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Dynamics of SARS-CoV-2 neutralising antibody responses 
and duration of immunity: a longitudinal study
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Antonio Bertoletti, Lisa F P Ng, David Chien Lye, Lin-Fa Wang

Summary
Background Studies have found different waning rates of neutralising antibodies compared with binding antibodies 
against SARS-CoV-2. The impact of neutralising antibody waning rate at the individual patient level on the 
longevity of immunity remains unknown. We aimed to investigate the peak levels and dynamics of neutralising 
antibody waning and IgG avidity maturation over time, and correlate this with clinical parameters, cytokines, and 
T-cell responses.

Methods We did a longitudinal study of patients who had recovered from COVID-19 up to day 180 post-symptom 
onset by monitoring changes in neutralising antibody levels using a previously validated surrogate virus 
neutralisation test. Changes in antibody avidities and other immune markers at different convalescent stages were 
determined and correlated with clinical features. Using a machine learning algorithm, temporal change in 
neutralising antibody levels was classified into five groups and used to predict the longevity of neutralising antibody-
mediated immunity.

Findings We approached 517 patients for participation in the study, of whom 288 consented for outpatient follow-up 
and collection of serial blood samples. 164 patients were followed up and had adequate blood samples collected for 
analysis, with a total of 546 serum samples collected, including 128 blood samples taken up to 180 days post-
symptom onset. We identified five distinctive patterns of neutralising antibody dynamics as follows: negative, 
individuals who did not, at our intervals of sampling, develop neutralising antibodies at the 30% inhibition level 
(19 [12%] of 164 patients); rapid waning, individuals who had varying levels of neutralising antibodies from around 
20 days after symptom onset, but seroreverted in less than 180 days (44 [27%] of 164 patients); slow waning, 
individuals who remained neutralising antibody-positive at 180 days post-symptom onset (46 [28%] of 164 patients); 
persistent, although with varying peak neutralising antibody levels, these individuals had minimal neutralising 
antibody decay (52 [32%] of 164 patients); and delayed response, a small group that showed an unexpected increase 
of neutralising antibodies during late convalescence (at 90 or 180 days after symptom onset; three [2%] of 
164 patients). Persistence of neutralising antibodies was associated with disease severity and sustained level of pro-
inflammatory cytokines, chemokines, and growth factors. By contrast, T-cell responses were similar among the 
different neutralising antibody dynamics groups. On the basis of the different decay dynamics, we established a 
prediction algorithm that revealed a wide range of neutralising antibody longevity, varying from around 40 days to 
many decades.

Interpretation Neutralising antibody response dynamics in patients who have recovered from COVID-19 vary greatly, 
and prediction of immune longevity can only be accurately determined at the individual level. Our findings emphasise 
the importance of public health and social measures in the ongoing pandemic outbreak response, and might have 
implications for longevity of immunity after vaccination.

Funding National Medical Research Council, Biomedical Research Council, and A*STAR, Singapore.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.

Introduction
The COVID-19 pandemic,1 caused by SARS-CoV-2,2 
has lasted more than a year with no sign of ending. 
The pandemic has resulted in more than 114 million 
cases and close to 2·5 million deaths as of March 3, 2021.3 
Several key unanswered scientific questions remain 
concerning the pandemic. One of these questions is the 
nature and longevity of protective immunity, which is 

highly important in the context of risk assessment for 
reinfection and vaccine development.4,5

In any viral infection, it is expected that both antibody 
and T-cell responses will play roles in protective 
immunity and there are published studies to suggest 
that this might also be true for SARS-CoV-2 infection.4,6,7 
In patients who have recovered from COVID-19, 
some individuals have very low levels or absence of 
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neutralising antibodies, indicating that T-cell immunity 
could be the dominant mechanism, at least in some 
individuals.8,9 However, high levels of neutralising 
antibodies appear to be correlated with protection 
against reinfection.7

Previous studies of other coronaviruses offer little 
guidance for SARS-CoV-2 serology. Antibody responses to 
the four seasonal human coronaviruses are generally 
short-lived and recovered individuals are prone to rein
fection.5,10 Current knowledge for SARS-CoV and Middle 
East respiratory syndrome coronavirus is less conclusive, 
with some studies suggesting rapidly waning antibodies 
and others indicating long-lasting antibody-mediated 
immunity.11–13 For SARS-CoV-2, several serological studies 
have assessed the dynamics and duration of antibody 
responses. These findings are not uniform, with some 
claiming rapid waning and others showing antibody 
persistence, partly due to the fact that different groups 
have measured different antibodies and most studies were 
done at an early stage of convalescence.14–18

Longitudinal serological studies of patients who have 
recovered from COVID-19 are vital to providing key 
information that is lacking in the context of acquisition 
of protective immunity and longevity of neutralising 
antibodies for SARS-CoV-2. We aimed to investigate 
the peak levels and dynamics of neutralising antibody 
waning and IgG avidity maturation over time, and 
correlate this with clinical parameters, cytokines, and 
T-cell responses. Here, we present our findings from a 
180-day cohort study in Singapore.

Methods
Patient selection and data collection
The inclusion criterion for this prospective cohort study 
was confirmed COVID-19 infection, defined as positive 
SARS-CoV-2 PCR from any respiratory sample. There 
were no exclusion criteria. Electronic medical records 
of enrolled patients were reviewed and data entered 
onto a standardised collection form adapted from the 
International Severe Acute Respiratory and Emerging 
Infection Consortium case record form for emerging 
severe acute respiratory infections. Disease severity 
was defined as follows: mild (no pneumonia on chest 
radiography), moderate (pneumonia on chest radiography 
but not requiring supplemental oxygen), and severe 
(requiring supplemental oxygen, intensive care unit 
admission, or mechanical ventilation). Serial blood 
samples were collected weekly during hospitalisation and 
after hospital discharge between days 30–60, on day 90, 
and on day 180. A more detailed description of the patient 
cohort is given in the appendix (p 1). The patient cohort 
was recruited from Jan 30, 2020, to Aug 14, 2020, and had 
confirmed SARS-CoV-2 infection as detected by nasal 
swab PCR test.

Written informed consent was obtained from patients 
as part of a larger multicentre observational cohort study 
characterising emerging infectious diseases (PROTECT 
study;19 National Healthcare Group Domain Specific 
Review Board [DSRB] reference number 2012/00917; 
NUS-IRB reference code H-20-006). SARS-CoV recall 
participants were recruited under the ethics approval 

Research in context

Evidence before this study
We searched PubMed on Sept 16, 2020, with no restrictions, 
using the terms (“SARS-CoV-2” OR “COVID-19”) AND 
(“neutralizing antibody” OR “neutralising antibody”) AND 
“longevity”. Our search retrieved no published papers. 
We searched medRixv and bioRixv and found 22 and 
18 preprints, respectively. Most studies were not directly 
related to longitudinal cohort investigation. A few studies 
followed antibody responses using ELISA or virus neutralisation 
tests using live virus in Biosafety Level (BSL) 3 laboratories or 
pseudovirus in BSL2 laboratories, and few had a duration of 
6 months after symptom onset. A common limitation was 
cohort size (mostly less than 100 participants) and irregular 
sampling frequency. None of the studies investigated the avidity 
of SARS-CoV-2-specific antibodies in the context of peak 
antibody responses and neutralising antibody longevity.

Added value of this study
In this 180-day longitudinal survey, we examined the dynamics 
of antibody changes, focusing on the level of neutralising 
antibodies, as they are better correlated with protective 
immunity than are total binding antibodies. We further 
investigated the change in avidity as an additional biomarker for 

the quality of antibody responses in different individuals, and 
found that rapid avidity maturation played an important part in 
determining not only the level of neutralising antibodies, but 
also the waning rate of neutralising antibodies. Antibody level 
and avidity were further correlated with other immune markers, 
including cytokines and T-cell immunity. Using machine 
learning algorithms, we established a prediction model that 
indicated that the longevity of neutralising antibody immunity 
for patients with COVID-19 could vary from weeks to decades.

Implications of all the available evidence
Although we are not at a stage to conclusively correlate the 
level of antibody responses with protective immunity, we are 
in a much better position to assess the dynamics of antibody 
responses with data from a cohort who have been in 
convalescence for more than 6 months. Our findings show 
that the level and quality of neutralising antibodies can vary 
greatly from patient to patient, and that neutralising 
antibodies can last for a long period in certain patient 
populations, so it is important to monitor this at an individual 
level. This work might have implications for longevity of 
immunity after vaccination.

See Online for appendix
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numbers DSRB E 2020/00091 and healthy individuals 
under NUS-IRB reference codes H-18-029 and 04-140.

Neutralisation antibody level and IgG avidity assays
We used the surrogate virus neutralisation test for both 
SARS-CoV-2 and SARS-CoV. The development and 
validation of the surrogate virus neutralisation test assay 
from our group was previously reported20 and detailed 
protocols are provided in the appendix (p 2). Briefly, a 
biochemical measurement of the amounts of neutralising 
antibody present in the test sera was done by inhibition 
ELISA, whereby the test sera were first pre-incubated 
with SARS-CoV-2 or SARS-CoV receptor binding domain-
horseradish peroxidase, then added to angiotensin-
converting enzyme 2-coated plates. Total IgG avidity was 
determined using ELISA in the presence and absence of 
urea (see appendix p 2 for details).

Multiplex microbead-based immunoassays
Plasma samples were treated with 1% Triton X-100 
solvent–detergent mix for virus inactivation.21 Immune 
mediator levels in plasma of patients with COVID-19 at 
30 days post-symptom onset and 180 days post-symptom 
onset were measured with the Luminex assay using 
the Cytokine/Chemokine/Growth Factor 45-plex Human 
ProcartaPlex Panel 1 (ThermoFisher Scientific; Waltham, 
MA, USA; see appendix pp 2–3 for detailed method).

SARS-CoV-2-specific T-cell analysis
SARS-CoV-2-specific T cells were tested as described 
previously.6 Briefly, peripheral blood mononuclear cells 
were isolated and directly tested by IFN-γ-ELISpot assay 
for reactivity to six SARS-CoV-2 peptide pools of 15-mers 
(appendix pp 15–19) covering nucleoprotein (NP-1, NP-2), 
membrane (M), open reading frame (ORF)3a, ORF7, and 
ORF8 combined, and one pool of 55 peptides covering the 
most immunogenic regions of spike (S).

Data processing, bioinformatics, and statistical analysis
Data processing and analysis were done in R (version 4.0.2) 
with the tidyverse package (version 1.3.0). Continuous 
variables were compared using Kruskal-Wallis test or 
Wilcoxon signed-rank test as indicated, and categorical 
variables were compared using Fisher’s exact test 
or Wilcoxon signed-rank test as appropriate. All tests 
were two sided, and p<0·05 was considered statistically 
significant. Scatter plots and heatmaps were generated 
using GraphPad Prism version 8 or ggplot2 package 
in R (version 3.3.2). Generalised linear models in 
different settings (Gaussian, Poisson, Gamma, and 
Inverted Gaussian) was applied and Akaike information 
criterion for the different groups were compared. Levels of 
immune mediators were scaled between 0 and 1 for 
visualisation in the heatmap. Prediction of neutralising 
antibody longevity was calculated as the time that 
neutralising antibody surrogate virus neutralisation test 
inhibition percentage reached 30% by extracting the 

intercept for the generalised linear modelling (R package 
stats version 4.0.2) for days post-symptom onset and the 
difference between surrogate virus neutralisation test 
inhibition percentage and 30%. Samples were grouped 
by binning the neutralising antibody longevity and a 
decision tree made by rpart in R (version 4.1-15). Logistic 
regression with Firth’s bias reduction method (logistf 
package in R version 1.24) was used to examine the asso
ciation between clinical features and antibody persistence. 
The following covariates were chosen for inclusion 
in the multivariable model as they were significantly 
different when comparing the persistent antibody group 
versus the other three groups: age group (<45 years, 
45–64 years, or ≥65 years), sex (male vs female), Charlson’s 
comorbidity index group (0 vs ≥1), hypertension (present vs 
absent), and infection severity (mild, moderate, or severe). 
A multivariate ordinal logistic regression was used to 
examine the association between the same covariates and 
serological group (outcome ordered from 1=negative, 
2=rapid waning, 3=slow waning, and 4=persistent). Pro
portional odds assumption was examined using Brant test.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
We approached 517 patients for participation in the study, 
of whom 288 consented for outpatient follow-up and 
collection of serial blood samples. 164 patients were 
followed up and had adequate blood samples collected 
for analysis, with a total of 546 serum samples collected 
(appendix pp 7–12) during treatment in hospital and 
post-discharge, up to 180 days post-symptom onset. The 
breakdown of the number of samples at each timepoint 
was as follows: 64 samples at 14 days post-symptom 
onset, 39 samples at 21 days post-symptom onset, 
127 samples at 28 days post-symptom onset, 30 samples 
at 60 days post-symptom onset, 158 samples at 90 days 
post-symptom onset, and 128 samples at 180 days post-
symptom onset. 42 (26%) of 164 patients were women, 
and the median age was 44 years (IQR 34·5–56; 
range 21–74). 72 (44%) of 164 patients had at least one 
comorbidity, 47 (29%) had hypertension, and 27 (16%) 
had diabetes. 34 (21%) of 164 patients were asymptomatic 
at presentation. No patients had a documented history of 
previous SARS infection.

Based on the slope of the regression line and whether 
the samples crossed the significance threshold of 
30% inhibition (figure 1A), we identified five distinctive 
patterns of neutralising antibody dynamics as follows: 
negative, individuals who did not, at our intervals of samp
ling, develop neutralising antibodies at the 30% inhibition 
level (19 [12%] of 164 patients); rapid waning, individuals 
who had varying levels of neutralising antibodies early 
on (around 20 days post-symptom onset), but seroreverted 
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in less than 180 days (44 [27%] of 164 patients); slow 
waning, individuals who remained neutralising antibody-
positive at 180 days post-symptom onset (46 [28%] of 
164 patients); persistent, although with varying peak 
neutralising antibody levels, these individuals had mini
mal neutralising antibody decay (52 [32%] of 164 patients); 
and delayed response, a small group that showed an 
unexpected increase of neutralising antibodies during 
late convalescence (≥90 days post-symptom onset; 
three [2%] of 164 patients). These classifications of 

samples could be determined using a decision tree to 
evaluate the neutralising antibody levels at 28 days 
post-symptom onset, 90 days post-symptom onset, and 
180 days post-symptom onset (appendix p 4).

To better characterise the distinguishing features of 
each group, we applied a linear regression analysis to 
illustrate the slopes of change for each group (figure 1B). 
For groups 2, 3, and 4, although they all showed a general 
trend of waning, the speed of waning (ie, the slope of 
change) was very different, which resulted in very different 

Figure 1: Longitudinal dynamics of neutralising antibodies
(A) Neutralising antibody level, measured by percentage inhibition of sVNT readings. (B) Linear regression model of each grouping for neutralising antibody level. 
Dashed lines represents 30%, 50%, and 80% of sVNT percentage inhibition. (C) Group mean of IgG avidity percentage is connected at days 14, 21, 30, 90 and 180. Since 
each patient blood sample was taken at a different timepoint in practice, we marked the mean days post-symptom onset of the samples within the same group but the 
definition of the time groups remains 14, 21, 30, 90, and 180 days post-symptom onset. Each point represents a single patient. sVNT=surrogate virus neutralisation test.
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neutralising antibody levels at 180 days post-symptom 
onset, with the rapid waning group showing almost all 
samples at less than 20% inhibition, the slow waning 
group at 40% inhibition or above, and the persistent group 
at 80% inhibition or above.

The fifth group, the delayed response group, showed an 
unusual increase of neutralising antibodies during the 
convalescent period. The mechanism and significance of 
this finding is unclear. Two [67%] of three patients in this 
group had pneumonia in hospital, but none required 
oxygen and one was treated with remdesivir. Since hospital 
discharge, two (67%) patients in the delayed response 
group did not report any febrile illness or acute respiratory 
infection, and one (33%) patient reported three episodes 
of asthma exacerbation. None of the patients in the 

delayed response group reported exposure to known 
patients with COVID-19 or migrant workers, who 
comprised most patients with COVID-19 in Singapore. As 
the sample number is very small (three patients), these 
individuals were excluded from further analysis in the 
current study and will be followed up in future studies if 
we encounter more samples in this category.

IgG maturation (ie, increase in avidity) may play a part 
in our observations. All samples were subjected to avidity 
testing and the data revealed three important findings 
(figure 1C). First, levels of receptor binding domain 
(RBD)-binding IgG antibody avidity correlated with the 
levels and waning rates of neutralising antibody across 
all patient groups. Second, for the negative, rapid waning, 
and slow waning groups, there was a corresponding 

Persistent (n=52)* Slow waning (n=46) Rapid waning (n=44) Negative (n=19) p value† p value‡

Patient characteristics

Age, years 52 (43–60·5) 44 (33–55) 25·5 (27–48·5) 42 (37–52) 0·0001 0·0001

Sex 0·76 0·70

Female 14 (27%) 13 (28%) 10 (23%) 3 (16%) ·· ··

Male 38 (73%) 33 (72%) 34 (77%) 16 (84%) ·· ··

Ethnicity ·· ·· ·· ·· 0·020 0·065

Chinese 31 (60%) 27 (59%) 19 (43%) 4 (21%) ·· ··

Malay 7 (13%) 2 (4%) 5 (11%) 0 ·· ··

South Asian (Indian or 
Bangladeshi)

9 (17%) 11 (24%) 14 (32%) 11 (58%) ·· ··

Other 5 (10%) 6 (13%) 6 (14%) 4 (21%) ·· ··

Charlson comorbidity index 0 (0–1) 0 (0–1) 0 (0–0) 0 (0–0) 0·032 0·012

Any comorbidity 29 (56%) 18 (39%) 15 (34%) 7 (37%) 0·15 0·027

Diabetes 17 (33%) 6 (13%) 3 (7%) 1 (5%) 0·0030 0·0005

Hypertension 22 (42%) 12 (26%) 8 (18%) 3 (16%) 0·037 0·0081

Baseline symptoms

Duration of symptoms, days (n=158)

n 50 46 44 18 ·· ··

Median (IQR) 4 (2–7) 2 (1–5) 2 (0–6) 0 (0–3) 0·0008 0·0006

Fever (n=159)

n 50 46 44 19 ·· ··

n (%) 39 (78%) 34 (74%) 18 (41%) 5 (26%) <0·0001 0·0028

Cough (n=159)

n 50 46 44 19 ·· ··

n (%) 34 (68%) 25 (54%) 22 (50%) 5 (26%) 0·017 0·025

Dyspnoea (n=159)

n 50 46 44 19 ·· ··

n (%) 11 (22%) 3 (7%) 1 (2%) 1 (5%) 0·011 0·0014

Sore throat (n=159)

n 50 46 44 19 ·· ··

n (%) 18 (36%) 15 (33%) 19 (43%) 3 (16%) 0·21 0·86

Rhinorrhoea (n=159)

n 50 46 44 19 ·· ··

n (%) 13 (26%) 9 (20%) 13 (30%) 3 (16%) 0·60 0·69

Asymptomatic (n=159)

n 50 46 44 19 ·· ··

n (%) 3 (6%) 7 (15%) 13 (30%) 11 (58%) <0·0001 0·0008

(Table 1 continues on next page)
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biphasic kinetics for avidity change, with more rapid rise 
in the first phase (from days 15–30 post-symptom onset) 
than the second phase (from days 31–180 post-symptom 
onset). Third, for the persistent group, avidity reached a 

high level very early (15–30 days post-symptom onset) 
and showed a less obvious biphasic change.

To investigate if cytokine levels correlated with antibody 
waning patterns in patients with COVID-19, we profiled 

Persistent (n=52)* Slow waning (n=46) Rapid waning (n=44) Negative (n=19) p value† p value‡

(Continued from previous page)

Baseline investigations

White blood count, ×10⁹/L (n=159)

n 50 46 44 19 ·· ··

Median (IQR) 5·40 (4·10–6·70) 5·15 (4·50–6·90) 6·35 (4·65–8·45) 7·20 (4·60–9·90) 0·079 0·19

Neutrophil count, ×10⁹/L (n=159)

n 50 46 44 19 ·· ··

Median (IQR) 3·84 (2·62–5·40) 3·63 (2·40–4·73) 3·78 (2·51–5·12) 4·14 (3·01–5·68) 0·77 0·95

Lymphocyte count, ×10⁹/L (n=159)

n 50 46 44 19 ·· ··

Median (IQR) 1·08 (0·79–1·44) 1·13 (0·85–1·58) 1·79 (1·22–2·56) 1·73 (1·58–2·34) 0·0001 0·0004

C-reactive protein, mg/L (n=153)

n 49 44 42 18 ·· ··

Median (IQR) 50·3 (13·0–76·6) 9·85 (1·8–50·7) 3·3 (1·4–7·6) 1·85 (1·2–4·1) 0·0001 0·0001

Lactate dehydrogenase, U/L (n=148)

n 47 41 41 19 ·· ··

Median (IQR) 589 (409–721) 423 (364–538) 362 (314–421) 374 (319–439) 0·0001 0·0001

Creatinine (µmol/L) (n=159)

n 50 46 44 19 ·· ··

Median (IQR) 79·5 (61–87) 73 (62–83) 72 (62–87) 71 (64–81) 0·70 0·26

Outcomes

Pneumonia 47 (90%) 28 (61%) 12 (27%) 1 (5%) <0·0001 <0·0001

Supplemental oxygen requirement 33 (63%) 9 (20%) 2 (5%) 0 <0·0001 <0·0001

Intensive care unit admission 21 (40%) 5 (11%) 1 (2%) 0 <0·0001 <0·0001

Mechanical ventilation 8 (15%) 0 0 0 0·0008 <0·0001

Data are median (IQR) or n (%). Categorical variables represented as number (percentage) and compared using Fisher’s exact test. Continuous variables represented as median (interquartile 
range) and compared using Kruskal-Wallis test. *Two of 52 patients had missing data for baseline symptoms and baseline investigations; the rest of the data (demographics, medical history, 
and clinical outcomes) were complete. †Comparing all four groups independently. ‡Persistent antibody group versus all other three groups (slow waning, rapid waning, and negative).

Table 1: Demographic and clinical characteristics of patients, grouped by antibody dynamics

Univariable model 
(persistence)*

Multivariable model 
(persistence)*

Ordinal multivariable logistic 
regression model†

OR (95% CI) p value Adjusted OR (95% CI) p value Adjusted OR (95% CI) p value

Age group, years

<45 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)

45–65 3·19 (1·55–6·76) 0·0015 1·81 (0·72–4·58) 0·21 1·38 (0·68–2·80) 0·37

>65 16·8 (4·23–94·9) <0·0001 5·37 (0·90–41·7) 0·065 3·18 (0·61–25·2) 0·20

Female sex 1·19 (0·55–2·48) 0·65 1·84 (0·68–5·1) 0·23 2·28 (1·08–4·92) 0·032

Charlson comobidity index score ≥1 2·51 (1·23–5·15) 0·012 0·92 (0·27–2·91) 0·89 1·26 (0·53–3·03) 0·60

Hypertension 2·72 (1·34–5·56) 0·0059 0·90 (0·26–2·98) 0·86 0·73 (0·29–1·82) 0·50

Severity

Mild (no pneumonia) 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)

Moderate (pneumonia, no supplemental O2) 5·73 (2·06–18·1) 0·0007 5·20 (1·83–16·7) 0·0017 6·45 (2·98–14·48) <0·0001

Severe (supplemental O2 or intensive care 
unit admission)

39·7 (14·0–132·8) <0·0001 30·3 (10·0–107·9) <0·0001 51·1 (18·5–154·4) <0·0001

OR=odds ratio. *Firth logistic regression. †Ordinal logistic regression. The proportional odds assumption was examined with Brant test: parallel regression assumptions hold 
for individual variables and the overall model (p=0·99).

Table 2: Logistic regression analysis of predictors of persistent antibody trend (n=161)
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concentrations of cytokines and chemokines in the 
plasma at 30 days post-symptom onset and 180 days 
post-symptom onset (appendix p 5). At the late convalescent 
timepoint of 180 days post-symptom onset, higher levels 
of pro-inflammatory cytokines (IFN-γ, IL-12p70, and 
IL-17A), pro-inflammatory chemokine (IP-10), and growth 
factors (human growth factor) were observed in the 
persistent group compared with all other groups. This 
result contrasted with patients in the negative group, 
with lower concentrations of pro-inflammatory IFN-γ, 
IL-12p70, and IL-17A at 180 days post-symptom onset 
compared with all other groups. There was no difference 
in IL-6 levels across the different groups (data not shown).

For a subset of 23 samples randomly selected from 
each group at day 180, we tested T cells that were reactive 
to peptides of S, M, NP, ORF3a, and ORF7/8 proteins to 
investigate if there was a correlation between T-cell 
immunity and different antibody kinetics. We made two 
observations (appendix p 6). First, all patients in each 
group maintained substantial specific T-cells at 180 days 
post-symptom onset and the T-cell response was multi-
specific, with most donors having T-cells reactive to NP, 
M, and S. Second, there was no clear difference in T-cell 
immunity between the groups, consistent with previous 
findings.6,22

We found significant differences in terms of age, 
presence of comorbidities, baseline symptoms, investi
gations, and clinical outcomes when comparing all four 
groups against each other and in the persistent antibody 
group compared with the other three groups with waning 
or absent antibodies (table 1). We observed a distinct 
stepwise progression from the negative group to the 
persistent group, whereby patients with persistent 
antibodies were older and had more comorbidities, 
including hypertension and diabetes mellitus.

The demographic differences we observed were 
probably related to increased disease severity, as patients 
in the persistent group had poorer clinical outcomes, 
including pneumonia, supplemental oxygen requirement, 
intensive care unit admission, and mechanical ventilation. 
Baseline symptoms and investigations reflected this 
increased disease severity, with a greater proportion of 
patients with fever, cough, dyspnoea, reduced lymphocyte 
count, increased C-reactive protein, and increased lactate 
dehydrogenase in the persistent group. We observed a 
greater proportion of asymptomatic individuals in the 
negative group (11 [58%] of 19 patients) compared with 
the persistent group (three [6%] of 52 patients).

Viral load data, in the form of quantitative PCR results, 
were available for 70 patients and, in this subgroup, 
baseline earliest nasopharyngeal PCR cycle threshold 
values on admission were not associated with antibody 
response (data not shown), although there are limitations 
to this data as sample types varied (eg, nasopharyngeal 
swab, oropharyngeal swab, or sputum).

In the multivariable model that incorporated age, sex, 
and presence of comorbidities, only disease severity was 

independently associated with persistent antibody levels, 
with an adjusted odds ratio of 5·20 (95% CI 1·83–16·7) 
for moderate disease severity and 30·3 (10·0–107·9) for 
severe disease severity, both compared with patients with 
mild disease (table 2).

The longevity of neutralising antibodies (in days) was 
calculated by the slope and intercept of linear modelling 
of the different groups and individuals. Generalised 
linear models in different settings were applied and areas 
under the curve for the different groups were compared. 
Gaussian distribution had the lowest Akaike information 
criterion in all groups except for negative samples, but 
that group was not used for longevity prediction (data not 
shown). The median neutralising antibody positive days 
for the rapid waning, slow waning, and persistent 
groups were 96 days, 201 days, and 580 days, respectively 
(figure 2A; appendix pp 7–12). The individual neutralising 
antibody-positive days within each group had substantial 

Figure 2: Prediction of neutralising antibody longevity using linear 
regression modelling for different groups
(A) Violin plots and box plots showing neutralising antibody positive days. 
p-value was calculated by Wilcoxon signed-rank test with the persistent group as 
the reference. For each group, the 0th, 25th, 50th, 75th, and 100th percentile 
are marked. (B) Correlation of predicted sVNT inhibition percentage compared 
with actual sVNT inhibition percentage for a subset of the returning cohort at 
270 days post-symptom onset. sVNT=surrogate virus neutralisation test.
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variations. The persistent group had the greatest variation 
of longevity, as the minimum duration of neutralising 
antibody longevity was predicted to be 326 days and the 
maximum was more than 14 881 days. 56 patients 
available for 270 days post-symptom onset sampling were 
used to test the correlation of modelling and actual data. 
The predicted and actual 270 days data had a Pearson 
correlation of 0·84, showing robustness and validating 
our neutralising antibody longevity prediction algorithm 
(figure 2B).

We observed some patients in the persistent and 
delayed response groups had increasing antibody levels 
many months after they recovered from acute disease. 
This increase affected our prediction modelling for these 
patients, as the modelling was developed for a downward 
trendline, resulting in the infinite prediction of antibody 
longevity (more than half a million days).

We extended the cohort study to a total of 20 SARS 
survivors recruited 17 years after their disease recovery 
(appendix p 13). 90% of the recalled individuals showed 
surrogate virus neutralisation test percentage inhibition 
at 30% or above. This pattern of neutralising antibody 
waning dynamics is similar to the one predicted for the 
persistent group of the patients who recovered from 
SARS-CoV-2.

Discussion
Previous published studies indicated that S-specific 
antibodies waned more slowly than did N-specific 
antibodies,16,20 and that the level of neutralising anti
bodies could be an important indicator of protection.5,7 In 
this 180-day longitudinal study of SARS-CoV-2 antibody 
dynamics, we focused specifically on functional neu
tralising antibodies using the operator-friendly surrogate 
virus neutralisation test assay platform, which has an 
excellent concordance with the live virus neutralisation 
test and has been successfully applied in multiple studies 
from different countries.6,7,20,23 The surrogate virus 
neutralisation test offers advantages at the operational 
level for large numbers of samples and when repeated 
testing is required, as was the case for this study.

Our study covered a 180-day period after infection, with a 
subset of samples extended to 270 days. The extended 
timeframe and multiple samplings for many of the 
individuals in the study allowed us to have a more reliable 
and in-depth dissection of the multifaceted nature of 
neutralising antibody dynamics. In contrast to previously 
published studies,14,15,17,18 which generally focused on 
antibody decay among different cohorts and in different 
geographical regions, we showed the diversity of 
neutralising antibody dynamics in five distinctive patterns. 
These patterns differed in the peak level of neutralising 
antibodies, the speed of decay, and the IgG avidity 
maturation process and immune modulator profiles.

Neutralising antibody longevity was associated with 
sustained levels of inflammatory cytokines up to at least 
180 days post-symptom onset in patients who had 

recovered from COVID-19. Patients in the persistent 
group maintained high systemic concentrations of 
pro-inflammatory cytokines, even at 6 months post-
symptom onset. This pro-inflammatory cytokine milieu 
has been shown to correlate strongly with antibody levels 
in COVID-19.24 Pro-inflammatory IFN-γ,25 IL-12,26 and 
IL-1727 have been indicated to play a part in B-cell 
development. In this context, it is interesting to note that 
there was no significant difference in IL-6 levels across 
the different groups, although IL-6 has been shown to be 
important for IgG production.28 By contrast, T-cell 
responses seem to have no clear correlation with the 
different patterns of neutralising antibody dynamics. 
Patients from all groups, including the negative group, 
showed sustained T-cell immunity 6 months after initial 
infection. These data indicate that the pro-inflammatory 
environment during late convalescence (≥90 days after 
symptom onset) could be important in maintaining long-
term COVID-19 specific neutralising antibody levels.

With regard to clinical parameters, the persistent 
group had the strongest correlation with disease severity, 
consistent with previous findings of a correlation bet
ween neutralising antibody level and disease severity at 
the neutralising antibody peak. Greater disease severity 
was independently associated with persistent neutralising 
antibody level, and patients with milder disease appeared 
to have more rapid neutralising antibody waning. This 
finding could have substantial implications in terms of 
population-level or herd immunity, especially if ongoing 
viral mutation attenuates SARS-CoV-2 virulence, with a 
consequent reduction in the proportion of patients with 
severe disease. Asymptomatic individuals appear to have 
lower levels of seroconversion or antibody persistence,29 
although this needs further investigation in large cohort 
studies.

By modelling the rate of neutralising antibody waning 
in different groups, we were able to establish prediction 
models to estimate the longevity of responses in 
individuals in the three groups showing different 
neutralising antibody waning rates. The rate of waning 
suggests reinfection during second and later waves of 
infection is likely to occur, limiting the viability of a 
herd immunity strategy before an effective vaccine.30 
Assuming similar rates of waning after vaccination, 
annual administration is likely to be necessary to prevent 
large outbreaks as population immunity declines. 
However, contrary to some previously published studies 
suggesting a short lifespan of SARS-CoV-2 RBD-specific 
antibodies, we showed that neutralising antibodies might 
persist for many years in some patients who have 
recovered from COVID-19. Although such predictions 
can only be confirmed over the next 5–10 years, we 
believe our predictions are not unrealistic considering 
that patients infected with SARS-CoV showed long 
lasting neutralising antibodies 17 years after initial 
infection, also observed in our previous studies.13,31 As 
most patients with SARS developed severe disease, it is 
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unsurprising that their neutralising antibody waning 
pattern was more aligned to the persistent group of 
patients who recovered from SARS-CoV-2.

Our study has several limitations. This was an 
observational cohort study, and although individuals 
enrolled in the study were representative of the com
munity pandemic in Singapore, there might be host or 
environmental conditions in other populations that affect 
immune responses that we are unable to account for. 
The largest samples available in this cohort were for 
individuals of Chinese ethnicity, and given that there 
are differences in outcomes and disease progression 
by different ethnic groups observed in some countries, 
the results of this study might only be generalisable 
to Chinese people. The median age of the cohort was 
44 years; thus the results might not be generalisable to 
older adults or children, who might have different 
immune profiles. We enrolled individuals with various 
disease severities, but asymptomatic infections were few 
in number, limiting our ability to study this important 
group. Some individuals were lost to follow-up and the 
timing of sample collection also varied. Although such 
issues can be adjusted by using statistical models to 
correct survivor bias, without knowing who was lost to 
follow-up permanently (as a participant could miss one 
timepoint but come back for the next), this is not feasible.

In conclusion, our study showed that neutralising 
antibody dynamics vary greatly among individual patients 
with COVID-19, in peak antibody level and rate of waning 
and longevity of neutralising antibodies. We found an 
association between persistent neutralising antibodies 
and severe COVID-19 clinical symptoms and higher 
levels of pro-inflammatory cytokines and chemokines. In 
a subset of tested patients, SARS-CoV-2 specific T cells 
were detected regardless of waning patterns of 
neutralising antibodies. Clinical and epidemiological 
studies of reinfection among patients who recovered 
from COVID-19 with and without persistent neutralising 
antibodies are needed to answer important clinical 
questions regarding long-term protective immunity and 
the level of neutralising antibodies that correspond to 
protection. In this context, it is important to conduct 
similar large cohort and longitudinal studies among 
people who have been vaccinated to examine immunity 
dynamics and longevity.
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