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a b s t r a c t 

Objective: A better understanding of the immune response against severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2) infection is critical to predict its dynamics within the general population and 

its impact on the vaccination strategy. This study assessed the persistence of neutralizing antibody (Nab) 

activity and SARS-CoV-2 serology in serum samples of mild and asymptomatic patients 9 months post 

symptom onset (PSO) in a primary care context among immunocompetent adults. 

Methods: A longitudinal cohort of crew members (CMs) exposed to coronavirus disease 2019 (COVID-19) 

during an outbreak of SARS-CoV-2 on the French aircraft carrier ‘Charles de Gaulle’ in April 2020 was 

created. CMs infected with COVID-19 and with positive serology at the end of quarantine were tested 9 

months PSO. Samples were collected 18 and 280 days PSO. For each patient, both serology and serum 

viral neutralizing activity were performed. 

Results: In total, 86 CMs were analysed. Samples were collected 18 and 280 days PSO. The seroconversion 

rates were 100% and 93% (82/86) at 18 and 280 days PSO, respectively, and 72.7% of patients exhibited 

persistent Nab activity at 9 months, regardless of disease severity. 

Conclusion: Nab activity persists for up to 9 months following asymptomatic/mild COVID-19 among 

young adults, regardless of serological results. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), 

he causative agent of coronavirus disease 19 (COVID-19), emerged 

n late 2019 and rapidly spread worldwide, causing a global pan- 

emic ( Lipsitch et al., 2020 ). Despite many insights on the virus, 

ata regarding the long-term immune response are quite scarce 
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 Huang et al., 2020 ), although this issue is of high clinical rele-

ance. 

SARS-CoV-2 infection elicits a humoral response with specific 

ntibodies against the viral surface spike (S) protein. These anti- 

odies can be detected 2 weeks after disease onset, and persist 

or > 6 months post symptom onset (PSO) ( Gaebler et al., 2021 ).

eutralizing antibodies (Nabs) play a crucial role in the immune 

esponse, and their steadiness over time has been the subject of 

iscission. Correlations have been reported between Nab levels and 

oth anti-SARS-CoV-2 IgG titres and clinical status. 

Antibody dynamics over time have been less well described 

mong mild and asymptomatic patients, for whom interpretation 

f the humoral response is hazardous as time since seroconversion 
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Figure 1. Severe acute respiratory syndrome coronavirus-2 serology titre kinetics 

according to the persistence of neutralizing antibodies (Nabs) 9 months post symp- 

tom onset. TI, total immunoglobulin. 
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ay be impossible to define. It is also less clear whether or not 

erological results are predictive for Nab remaining potential with 

 strong correlation in mild and asymptomatic patients. 

As such, this study investigated the persistence of Nab activ- 

ty in serum samples in mild and asymptomatic patients 9 months 

SO among a cohort of French crew members (CMs) following 

 large outbreak onboard the nuclear aircraft carrier ‘Charles de 

aulle’ ( Figure 1 ). 

ethods 

tudy design and participants 

An outbreak of COVID-19 occurred in April 2020 on the French 

uclear aircraft carrier ‘Charles de Gaulle’. Among the CMs, 64% 

1121/1769) tested positive for SARS-CoV-2 by reverse transcrip- 

ase polymerase chain reaction. Genomic analysis has identified 

ARS-CoV-2 viruses from clade 20C. SARS-CoV-2 serological test- 

ng performed in 1706 CMs revealed that 60% were antibody- 

ositive at the end of quarantine. Among the 682 CMs who agreed 

o participate in the longitudinal follow-up cohort study COV-PA 

IDRCB 2020-A02397-32), 86 CMs selected were retested in Jan- 

ary 2021 (9 months PSO). The severity of acute infection was as- 

essed by the World Health Organization’s Ordinal Clinical Progres- 

ion/Improvement Scale. All data were collected in the context of 

are from completely anonymized files, in accordance with French 

nd European laws, including General Data Protection Regulation. 

ll patients were informed and provided written consent to use 

heir data. COV-PA was approved by the regional research ethics 

ommittee on 7 December 2020. 

ARS-COV-2 serology 

The Elecsys anti-SARS-CoV-2 assay (Roche, Basel, Switzerland) 

s an electrochemiluminescence immunoassay for the detection of 

otal immunoglobulins (TIs) (IgM, IgG and IgA) to SARS-CoV-2 on 

he Cobas automatized system (Roche). This sandwich immunoas- 

ay is designed to preferentially detect mature, high-affinity anti- 

odies to the highly immunogenic SARS-CoV-2 nucleocapsid pro- 

ein. The test is non-reactive when the sample index/cut-off index 

COI) is < 1.0 and positive when it is ≥1.0. Specificity and sensi- 

ivity have been described as excellent and show good correlation 

ith viral neutralizing activity ( To et al., 2020 ). 

irus production 

Vero cells (ATCC CCL-81) were grown in DMEM medium (Gibco 

at. No. 31966021, ThermoFisher Scientific, Waltham, MA, USA). 
9 
t confluence, the Vero cells were harvested and subsequently 

eeded at 1.5 × 10 5 /mL in 96-well plates in order to reach con- 

uence after 72 h at 37 °C in 5% CO 2 . Serial dilutions of stock

iruses were made in the infection medium [DMEM supplemented 

ith 50 U/mL penicillin, 50 mg/mL streptomycin (Gibco Cat. No. 

5070063, ThermoFisher Scientific) and TPCK-trypsin (Sigma Cat. 

o. T1426) at a final concentration of 1 μg/mL]. For the neutraliza- 

ion test, SARS-CoV-2 (BetaCoV/France/IDF0372/2020 strain) from 

lade 19A was isolated by the National Reference Centre (CNR) 

or Respiratory Viruses (Institut Pasteur), as described previously 

 Lescure et al., 2020 ). The BetaCoV/France/IDF0372/2020 strain was 

upplied by CNR for Respiratory Viruses hosted by Institut Pas- 

eur, headed by Pr. Sylvie van der Werf. The human sample from 

hich the BetaCoV/France/IDF0372/2020 strain was isolated was 

rovided by Dr. X. Lescure and Pr. Y. Yazdanpanah from Bichat Hos- 

ital, Paris. Moreover, the BetaCoV/France/IDF0372/2020 strain was 

upplied through the European Virus Archive goes Global (Evag) 

latform, a project that has received funding from the European 

nion’s Horizon 2020 research and innovation programme under 

rant No. 653316. 

irus titration 

Briefly, 50 μL of 10-fold serial dilutions of SARS-CoV-2 were in- 

culated into eight replicate wells. The 96-well microplates were 

ncubated at 37 °C in a 5% CO 2 atmosphere, and the cytopathic ef- 

ect was checked 5 days after inoculation. The virus titre was cal- 

ulated according to the method of Reed and Muench (1938) . 

eutralizing antibody 

Nab tests were performed in flat-bottomed microtitre plates (96 

ells), 3 days after seeding the Vero cells. Two-fold serial dilutions 

f inactivated sera, starting at a 1/40 dilution, were mixed with an 

qual volume of SARS-CoV-2 (100 TCID 50 /50 μL), and incubated for 

 h at 37 °C. One hundred microlitres of the serum–virus mixture 

nd 100 μL of infection medium were inoculated in each well (four 

ells per dilution), and the plates were incubated for 5 days at 

7 °C in 5% CO 2 . The cytopathic effect was checked 5 days after in-

culation. Neutralization titres were expressed as the inverse of the 

nal dilution of serum that neutralized 50% of the inoculated wells. 

s no cytopathic effects due to serum cytotoxicity were observed 

t a dilution of 1/60, a neutralization titre of 60 was considered as 

ositive. 

tatistical methods 

Continuous variables are expressed as mean and interquar- 

ile range (IQR), and discrete variables are expressed as number 

nd percentage. Two-sided Wilcoxon signed-rank test was used to 

ompare serum TI and Nab titres for CMs between M0–M9 and TI 

s Nab titres 9 months PSO, respectively. All analyses were com- 

uted using R Version 4.3.0. A 5% significance level was used for 

ll analyses. 

esults 

emographic and clinical characteristics 

The demographic and clinical characteristics of the 86 partici- 

ants analysed and their COVID-19 status are reported in Table 1 . 

ll participants presented with COVID-19 infection during the out- 

reak, of whom 17.4% were asymptomatic. Three CMs (3.4%) were 

ospitalized for oxygen administration. All CMs had detectable 

ositive SARS-CoV-2 serology at the end of quarantine. The first 

nd second samples were collected 18 and 280 days after PSO, re- 

pectively. 
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Table 1 

Characteristics of the crew members with severe acute respiratory 

virus infection. 

Characteristic Results ( n = 86) 

Male, n (%) 75 (87.2%) 

Age (years), median (IQR) 31 (25–38) 

COVID infection 

Symptomatic 

PCR positive 

PCR negative 

Asymptomatic 

71 (82.5%) 

67 (77.9%) 

4 (4.6%) 

15 (17.4%) 

Reported symptom, n (%) 

Myalgia 

Headache 

Anosmia 

Asthenia 

Cough 

Fever 

Aguesia 

Rhinitis 

Dyspnoea 

Diarrhoea 

42 (48.8%) 

40 (46.5%) 

36 (41.8%) 

35 (40.7%) 

31 (36.0%) 

26 (30.2%) 

26 (30.2%) 

21 (24.3%) 

18 (20.0%) 

6 (6.9%) 

Duration of symptom median (IQR) 7 (3–12) 

Hospitalization 

Medicine with O 2 3 (3.5%) 

COVID-19, coronavirus disease 2019; PCR, polymerase chain reac- 

tion; IQR, interquartile range. 
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inetics of total anti-SARS-CoV-2 immunoglobulin 

The average rate for COI was 18.0 (IQR 3.1–25.8) in the first 

ample. At 9 months PSO, the seropositive rate was 93.0 % (80/86) 

nd the mean COI level was 31.0 (IQR 4.8–32.7). 

For the three CMs who required hospitalization, a 100% 

eropositive rate was observed at 9 months PSO with an average 

OI of 124.2, vs 27.8 for the non-hospitalized CMs. No significant 

ifference was observed in the positivity kinetics of the serology 

epending on the severity of COVID-19 infection. 

Six CMs had COI < 1.0 at 9 months PSO. Of these, five CMs 

resented with symptomatic COVID-19 and one patient presented 

ith asymptomatic COVID-19. At 9 months PSO, these seronega- 

ive patients had lower COI levels than others (mean 7.0 vs 18.8; 

 < 0.01). 

eutralizing antibody 

The median Nab titre 9 months PSO was 1:96 (IQR 1:57–1:113). 

ith a 1:60 threshold, 72.1% (62/84) were considered positive. 

able 2 details the characteristics of CMs depending on the pres- 

nce of Nabs. No significant difference was found in terms of type 

f infection, symptoms or anti-IgG-SARS-CoV-2 rate. Among the six 

atients who no longer showed anti-IgG-SARS-CoV-2, five had a 

eutralizing antibody titre > 1:60. 

iscussion 

Studies focusing on the detectability of Nabs over time have 

ainly reported data from the first year of a COVID-19 outbreak, 

hus mainly following exposure to the initial strain of SARS-CoV- 

. Nabs last for up to 12 months PSO, with discrepancies between 

tudies with regards to waning ( Betton et al., 2021 ; Choe et al.,

021 ; Dispinseri et al., 2021 ; Moriyama et al., 2021 ; Terpos et al.,

021 ; Yao et al., 2021 ). These studies involved 16–188 patients, 

ainly with mild or moderate COVID-19, with a median age of 41–

3 years. De Giorgi et al. (2021) reported detectable Nabs in 63% of 

62 patients at 11 months PSO. An open question remains about 

he extended efficacy of Nabs and their cross-reactivity against 

merging viral variants, and re-infection rates among convalescent 

atients carrying Nabs are notably unknown. 
10 
Passive transfer of Nabs is protective against severe SARS-CoV- 

 infection or re-infection in multiple animal models ( Kim et al., 

021 ; McMahan et al., 2021 ; Rogers et al., 2020 ). A fatal outcome

as correlated with Nab deficiency in a cohort of 162 patients 

 Dispinseri et al., 2021 ). Moriyama et al. (2021) reported limited 

fficacy of Nabs toward B.1.351 (501&Y.V2) and P.1 (501Y.V3) vari- 

nts using 188 sera obtained from symptomatic patients between 

une 2020 and February 2021. On the other hand, the administra- 

ion of convalescent plasma to patients with COVID-19 improves 

oth morbidity and mortality, particularly when used in the early 

tages of the disease, even for critical cases ( Hegerova et al., 2020 ;

im et al., 2021 ). More recently, treatment with Nab bamlanivimab 

n association with etesevimab has been shown to reduce viral 

oad, hospitalization and death ( Dougan et al., 2021 ; Gottlieb et al., 

021 ). mRNA-based vaccines have been shown to elicit a high Nab 

ate ( Chu et al., 2021 ; Pratesi et al., 2021 ). A randomized con-

rolled trial reported the efficacy of the mRNA-1273 SARS-CoV-2 

accine to prevent COVID-19, but with a median follow-up dura- 

ion of 2 months ( Baden et al., 2021 ). Whereas SARS-CoV-2 B.1.1.7 

alpha) and B.1.526 (iota) variants remain susceptible to vaccine- 

r infection-elicited neutralizing activity, the more recent variants 

B.1.617.1 (kappa) and B.1.617.2 (delta)] are less susceptible to Nabs 

 Liu et al., 2020 ; Edara et al., 2021 ). Thus, it remains unknown how

he persistence of the neutralization response following vaccina- 

ion or SARS-CoV-2 infection confers protection against new vari- 

nts. 

This study included individuals infected during the same epi- 

emic event and followed them prospectively, allowing reliable 

hronological analysis. While the stability of binding antibodies is 

nown to be linked to the severity of disease, this cluster still ex- 

ibited a high and persistent seroconversion level. An increased 

itre range was observed at 9 months compared with 1 month PSO, 

ut the timing at first sample collection may have been too early 

o capture the initial IgG peak as a whole. Although not likely to be 

orrelated with protective efficacy, the low seroreversion rate (7%, 

/86) of CMs at 9 months PSO strongly suggests the persistence of 

 significant humoral response against SARS-COV-2 within a young 

opulation. The mean COI was higher for three hospitalized CMs, 

ut the serological response level was irrespective of both symp- 

om intensity and duration among other CMs. 

Usually assessed during shorter follow-up periods, Nabs per- 

isted at a detectable level 9 months PSO for the majority of pa- 

ients in the present study ( Chen et al., 2020 ; Iyer et al., 2020 ;

eynolds et al., 2020 ; Wajnberg et al., 2020 ; Crawford et al., 

021 ; Gaebler et al., 2021 ; Legros et al., 2021 ). Likewise, persis-

ent serum neutralizing activity was observed for asymptomatic 

atients whose contamination period was clearly determined 

 Brochot et al., 2020 ; Reynolds et al., 2020 ; Jonsdottir et al., 2021 ).

Former studies including patients with severe SARS-CoV- 

 infection identified a significant difference in Nabs accord- 

ng to disease severity ( Chen et al., 2020 ; Iyer et al., 2020 ;

ajnberg et al., 2020 ). However, this correlation might be un- 

table over time ( Crawford et al., 2021 ). Like other publications 

nrolling mild and/or asymptomatic patients, no difference in 

ab titre was observed between the groups in the present study 

 Reynolds et al. 2020 ; Jonsdottir et al., 2021 ). 

Both IgG stability and neutralizing activity rely on targeted anti- 

ens ( Wajnberg et al., 2020 ). This correlation is inconstantly ob- 

erved, and appears to be mainly influenced by time of Nab assess- 

ent PSO and patient profile ( Iyer et al., 2020 ; Wang et al., 2020 ).

ive patients showed persistent Nab activity and negative serology. 

evertheless, as this study used nucleocapsid-based serology, its 

orrelation with Nab titres targeting the S protein was judged to 

e irrelevant and was not assessed. 

Due to homogeneous patient profiles, the present study may 

ot reflect characteristics of the general population, but provides 
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Table 2 

Characteristics of crew members depending on the presence of neutralizing antibodies (Nabs). 

Characteristic Presence of Nabs ( n = 62) Absence of Nabs ( n = 24) P- value 

Male, n (%) 54 (87.0%) 21 (87.5) 1 

Age (years), median (IQR) 31 (19.0–37.7) 33 (22.0–36.3) 0.25 

COVID infection 

Symptomatic 

Asymptomatic 

52 (83.8%) 

10 (16.1%) 

19 (79.2) 

5 (10.8) 

0.54 

Reported symptom, n (%) 

Myalgia 

Headache 

Asthenia 

Anosmia 

Cough 

Fever 

Aguesia 

Rhinitis 

Dyspnoea 

Diarrhoea 

29 (46.7%) 

33 (53.2%) 

26 (41.9%) 

30 (48.3%) 

25 (40.3%) 

20 (32.2%) 

20 (32.2%) 

14 (22.5%) 

13 (20.9%) 

5 (8.0%) 

13 (54.1%) 

7 (29.2%) 

9 (37.5%) 

7 (29.2%) 

7 (29.2%) 

6 (25.0%) 

6 (25.2%) 

7 (29.2%) 

5 (20.8%) 

1 (4.1%) 

0.63 

0.05 

0.80 

0.14 

0.21 

0.60 

0.60 

0.58 

1 

1 

Duration of symptom mean 9.04 7.31 0.17 

Hospitalization 

Medicine 2 (4.5%) 1 (4.2%) 1 

First TI titres (Cobas Roche) mean (IQR) 18.1 (3.1–30.2) 17.9 (3.6–17.4) 0.84 

Second TI titres mean 

Positive ( > 1.0) 

Negative ( < 1.0) 

30.2 

57 (92.0%) 

5 (8.0%) 

33.5 

23 (95.8%) 

1 (4.2%) 

0.52 

Hospitalization 

Medicine with O 2 3 (3.5%) 

COVID-19, coronavirus disease 2019; TI, total immunoglobulin; IQR, interquartile range. 
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rucial information on a group not usually targeted as high pri- 

rity by vaccination programmes, highlighting the persistence of 

abs 9 months PSO, as well as an upward trend in nucleocapsid- 

ased serology titres. No cases of re-infection had been observed at 

he time of publication, reducing doubt about protective immunity 

mong non-severe cases. 

Nabs persist for up to 9 months PSO following asymp- 

omatic/mild COVID-19 among young adults, regardless of serolog- 

cal results. 
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