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Objectives: Due to a substantial proportion of asymptomatic and mild courses, many severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) infections remain unreported. Therefore, assessment of
seroprevalence may detect the real burden of disease. We aimed to determine and characterize the rate
of SARS-CoV-2 infections and the resulting seroprevalence in a defined population. The primary objective
of the study was to assess SARS-CoV-2 antibody seroprevalence using six different IgG-detecting im-
munoassays. Secondary objectives of the study were: (a) to determine potential risk factors for symp-
tomatic versus asymptomatic coronavirus disease 2019 courses, and (b) to investigate the rate of virus
RNA-persistence.
Methods: CoNAN is a population-based cohort study performed in the community Neustadt am Rennsteig,
Germany, which was quarantined from 22 March to 5 April after six SARS-CoV-2 cases were detected in the
village's population. The SARS-CoV-2 outbreak comprised 51 cases and 3 deaths. The CoNAN study was
performed from 13 May to 22 May 2020, 6 weeks after a SARS-CoV-2 outbreak.
Results: We enrolled a total of 626 participants (71% of the community population) for PCR and antibody
testing in the study. All actual SARS-CoV-2 PCR tests were negative. Fifty-two out of 620 (8.4%) partic-
ipants had antibodies against SARS-CoV-2 in at least two different assays. There were 38 participants
with previously PCR-confirmed SARS-CoV-2 infection. Of those, only 19 (50%) displayed anti-SARS-CoV-2
antibodies. We also show that antibody-positive participants with symptoms compatible with a respi-
ratory tract infection had significantly higher antibody levels then asymptomatic participants (EU-assay:
median 2.9 versus 7.2 IgG-index, p 0.002; DS-assay: median 45.2 versus 143 AU/mL, p 0.002). Persisting
viral replication was not detected.
Conclusions: Our data question the relevance and reliability of IgG antibody testing to detect past
SARS-CoV-2 infections 6 weeks after an outbreak. We conclude that assessing immunity for SARS-
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Fig. 1. Flow chart of the C
CoV-2 infection should not rely on antibody tests alone. Sebastian Weis, Clin Microbiol Infect
2021;27:470.e1e470.e9
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and Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a pandemic pathogenwith transmission by droplets and aerosols.
It has been argued that the risk of acquiring the infection is mini-
mized if a large percentage of the population has been infected
with SARS-CoV-2 and has, at least partially, developed immunity
against it [1]. Several population-based cohort studies have there-
fore tried to determine the proportion of infected persons by
measuring the seroprevalence of anti-SARS-CoV-2 antibodies. Most
of these studies have used only one or two different antibody assays
and omit infants, as their inclusion is a challenge in such studies. It
appears that there are tremendous differences between the
currently available SARS-CoV-2 antibody assays with a test speci-
ficity ranging from 84.3% to 100% in pre-coronavirus disease 2019
(COVID-19) specimens and inter-test agreements ranging from
75.7% to 94.8% [2,3].

Neustadt am Rennsteig is a village in the Ilm-district in central
Thuringia, Germany (50�3405700 N, 10�560100 E) with 883 inhabitants
in which a SARS-CoV-2 outbreak had occurred in March and April
2020. More details on the outbreak are given in the Supplementary
material (Appendix S1). Due to the isolated location of the village,
the extensive testing of the population, and the clear and controlled
outbreak, Neustadt am Rennsteig is well suited to study the sero-
prevalence and potential development of immunity of SARS-CoV-2
infections.

In order to assess seroprevalence of anti-SARS-CoV-2 antibodies
in this community, we chose a population-based approach
including infants applying six different IgG antibody assays in
parallel.
s
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Materials and methods

Study design and enrolment

The CoNAN study (COVID-19 outbreak in Neustadt am Ren-
nsteig) is an ongoing exploratory population-based cohort study.
We here report the baseline characteristics of the participants at
the time of the outbreak/quarantine initiation and at study initia-
tion. Follow-up assessments are planned after 6 and 12 months
relative to baseline assessment. Study participation is voluntary
and can be withdrawn at any time, refusal to participate has no
consequences. Participants were enrolled from 13 May to 16 May
2020 at a central study site, set-up in the village town hall. Par-
ticipants who could not come to the study site were enrolled by the
local primary care physician at their respective homes until the 22
May. This was approximately 6 weeks after a mass testing in the
villagewas performed (Fig. 1). The study was set-up after the mass-
testing results were obtained. After informed consent, question-
naires, blood samples and pharyngeal washes were directly taken
at the study site. Pharyngeal washes were obtained by
10e20 seconds of gargling with 10 mL 0.9 NaCl% after rinsing the
mouth with 50 mL non-sparkling commercial water. Pharyngeal
washes were obtained under direct supervision of a study team
member to ensure appropriate quality.

At the study site, blood was directly centrifuged at 4�C/2000 g
for 10 minutes and stored at 8�C.

All inhabitants of the community of Neustadt am Rennsteig
regardless of age, gender or infection status were eligible for
participation. Informed consent was provided by the participants
or by the parents/legal representatives.
‘
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l washes obtained during the CoNAN study in May 2020.
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Individuals that did not reside in Neustadt am Rennsteig or that
lived in the adjacent community of Kahlert were not eligible for
inclusion.

Ethics review, data protection and data management

The study was conducted according to the current version of the
Declaration of Helsinki and has been approved by the institutional
ethics committees of the Jena University Hospital and the respec-
tive data protection commissioner (approval number 2020-1776)
and the ethics committee of the Thuringian chamber of physicians.
All data were collected with unique pseudonyms on paper case
report forms. These identifiers were later used to merge the
questionnaire information with the laboratory information in an
electronic study database. The study is registered at the German
Clinical Trials Register: DRKS00022416.

Objectives and outcomes

The primary objective was to determine the SARS-CoV-2 anti-
body status (seroprevalence SARS-CoV-2 antibody status was
defined as positive if participants had a positive test result in two or
more of the six antibody assays (details below). Participants with
only one positive test were classified as uncertain. The secondary
objectives of the study were: (a) to determine potential risk factors
for symptomatic versus asymptomatic COVID-19 courses, and (b) to
investigate the rate of virus RNA-persistence (as part of future
follow-up assessments).

Questionnaire

For details see Supplementary material (Appendix S1).

SARS-CoV-2 RT-PCR

For details see Supplementary material (Appendix S1).

SARS-CoV-2 antibody testing

For details see Supplementary material (Appendix S1).

Statistical analysis

Sample size considerations
The sample size of the CoNAN-cohort is fixed by the number of

inhabitants (n ¼ 883) of the community. We aimed to include the
population as completely as possible. In addition, we consulted the
WHO population-based age-stratified sero-epidemiological inves-
tigation protocol for SARS-CoV-2 infection [4]. On the basis of this
Table 1
Characteristics of the 562 adult participants, stratified by serostatus, and the 58 particip

Characteristic Adults

Seronegative Seropositi

(n ¼ 511) (n ¼ 51)

Size of household clusters, n (%)
1 person 84 (16.4%) 6 (11.8%)
2 persons 216 (42.3%) 31 (60.8%
3 persons 108 (21.1%) 5 (9.8%)
4 persons 57 (11.2%) 7 (13.7%)
5þ persons 44 (8.6%) 1 (2.0%)
Missing 2 (0.4%) 1 (2.0%)

Sex, n (%)
recommendation, we estimated that a study with 600 samples (i.e.
an inclusion rate of about 70%) should be sufficient to estimate a
(true) seroprevalence of 10% or smaller with a maximum expected
margin of error of ±3% (defined by the expected width in per-
centage points of the 95% CI for the seroconversion point estimate
using ‘Confidence interval for proportion using normal approxi-
mation (n large)’ of NQUERY 4$0). Larger true seroprevalences would
result in larger error margins.

Data analysis

All statistical analyses were performed in the analysis popula-
tion, stratified by age (adults/children and adolescents) and seros-
tatus from the serological assays. Descriptive analyses included the
calculation of means with standard deviation (SD) and medians
with minimum and maximum values for continuous variables, and
absolute counts (n with percentages) for categorical variables.
Owing to the high level of data completeness, we performed no
data imputations. As inferential statistics, we applied logistic
regression models exploring the associations between the
participant-reported symptoms, the SARS-CoV-2 PCR results of the
initial mass testing and the binary serostatus outcome. To adjust
estimates for cluster effects between participants living in the same
household (derived from their address information) we applied
generalized estimation equations with exchangeable correlation
structure and logistic link function. In addition, we adjusted some
of the models for sex and age (linear). Results of logistic generalized
estimation equations models are presented as odds ratio (OR) point
and interval estimates. Results are presented such that OR >1
indicate increasing odds for a seropositive finding with increasing
exposures. All confidence intervals were calculated with 95%
coverage; CIs are Wald CIs that are not adjusted for multiple
comparisons. Similarly, all reported p-values are unadjusted and
two-sided. Due to the explorative nature of the study, we avoided
statistical significance testing. We used the R Language for Statis-
tical Computing (version 4.0.2; R Core Team 2019: R: A Language
and Environment for Statistical Computing. R Foundation for Sta-
tistical Computing, Vienna, Austria) for analyses except for the
semi-quantitative antibody test results, which were compared by
WilcoxoneManneWhitney tests as implemented in GRAPHPAD PRISM
6 (GraphPad, San Diego, CA, USA).

Results

Participant characteristics

Characteristics of the participants are given in Table 1 and in the
Supplementary material (Fig. S1). A total of 626 of the 883 com-
munity inhabitants (71%) participated in the study. Pharyngeal
ating adolescents and children analysed (i.e. with serum samples)

Children and adolescents

ve Overall Overall

(n ¼ 562) (N ¼ 58)a

90 (16.0%) 0 (0%)
) 247 (44.0%) 0 (0%)

113 (20.1%) 18 (31.0%)
64 (11.4%) 32 (55.2%)
45 (8.0%) 5 (8.6%)
3 (0.5%) 3 (5.2%)



Table 1 (continued )

Characteristic Adults Children and adolescents

Seronegative Seropositive Overall Overall

(n ¼ 511) (n ¼ 51) (n ¼ 562) (N ¼ 58)a

Male 238 (46.6%) 28 (54.9%) 266 (47.3%) 35 (60.3%)
Female 273 (53.4%) 23 (45.1%) 296 (52.7%) 22 (37.9%)
Missing 1 (1.7%)

Age (years)
Mean (SD) 57.9 (16.8) 60.3 (13.2) 58.1 (16.5) 9.62 (4.38)
Median (Min, Max) 60 (18, 97) 62 (24, 83) 60 (18, 97) 10 (1, 17)

PCR during quarantine (reported), n (%)
Negative 490 (95.9%) 31 (60.8%) 521 (92.7%) 51 (87.9%)
Positive 16 (3.1%) 20 (39.2%) 36 (6.4%) 2 (3.4%)
Not known 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Missing 5 (1.0%) 0 (0%) 5 (0.9%) 5 (8.6%)

Chronic lung disease, n (%)
Yes 44 (8.6%) 3 (5.9%) 47 (8.4%) 2 (3.4%)
No 465 (91.0%) 48 (94.1%) 513 (91.3%) 52 (89.7%)
Not known 1 (0.2%) 0 (0%) 1 (0.2%) 1 (1.7%)
Missing 1 (0.2%) 0 (0%) 1 (0.2%) 3 (5.2%)

Cardiovascular disease, n (%)
Yes 252 (49.3%) 24 (47.1%) 276 (49.1%) 0 (0%)
No 248 (48.5%) 26 (51.0%) 274 (48.8%) 58 (100%)
Not known 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Missing 11 (2.2%) 1 (2.0%) 12 (2.1%)

Diabetes, n (%)
Yes 89 (17.4%) 5 (9.8%) 94 (16.7%) 0 (0%)
No 420 (82.2%) 45 (88.2%) 465 (82.7%) 55 (94.8%)
Not known 2 (0.4%) 1 (2.0%) 3 (0.5%) 0 (0%)
Missing 3 (5.2%)

Cancer, n (%)
Yes 34 (6.7%) 1 (2.0%) 35 (6.2%) 0 (0%)
No 474 (92.8%) 50 (98.0%) 524 (93.2%) 55 (94.8%)
Not known 3 (0.6%) 0 (0%) 3 (0.5%) 0 (0%)
Missing 3 (5.2%)

Autoimmune diseases/immune
deficiency, n (%)
Yes 22 (4.3%) 3 (5.9%) 25 (4.4%) 0 (0%)
No 485 (94.9%) 47 (92.2%) 532 (94.7%) 55 (94.8%)
Not known 4 (0.8%) 1 (2.0%) 5 (0.9%) 0 (0%)
Missing 3 (5.2%)

Smoker, n(%)
No 335 (65.6%) 42 (82.4%) 377 (67.1%) 55 (94.8%)
Current smoker 122 (23.9%) 5 (9.8%) 127 (22.6%) 0 (0%)
Former smoker 52 (10.2%) 4 (7.8%) 56 (10.0%) 0 (0%)
Missing 2 (0.4%) 0 (0%) 2 (0.4%) 3 (5.2%)

a Note that only one individual was characterized as seropositive.
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washes were obtained from 617 of 626 (98.6%) participants. All PCR
tests were negative. From the 51 inhabitants that had initially been
tested positive for SARS-CoV-2 by PCR, 38 participated in the
CoNAN study. Plasma samples were obtained from a total of 620
(99%) participants who comprise the analysed sample cohort. All
six serological assays were performed in 600 out of 626 (96%)
participants. In the remaining 20 individuals (4%), five assays were
used for final analysis because, either there was limited material
available or the results were inconclusive in one out of the six as-
says. A comparison of test performance between the six serological
IgG assays in the 600 participants is shown as an Upset plot in Fig. 2.

Antibody assays

We found that 52/620 (8.4%) participants were seropositive.
Only 19 of these individuals had tested positive by PCR during the
SARS-CoV-2 outbreak (Fig. 3a, Table 1, and see Supplementary
material, Table S2).

In 26 participants, only one out of six assays was positive. These
patients were judged to reflect uncertain cases and assessed as
seronegative for the comparison. Of those, three had previously
been tested SARS-CoV-2 positive by PCR. In all three, none of the
additional serological assays were positive (not reported in this
manuscript, (2 � IgM/1 � IgA), and only one person had symptoms
compatible with a respiratory tract infection. From the remaining
23 participants, four participants reported symptoms compatible
with respiratory tract infection and none had IgA or IgM antibodies.

Thirty-three of the antibody-positive participants had no pre-
vious positive PCR result. Of those, 12 lived in the same household
with SARS-CoV-2-positive people and a further five had direct
contact or contact with a contact of a SARS-CoV-2-infected person,
suggestive of direct transmission. Eight of the remaining partici-
pants had symptoms compatible with a respiratory tract infection
while eight participants did not.

Antibody assays and self-reported symptoms

Table 2 displays a summary of the self-reported symptoms and
summarizes any of the 14 questions related to symptoms into one
variable. Thirteen participants with PCR-proven SARS-CoV-2
infection reported no symptoms consistent with a respiratory
infection or sickness. In contrast, any symptomwas reported by 181
PCR-negative participants and 168 antibody-negative participants
during the same period, potentially reflecting common respiratory



Fig. 2. A comparison of test performance between the six serological IgG assays in 600 participants for whom all six assays were performed. (a) Upset plot of all antibody-positive
participants and (b) Upset plot of previously SARS-CoV-2 PCR-positive participants. Abbreviations: SN.2019-nCoV IgG kit (Snibe Co., Ltd., Shenzhen, China); EU..SARS-COV-2 IgG
ELISA kit (Euroimmun, Lübeck, Germany); DS..SARS-CoV-2 S1/S2 IgG CLIA kit (DiaSorin, Saluggia, Italy); ED..EDI Novel Coronavirus SARS-CoV-2 IgG ELISA kit (Epitope Diagnostics
Inc., San Diego, USA).
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Fig. 3. Associations for reported clinical symptoms for the outcome ‘positive antibody status’ for (a) all participants; (b) previously SARS-CoV-2 PCR-positive participants and (c)
previously SARS-CoV-2 PCR-negative participants. Odds ratio and corresponding 95% CI are derived from the logistic generalized estimation equations model adjusted for household
clustering and sex and age (linear); the plots display the complete cases.
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Table 2
Three-way cross-table of the initial mass testing SARS-CoV-2 PCR results (PCRinitial) against antibody status 6 weeks later and the self-reporting of any symptoms in all 620
participants of the CoNAN study

Antibody positive Antibody negative

Any symptom positive Any symptom negative Any symptom positive Any symptom negative

PCRinitial positive n ¼ 18
(2.9%)

n ¼ 1
(0.2%)

n ¼ 7
(1.1%)

n ¼ 12
(1.9%)

PCRinitial negative n ¼ 21
(3.4%)

n ¼ 12
(1.9%)

n ¼ 160
(25.8%)

n ¼ 382
(61.6%)

PCRinitial missing n ¼ 0
(0.0%)

n ¼ 0
(0.0%)

n ¼ 1
(0.2%)

n ¼ 6
(1.0%)
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infections in spring (Table 2). In the seropositive group, 13/52
participants (25%) had no symptoms (Table 2). Fig. 3 is a more
detailed depiction of individual symptoms in all participants
(Fig. 3a) or stratified by the initial SARS-CoV-2 PCR results
(Fig. 3b,c). Disturbances of smell and/or taste were the best pre-
dictors of later seropositivity irrespective of stratification with OR
point estimates �10. Interestingly, in individuals who knew that
they were initially PCR negative, perceived muscle and joint pain,
sweats and chills, shortness of breath or fatigue turned out to be
predictors of later seropositivity as well. Variables were strongly
associated with OR 15.38 (95% CI 7.00e33.80; p ¼ 0.001) for PCR
versus antibody status, OR 5.17 (95% CI 2.35e11.37; p 0.001) for PCR
versus any reported symptom and OR 9.06 (95% CI 4.23e19.37; p
0.001) for antibody status versus any reported symptom.

Individual assay results for all six IgG tests performed were strat-
ified by previous PCR test results and are shown in Fig. 4(a). For
seropositive participants, we also assessed whether the extent of the
antibody response differed between symptomatic and asymptomatic
individuals. Data are shown for two of the assays (Fig. 4bee). Symp-
tomatic individuals showed a significantly higher antibody response
whenall symptomswere considered (EU-assay:median2.9versus7.2
IgG-index,p0.002;DS-assay:median45.2versus143AU/mL,p0.002)
or cough only was considered (EU-assay: median 4.9 versus 7.3 IgG-
index, p 0.009; DS-assay: median 76.30 versus 148.5 AU/mL; p
0.018) (Fig. 4b,c). The increasewas borderline for disturbance of smell
or taste (Fig. 4d) andnon-significant for fever (Fig. 4e). This suggests a
relationshipbetween thedevelopmentof symptomsand theextentof
the antibody response.

Discussion

Our data show strikingly lower numbers of seropositive par-
ticipants than we had expected based on the initial mass screening
and the estimates of asymptomatic infections previously reported
[5,6]. Only 8.4% of the tested population were seropositive for anti-
SARS-CoV-2 antibodies. In the cohort, 6.2% (38/610) had a previ-
ously proven SARS-CoV-2 infection. Characteristics of the 38 par-
ticipants (adults, adolescents and children combined) analysed (i.e.
with serum samples) with a positive PCR test for SARS-CoV-2
during quarantine stratified by serostatus are shown in the Sup-
plementary material (Table S3). Assuming that all antibody-
positive participants were also infected, an estimate for the mini-
mum crude infection rate in the cohort of 620 participants is 71/620
(11.5%; 95% CI 9.1%e14.2%). Our data clearly show, that the extent of
a SARS-CoV-2 outbreak in the community is underestimated when
PCR tests or seroprevalence are being used alone. When assessing
the extent of a SARS-CoV-2 outbreak in a community, a combina-
tory approach with both approaches could be favourable.

It has been shown that most patients develop serum antibodies
against SARS-CoV-2 within approximately 1 week after infection
[7]. Several investigators have reported 100% anti-SARS-CoV-2 IgG
seropositivity in patients or in convalescent individuals [8e11].
However, our findings confirm studies in which IgG against
different SARS-CoV-2 antigens was not detectable in a fraction of
patients who were examined at least 14 days after disease onset or
in convalescents [10,12]. It is currently unknown why specific an-
tibodies cannot be detected in some patients with previously PCR-
proven SARS-CoV-2 infection. It has been suggested that less severe
clinical manifestations might be associated with lower or absent
antibody titres [7]. Long et al. show that asymptomatic patients
might develop a weaker detectable antibody response against
SARS-CoV-2 infection, as indicated by an early decrease of IgG and
neutralizing antibodies [13]. In fact, this is confirmed by our data.
However, there are also reports on asymptomatic individuals in
whom specific neutralizing antibodies against SARS-CoV-2 could
be detected [14]. Specific antibodies could have been produced,
potentially at low concentrations, and declined rapidly, especially
as waning of specific antibodies after infection is a common feature
observed in coronavirus infections [15,16]. Whether the low rate of
seroprevalence reflects early waning of the specific (and assay-
detectable) antibody response or whether these individuals in
fact did not develop antibodies that could be detected with the
applied assays, remains speculative.

This post-outbreak seroprevalence cohort study differs from
similar studies [17], first by the ‘complete’ cohort approach
including children and infants instead of a representative sample,
and second by the extensive use of different antibody assays.

Overall, all current evidence indicates that antibody responses
alone do not suffice to overcome SARS-CoV-2 infection. Data from
severe acute respiratory syndrome coronavirus and Middle East
respiratory syndrome coronavirus suggest that T-cell responses are
required for protection and may last longer than antibody titres
[18e22]. In addition, potent neutralizing antibodies were found in
patients with high or low serum concentrations of specific anti-
bodies measured by ELISA [12]. Consequently, we are currently
analysing the neutralization capacity in cell culture systems and
SARS-CoV-2-specific T-cell responses in our study participants.

Limitations

This study has several limitations. First, our study was a
population-based cohort study. We were able to recruit 71% of the
community population, but 29% of the population did not participate
for unknown reasons, which could introduce bias in the assessment.
Second, the studywas carried out 6weeks after the end of the 14-day
quarantine. This could havemissed a number of participantswhohad
a rapidly waning antibody response. Third, there was no baseline of
the antibody status before the quarantine as some participantsmight
have been exposed earlier during the pandemic, as a result, we here
report seroprevalence and not ‘true’ seroconversion rates. Finally,
symptomswere retrospectivelyassessedupto severalweeksafter the
outbreak. This self-reported assessmentmight be prone to recall bias
so that the rate of symptomatic or true asymptomatic infections and
the respective associations should be judged with caution.
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Fig. 4. Semi-quantitative test results of (a) all six assays from all participants with serology shown for previously PCR-positive (black dots) and PCR-negative (green circles)
participants. Dashed grey-line indicates threshold for positive test results according to the manufacturer. (bee) Semi-quantitative test results of participants with self-reported
symptoms (with two-sided p values of the WilcoxoneManneWhitney test): (b) any symptom, (c) cough, (d) taste/smell disorder and (e) fever. When results were below or
above the detection limit of the assay, values were set to the respective lower or upper boundaries. Abbreviations: SN..2019-nCoV IgG kit (Snibe Co., Ltd., Shenzhen, China);
EU..SARS-COV-2 IgG ELISA kit (Euroimmun, Lübeck, Germany); DS..SARS-CoV-2 S1/S2 IgG CLIA kit (DiaSorin, Saluggia, Italy); ED..EDI Novel Coronavirus SARS-CoV-2 IgG ELISA kit
(Epitope Diagnostics Inc., San Diego, USA).
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Conclusions

Our data question the relevance and reliability of IgG antibody
testing to detect past SARS-CoV-2 infections. In our completely PCR-
tested community, only half of the participants with proven SARS-
CoV-2 infection developed detectable IgG antibody levels with six
different assays.We conclude that assessing the extent of anoutbreak
of and immunity for SARS-CoV-2 infection should not rely on anti-
body assays alone.
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