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s u m m a r y 

Background: Antibody waning after SARS-CoV-2 infection may result in reduction in long-term immunity 

following natural infection and vaccination, and is therefore a major public health issue. We undertook 

prospective serosurveillance in a large cohort of healthy adults from the start of the epidemic in England. 

Methods: Clinical and non-clinical healthcare workers were recruited across three English regions and 

tested monthly from March to November 2020 for SARS-CoV-2 spike (S) protein and nucleoprotein (N) 

antibodies using five different immunoassays. In positive individuals, antibody responses and long-term 

trends were modelled using mixed effects regression. 

Findings: In total, 2246 individuals attended 12,247 visits and 264 were seropositive in ≥ 2 assays. Most 

seroconversions occurred between March and April 2020. The assays showed > 85% agreement for ever- 

positivity, although this changed markedly over time. Antibodies were detected earlier with Abbott (N) 

but declined rapidly thereafter. With the EuroImmun (S) and receptor-binding domain (RBD) assays, re- 

sponses increased for 4 weeks then fell until week 12–16 before stabilising. For Roche (N), responses 

increased until 8 weeks, stabilised, then declined, but most remained above the positive threshold. For 

Roche (S), responses continued to climb over the full 24 weeks, with no sero-reversions. Predicted propor- 

tions sero-reverting after 52 weeks were 100% for Abbott, 59% (95% credible interval 50–68%) Euroimmun, 

41% (30–52%) RBD, 10% (8–14%) Roche (N) < 2% Roche (S). 

Interpretation: Trends in SARS-CoV-2 antibodies following infection are highly dependent on the assay 

used. Ongoing serosurveillance using multiple assays is critical for monitoring the course and long-term 

progression of SARS-CoV-2 antibodies. 

© 2021 Published by Elsevier Ltd on behalf of The British Infection Association. 
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SARS-CoV-2 infection may be asymptomatic, 1 or manifest along 

 wide clinical spectrum, from mild upper respiratory tract illness 

o severe pneumonia, multiorgan failure and death. 2 , 3 Risk factors 
. 
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or COVID-19 include age, male gender, ethnicity, underlying co- 

orbidity and occupation, especially being a healthcare worker. 4 

SARS-CoV-2 infection is usually confirmed by identifying viral 

NA by RT-PCR of a nasal, nasopharyngeal or throat swab, but the 

ensitivity of this test may be as low as 70%, 5 which will sig- 

ificantly underestimate the true extent of infection in a popula- 

ion. 6 Antibody tests potentially provide a more accurate assess- 

ent of SARS-CoV-2 exposure and are a useful tool for under- 

tanding transmission dynamics and pandemic progression. 7 , 8 Fol- 

owing infection with COVID-19, antibodies are generated against a 

umber of structural and non-structural proteins, including nucle- 

protein (N) and spike protein (S). Antibodies against the receptor 

inding domain (RBD) of the spike protein block the interaction 

etween the virus and the major host-cell receptor ACE2 and are 

ikely to give the best correlation with neutralisation, and may pro- 

ect against re-infection. 9 , 10 Until widespread coverage of an effec- 

ive vaccine is achieved, COVID-19 control is likely to rely, at least 

n part, on herd immunity arising from a proportion of the popu- 

ation being exposed to the virus and developing a protective an- 

ibody response. 11 There are, however, concerns that SARS-CoV-2 

ntibodies may show significant waning, and antibody protection 

ay be short-lived. 12–15 

In England, the first imported cases of COVID-19 were iden- 

ified in late January 2020 and started increasing rapidly from 

arly March, resulting in implementation of national lockdown on 

3 rd March, which included closures of schools and non-essential 

usinesses. 16 Cases continued to increase until mid-April before 

lateauing and then declining to low levels by end May 2020, 

fter which lockdown measures since eased gradually. Studies of 

dult blood donors in particular estimated a seroprevalence of 

–10% across England and 15% in London during June 2020. 6 , 17 

ARS-CoV-2 infection rates remained low during early summer and 

tarted increasing week-by-week from mid-August until the end of 

ovember 2020. 

In order to monitor seroprevalence and the course of antibod- 

es during the pandemic, Public Health England (PHE) initiated a 

onthly seroprevalence study in March 2020 across three English 

egions. Participants included healthcare workers with direct pa- 

ient contact, those with public-facing but non-clinical roles, and 

on-clinical office and laboratory workers, who all continued work- 

ng throughout the lockdown period. Repeated monthly testing al- 

owed measurement of antibody seroconversion and sero-reversion 

ates as the pandemic unfolded, thus providing a unique opportu- 

ity to study SARS-CoV-2 antibody responses in a large cohort of 

ealthy adults with asymptomatic infection and mild-to-moderate 

isease. 

ethods 

tudy design 

ESCAPE (Enhanced SeroIncidence for COVID-19 Antibodies 

mong PHE and NHS Staff) is a prospective surveillance cohort 

ollecting blood samples for SARS-CoV-2 antibodies and question- 

aire data at monthly intervals. Surveillance was initiated in March 

020 and included staff from Public Health England (PHE), National 

ealth Service (NHS) and volunteers across four sites. Sites were: 

ondon (PHE London and Colindale, primarily office and labora- 

ory staff), PHE Porton Down (Southwest England, primarily office 

nd laboratory staff in rural Wiltshire plus family and friends), PHE 

anchester and Manchester Royal Infirmary (MRI) (office and labo- 

atory staff as well as healthcare workers) and NHS Wythenshawe 

ospital, Manchester (primarily frontline healthcare workers). Af- 

er providing written consent, participants completed a brief ques- 

ionnaire about recent respiratory symptoms and provided ∼10 mL 

f blood by venepuncture. Samples were processed in PHE labora- 
163 
ories and frozen at -70 °C or below until they were batch-tested 

or SARS-CoV-2 antibodies. Participants who missed an appoint- 

ent continued to be invited for subsequent appointments, as did 

articipants who became unwell with a respiratory or any other 

llness. 

aboratory methods 

Samples were tested with four different commercial serologi- 

al assays and an in-house assay, against N and S antigens in two 

road assay types: an indirect IgG format and a double-antigen to- 

al antibody format. Specifically, 

1 EUROIMMUN: An enzyme-linked immunosorbent assay (ELISA) 

for semi-quantitative detection of IgG antibodies using recom- 

binant S1 domain of SARS-CoV-2 spike protein (EUROIMMUN 

Medizinische Labordiagnostika AG, Lubeck, Germany). Results 

were reported as an index relative to the optical difference of 

a reference sample. Indices > 1.1 were considered positive. Re- 

sults plateau with indices > 15. 

2 Roche S: The Elecsys Anti-SARS-CoV-2 S assay is an electro- 

chemiluminescant immunoassay that detects total high-affinity 

antibody (IgG and IgM) against RBD (Roche Diagnostics Interna- 

tional Ltd, Rotkreuz, Switzerland). Results are provided against 

a standard curve and reported as U/mL. A result of ≥ 0.8 is con- 

sidered positive. 

3 Roche N: Similar to Roche S, this assay detects IgG and IgM 

against nucleoprotein. The results are provided as an index 

against a reference sample. An index of ≥ 1.0 is considered pos- 

itive. 

4 Abbott: SARS-CoV-2 IgG assay is a chemiluminescence enzyme 

immunoassay for qualitative detection of IgG antibodies against 

nucleoprotein (Abbott Diagnostics, IL, USA). The assay using a 

bead-based indirect format with ‘blockers’ to decrease cross- 

reaction with antibodies to other coronavirus N proteins. 

5 RBD : The in-house RBD assay is an indirect IgG assay, de- 

veloped and validated at PHE. Commercial RBD subunit was 

purchased from SinoBiological Inc (Beijing, P.R. China) and 

expressed in HEK293 cell culture with a C-terminal mouse 

Fc tag (Arg319-Phe541(V367F);# YP_009724390.1). Nunc Max- 

iSorp flat-bottomed, polystyrene 96-well microtitre plates were 

coated by diluting 20ng recombinant protein/well in ster- 

ile PBS; pH7.2 ± 0.05 (-CaCl2, -MgCl2), (GIBCO, Thermo Fis- 

cher, Waltham, U.S.A) at 4–8 °C for a minimum of 16 h. 

Serum was diluted at a final dilution factor of 1 in 100. 

IgG binding on the plate surface was detected with an 

anti-Human IgG −horseradish peroxidase antibody conjugate 

(Sigma Aldrich, St Louis, U.S.A) and detected with 3,3 ′ ,5,5 ′ - 
Tetramethylbenzidine (Europa Bioproducts Ltd, Ipswich, U.K). 

Samples were analysed in duplicate and optical density (OD 450 ) 

data were evaluated by dividing average OD 450 values for in- 

dividual samples by average OD 450 of a known calibrator with 

negative antibody levels (T/N ratio). Results ≥ 5 were consid- 

ered positive. 

For all assays, specificity and sensitivity were determined using 

 panel of negative samples collected in 2019, and of confirmed 

CR positive samples collected at the beginning of the outbreak, 

espectively. 

tatistical analysis 

eroprevalence, conversions and reversions 

All commercial assays were run as singletons, the in-house RBD 

ssay was run as duplicate. Data for each assay were analysed sep- 

rately. Because only a proportion of samples were tested with the 

BD assay, seroprevalence was not calculated for this assay. The 
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roportion positive at each visit for the four sites was calculated 

ith 95% binomial confidence intervals (CI). Seroconversion was 

efined as having a positive test subsequent to a negative test at 

he previous visit. Sero- reversion was defined as having a negative 

est subsequent to a positive test at the previous visit. The pro- 

ortion of seroconversions and reversions was calculated with 95% 

onfidence intervals (CI) across study visits. We also calculated the 

roportion ever positive throughout the study. 

Agreement in positivity under each pair of assays was assessed 

sing the kappa statistic, where 0 indicates no agreement and 1 

erfect agreement. We examined agreement between tests accord- 

ng to calendar month, and ever-positive status in participants. 

5% CI for kappa statistics were obtained via bootstrap resampling, 

ith the 2.5th and 97.5th percentiles of 10 0 0 samples forming the 

ower and upper bounds. 

redictors of initial response 

Individuals with at least one positive test under two different 

ssays (EuroImmun, either of Roche N/S, and Abbott) were classi- 

ed as “confirmed positive”. For each assay, the maximum level 

eached within 12 weeks of their first positive test (under any 

ssay) was taken as the initial response . Linear regression models 

ere fitted to the log of the measurements with the following co- 

ariates: age (18–29, 30–39, 40–54 and 55 + ), sex, ever-reported 

ARS-CoV-2 RT-PCR positive, respiratory symptoms (a) 0–28 days 

rior to their first positive antibody test, and (b) 29–84 days prior. 

nteractions between covariates were assessed via likelihood ratio 

ests. 

rends in antibody response post-12 weeks 

Following the initial 12-week response in the confirmed 

eropositive cohort, we modelled the log of the measurements, 

ith time as a continuous variable, from 12 weeks after first 

ositive test. Random effects representing individual variability in 

esponse were included for the intercept (baseline result at 12 

eeks) and slopes (change over time). Correlation between the 

andom effect for the intercept and slope was allowed for in the 

ariance-covariance matrix. The same covariates were considered 

s predictors for baseline result (week 12) and change over time, 

he latter as covariate X time interactions. Data were analysed using 

tata v14.2 (StataCorp, College Station, Texas). 

oint modelling and predictions 

The random effects model for trends post-12 weeks was also 

mplemented in a fully Bayesian Markov Chain Monte Carlo 

MCMC) framework; this model only included random intercepts 

nd trends over time. Results for all assays were modelled simul- 

aneously, allowing an assessment of individual-level correlations 

etween trends for different assays. The model was used to de- 

ive predicted responses up to 52 weeks, based on the estimated 

ndividual-level random effects. From these, predicted positivity 

nd multivariate assay status was obtained. The MCMC approach 

llows uncertainty of such derived results to be quantified, with 

he median of the posterior distribution taken to be the point esti- 

ate, and the 2.5th and 97.5th percentiles forming a 95% credible 

nterval (CrI). The model was fitted using WinBUGS 1.4.3 (MRC Bio- 

tatistics Unit). 

esults 

ummary statistics 

In total, 2246 individuals were recruited (London, 537; Manch- 

ster, 594; Wythenshawe, 598 and Porton, 517) and 2045 (91%) 

ad at least 3 visits, with up to 8 visits (median = 6), between 23rd

arch and 18th November 2020. 1,101 (49%) were NHS employees. 
164 
he median interval between study visits was 28 days (90% of vis- 

ts between 23–56 days). There were 12,247 attendances and 95.2% 

f scheduled visits were attended. The median age of study par- 

icipants at entry was 40 years (interquartile range 32–50, range 

8–71) and 69% ( n = 1529) were female. Only 52 individuals (2.3%) 

eported having a lab-confirmed COVID-19 diagnosis, while 580 

26%) reported having a respiratory illness. 

eroprevalence, conversions and reversions 

There were 12,230 EuroImmun tests, 11,265 Roche N, 10,980 

oche S, 9,569 Abbott and 3,694 RBD tests completed. Ever- 

ositivity in study participants was 260/2246 (11.6%) for EuroIm- 

un, 257/2245 (11.5%) for Roche N, 264/2245 (11.8%) for Roche 

, and 279/2212 (12.6%) for Abbott. For RBD, a higher proportion 

270/1141, 15.8%) tested positive because of selective testing of in- 

ividuals positive for other assays. 

Ever-positivity using EuroImmun was highest among Wythen- 

hawe hospital employees (22.2%) followed by PHE London (13.6%), 

anchester (7.4%) and PHE Porton (1.8%). Positivity was 14.7% in 

hose aged 15–29, compared to 30–39: 11.5%, 40–54: 10.7%, ≥ 55: 

.1%. There was no difference between males and females (chi- 

quare p -value = 0.639). Positivity was 55.8% in those reporting 

aboratory-confirmed COVID-19 (10.4% in those without) and 25.4% 

n those reporting a respiratory illness (6.6% in those without). 

imilar patterns were observed with the other assays. 

Seropositivity was lowest in March and increased in April at all 

ites ( Fig. 1 , Supplementary Table S1). This is also reflected in the 

eroconversion rates which ranged from 6.1–6.8% across the four 

ssays in April, 3.5–4.2% in May, 0.9–1.2% in June and < 0.6% in 

uly. Few seroconversions were observed subsequently and none 

n November, although data are sparse. Conversely, sero-reversions 

ncreased over time, reaching 10%/month for EuroImmun and 10.5% 

or Abbott in July, and 18.5% for EuroImmun and 33% for Abbott in 

ctober. 

ntibody trends 

There were 264 individuals testing positive in ≥ 2 assays (i.e. 

uroImmun, Roche N or S, and Abbott), considered “confirmed pos- 

tives”. For Abbott, EuroImmun and RBD, the initial antibody re- 

ponse was rapid following their last negative test ( Fig. 2 ). Levels 

hen drop immediately for Abbott and continue to fall over the fol- 

owing 28 weeks, with a high proportion sero-reverting. With Eu- 

oImmun, responses increased for 4 weeks after first positive test, 

hen fell to week 12–16 before stabilising, although a proportion 

ero-reverted. Similar patterns were observed for RBD, although re- 

ponses were higher above the positive threshold and fewer sero- 

everted. The Roche assays behaved differently: for Roche N, re- 

ponses climbed until 8 weeks, stabilised, and began to fall, but 

he majority were well above the positive threshold. For the Roche 

 assay, responses continued to climb over the full 24 weeks, with 

o sero-reversions. 

Fig. 3 shows kappa statistics for agreement between the assays. 

ll assays showed > 85% agreement for ever-positivity, although 

his changed markedly over time, with poor agreement in March, 

ising to a peak in May and then declining, with the exception of 

oche N/Roche S, and particularly poor agreement for Abbott. This 

eflects the longer interval after infection in latter months, and the 

arge proportion reverting to sero-negativity for EuroImmun and 

bbott. 

nitial antibody response 

For all assays, the regression model for maximum antibody 12 

eeks after first positive test found no difference by age (min- 
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Fig. 1. % positive (spike protein IgG) or % positive/indeterminate (nucleoprotein IgG), by assay, study site and calendar month, with binomial 95% confidence intervals. Sample 

sizes are indicated above each bar. 

Note: There were 21 Roche N/S tests for Wythenshawe in October with majority positive, which are not shown. The high observed prevalence is likely due to sampling of 

particular individuals: 260 were sampled in September. 
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mum LR test p -value = 0.393) or sex (minimum LR test p - 

alue = 0.604). Those with confirmed COVID-19 had slightly higher 

ntibody levels for EuroImmun (ratio, 1.45; 95%CI. 1.03–2.03) but 

ot for other assays (minimum p -value = 0.226), although confi- 

ence intervals are wide. Those reporting respiratory symptoms up 

o 28 days before first seropositivity had higher responses under 

ll assays, with 29% (EuroImmun) to 56% (Roche S) higher ratios 

nd moderate-to-strong evidence for all assays. There was no dif- 

erence in response for those reporting a respiratory illness 29–84 

ays prior to first seropositivity (minimum p -value = 0.399). Full 

esults from the model are provided in Table 1 . 

Tests for interactions between age, sex, respiratory symptoms 

nd COVID-19 diagnosis showed little evidence for interactions. 

lder individuals with a COVID-19 diagnosis had higher measure- 

ents using the two Roche assays (LR test for interaction p -value 

 0.003 for Roche N, p = 0.007 for Roche S); this was not observed

or the other assays. Notably, only 28 seropositive individuals re- 

orted a PCR-confirmed COVID-19 diagnosis. Of the 52 individuals 

n the whole study reporting confirmed COVID-19, 22 (42%) tested 

ositive for all five assays, 6 for ≥ 2assays, 4 for one assay and 20 

38%) remained seronegative for all assays, despite attending mul- 

iple (between 4 and 8) visits. 

rends in antibody response post-12 weeks 

The random effects model for antibody response 12 weeks af- 

er first seropositivity was initially adjusted for age, sex, confirmed 

OVID-19, and respiratory symptoms within 28 days of seropos- 

tivity. Weekly changes in antibody responses were: -1.6% (-2.14 

o -1.18%) for EuroImmun, -3.54% (-4.32 to -2.75%) for Roche N, 

.60% (1.60 to 3.62%) for Roche S (an increase), -7.85% (-8.38 to 
165 
7.32%) for Abbott, and -1.82% (-2.41 to -1.23%) for RBD. Covariates 

ere then included as predictors of trends (Table 3). Age, sex, con- 

rmed COVID-19 and respiratory symptoms were not predictive of 

rends from 12 weeks onwards, except for Roche S, which showed 

 steeper increasing trend in ≥ 55 year-olds compared to other 

ge-groups (11.4%/ week). Increases over time were also greater in 

hose with confirmed COVID-19, although data for this group were 

elatively sparse. Full results are provided in Table 2 . 

The variance components indicated substantial individual vari- 

bility in base response, but comparatively little variation in 

rends, which were generally stable (Supplementary Fig. S2). For 

ost assays, there was little correlation between baseline response 

nd trend, but for Abbott there was some positive correlation 

higher initial responses were associated with slower declines). 

oint modelling and predictions 

The Bayesian model for trends allows investigation of the 

orrelation between individual responses under different assays 

Supplementary Table S3). Correlation between baseline responses 

random effects for the intercept) ranged from 0.399 for Roche 

/Abbott to 0.785 for EuroImmun/RBD. Correlations between inter- 

epts and trends were generally weak. As in the classical model, 

here was modest positive correlation (0.113) between the inter- 

ept and slope for RBD, and very little between-assay correlation 

i.e., baseline result for one assay predicting the trend of another 

ssay). There were modest correlations in trends between some 

ssays, the strongest being EuroImmun and Roche S (0.249), and 

bbott and Roche N (0.238); and weaker for EuroImmun/Roche N 

0.147) and Roche N/Roche S (0.158). 
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Table 1 

Predictors of initial response in confirmed positive individuals; respiratory symptoms variable defined as: (1) no symptoms 84 days before first positive test, (2) symptoms within 28 days 

before first positive test, and (3) symptoms 29–84 days before first positive test. Coefficients from the model are exponentiated to provide estimates as ratios in levels between groups. 

EuroImmun Roche N Roche S Abbott RBD 

Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value 

Age 15–29 1.05 (0.79, 1.38) 0.746 1.09 (0.60, 1.96) 0.774 1.01 (0.55, 1.83) 0.982 1.11 (0.87, 1.42) 0.388 1.08 (0.81, 1.44) 0.608 

Age 30–39 1 (base) 1 (base) 1 (base) 1 (base) 1 (base) 

Age 40–54 1.07 (0.82, 1.40) 0.615 0.96 (0.54, 1.68) 0.873 0.99 (0.56, 1.75) 0.961 1.10 (0.87, 1.39) 0.417 1.15 (0.87, 1.53) 0.311 

Age 55 + 1.18 (0.84, 1.66) 0.345 1.63 (0.78, 3.38) 0.191 1.22 (0.59, 2.54) 0.593 1.29 (0.96, 1.74) 0.092 1.15 (0.81, 1.65) 0.438 

Female vs. male 0.94 (0.75, 1.18) 0.610 0.92 (0.57, 1.48) 0.733 0.98 (0.60, 1.58) 0.920 1.00 (0.82, 1.22) 0.988 1.07 (0.84, 1.35) 0.590 

COVID diag vs. not 1.45 (1.03, 2.03) 0.033 0.81 (0.39, 1.65) 0.558 1.53 (0.74, 3.15) 0.252 0.96 (0.72, 1.29) 0.789 1.25 (0.87, 1.80) 0.226 

No symptoms 1 (base) 1 (base) 1 (base) 1 (base) 1 (base) 

Symp < = 28 days 1.28 (1.02, 1.61) 0.033 1.44 (0.89, 2.34) 0.137 1.56 (0.96, 2.54) 0.073 1.24 (1.01, 1.51) 0.035 1.37 (1.07, 1.74) 0.011 

Symp 29–84 days 1.07 (0.80, 1.44) 0.627 1.08 (0.58, 2.00) 0.805 1.10 (0.59, 2.05) 0.772 1.11 (0.87, 1.43) 0.399 1.00 (0.74, 1.36) 0.981 

Constant 2.88 (2.20, 3.76) 0.000 19.8 (11.2, 34.9) 0.000 34.6 (19.5, 61.4) 0.000 3.42 (2.70, 4.35) 0.000 15.7 (11.8, 20.8) 0.000 

Table 2 

Predictors of baseline response and trends from 12 weeks after first positive test in confirmed positive individuals. Respiratory symptoms variable defined as symptoms within 28 days before first positive test. Coefficients from 

the model are exponentiated to provide estimates as ratios in levels between groups, or ratio changes per week for trends. 

EuroImmun Roche N Roche S Abbott RBD 

Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value Estimate (95% CI) p -value 

Baseline response 

Age 15–29 1.07 (0.80, 1.44) 0.635 1.16 (0.64, 2.10) 0.626 0.98 (0.55, 1.75) 0.957 1.23 (0.83, 1.81) 0.303 1.10 (0.80, 1.51) 0.546 

Age 30–39 1 (base) 1 (base) 1 (base) 1 (base) 1 (base) 

Age 40–54 1.13 (0.86, 1.49) 0.380 0.91 (0.53, 1.56) 0.731 0.90 (0.53, 1.53) 0.702 1.32 (0.92, 1.89) 0.136 1.12 (0.84, 1.50) 0.442 

Age 55 + 1.27 (0.90, 1.79) 0.169 1.48 (0.74, 2.93) 0.266 1.10 (0.56, 2.15) 0.779 1.61 (1.03, 2.53) 0.037 1.38 (0.96, 1.98) 0.084 

Female vs. male 1.06 (0.84, 1.34) 0.639 1.27 (0.79, 2.04) 0.316 1.42 (0.90, 2.25) 0.132 0.92 (0.70, 1.21) 0.554 1.05 (0.82, 1.35) 0.692 

COVID diag vs. not 1.54 (1.05, 2.26) 0.026 1.82 (0.84, 3.96) 0.130 2.70 (1.27, 5.75) 0.010 1.13 (0.72, 1.76) 0.594 1.27 (0.83, 1.94) 0.268 

Symp < = 28 days 1.32 (1.06, 1.65) 0.013 1.20 (0.77, 1.87) 0.414 1.33 (0.86, 2.04) 0.197 1.21 (0.93, 1.56) 0.158 1.21 (0.96, 1.53) 0.102 

Trend 

Base group trend 0.977 (0.964, 0.990) 0.001 0.977 (0.954, 1.000) 0.051 1.000 (0.975, 1.026) 0.994 0.934 (0.919, 0.950) 0.000 0.976 (0.959, 0.993) 0.005 

Age 15–29 0.987 (0.973, 1.001) 0.066 0.998 (0.975, 1.022) 0.878 0.990 (0.965, 1.016) 0.461 0.999 (0.982, 1.016) 0.886 0.997 (0.980, 1.014) 0.720 

Age 30–39 1 (base) 1 (base) 1 (base) 1 (base) 1 (base) 

Age 40–54 1.001 (0.989, 1.013) 0.848 1.011 (0.990, 1.034) 0.303 1.013 (0.989, 1.037) 0.288 1.001 (0.986, 1.016) 0.911 0.989 (0.974, 1.004) 0.143 

Age 55 + 1.009 (0.995, 1.023) 0.226 1.017 (0.992, 1.043) 0.182 1.058 (1.030, 1.087) 0.000 1.001 (0.983, 1.019) 0.932 0.993 (0.976, 1.011) 0.427 

Female vs. male 1.013 (1.002, 1.023) 0.021 0.978 (0.960, 0.996) 0.016 1.018 (0.998, 1.039) 0.081 0.989 (0.976, 1.002) 0.097 1.015 (1.001, 1.029) 0.031 

COVID diag vs. not 1.001 (0.985, 1.018) 0.885 0.998 (0.968, 1.030) 0.909 1.042 (1.007, 1.079) 0.019 0.983 (0.963, 1.003) 0.101 1.007 (0.985, 1.030) 0.531 

Symp < = 28 days 0.994 (0.985, 1.004) 0.248 0.992 (0.976, 1.009) 0.370 0.993 (0.975, 1.011) 0.426 0.989 (0.977, 1.001) 0.063 1.001 (0.990, 1.013) 0.847 

Constant 1.49 (1.12, 1.98) 0.006 25.79 (14.38, 46.27) 0.000 37.15 (21.08, 65.48) 0.000 1.95 (1.38, 2.74) 0.000 10.97 (8.07, 14.90) 0.000 

Variances 

Trend 0.0004 (0.0003, 0.0007) 0.000 0.0017 (0.0012, 0.0024) 0.000 0.0016 (0.0011, 0.0023) 0.000 0.0009 (0.0006, 0.0012) 0.000 0.0003 (0.0001, 0.0007) 0.000 

Base response 0.5291 (0.4287, 0.6532) 0.000 2.0689 (1.6832, 2.5431) 0.000 1.9322 (1.5649, 2.3856) 0.000 0.7357 (0.5982, 0.9048) 0.000 0.5536 (0.4415, 0.6941) 0.000 

Trend X base covariance 0.0022 (-0.0012, 0.0056) 0.209 -0.0041 (-0.0152, 0.0070) 0.468 0.0023 (-0.0092, 0.0137) 0.697 0.0161 (0.0105, 0.0216) 0.000 -0.0042 (-0.0091, 0.0008) 0.100 

Residual 0.0178 (0.0145, 0.0219) 0.000 0.0082 (0.0062, 0.0107) 0.000 0.0221 (0.0172, 0.0284) 0.000 0.0164 (0.0132, 0.0203) 0.000 0.0471 (0.0385, 0.0577) 0.000 
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By 26 weeks, 37% (95%CrI, 34–40%) of seropositive individu- 

ls were predicted to be seronegative for EuroImmun, 5% (4–6%) 

or Roche N, 2% (1-2%) for Roche S, 49% (45–53%) for Abbott and 

6% (13–19%) for RBD (Supplement Fig. S4). Predicted proportions 

ero-reverting continued to increase for EuroImmune, with 59% 

95% CrI 50–68%) seronegative at 52 weeks. Sero-reversion at 52 

eeks were lower for the Roche N (10% (8–14%) and Roche S 

 < 2%) assays. For RBD, the predicted proportion negative acceler- 

ted over time, reaching 41% (30–52%) at 52 weeks. Sero-reversion 

ncreased most rapidly with the Abbott assay with all individuals 

ero-reverting by week 45. 

Supplementary Fig. S5 shows predicted multivariate assay sta- 

us. At 13 weeks after first seropositivity, 64% are expected to be 

ositive for all assays, but this drops to < 10% after 36 weeks due 

o rapid waning with the Abbott assay. By 52 weeks, < 40% re- 

ained positive for EuroImmun, RBD and both Roche assays, 19% 

emained positive for RBD and both Roche assays, and 31% for both 

oche assays only. Overall, 8% were predicted to be negative at 52 

eeks for all assays except Roche S, which was predicted to re- 

ain positive for almost all individuals throughout, given the lin- 

ar trend. 

iscussion 

We analysed data from a monthly prospective longitudinal co- 

ort study of 2247 PHE and NHS employees in three English re- 

ions, with up to eight sampling time-points from the start of 

he COVID-19 epidemic in March 2020 until mid-November 2020. 

eroprevalence by region and time was consistent with other 

ources, with a higher seroprevalence in London, a rise in sero- 

revalence from March to May 2020 and a decline from June to 

ugust. 6 Healthcare workers with direct patient contact had nearly 

ouble the seroprevalence of PHE London staff, which are not in 

atient-facing roles. 4 Almost all infections occurred early in the 

urveillance, with low seroconversion rates during summer and a 

mall increase in October detected by the Abbott assay, likely be- 

ause of a slower response for the other assays. Overall agreement 

etween assays was > 85% for ever-positivity, with similar pro- 

ortions ever-positive across assays. Agreement between individual 

ests, however, declined with calendar time, as participants in the 

tudy reverted to negativity for some assays but not others. 

Antibodies were detected earliest with the Abbott (nucleopro- 

ein) assay which is advantageous for confirming SARS-CoV-2 in- 

ection rapidly after virus exposure, but declined rapidly, with all 

redicted to revert to negative after one year. Responses were still 

ising one month after first positive test for EuroImmun (spike pro- 

ein) and RBD, before falling until week 12 and then stabilising. 

espite low declining rates beyond 12 weeks, 59% were predicted 

o sero-revert by 52 weeks for EuroImmun and 41% for RBD. Re- 

ponses for the Roche assays rose most slowly, with Roche N start- 

ng to decline from 12 weeks but remaining well above the positive 

hreshold, and the majority likely to remain positive if trends con- 

inued. At 6 months, there was no evidence of a decline for Roche 

, although an eventual decline seems likely. Further studies are 

eeded to understand the rapid decline in seropositivity over time 

ith the Abbott assay and the lack of decline with the Roche S 

ssay. 

The strength of this surveillance was the early recruitment of 

arge numbers of seronegative participants at the start of the epi- 

emic and high follow-up rates. We recruited both clinical and 

on-clinical staff in three English regions, most of whom continued 

o work during national lockdown. The monthly follow-up with 

lood sampling allowed longitudinal assessment of seroprevalence 

gainst multiple viral antigens in a large population of healthy 

dults who were exposed to SARS-CoV-2, most of whom were 

symptomatic or had mild-to-moderate disease. 
168 
Following infection with other seasonal coronaviruses, anti- 

ucleocapsid antibodies decline within two months and reinfec- 

ions are common after 12 months. 18 Due to the relative novelty 

f SARS-CoV-2, longitudinal antibody studies so far have primar- 

ly included small numbers of mainly hospitalised patients with 

evere COVID-19 with limited follow-up. 13 , 19–22 One such study 

uggested more rapid waning of antibodies, with 12/30 (40.0%) 

symptomatic individuals and 4/31 (12.9%) symptomatic individu- 

ls sero-reverting within 8 weeks of hospital discharge. 23 Another 

eport involving 34 patients followed-up for a mean of 86 days af- 

er infection estimated a half-life of 36 days for SARS-CoV-2 an- 

ibodies. 24 Short-lasting immunity would suggest that SARS-CoV-2 

ould enter into regular circulation alongside other coronaviruses, 

ith seasonal variation depending on the length of protection from 

he initial infection. 15 Our findings, however, which include over 

0 0 0 healthy adults and, therefore, more representative of the gen- 

ral population, indicate that SARS-CoV-2 antibodies do not de- 

line as quickly as predicted by smaller cohorts of patients with 

horter follow-up. 13 , 19–22 Our findings are consistent with the re- 

ent Icelandic study which found most hospitalised patients with 

OVID-19 remained seropositive 120 days after diagnosis with no 

ignificant decrease in antibody levels using two different antibody 

ssays. 25 

The humoral response is considered to provide the first line 

f defence against infection and, therefore, the presence, neutral- 

sing ability and persistence of antibodies is likely to correlate 

ith protection against infection, 26 which is consistent with our 

nderstanding of the host immune response to other respiratory 

iruses. SARS-CoV-2 infection also triggers a cellular immune re- 

ponse, with activation of a range of T cells against all major SARS- 

oV-2 antigens, which is independent to B-cell mediated antibody 

esponses. 27 , 28 The strong T cell responses after SARS-CoV-2 infec- 

ion would support long-term protection even in the absence of 

etectable antibodies. 29 , 30 

For both MERS-CoV and SARS-CoV, antibodies were shown to 

ast for at least two years after infection. 31 , 32 The duration of im- 

unity following SARS-CoV-2 infection is a critical factor in deter- 

ining the course of the pandemic. 15 Ongoing serosurveillance will 

emain critical for monitoring the course and projection of SARS- 

oV-2 antibodies in the longer term. 
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