for a median of 51
days (range, 14 to 66 days) prior to elution asting. B. SARS-CoV-2 RBD antibody titers in the dodo
spot eluates in 1916 neonates born between Agillane 2020. Samples with RBD antibody titers >0.9
are shown as large circles. Samples fulfilling dedinition of positive (anti-RBD >0.9 AU and positi

for nucleocapsid protein antibodies) are indicaedilled circles. The dried blood spots from ndesa
were stored at -80"C for a median of 34 days (rafige 80 days) prior to elution and testing. Tad r
broken line indicates the logarithmic mean plus® & >0.9 AU. AU, arbitrary unit; RBD, receptor

binding domain; SARS-CoV-2, severe acute respiyasgndrome coronavirus 2. See also Table S9.
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STAR Methods

RESOURCE AVAILABILTY
L ead Contact
Further information and requests for resourcesraadents should be directed to and will be camigd

by the Lead Contact, Anette-G Ziegler (anette-gleis@helmholtz-muenchen.de).

Materials Availability
Requests for purified recombinant RBD and biotitgdapurified recombinant ACE2 should be directed

to the Lead Contact.

Data and Code Availability

All reasonable requests for raw and analyzed dath raaterials will be promptly reviewed by the
corresponding author to determine whether the tgaesubject to confidentiality obligations. Angite
that can be shared will be made available fromdmgesponding author on reasonable request, with

appropriate additional ethical approvals, and sddasia a material transfer agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Public Health Screening Population

The Frlda study is a public health research stodgavaria, Germany that offers screening for type 1
diabetes-associated autoantibodies to childrenowith previous diagnosis of diabetes in the cortéxt
Well-Child Care visits. Capillary blood samples acdlected by primary care pediatricians and serlé
central laboratory located at Helmholtz Zentrum,niéh, Germany. Sera not used for autoantibody
testing may be stored in the Helmholtz biobank.ofalt of 684 primary care pediatricians in Bavaria
participate in the study. The detailed study desigrpublished elsewhefé? Biobanked samples
obtained in April and May 2019 and between Aug@t®and July 2020 were tested for antibodies to
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SARS-CoV-2. Demographic data (age, sex) and, ghpei 2020 optional information data about SARS-
CoV-2 infections in the child or family, or symptsnof COVID-19 or flu-like disease in the child were
collected using a questionnaire at the pediatrigt.viThe database and study were coordinated by
Helmholtz Zentrum. Written informed consent was agted from the children’s parents or legal
guardians. The Frldaudy and testing of antibodies to SARS-CoV-2 wagproved by the institutional
review board at Technical University of Munich, Mcim Germany (#70/14s and #235/20s).

The Frederlk study is part of the Global Platforithe Prevention of Autoimmune Diabetes (GPPAD).

It offers screening for increased genetic risk yqfet 1 diabetes as a path for enrollment into pymar
prevention trials among children in Bavaria, GeryndarDried blood spots are collected on filter paper
cards by obstetric clinics during routine newbocresning and sent to the central laboratory located
Helmholtz Zentrum. For blood spots not used foragiertesting of type 1 diabetes risk, storage @tC8

in the Helmholtz biobank is offered. A total of 8Bstetric departments in Bavaria participate in the
study. Biobanked blood spots obtained from Apriltme 2020 were punched (DBS Punch&erkin
Elmer, Waltham, MA) and eluted overnight in 50 plLboffer at 40 °C, and the eluate was tested for
autoantibodies to SARS-CoV-2. The median storage from collection to sample testing was 34 days
(range 7 to 80 days). Written informed consent whtained from the children’s parents or legal

guardians. Ethical approval was obtained from teehnical University of Munich (number 138/17s).

Virus-positive cohort

Serum and dried blood spots were obtained froméeafple with recent COVID-19 and polymerase chain
reaction (PCR)-confirmed virus infection from thelkhholtz community (Munich Bioresource Study)
with ethical approval from Technical University bfunich (number 5049/11). Dried blood spots were
stored at -80°C for a median time of 51 days (radgeto 66 days) before testing. Sera and blootsspo
were not tested in the same assays. In additiosa@iples from patients with active or recent CO\D-
and ELISA-positive SARS-CoV-2 antibodies were kingrovided by the Virology Department of the

Hospital of the Technical University of Munich.
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Information on the sex and age of study subjeatiisislayed in Table S1.

METHOD DETAILS

SARS-CoV-2 antibody tests

The nanoluciferase-tagged RBD and nucleocapsideipotwere prepared and provided by Vito
Lampasona (Ospedale San Raffaele, Milan, Italy)di@p sequences were obtained as synthetic genes
(Eurofins Genomics, Eurofins Scientific Group, LoXsourg) for cloning into modified pCMV-TnT
(Promega, Madison, WI) vectors containing secreiamoluciferase (RBD) modified to contain the IL-6
signal peptide or Nanoluciferase (nucleocapsidegmdtreporters. Recombinant nanoluciferase-tagged
antigens were expressed by transient transfectiorpl@asmid into Expi293F™ cells (Expi293™
Expression System, Thermo Fisher Scientific Lifecfirmlogies, Carlsbad, CA, USA). Recombinant
proteins were harvested in the supernatant aftdr. &&e recombinant antigens were then aliquoted an
stored frozen at -80 °C. Antibodies were measuret|BS assay3*® We developed assays similar to
those used to measure antibodies to Coxsackieu®*Vand proinsulirf® Briefly, serum (1 uL) or blood
spot eluate (20 pL) was added to buffer (25 pLtaiomg 4 million light units (counts per secong$f)

of luciferase-tagged protein in deep 96-well plaitesubated at room temperature for 2 h, followgdHe
addition of buffer (50 uL) containing glycine-tredtprotein A sepharose (GE Healthcare, Chicago, IL)
Plates were incubated for 1 h at 4 °C, washedisiast with wash buffer (750 uL). Protein A sepharose
was transferred to a microplate (OptiPlate-96, ieBdmer), substrate (40 uL) was added, and the
captured light units were measured on a multimodeaplate reader (GloMax Explorer, Promega). The
values were converted to arbitrary units usingléiion curve of serum obtained from a PCR-pusiti
donor (Munich Diabetes Bioresource, Munich, Germatiluted in negative serum over a range of 0.1 to
100 AU and included in every assay (Figure Slag ifter-assay coefficients of variation for control
samples with values of 5.8 and 1.4 AU in the adRS-CoV-2 RBD assay were 17% and 17%,
respectively. For antibody positive children whallsefollow-up sample, RBD antibodies in both sammple
were titrated (undiluted, 1/10, 1/100, 1/1000) dhd titer extrapolated from the lowest dilution ttha
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yielded a result within the calibration curve rarfge. less than 100 AU). The Frlda and Frederaéyst
samples were first screened to detect anti-RBDbadiés, and samples with antibody titers >0.9 AU
were then tested for anti-nucleocapsid antibodiesia competition assays with purified RBD protein.
For the competition assays, duplicate wells witlitahal buffer (5 pL) (control) or buffer (5 pL)
containing purified RBD protein (40 ug) (competjtarere tested. Inhibition was defined as a reductio
in the AU by >50% in the presence of the competitntibodies to the RBD of the OC43 beta
coronavirus were measured LIPS as described forSS8BV-2 RBD antibodies. Antibodies in samples
obtained from the Virology Department of the Hoapdf the Technical University of Munich were also
measured using a commercially available EuroimmAaRS&CoV2 IgG antibody ELISA (Euroimmun

AG, Libeck, Germany).

Inhibition of RBD-ACEZ2 binding

Biotinylated purified recombinant ACE2 (preparedi grovided by Kathrin de la Rosa, MDC, Berlin)
was combined with streptavidin sepharose beadsHEdthcare) at a ratio of 40 ng per 5 pl beads and
incubated overnight at 4°C. Serum (1 pL) was intedbavith nanoluciferase-tagged RBD (25 pL)
containing 4x108light units for 1.5 h at room temperature and adae5-times washed ACE2-sepharose
beads in 30 pL assay buffer (the equivalent of @@ecombinant protein/5 pL bead mix was used per 1
ML serum) and the beads plus serum/RBD mix incabfmtie2h at room temperature on a shaker. Beads
were washed five times in wash buffer and the &redge activity remaining on the beads measuredras f
the SARS-CoV-2 antibody LIPS assay. Maximum bindivas determined by incubating washed ACE2-
sepharose beads with nanoluciferase-tagged RBIhénabsence of serum. Background binding of
nanoluciferase-tagged RBD to sepharose beads esnileed by incubating nanoluciferase-tagged RBD
with sepahrose beads in the absence of ACE2. Bjnulihibition (%) was calculated as ((Maximum
binding — background) — (binding in the presencesefum — background))/(Maximum binding —

background)*100.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

The incidence of virus positive cases in Bavariasés per 100,000 inhabitants) was calculated as the
ratio of the cumulative number of cases reportetiéoBavarian Health and Food Safety Authorityfoy t
end of each month in each of the age groups exahtintghe number of inhabitants in Bavaria in eagh a
group as reported in December 2019. Comparisongketgroups were performed by Fisher's exact test
for categorical variables or the Mann—-Whitngytest for quantitative variables, and correlatiovese
calculated using Spearman’s test with GraphPadnPyviersion 8.3.1 (GraphPad Software, San Diego,
CA). Univariable and multivariable logistic regriess was performed using data for children with
samples obtained between April and July 2020 witmmglete age, sex, sample date, and location
information, using the package finalfit v1.0.2 invR.0.2. All reported® values are two-tailed andR

value of <0.05 was considered significant.

ADDITIONAL RESOURCES

Frlda Study ClinicalTrials.gov Identifier: NCTO40RB%
https://clinicaltrials.gov/ct2/show/NCT04039945
Frederlk Study ClinicalTrials.gov Identifier: NCTRI%261

https://clinicaltrials.gov/ct2/show/NCT03316261

KEY RESOURCESTABLE

See separate word document
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Highlights
»  SARS-CoV-2 dual antibody strategy yielded 100% specificity and >95% sensitivity
e Childhood surveillance finds 6-fold higher antibody prevalence than reported cases
» Half of the antibody positive children were asymptomatic

* No association found between SARS-Cov-2 antibodies and type 1 diabetes autoimmunity

Context and Significance

Children are shown to have lower rates of SARS-CoV-2 infection than adults. Monitoring low incidence
populations such as children requires highly specific methods. We devel oped a specific (100%) and
sensitive (>95%) strategy to detect SARS-CoV -2 antibodies as a measure of infection. Public health
antibody surveillancein over 11,000 children in Bavaria, Germany during 2020 found an antibody
frequency of 0.87% from April to July, which was six-fold higher than the health authority-reported
SARS-CoV-2 incidencein children. Large regiond variation in antibody frequency, but no age or sex
differences were observed. Transmission to children within virus-positive families was 35%.
Questionnaire data suggested that limiting virus testing to children with symptoms or SARS-CoV -2-

positive contact would miss 25% of al childhood cases.

eTOC blurb

Hippich et a developed a highly specific and sensitive dual antibody strategy for public health
surveillance of SARS-CoV-2 antibody prevalence. In testing more than 11,000 children in Germany, they
report an antibody prevalence that is six-fold higher than the health authority-reported SARS-CoV-2

incidence, including 50% of antibody-positive children without symptoms.
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