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Abstract

Objectives

We described waning in anti-SARS-CoV-2 IgG in adult general populations infected
during the first wave of the COVID-19 pandemic in 2020 across three European
countries.

Methods

Coordinated analyses were conducted separately in three population-based cohorts
with complementary follow-up schedules: the KoCo19 (Germany), EpiCov (France),
and CON-VINCE (Luxembourg) cohorts. Serological follow-up was based on the anti-
SARS-CoV-2 ELISA-S IgG (Euroimmun) assay. We selected all adults aged 18—-79
who had a positive serology (IgG optical density (OD) ratio 21.1) between February
and July 2020, and at least one subsequent IgG measurement within the following 12
months, while still non-vaccinated.
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Data availability statement: Koco19: The

data that support the findings of this study are
available from the KoCo19 collaboration group,
but restrictions apply to the availability of these
data, which were used under license for the
current study, and so are not publicly available.
The KoCo19 data are accessible to researchers
upon reasonable request to www.koco19.de
taking data protection laws and privacy of study
participants into account. EpiCov: The second
round EpiCov dataset is available for research
purpose on CASD (https://www.casd.eu/), after
submission to approval of French Ethics and
Regulatory Committee procedure (Comité du
Secret Statistique, CESREES and CNIL). Access
to anonymized individual data underlying the
findings may be available before the planned
period, on request to the corresponding
author, to be submitted to approval of ethics
and reglementary Committee for research-

ers who meet the criteria for access to data.
CON-VINCE: The dataset for this manuscript

is not publicly available as it is linked to the
CON-VINCE Study and its internal regulations.
Any requests for accessing the dataset can be
directed at con-vince@lih.lu. All data of the
manuscript will be provided upon reasonable
request and approval by the ethics commit-
tee. This study operates under General Data
Protection Regulation (GDPR) and Germany,
France and Luxembourg data protection laws.
The consent forms emphasized implementing
appropriate security measures and strictly
confidential handling. In addition, data transfers
outside the EU require appropriate measures
and safeguards. Public release would bypass
these transfer control mechanisms. That is why,
access to data is possible only by the request
procedures that were put in place and approved
by the authorities and ethics board of each
country, previously described.

Funding: This project has received funding
from the European Union’s Horizon 2020
research and innovation program under grant
agreement No 101016167, ORCHESTRA
(Connecting European Cohorts to Increase
Common and Effective Response to SARS-
CoV-2 Pandemic. The views expressed in this
paper are the sole responsibility of the authors
and the Commission is not responsible for any
use that may be made of the information it con-
tains. The KoCo19 study has received funding

Results

The proportion of seroreversion was 0% within the four first months, based on
Koco19 data (n=65 participants). In the longer term, 31.3% of participants had
seroreverted at 6 months (95%Cl: 24.4-39.1) (based on EpiCov data, n=599),
31.3% (95%CI: 11.0-58.7) at 12 months (based on CON-VINCE data, n=16).
From EpiCov data, both baseline low IgG levels and seroneutralization negativity
remained predictive of seroreversion in multivariable analysis.

Conclusion

From population-based cohorts, anti-S IgG levels remained stable during the first

4 months following SARS-CoV-2 infection. Most of the decay occurred afterward;

nearly one-third of people seroreverted 6 and 12 months later. Low IgG levels and
seroneutralization negativity were independent predictors of seroreversion.

Introduction

SARS-CoV-2 infection induces a humoral response with the production of IgM, IgA
and IgG antibodies [1]. By measuring the level of antibodies in plasma or serum,
serological assays allow the identification of individuals infected with SARS-CoV-2
who have produced antibodies in response to the infection.

Serological assays mostly detect IgM/IgG against highly immunogenic viral
antigens: the virus surface S (spike) protein that enables interaction (via its RBD
domain) and fusion with the target cell, and the nucleocapsid N protein [2]. For both
antigens, data accumulated shows that after symptom onset seroconversion of
IgM and IgG occurs at about 2—3 weeks and IgM levels drop significantly after 4—6
weeks, whereas IgG titers may last longer, as would be expected after an acute
viral infection [3,4]. Antibody levels were found to vary with the severity of symp-
toms [5,6].

After the onset of the epidemic, the question of what is the long-term duration
of humoral immunity against SARS-CoV-2 after natural infection rapidly emerged.
Most of the studies that addressed this issue were cohorts of hospitalized patients
[7,8] or convalescent individuals enrolled from clinics or hospitals and who mainly
experienced moderate to severe COVID-19 disease [3,9-13]. Most recent studies
reported that seropositivity for circulating IgG after natural infection in non-
vaccinated participants could be maintained for up to 1 year in most people [7,9,14]
after onset of COVID-19 symptoms or even longer: 15 months in two studies on
patients with mild/moderate to severe COVID-19 disease [10,15], 18 months in a
cohort of patients hospitalized with COVID-19 pneumonia in Spring 2020 with a
high prevalence of comorbidities [8], 20.5 months after symptoms in a cohort of
healthcare workers [16].

Studies on asymptomatic subjects are less numerous and have identified a
weaker IgG response and transient persistence of IgG of only a few months in
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asymptomatic individuals [17,18], with contrasting results explainable by differences
in population characteristics and immunoassays [4]. One study reported persistent
anti-N 1gG seropositivity in 97.6% of blood donors over a median follow-up of 12
weeks, knowing that blood donors are presumably in better health conditions than
the overall population [19]. In Iceland, one study in the general population reported
no decline in anti-SARS-CoV-2 IgG within 4 months after infection [20]. No data was
available with a longer follow-up.

From a public health perspective, serosurveys in population-based cohorts are
crucial for estimating the proportion of the population that has been exposed to the
virus. They typically consist of repeated sequential antibody measurements in a
random sample of individuals, representative of the target population or subpopula-
tion [21-23]. There is little information on the waning of antibody titers in the general
population, while this is of major importance for estimating incidence from repeated
cross-sectional prevalence surveys.

In the frame of the European ORCHESTRA collaboration, we brought together
data from three European population-based cohorts (i.e., the KoCo19 cohort in
Munich, Germany, the nationwide EpiCov cohort, France, and the nationwide CON-
VINCE cohort, Luxembourg) to estimate the decay of anti-SARS-CoV-2 ELISA-S
IgG antibodies against the S1 domain of the viral spike protein among adult individu-
als infected during the first wave of the COVID-19 pandemic.

Materials and methods

The three population-based European cohorts launched in April-May 2020 had the
initial aim to study the course of the pandemic and monitor the seroprevalence of
SARS-CoV-2 in the population. Their respective designs are briefly described below
and summarized in Table 1.

For this study, we selected all participants aged over 18 who had a positive 1gG
ELISA-S (OD ratios>1.1) result before July 1st, 2020 and had at least one sub-
sequent IgG measurement within the following 12 months. In the three cohorts,
collected blood samples were analysed by the same commercial quantitative ELISA
kits (Euroimmun®, Libeck, Germany) for the detection of anti-SARS-CoV-2 antibod-
ies (IgG) against the S1 domain of the viral spike protein (ELISA-S), according to the
manufacturer’s instructions.

Cohorts design

The KoCo19 cohort [24] is a population-based cohort of 5,313 participants aged
214 years randomly chosen from a representative sample of 2,994 households in
Munich, Germany between April 5 and June 12 2020. After an initial serological
assessment at the baseline visit, participants were followed and tested for SARS-
CoV-2 in case of COVID-19-like symptoms. Under the umbrella of the KoCo19
study, individuals with a documented positive SARS-CoV-2 RT-PCR result were then
recruited in a prospective longitudinal cohort from April to December 2020 [26,27].
Venous blood was drawn as soon as possible upon infection.
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Table 1. Summary of the design of the EpiCov, CON-VINCE and KoCo19 cohorts and enrolled

participants.
Design of each cohort Selection of study population and time points for
the study
Cohort Study design Study population Analysed time
points
KoCo19 [24] | Enrolment: From April 5 to June Individuals who were PCR-tested | After natural
(Munich, 12 2020, positive from April to December | infection:
Germany) enroliment of 5,313 individuals 2020, had a positive serology 1 month (< 30
aged 214 years test before August 2020 and with | days),
Follow-up: multiple assessments at least one second measure- 2 months (30
over 18 months after the first posi- | ment afterwards in November — | to<60 days),
tive RT-PCR test January 2021 4 months (60
N=65 to<120 days).
EpiCov [21] | Enrolment: From May 2 to June 1 | All participants 218 years with a | 6 months: Octo-
(nation- 2020: sampling of 134,391 people | positive IgG ELISA-S at the first | ber — December
wide, aged 215 years round (May —June 2020) and 2020
France) n=12,114 respondents with com- who had a second measurement
pleted serological test (home-self in October - December
blood sampling) N=599
Follow-up: 2" round from October
26 to December 14 2020
CON- Enrolment: From April 15 to May All participants with positive IgG | 12 months: Last
VINCE [25] | 52020, ELISA-S result in April-June follow-up time
(nation- enrollment of 1,865 individuals >18 | 2020 and who had a second point in April —
wide, Lux- | years measurement in May-June June 2021
embourg) Follow-up: 12-month follow-up 2021 without being vaccinated

Blood sampling every 2 weeks for
the first 2 months (covering the
period May — June 2020) with a
final follow-up at 12 months from
the initial visit (covering the period
April to June 2021)

meanwhile
N=16

https://doi.org/10.1371/journal.pone.0320196.t001

The EpiCov study [21] is a national random population-based cohort that com-
bines serological testing from home blood self-sampling and a web/telephone ques-
tionnaire. From May 2 to June 1 2020, 134,391 individuals aged 215 years living
in France were enrolled from a random selection from the FIDELI administrative
sampling frame (housing and individual demographic files based on tax files). The
FIDELI database is considered to be quasi-exhaustive (>96%) for the population
living in France [28]. The EpiCov cohort consists of several rounds. For logistic rea-
sons, only a random subsample (12,114 respondents with serological results) were
eligible for home capillary blood self-sampling for serological testing at the first round
(May 2nd to June 1st 2020). At the second round (October 26th to December 14th
2020) all respondents of the first round were offered home self-sampling.

The CON-VINCE cohort [25] is a national observational population-based cohort
in Luxembourg. It was launched in April 2020 with a particular focus on asymptom-
atic and oligosymptomatic individuals. From April 15 to May 5 2020, participants
(> 18 years) were randomly contacted from a panel of 18,000 people, and from
these, 1,865 participants were included upon acceptance through the use of a non-
probabilistic web panel. At baseline participants completed a questionnaire and a
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laboratory visit which included nasopharyngeal swab sampling for detection of SARS-CoV-2 virus, blood sampling (serum
and plasma) for serological testing, and optional stool sampling. Participants were followed from baseline with question-
naires and sampling visits repeated every 2 weeks (4 times) until mid-June 2020. This was followed by a visit with ques-
tionnaire only at 11 months, and a visit with questionnaire and sampling at 12 months (annual follow-up).

Laboratory analyses

In all three cohorts, blood samples were analyzed by the same commercial ELISA kits (Euroimmun®, Liibeck, Ger-
many) for the detection of anti-SARS-CoV-2 antibodies (IgG) against the S1 domain of the viral spike protein (ELISA-S),
according to the manufacturer’s instructions. The Euroimmun ELISA-S test has a sensitivity of 94.4%, according to the
manufacturer’s cutoff. It has been evaluated in various studies, which reported a specificity ranging from 96.2 to 100%
and sensitivity ranging from 86.4 to 100% [29-32].

According to the threshold specified by the manufacturer, samples with optical density (OD) ratios >1.1 were consid-
ered positive (ELISA-S+); samples with OD ratios <0.7 were considered negative.

In addition, in the EpiCov cohort, all samples with an ELISA-S test OD ratio = 0.7 were tested with an in-house micro-
neutralization assay to detect neutralizing anti-SARS-CoV-2 antibodies. For this assay, TMPRSS2-expressing VeroE6
cells cultured in 96-well microplates, 100 TCID50 of the SARS-CoV-2 strain BavPat1 (courtesy of Prof. Drosten, Berlin,
Germany) and serial dilutions of serum (1/20-1/160) were used, as described elsewhere [33]. Dilutions associated with
the presence or absence of a cytopathic effect on 4.5 days after infection were considered negative and positive, respec-
tively. The virus neutralization titer (VNT) referred to the highest dilution of serum with a positive result. Specimens with
a VNT 240 were considered positive. as the specificity at this threshold was 100% on 486 samples collected before the
emergence of SARS- CoV-2 in 2017.

Samples from the 2™ round for which sufficient material remained for additional analyses were analyzed for the detec-
tion of antibodies (IgG) against the N-protein of SARS-CoV-2 (Euroimmun®, Libeck, Germany).

Ethics

The study was conducted in accordance with the Declaration of Helsinki. The KoCo019 study protocol was approved by
the Institutional Review Board of the Medical Faculty at Ludwig Maximilian University Munich, Germany (opinion dated

31 March 2020; number 20—-275), prior to study initiation. The EpiCov study was approved by the CNIL (the French data
protection authority) (MLD/MFI/AR205138) and the local ethics committee (Comité de Protection des Personnes Sud
Mediteranée 111 2020-A01191-38). The survey was also reviewed by the “Comité du Label de la Statistique Publique”. The
CON-VINCE study was approved by the national research ethics committee (Comité National d’Ethique de Recherche,
CNER), under reference 202004/01, and by the Luxembourgish Ministry of Health under reference 831x6ce0d. The CON-
VINCE study has been submitted for registration on ClinicalTrials.gov (NCT04379297). All participants or their legally
authorized representatives had provided informed consent to participation. Written informed consent was obtained from
all participants in the CON-VINCE and Koco19 studies. No written consent form was required for EpiCov participants, but
all selected participants received a detailed information letter about the questionnaire and serology. In accordance with
ethical requirements, consent was considered to have been given if the selected person responded to telephone or to web
questionnaire. Completing and sending their blood sample to the laboratory was considered as consent for serology.

Study design
Study population

For this study, we selected all participants aged 18 and over who had a positive IgG ELISA-S (OD ratio>1.1) before July
31st, 2020, and had at least one subsequent IgG measurement during the following 12 months while still unvaccinated.
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IgG repeated measurements

Time points for follow-up differed in each cohort. For the KoCo19 cohort, sampling was repeated several times
after the first positive RT-PCR in April-June 2020, which allowed us to define three periods for repeated measurements:
1st month (< 30 days), 2 months (30 to<60 days), 4 months (60 to<120 days) after first PCR positive test.

For the EpiCov study, the follow-up took place in November 2020, 6 months after enrolment.

For the CON-VINCE cohort, we analyzed follow-up measurements performed at 12 months in April-June 2021 in partic-
ipants who were not yet vaccinated.

Outcomes. In each cohort, we estimated the following quantities for anti-S antibodies at baseline and at the
follow-up time points described above: i) the overall IgG level ii) the relative change (%) in 1gG level at each follow-up
measurement, i.e., the difference in IgG OD ratio from initial time point, divided by IgG ratio at initial time point, iii) the
proportion of people who became negative (OD ratio <0.7).

Statistical analyses

Coordinated statistical analyses were conducted separately in each cohort.

Anti-S 1gG levels at each time point and relative change over time were presented as median and interquartile range
(IQR). We estimated the proportion of seroreversion, i.e., the proportion of participants with a baseline positive serological
test (IgG OD ratio >1.1) in May-July 2020 who became negative (IgG OD ratio <0.7) in each cohort, with its 95% Confi-
dence Interval (Cl).

Descriptive analyses were performed overall, and stratified by gender and age. In the EpiCov cohort, estimates were
computed taking into account the sampling design, with calibrated weights correcting for non-response, as detailed else-
where [21]. In the CON-VINCE and KoCo19 cohorts, no weighting procedure was applied.

To investigate whether the persistence of anti-S antibodies could be partially explained by the occurrence of rein-
fections, anti-N IgG levels were also described 6 months after enrolment in the EpiCov cohort, as a marker of recent
infection.

In addition, we studied risk factors of seroreversion, i.e., becoming negative at 6 months, defined as a negative 1gG
ELISA-S (OD ratio <0.7) at the second round of the EpiCov cohort in November 2020. We performed multivariable logistic
regression models, with having a negative ELISA-S test in November 2020 as the dependent variable. Age, gender, 1gG
level, seroneutralization status (positive versus negative) at baseline (May 2020) and timing of COVID-19-like symptoms
onset were included as explanatory variables. COVID-19-like symptoms definition was adapted from the ECDC defini-
tion [34] comprising anosmia or dysgeusia, and/or fever with at least cough, dyspnoea or thoracic pain; participants were
categorized among three groups: i) asymptomatic, ii) symptomatic before the first lockdown (March 2020), iii) symptomatic
between March 2020 and the time of blood sampling on May 2020.

We also studied whether the proportion of seroreversion differed according to persistent post-COVID-19 symptoms,
defined as persistence in November 2020 of symptoms (anosmia or dysgeusia, fever, cough, dyspnoea, headache,
breathing difficulties, fatigue, muscular pain) which had occurred less than 3 months after the first COVID-19-like symp-
toms, adapted from the WHO definition [35].

The significance threshold was 0.05. Statistical analyses were performed using R (version 4.0.2) and RStudio (version
2022.02.0) for the CON-VINCE and the KoCo19 cohorts, SAS (version 9.4) and STATA (version 14) for the EpiCov cohort.

Results

Study populations

From the KoCo19 cohort, we selected 65 individuals (50.7% female, median age 42 years (IQR, 28 — 56)) who were
PCR-tested positive and had a positive ELISA-S serology test between May 2020 and July 31, 2020, and with at least one
second measurement afterwards.
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From the EpiCov cohort, we selected 599 individuals (62.5% female, median age 42 (IQR, 32 — 53)) who had a positive
ELISA-S serology at the first round in May 2020 and a second measurement in November 2020.

From the CON-VINCE cohort, we identified 16 participants (50.0% female, median age 37 (IQR, 32 — 47) who had a
positive ELISA-S serology in April-June 2020 and had a second measurement in May-June 2021 without being vaccinated
meanwhile.

Baseline anti-S IgG level and change over time

IgG levels are shown in Table 2, overall and by sex and age group for each cohort. At the baseline measurement, the
overall median anti-S 1gG level in 18-69 years old participants was 3.7 (IQR, 2.1 — 5.7) in KoCo19, 2.6 (IQR, 1.6 — 4.5) in
EpiCov, and 3.6 (IQR, 1.6 — 5.4) in CON-VINCE.

Data from the KoCo19 cohort allowed us to estimate short-term changes in IgG level, with a median relative change
of+12% (IQR, -8 — 35) after 1 month, +14% (IQR, -11 — 48) at 2 months, and -1% (IQR, -10 — 10) after 4 months (Table 2A).
Longer-term relative changes in IgG level over time were of -55% (IQR, -70 — -30) at 6 months in EpiCov (Table 2B),

and -63% (IQR, -78 —-33) in CON-VINCE participants at 12 months (Table 2C).

Proportion of subsequent SARS-Cov-2 seroreversion

In the KoCo19 cohort, the proportion of participants who reverted to seronegative state was 0% within the 4 subsequent
months (with respective upper 95%Cl bounds at 1, 2 and 4 months: 8.8%, 13.2%, 19.5%), whereas 31.3% of the EpiCov
participants seroreverted by 6 months (95%Cl, 24.4 — 39.1) and 31.3% (95%Cl, 11.0 — 58.7) of the CON-VINCE partici-
pants by 12 months (Table 3). To investigate whether the persistence of anti-S antibodies could be partially explained by
occurrence of reinfection, we measured anti-N IgG levels in samples from 523 EpiCov participants in November 2020.
Overall, 29% (155/523) had positive anti-N ELISA serology 6 months after enrolment, with a median OD ratio of 1.56
(IQR, 1.29 — 2.17). Among the participants who remained positive for anti-S antibodies, 45% had positive anti-N 19G levels
(see S1 Table). Only a limited number of participants (n=20) showed anti-N OD ratios (>3) and were associated with
higher albeit modest IgG anti-S OD ratio (median (IQR) 4.23 (2.48 — 5.19)) compared to the overall population of anti-S
positive samples (mean 2.46 (1.15 — 3.82)). Anti-N positivity in November 2020 was associated with higher neutralizing
antibody titers in May 2020 (see S2 Table).

Factors associated with seroreversion

We studied risk factors of seroreversion for anti-S antibodies at 6 months in November 2020 in the EpiCov cohort.

In univariable analysis (Table 4), the probability of seroreversion at 6 months was strongly and inversely associated
with baseline 1gG level (P<0.001) and negative seroneutralization assay at baseline. The seroreversion rate at 6 months
varied from 61.0% in participants with the lowest IgG levels (1.1 to 1.7) to only 0.1% in the highest quartile of IgG, above
4.69. Among participants who were ELISA-S positive but negative for seroneutralization in May 2020, 54.7% seroreverted
in November versus 20.1% of participants who were positive for seroneutralization (P<0.001). A history of COVID-19-
like symptoms was associated with a lower risk of seroreversion at 6 months, especially if symptoms had occurred more
recently: 12% of participants who had experienced symptoms between mid-March and May 2020 seroreverted by Novem-
ber, versus 24.7% of those whose symptoms started before mid-March 2020 and 36.9% in those with no symptoms. The
risk of seroreversion was also associated with age (P<0.001): people aged 30-39 became more often seronegative than
the other age groups. No relation with gender was observed.

In multivariable analysis, only lower levels of IgG and seroneutralization negativity at baseline in May 2020 remained
independently associated with a higher risk of seroreversion in November 2020, after adjustment for age, gender and
history of COVID-19 symptoms.
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Table 2. ELISA OD ratios of anti-S SARS-CoV-2 IgG and relative individual changes (%), from first positive serology to subsequent time mea-
surements among adults having positive serology before August 2020 (ELISA IgG OD ratio>1.1).

A) KoCo19 (Munich, Germany)

Among participants with IgG OD ratio>1.1 before August 2020

TO < 30 days Individual % relative
change in IgG OD
ratio at<30 days
N Median IQR N Median IQR Median IQR
ALL 65 3.7 [2.1 -5.7] 40 4.2 [2.8 - 5.8] 12 [-8 —35]
Gender
Men 32 3.1 [2.1-5.9] 17 3.9 [2.6 -6.2] 9 [-8 —35]
Women 33 3.8 [2.4 - 5.5] 23 4.2 [3.0-5.6] 15 [1-31]
Age (years)
18-29 29 3.8 [1.7-4.4] 17 3.2 [2.6 —5.1] 11 [-8 —24]
30-79 36 3.7 [2.2-6.3] 23 5.5 [3.8-6.7] 12 [-6 —43]
[30 — 60[ days Individual % relative
change in IgG OD
ratio at [30 — 60
[days
ALL 26 3.4 [2.8 —4.8] 14 [-11 - 48]
Gender
Men 14 3.5 [2.9-4.8] 18 [-1—56]
Women 12 34 [2.7 - 4.5] -6 [-15 — 45]
Age (years)
18-29 12 3.3 [2.4 - 4.6] 7 [-13 -32]
30-79 14 3.6 [3.1-4.8] 18 [-10- 56]
[60 — 120[ days Individual %relative
change in IgG OD
ratio at [60 — 120[
days
ALL 17 4.9 [3.3-5.6] -1 [-10 - 10]
Gender
Men 10 5.1 [3.5-5.6] -5 [-19-6]
Women 7 4.3 [3.2-5.3] 0 [-2-27]
Age (years)
18-29 5 52 [4.2-5.7] -3 [-8 —-1]
30-79 12 4.6 [3.1-4.8] 1 [-13-13]
B) EpiCov cohort (France) Among participants with IgG OD ratio>1.1 before May 2020
TO (May 2020) 6 months (Nov 2020) Individual % relative
change in IgG OD
ratio at 6 months
N Median IQR Median IQR Median IQR
ALL 579 2.6 [1.6 —4.5] 1.1 [0.6 —2.6] -55 [-70 —-30]
Gender
Men 217 2.6 [1.5-5.0] 1.0 [0.6 —3.0] -49 [-65 —-37]
Women 362 25 [1.6-4.2] 1.1 [0.6 —2.4] -59 [-71 —-26]
Age (years)
18-29 72 3.1 [1.7-5.0] 1.3 [0.7 - 2.5] -52 [-63—-23]
30-39 122 1.9 [1.5-2.7] 0.6 [0.4—1.2] -66 [-76 — - 49]
40-49 158 2.4 [1.4-34] 0.8 [0.6 —1.3] -58 [- 72 — - 44]
(Continued)
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Table 2. (Continued)

A) KoCo19 (Munich, Germany)

Among participants with IgG OD ratio>1.1 before August 2020

50-59 133 4.0 [2.0-7.5] 2.6 [0.9-5.0] -40 [-61—-21]
60-79 94 3.9 [1.8-6.8] 2.0 [0.9-3.0] -49 [-73--21]
C) CON-VINCE cohort (Luxembourg) Among participants with IgG in OD ratio>1.1 before August 2020
TO (April - June 2020) 12 months (May - June 2021) Individual % relative
change in OD ratio
at 12 months
N Median IQR Median IQR Median IQR
ALL 16 3.6 [1.6-5.4] 1.4 [0.7 -21] -63 [-78 —-33]
Gender
Men 8 3.0 [1.5-5.7] 0.8 [0.5-1.6] -78 [-81—-41]
Women 8 3.7 [2.4 - 4.6] 1.5 [1.3-21] -56 [-69 —-11]
Age (years)
18-29 3 2.8 [2.1-3.2] 1.4 [0.9-1.9] -12 [-50 — -6]
30-39 7 34 [1.4-41)] 1.4 [0.9-1.8] -53 [-63 —-26]
40-49 4 3.7 [2.1-6.7] 0.7 [0.4-1.4] -80 [-81--78]
50-59 2 6.7 [6.4 -6.9] 2.9 [2.1-3.6] -58 [-68 —-49]
60-79 0

https://doi.org/10.1371/journal.pone.0320196.t002

Of note, participants who reported post-COVID-19 symptoms became less frequently IgG seronegative in November
2020, compared to those who had a symptomatic COVID-19 infection but did not develop post-COVID-19 symptoms or
those who had an asymptomatic COVID-19 infection: 8.1% versus 17.0 and 36.9% respectively (P=0.004).

Discussion

Here we assessed the waning of anti-SARS-CoV-2 ELISA-S IgG antibodies in adult general populations after the first
wave of the COVID-19 pandemic in 2020, using data from three European population-based cohorts with complementary
design and follow-up schedules within the European ORCHESTRA collaboration. Based on KoCo19 data, the level of IgG
increased within two months following a positive PCR test, although not statistically significant, and then remained stable
during the following 60 — 120 days. Based on data from the EpiCov and CON-VINCE cohorts, one-third of participants
who tested positive in May 2020 seroreverted 6 and 12 months later, respectively. The median relative decline in 1gG titres
was -55% and -63% at 6 (EpiCov) and 12 months (CON-VINCE), respectively.

Our results are in line with previous cohort studies of patients that reported a peak in anti-S IgG response at weeks 3
— 4 after infection, followed by a progressive decline after 6 months to stabilize thereafter but remaining detectable [4,15].
Previous studies described the duration of anti-SARS-CoV-2 immunity in healthcare workers, a specific, working age pop-
ulation more exposed to SARS-CoV-2 than the general population. In a UK study, 94% of healthcare workers remained
positive over 6 months after a first positive IgG anti-spike test [36]. In a comparable Spanish study, this percentage was of
77% after 9 months [37]. Loesche et al. modelled the kinetics of anti-N antibodies after a first positive PCR result in 2020
in a cohort of employees of the Brigham and Women’s Hospital (Boston, MA, USA): the anti-N levels peaked 72 days after
infection and the percentage of seroreversion was estimated at 15.1% (7.8 — 25.4) 18 months post-infection [38].

We report here results on waning antibodies in general population after infection during the first wave of the pan-
demic when the wild-type SARS-CoV-2 was predominant. We therefore cannot draw conclusions on the levels of
seroreversion observed after contact with later variants. We applied strong selection criteria by including only partic-
ipants with positive anti-S IgG OD ratio> 1.1 in May 2020, and defined seroreversion as achieving an OD ratio<0.7
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Table 3. % of negative anti-S IgG serology (ELISA anti-S IgG OD ratio <0.7) at subsequent time measurements, among adults having positive
serology before August 2020 (ELISA anti-S IgG OD ratio>1.1).

A) KoCo19 (Munich, Germany)
Among participants with ELISA anti-S IgG OD ratio>1.1 before August 2020

% IgG negative at<30 days % IgG negative at [30 — 60[ days % IgG negative at [60 — 120[days

N % Exact 95%Cl N % Exact 95%Cl N Y% Exact 95%Cl
All 40 0.0 [0-8.8] 26 0.0 [0-13.2] 17 0.0 [0—19.5]
Gender
Men 17 0.0 [0—19.5] 14 0.0 [0-23.2] 10 0.0 [0 —30.8]
Women 23 0.0 [0-14.8] 12 0.0 [0 —26.5] 7 0.0 [0-41.0]
Age (years)
18-29 17 0.0 [0-19.5] 12 0.0 [0 —26.5] 5 0.0 [0-52.2]
30-79 23 0.0 [0-14.8] 14 0.0 [0-23.2] 12 0.0 [0 — 26.5]
B) EPICOV cohort (France) C) CON-VINCE cohort (Luxembourg)
Among participants with ELISA anti-S IgG OD ratio>1.1 before May 2020 Among participants with ELISA anti-S IgG OD

ratio>1.1 before August 2020

% 1gG negative at 6 months (November 2020) % IgG negative at 12 months (May-June 2021)

N % (n) 95%Cl N % (n) 95%ClI
ALL 579 313 (141) [24.4 — 39.1] 16 31.3 (5) [11.0 — 58.7]
Gender
Men 217 291 (43) [19.1 —41.7] 8 50.0 (4) [15.7 — 84.3]
Women 362 324 97) [23.7 — 42.4] 8 12.5 1) [0.3-52.7]
Age (years)
18-29 72 251 (11) [8.6 — 54.4] 3 33.3 1) [0.8 —90.6]
30-39 122 54.7 (40) [39.9 — 68.8] 7 28.6 2) [3.7-71.0]
40-49 158 32.1 (47) [21.9 — 44.5] 4 50.0 (2) [6.8 —93.2]
50-59 133 14.0 (25) [7.3 —25.4] 2 0.0 (0) [0.0 —84.2]
60-79 94 231 (17) [11.4 — 41.3] 0

https://doi.org/10.1371/journal.pone.0320196.t003

over time. In this way, we aimed to be specific in defining seroreversion. We may have omitted people who were
infected at the very start of the pandemic and whose IgG OD ratio was already below 1.1 in May 2020. Our results
may therefore underestimate antibody seroreversion rate, and should be interpreted as a minimum estimate of serore-
version in the general population.

Low levels of IgG antibodies and seroneutralizing negativity were found to be independent predictive factors of seror-
eversion. In univariate analysis, a history of COVID-19-like symptoms, especially if recent, was associated with a lower
risk of seroreversion, which can be explained by symptom-associated higher initial levels of IgG serology and seroneutral-
ization activity [5,6]. This is in line with previous reports of lower IgG titres and more rapid waning in asymptomatic indi-
viduals compared to symptomatic patients [15,17,37,39,40]. Of note, the highest seroreversion rate (54%) was observed
in participants aged 30-39, although this result was no longer statistically significant in the multivariable analysis. This is
an unexpected result as young people are usually known to show higher and more persistent antibodies levels than older
people. However, in our study, the 30—-39 age group already had the lowest IgG levels at enrolment, in May 2020. Since
antibody levels are associated with symptom severity (Roltgen et al. 2020; Yan et al. 2022), and younger people had
fewer symptoms, their initial antibody production may not have been so high compared with other age groups. Secondly,
30-39-year-olds may have been infected earlier in the pandemic and had already lost some antibodies by the time they
were enrolled in EpiCov in May 2020.
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Table 4. Percentage of people with seroreversion in November 2020 (ELISA IgG OD ratio <0.7), among people living in mainland France 2
having a positive serology in May 2020 (ELISA IgG OD ratio>1.1), according to gender, initial level of anti-S SARS-CoV-2 IgG IgG, seroneu-
tralisation status and symptoms (the national EpiCov cohort, rounds 1 & 2). People aged between 15 and 17 and over 79 were included in this
analysis.

Univariable Analysis * Multivariable Analysis 34

N (n) % 95% CI OR 95% CI P OR 95% CI P
All with IgG OD ratio>1.1 in May 2020 | 599 |(141) |29.5 |[22.8-37.2]
Initial level of IgG OD ratio
1st quartile [1.100 -1.700] 149 | (94) 61.0 |[47.9-72.6] |ref <0.001 |ref <0.001
2nd quartile [1.700-2.918] 150 | (39) 344 |[21.2-50.5] (0.3 [0.1-0.7] 0.3 [0.1-0.6]
3 quartile 150 | (7) 151 |[4.1-423] |0.1 [0.02 - 0.5] 0.1 [0-0.6]
}2.918-4.690]
4 quartile 150 | (1) 0.1 [0.0-0.7] <0.001 |<0.001—0.005] <0.001 |<0.001—0.001]
>4.690
Seroneutralization status in May 2020
Positive (VNT 240) 427 | (66) |20.1 |[25.2—39.8] |ref <0.001 |ref 0.03
Negative (VNT <40) 146 | (67) 54.7 |[14.3-27.6] 4.8 [2.3-9.9] 2.8 [1.1-7.2]
Missing 26
Gender
Men 230 |(44) |25.7 |[16.2—-38.1] | ref 0.36 ref 0.42
Women 369 | (97) 315 |[23.0-41.4] 14 [0.7-2.9] 1.4 [0.6-3.2]
Age (years)
15-29 86 | (11) 19.1 |[6.1-46.2] ref 0.001 ref 0.08
30-39 122 | (40) 54.7 |[39.9-68.8] 5.3 [1.2-22.8] 4.7 [0.9 — 24]
40-49 158 | (47) 321 |[21.9-44.5] |21 [0.5-8.7] 1.3 [0.2-6.9]
50-59 133 | (25) 140 |[7.3-254] |07 [0.2-3.3] 1.4 [0.3-7.9]
260 100 | (18) |22.0 |[11.0-39.2] |13 [0.3-6.5] 24 [0.4 —15.7]
Timing of COVID-like symptoms onset
After Mid-March 2020 191 | (17) 12.0 |[4.3-29.1] ref 0.03 ref 0.22
Before Mid-March 2020 97 | (15) |24.7 |[10.8-46.9] 2.4 [0.5-10.8] 2.2 [0.5-10.3]
No COVID-like symptoms 311 | (112) |36.9 |[27.7-47.1] 4.6 [1.4-15.3] 2.9 [0.9-9.9]

Abbreviations: Cl, confidence interval, VNT Virus neutralization testing. 1-Home sampling by finger prick/Euroimmun ELISA-S test. 2- People aged 15
years or over residing in mainland France, outside nursing homes for the elderly and prisons. 3- The sampling design is considered for the estimation of
prevalence, confidence intervals (logit transformation) and statistical tests, with the SAS procsurvey procedure. The percentages are weighted by sam-
pling weight (the inverse of inclusion probability), corrected for non-response weights and calibrated on the margin of the census. 4- All variables listed in
the column were included in a multiple logistic regression model.

https://doi.org/10.1371/journal.pone.0320196.t004

Of interest, in the EpiCov cohort, seroreversion was particularly infrequent (8%) in participants who developed per-
sistent post-COVID-19 symptoms, compared to those who did not. We cannot exclude that in some of these subjects, the
association between the persistence of antibodies and post-COVID-19 symptoms could be due to reinfection.

We were not able to assess the incidence of reinfections between IgG measurements. However, several arguments
suggest this was uncommon event during the study period. First, the antigenic closeness and protective efficacy confer by
the exposure to the variants circulating over the study period, i.e., the D614G variants and then Alpha variant from the end
of December 2020 [41-44] makes reinfection unlikely. To go further, we measured in EpiCov participants anti-N antibod-
ies at 6 months after enrolment, which, given their shorter half-life than anti-S antibodies, could be considered markers
of recent infections. Six months after enrolment, participants showed low or moderate anti-N 1gG levels, even those with
positive ELISA-S serology, consistent with a gradual decrease in antibodies over the fairly short period between May and
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November 2020, rather than recent infection. Besides, the association of anti-N IgG positivity in November 2020 with sero-
protection in May 2020, as shown by neutralizing antibody titers, in May 2020 is in favor of individuals producing a strong
antibody response after infection, still detectable 6 months later.

Among the strengths of this study is the collaboration of three European population-based cohorts thanks to the
Orchestra collaboration, launched in the same period during the first wave of the COVID-19 pandemic during Spring 2020
and before vaccination was implemented. Our findings could also be generalized to other (Western) European countries
during the same period. Moreover, these three cohorts used the same serological assay to detect IgG against the viral
spike protein (Euroimmun), while non-standardisation of serological tests used often prevents comparison of results
between studies. Most studies investigating waning immunity enrolled participants based on a first positive PCR test,
which might result in a selection effect towards people having access to test, likely due to symptoms, in particular at the
beginning of the pandemic before the tests became widely available. The cross-sectional design of EpiCov and CON-
VINCE cohorts from general populations overcomes this limiting factor while it also allowed us to study antibody waning
in participants who experienced no COVID-19-like symptoms (52% of participants with a positive serology in EpiCov and
25% in CON-VINCE).

This study has some limitations. First, we present results from three neighboring countries that experienced COVID-
19 waves at the same time, and made close decisions to reduce transmission of the virus. Though the political deci-
sions taken to manage the pandemic were not exactly the same, France being the country most affected and with the
most restrictive measures, this contributes to bring together the results from three cohorts. However, each cohort has
its own regional or national scope, which explains the differences in sample size and sampling schedules. We took
advantage of these differences by showing seroconversion rates separately in each cohort and at different timepoints.
Second, we acknowledge that the duration of circulating anti-S IgG levels measured here does not mean duration
of protection, though anti-S levels correlate well with levels of neutralizing antibodies [4,15]. Identifying the immune
correlates of protection from SARS-CoV-2 infection is an ongoing challenge. Third, for the EpiCov and CON-VINCE
cohorts, only one follow-up time point was available, at 6 or 12 months after the initial seropositive test, and we did not
have precise information on the timing of infection to evaluate antibody kinetics close to infection, which the Koco19
was able to do. Fourth, the exact timing of infection was unknown for most participants. At the time of the survey, the
waning of the SARS-CoV-2 antibodies may have already begun in patients who were infected at the early beginning of
the pandemic (before March 2020). This may have resulted in an underestimation of baseline levels and the decrease
in anti-S 1gG antibodies over time.

Conclusion

These results from the period before COVID-19 vaccination show that in the general population, antibody titers decline in
one-third of individuals from 6 months after natural infection. They contribute to a better understanding of SARS-CoV-2
immunity and provide useful information that need to be accounted for when inferring incidence from data from population-
based repeated seroprevalence surveys.

Supporting Information
S1 Table. Distribution of ELISA Anti-N OD ratios according to ELISA Anti-S positivity, November 2020 (the

national EpiCov cohort, round 2).
(DOCX)

S2 Table. ELISA anti-N IgG OD ratios in November 2020 and Neutralizing antibodies in May 2020 (the national
EpiCov cohort).
(DOCX)

PLOS One | https://doi.org/10.137 1/journal.pone.0320196 May 9, 2025 12/15



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320196.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320196.s002

PLO\Sﬁ\\.- One

S3 Note. Acknowledgments.
(DOCX)

Author contributions

Conceptualization: Andreas Wieser, Laurence Meyer, Michael Hoelscher, Rejko Kruger, Josiane Warszawski.

Formal analysis: Dmitry Bulaev, Alexey Kolodkin, Jerome le Chenadec, Noemi Castelletti.

Funding acquisition: Laurence Meyer, Michael Hoelscher, Rejko Kruger, Josiane Warszawski.

Investigation: Chantal J. Snoeck, Armin Rauschenberger, Soumyabrata Ghosh, Venkata Satagopam, Karine Barthelemy,

Stephane Priet, Xavier de Lamballerie, Inge Kroidl, Michel vaillant.

Project administration: Christina Reinkemeyer, Marc Paul O’Sullivan, Carmelite Manto.

Writing — original draft: Sophie Novelli.

Writing — review & editing: Sophie Novelli, Christina Reinkemeyer, Dmitry Bulaev, Marc Paul O’Sullivan, Chantal J.

Snoeck, Armin Rauschenberger, Carmelite Manto, Jerome le Chenadec, Karine Barthelemy, Xavier de Lamballerie,
Andreas Wieser, Michel vaillant, Laurence Meyer, Michael Hoelscher, Noemi Castelletti, Rejko Kriiger, Josiane
Warszawski.

References

1.

10.

1.

12.

13.

Stephens DS, McElrath MJ. COVID-19 and the Path to Immunity. JAMA. 2020;324(13):1279-81. https://doi.org/10.1001/jama.2020.16656 PMID:
32915201

Qi H, Liu B, Wang X, Zhang L. The humoral response and antibodies against SARS-CoV-2 infection. Nat Immunol. 2022;23(7):1008-20. https://
doi.org/10.1038/s41590-022-01248-5 PMID: 35761083

Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, et al. Longitudinal observation and decline of neutralizing antibody responses in
the three months following SARS-CoV-2 infection in humans. Nat Microbiol. 2020;5(12):1598-607. https://doi.org/10.1038/s41564-020-00813-8
PMID: 33106674

Sherina N, Piralla A, Du L, Wan H, Kumagai-Braesch M, Andréll J, et al. Persistence of SARS-CoV-2-specific B and T cell responses in convales-
cent COVID-19 patients 6—8 months after the infection. Med. 2021;2:281-95.e4. https://doi.org/10.1016/j.med|.2021.02.001

Roltgen K, Powell AE, Wirz OF, Stevens BA, Hogan CA, Najeeb J, et al. Defining the features and duration of antibody responses to SARS-CoV-2
infection associated with disease severity and outcome. Sci Immunol. 2020;5(54):eabe0240. https://doi.org/10.1126/sciimmunol.abe0240 PMID:
33288645

Yan X, Chen G, Jin Z, Zhang Z, Zhang B, He J, et al. Anti-SARS-CoV-2 IgG levels in relation to disease severity of COVID-19. J Med Virol.
2022;94(1):380-3. https://doi.org/10.1002/jmv.27274 PMID: 34403142

Shi D, Weng T, Wu J, Dai C, Luo R, Chen K, et al. Dynamic Characteristic Analysis of Antibodies in Patients With COVID-19: A 13-Month Study.
Front Immunol. 2021;12:708184. https://doi.org/10.3389/fimmu.2021.708184 PMID: 34354712

Grau Gomez G, Martinez LacasaX, Costa R, Barreiro B, Leal M, Padilla E, et al. Serological response to COVID-19 pneumonia and increas-
ing severity over 18 months in a prospective cohort of hospitalized patients. Intern Emerg Med. 2023;18: 397—407. https://doi.org/10.1007/
s11739-022-03177-5

Noh JY, Yang JS, Hwang SY, Hyun H, Seong H, Gu Yoon J, et al. Duration of Humoral Immunity and Cross-Neutralizing Activity Against the Alpha,
Beta, and Delta Variants After Wild-Type Severe Acute Respiratory Syndrome Coronavirus 2 Infection: A Prospective Cohort Study. J Infect Dis.
2022;226(6):975-8. https://doi.org/10.1093/infdis/jiac050 PMID: 35172333

Egger AE, Sahanic S, Gleiss A, Ratzinger F, Holzer B, Irsara C, et al. One-Year Follow-Up of COVID-19 Patients Indicates Substantial Assay-
Dependent Differences in the Kinetics of SARS-CoV-2 Antibodies. Microbiol Spectr. 2022;10(6):e0059722. https://doi.org/10.1128/spec-
trum.00597-22 PMID: 36222681

Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, et al. Persistence of serum and saliva antibody responses to SARS-CoV-2 spike antigens in
COVID-19 patients. Sci Immunol. 2020;5(52):eabe5511. hitps://doi.org/10.1126/sciimmunol.abe5511 PMID: 33033173

Wu J, Liang B, Chen C, Wang H, Fang Y, Shen S, et al. SARS-CoV-2 infection induces sustained humoral immune responses in convalescent
patients following symptomatic COVID-19. Nat Commun. 2021;12(1):1813. https://doi.org/10.1038/s41467-021-22034-1 PMID: 33753738

Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Inmunological memory to SARS-CoV-2 assessed for up to 8 months after infection.
Science. 2021;371(6529):eabf4063. https://doi.org/10.1126/science.abf4063 PMID: 33408181

PLOS One | https://doi.org/10.1371/journal.pone.0320196 May 9, 2025 13/15



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320196.s003
https://doi.org/10.1001/jama.2020.16656
http://www.ncbi.nlm.nih.gov/pubmed/32915201
https://doi.org/10.1038/s41590-022-01248-5
https://doi.org/10.1038/s41590-022-01248-5
http://www.ncbi.nlm.nih.gov/pubmed/35761083
https://doi.org/10.1038/s41564-020-00813-8
http://www.ncbi.nlm.nih.gov/pubmed/33106674
https://doi.org/10.1016/j.medj.2021.02.001
https://doi.org/10.1126/sciimmunol.abe0240
http://www.ncbi.nlm.nih.gov/pubmed/33288645
https://doi.org/10.1002/jmv.27274
http://www.ncbi.nlm.nih.gov/pubmed/34403142
https://doi.org/10.3389/fimmu.2021.708184
http://www.ncbi.nlm.nih.gov/pubmed/34354712
https://doi.org/10.1007/s11739-022-03177-5
https://doi.org/10.1007/s11739-022-03177-5
https://doi.org/10.1093/infdis/jiac050
http://www.ncbi.nlm.nih.gov/pubmed/35172333
https://doi.org/10.1128/spectrum.00597-22
https://doi.org/10.1128/spectrum.00597-22
http://www.ncbi.nlm.nih.gov/pubmed/36222681
https://doi.org/10.1126/sciimmunol.abe5511
http://www.ncbi.nlm.nih.gov/pubmed/33033173
https://doi.org/10.1038/s41467-021-22034-1
http://www.ncbi.nlm.nih.gov/pubmed/33753738
https://doi.org/10.1126/science.abf4063
http://www.ncbi.nlm.nih.gov/pubmed/33408181

PLO\S\% One

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xiang T, Liang B, Fang Y, Lu S, Li S, Wang H, et al. Declining Levels of Neutralizing Antibodies Against SARS-CoV-2 in Convalescent COVID-19
Patients One Year Post Symptom Onset. Front Immunol. 2021;12:708523. https://doi.org/10.3389/fimmu.2021.708523 PMID: 34220870

Marcotte H, Piralla A, Zuo F, Du L, Cassaniti I, Wan H, et al. Immunity to SARS-CoV-2 up to 15 months after infection. iScience. 2022;25:103743.
https://doi.org/10.1016/j.isci.2022.103743

Dobafio C, Ramirez-Morros A, Alonso S, Rubio R, Ruiz-Olalla G, Vidal-Alaball J, et al. Sustained seropositivity up to 20.5 months after COVID-19.
BMC Med. 2022;20(1):379. https://doi.org/10.1186/s12916-022-02570-3 PMID: 36224590

Milani GP, Dioni L, Favero C, Cantone L, Macchi C, Delbue S, et al. Serological follow-up of SARS-CoV-2 asymptomatic subjects. Sci Rep.
2020;10(1). https://doi.org/10.1038/s41598-020-77125-8

Long Q-X, Tang X-J, Shi Q-L, Li Q, Deng H-J, Yuan J, et al. Clinical and immunological assessment of asymptomatic SARS-CoV-2 infections. Nat
Med. 2020;26(8):1200—4. https://doi.org/10.1038/s41591-020-0965-6 PMID: 32555424

Martin MC, Jimenez A, Ortega N, Parrado A, Page |, Gonzalez MI, et al. Persistence of SARS-CoV-2 total immunoglobulins in a series of convales-
cent plasma and blood donors. PLoS One. 2022;17(2):e0264124. https://doi.org/10.137 1/journal.pone.0264124 PMID: 35202394

Gudbjartsson DF, Norddahl GL, Melsted P, Gunnarsdottir K, Holm H, Eythorsson E, et al. Humoral Inmune Response to SARS-CoV-2 in Iceland. N
Engl J Med. 2020;383(18):1724—34. https://doi.org/10.1056/NEJM0a2026116 PMID: 32871063

Warszawski J, Beaumont A-L, Seng R, de Lamballerie X, Rahib D, Lydié N, et al. Prevalence of SARS-Cov-2 antibodies and living conditions: the
French national random population-based EPICOV cohort. BMC Infect Dis. 2022;22(1):41. https://doi.org/10.1186/s12879-021-06973-0 PMID:
35000580

Vos ERA, den Hartog G, Schepp RM, Kaaijk P, van Vliet J, Helm K, et al. Nationwide seroprevalence of SARS-CoV-2 and identification of risk
factors in the general population of the Netherlands during the first epidemic wave. J Epidemiol Community Health. 2021;75:489-95. https://doi.
org/10.1136/jech-2020-215678

Pollan M, Pérez-Gémez B, Pastor-Barriuso R, Oteo J, Hernan MA, Pérez-Olmeda M, et al. Prevalence of SARS-CoV-2 in Spain (ENE-COVID): a
nationwide, population-based seroepidemiological study. Lancet. 2020;396(10250):535—44. https://doi.org/10.1016/S0140-6736(20)31483-5 PMID:
32645347

Radon K, Saathoff E, Pritsch M, Guggenbihl Noller JM, Kroidl I, Olbrich L, et al. Protocol of a population-based prospective COVID-19 cohort
study Munich, Germany (KoCo19). BMC Public Health. 2020;20(1):1036. https://doi.org/10.1186/s12889-020-09164-9 PMID: 32605549

Tsurkalenko O, Bulaev D, O’Sullivan MP, Snoeck C, Ghosh S, Kolodkin A, et al. Creation of a pandemic memory by tracing COVID-19 infections
and immunity in Luxembourg (CON-VINCE). BMC Infect Dis. 2024;24(1):179. https://doi.org/10.1186/s12879-024-09055-z PMID: 38336649

Kroidl |, Winter S, Rubio-Acero R, Bakuli A, Geldmacher C, Eser TM, et al. Studying temporal titre evolution of commercial SARS-CoV-2 assays
reveals significant shortcomings of using BAU standardization for comparison. Virol J. 2023;20(1):200. https://doi.org/10.1186/s12985-023-02167-z
PMID: 37658454

Puchinger K, Castelletti N, Rubio-Acero R, Geldmacher C, Eser TM, Deak F, et al. The interplay of viral loads, clinical presentation, and serological
responses in SARS-CoV-2 - Results from a prospective cohort of outpatient COVID-19 cases. Virology. 2022;569:37—43. https://doi.org/10.1016/j.
virol.2022.02.002 PMID: 35245784

Lamarche P, Lollivier S. Fidéli, I'intégration des sources fiscales dans les données sociales. In: Courrier des statistiques 6 [Internet]. 8 Jul 2021
[cited 20 May 2024]. Available: https://www.insee.fr/fr/information/5398683?sommaire=5398695

Beavis KG, Matushek SM, Abeleda APF, Bethel C, Hunt C, Gillen S, et al. Evaluation of the EUROIMMUN Anti-SARS-CoV-2 ELISA Assay for
detection of IgA and IgG antibodies. J Clin Virol. 2020;129:104468. https://doi.org/10.1016/j.jcv.2020.104468 PMID: 32485620

Inchauste L, Nurtop E, Brisbarre N, Ninove L, Gallian P, de Lamballerie X, et al. Exploring cell-free assays for COVID-19 serosurvey. Sci Rep.
2024;14(1):6096. https://doi.org/10.1038/s41598-024-55852-6 PMID: 38480769

Kohmer N, Westhaus S, Rihl C, Ciesek S, Rabenau HF. Clinical performance of different SARS-CoV-2 IgG antibody tests. J Med Virol.
2020;92(10):2243-7. https://doi.org/10.1002/jmv.26145 PMID: 32510168

Krattgen A, Cornelissen CG, Dreher M, Hornef M, Imohl M, Kleines M. Comparison of four new commercial serologic assays for determination of
SARS-CoV-2 IgG. J Clin Virol. 2020;128:104394. https://doi.org/10.1016/j.jcv.2020.104394 PMID: 32416599

Gallian P, Pastorino B, Morel P, Chiaroni J, Ninove L, de Lamballerie X. Lower prevalence of antibodies neutralizing SARS-CoV-2 in group O
French blood donors. Antiviral Res. 2020;181:104880. https://doi.org/10.1016/j.antiviral.2020.104880 PMID: 32679056

European Centre for Disease Prevention and Control. Case definition for COVID-19. 29 May 2020 [cited 22 Jan 2023]. Available from: https://www.
ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/covid-19/facts/case-definition-covid-19

Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV, WHO Clinical Case Definition Working Group on Post-COVID-19 Condition. A clinical case
definition of post-COVID-19 condition by a Delphi consensus. Lancet Infect Dis. 2022;22(4):e102-7. https://doi.org/10.1016/S1473-3099(21)00703-
9 PMID: 34951953

Lumley SF, O’'Donnell D, Stoesser NE, Matthews PC, Howarth A, Hatch SB, et al. Antibody Status and Incidence of SARS-CoV-2 Infection in
Health Care Workers. N Engl J Med. 2021;384(6):533—40. https://doi.org/10.1056/NEJM0a2034545 PMID: 33369366

Varona JF, Madurga R, Pefalver F, Abarca E, Almirall C, Cruz M, et al. kinetics of anti-SARS-CoV-2 antibodies over time. Results of 10 month
follow up in over 300 seropositive Health Care Workers. Eur J Intern Med. 2021;89:97—-103. https://doi.org/10.1016/j.ejim.2021.05.028 PMID:
34090748

PLOS One | https://doi.org/10.1371/journal.pone.0320196 May 9, 2025 14715



https://doi.org/10.3389/fimmu.2021.708523
http://www.ncbi.nlm.nih.gov/pubmed/34220870
https://doi.org/10.1016/j.isci.2022.103743
https://doi.org/10.1186/s12916-022-02570-3
http://www.ncbi.nlm.nih.gov/pubmed/36224590
https://doi.org/10.1038/s41598-020-77125-8
https://doi.org/10.1038/s41591-020-0965-6
http://www.ncbi.nlm.nih.gov/pubmed/32555424
https://doi.org/10.1371/journal.pone.0264124
http://www.ncbi.nlm.nih.gov/pubmed/35202394
https://doi.org/10.1056/NEJMoa2026116
http://www.ncbi.nlm.nih.gov/pubmed/32871063
https://doi.org/10.1186/s12879-021-06973-0
http://www.ncbi.nlm.nih.gov/pubmed/35000580
https://doi.org/10.1136/jech-2020-215678
https://doi.org/10.1136/jech-2020-215678
https://doi.org/10.1016/S0140-6736(20)31483-5
http://www.ncbi.nlm.nih.gov/pubmed/32645347
https://doi.org/10.1186/s12889-020-09164-9
http://www.ncbi.nlm.nih.gov/pubmed/32605549
https://doi.org/10.1186/s12879-024-09055-z
http://www.ncbi.nlm.nih.gov/pubmed/38336649
https://doi.org/10.1186/s12985-023-02167-z
http://www.ncbi.nlm.nih.gov/pubmed/37658454
https://doi.org/10.1016/j.virol.2022.02.002
https://doi.org/10.1016/j.virol.2022.02.002
http://www.ncbi.nlm.nih.gov/pubmed/35245784
https://www.insee.fr/fr/information/5398683?sommaire=5398695
https://doi.org/10.1016/j.jcv.2020.104468
http://www.ncbi.nlm.nih.gov/pubmed/32485620
https://doi.org/10.1038/s41598-024-55852-6
http://www.ncbi.nlm.nih.gov/pubmed/38480769
https://doi.org/10.1002/jmv.26145
http://www.ncbi.nlm.nih.gov/pubmed/32510168
https://doi.org/10.1016/j.jcv.2020.104394
http://www.ncbi.nlm.nih.gov/pubmed/32416599
https://doi.org/10.1016/j.antiviral.2020.104880
http://www.ncbi.nlm.nih.gov/pubmed/32679056
https://www.ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/covid-19/facts/case-definition-covid-19
https://www.ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/covid-19/facts/case-definition-covid-19
https://doi.org/10.1016/S1473-3099(21)00703-9
https://doi.org/10.1016/S1473-3099(21)00703-9
http://www.ncbi.nlm.nih.gov/pubmed/34951953
https://doi.org/10.1056/NEJMoa2034545
http://www.ncbi.nlm.nih.gov/pubmed/33369366
https://doi.org/10.1016/j.ejim.2021.05.028
http://www.ncbi.nlm.nih.gov/pubmed/34090748

PLO\S\% One

38.

39.

40.

41.

42.

43.

44.

Loesche M, Karlson EW, Talabi O, Zhou G, Boutin N, Atchley R, et al. Longitudinal SARS-CoV-2 Nucleocapsid Antibody Kinetics, Seroreversion,
and Implications for Seroepidemiologic Studies. Emerg Infect Dis. 2022;28(9):1859—62. https://doi.org/10.3201/eid2809.220729 PMID: 35868337

den Hartog G, Vos ERA, van den Hoogen LL, van Boven M, Schepp RM, Smits G, et al. Persistence of Antibodies to Severe Acute Respira-
tory Syndrome Coronavirus 2 in Relation to Symptoms in a Nationwide Prospective Study. Clin Infect Dis. 2021;73(12):2155-62. https://doi.
org/10.1093/cid/ciab172 PMID: 33624751

Ward H, Cooke GS, Atchison C, Whitaker M, Elliott J, Moshe M, et al. Prevalence of antibody positivity to SARS-CoV-2 following the first peak
of infection in England: Serial cross-sectional studies of 365,000 adults. Lancet Reg Health Eur. 2021;4:100098. https://doi.org/10.1016/].
lanepe.2021.100098 PMID: 33969335

Ding LS, Zhang Y, Wen D, Ma J, Yuan H, Li H, et al. Growth, Antigenicity, and Immunogenicity of SARS-CoV-2 Spike Variants Revealed by a Live
rVSV-SARS-CoV-2 Virus. Front Med (Lausanne). 2022;8:793437. https://doi.org/10.3389/fmed.2021.793437 PMID: 35071273

Wu J, Nie J, Zhang L, Song H, An Y, Liang Z, et al. The antigenicity of SARS-CoV-2 Delta variants aggregated 10 high-frequency mutations in RBD
has not changed sufficiently to replace the current vaccine strain. Signal Transduct Target Ther. 2022;7(1):18. https://doi.org/10.1038/s41392-022-
00874-7 PMID: 35046385

Helfand M, Fiordalisi C, Wiedrick J, Ramsey KL, Armstrong C, Gean E, et al. Risk for Reinfection After SARS-CoV-2: A Living, Rapid Review for
American College of Physicians Practice Points on the Role of the Antibody Response in Conferring Immunity Following SARS-CoV-2 Infection.
Ann Intern Med. 2022;175(4):547-55. https://doi.org/10.7326/M21-4245 PMID: 35073157

Smolenov |, Han HH, Li P, Baccarini C, Verhoeven C, Rockhold F, et al. Impact of previous exposure to SARS-CoV-2 and of S-Trimer (SCB-

2019) COVID-19 vaccination on the risk of reinfection: a randomised, double-blinded, placebo-controlled, phase 2 and 3 trial. Lancet Infect Dis.
2022;22(7):990-1001. https://doi.org/10.1016/S1473-3099(22)00144-X PMID: 35447085

PLOS One | https://doi.org/10.1371/journal.pone.0320196 May 9, 2025 15/15



https://doi.org/10.3201/eid2809.220729
http://www.ncbi.nlm.nih.gov/pubmed/35868337
https://doi.org/10.1093/cid/ciab172
https://doi.org/10.1093/cid/ciab172
http://www.ncbi.nlm.nih.gov/pubmed/33624751
https://doi.org/10.1016/j.lanepe.2021.100098
https://doi.org/10.1016/j.lanepe.2021.100098
http://www.ncbi.nlm.nih.gov/pubmed/33969335
https://doi.org/10.3389/fmed.2021.793437
http://www.ncbi.nlm.nih.gov/pubmed/35071273
https://doi.org/10.1038/s41392-022-00874-7
https://doi.org/10.1038/s41392-022-00874-7
http://www.ncbi.nlm.nih.gov/pubmed/35046385
https://doi.org/10.7326/M21-4245
http://www.ncbi.nlm.nih.gov/pubmed/35073157
https://doi.org/10.1016/S1473-3099(22)00144-X
http://www.ncbi.nlm.nih.gov/pubmed/35447085
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

