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s u m m a r y 

Objectives: To investigate serological differences between SARS-CoV-2 reinfection cases and contemporary 

controls, to identify antibody correlates of protection against reinfection. 

Methods: We performed a case-control study, comparing reinfection cases with singly infected individ- 

uals pre-vaccination, matched by gender, age, region and timing of first infection. Serum samples were 

tested for anti-SARS-CoV-2 spike (anti-S), anti-SARS-CoV-2 nucleocapsid (anti-N), live virus microneutral- 

isation (LV-N) and pseudovirus microneutralisation (PV-N). Results were analysed using fixed effect linear 

regression and fitted into conditional logistic regression models. 

Results: We identified 23 cases and 92 controls. First infections occurred before November 2020; re- 

infections occurred before February 2021, pre-vaccination. Anti-S levels, LV-N and PV-N titres were sig- 

nificantly lower among cases; no difference was found for anti-N levels. Increasing anti-S levels were 

associated with reduced risk of reinfection (OR 0 ·63, CI 0 ·47-0 ·85), but no association for anti-N levels 

(OR 0 ·88, CI 0 ·73-1 ·05). Titres > 40 were correlated with protection against reinfection for LV-N Wuhan 

(OR 0 ·02, CI 0 ·001–0 ·31) and LV-N Alpha (OR 0 ·07, CI 0 ·009–0 ·62). For PV-N, titres > 100 were associated 

with protection against Wuhan (OR 0 ·14, CI 0 ·03–0 ·64) and Alpha (0 ·06, CI 0 ·008–0 ·40). 
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The durability of infection-acquired immunity and the nature 

f SARS-CoV-2 reinfection remains a critical and continued knowl- 

dge gap. Prior to Omicron variant emergence, infection-acquired 

rotection for healthcare workers (HCW) was over 80% a year or 

ore after primary infection, and higher still in those subsequently 

accinated. 1–4 For Omicron, a 16-fold increased reinfection risk was 

eported compared to the Delta dominance period, 5 , 6 reflecting 

he antigenic distances between variants and highlighting the im- 

act of a partial immune-escape variant. Understanding reinfec- 

ions that occurred early in the pandemic, prior to antigenically 

istinct variants and vaccine deployment, is essential to inform on- 

oing clinical management, vaccine boosters and continued vaccine 

evelopment. 

Detectable anti-SARS-CoV-2 spike binding antibodies are asso- 

iated with a substantial reduction of reinfection risk. 2 , 7–9 How- 

ver, whether and how binding antibody levels translate into func- 

ional protection against further infections with different SARS- 

oV-2 variants is not yet elucidated. The absence of a suitable an- 

ibody response after first infection, influenced by epidemiological 

actors such as severity of infection and immunosuppression, and 

ecreasing neutralising antibody (nAb) titres over time were asso- 

iated with SARS-CoV-2 reinfection. 10–13 nAb titres to specific vari- 

nts may be more relevant for sterilising immunity than total IgG 

r binding antibody levels, thus a more accurate correlate of pro- 

ection against infection. 14 , 15 

When comparing individuals who experienced reinfection and 

hose after recover from primary infection (convalescent), no dif- 

erence in antibody levels within weeks after reinfection were 

ound. 9 Nonetheless, there is increasing evidence that antibody 

evels at the time of exposure are especially relevant to prevent 

n infection episode, 11 , 12 forming the basis of treatment and pro- 

hylaxis with monoclonal therapies. 16–18 

The SIREN (SARS-CoV-2 Immunity & REinfection EvaluatioN) 

tudy - a large prospective cohort of UK HCW - was designed 

o enable the timely detection and characterisation of reinfection 

ases. 2 , 19 In this analysis, we aimed to investigate differences in 

erological response to primary infection between reinfection cases 

nd singly infected controls prior to vaccination, to inform how an- 

ibody levels and neutralisation titres correlate with protection. 

ethods 

tudy population and design 

We conducted a case-control study, comparing reinfection cases 

nd matched controls nested within the SIREN study, who under- 

ent regular SARS-CoV-2 antibody and PCR testing. The study pro- 

ocol was approved by the Berkshire Research Ethics Committee on 

ay 22, 2020, and is described elsewhere. 19 

ase selection 

A potential reinfection case was defined as a participant with 

wo positive PCR results at least 90 days apart or a participant 
546 
, protection against SARS-CoV-2 reinfection was directly correlated with

tres, but not with anti-N levels. Detectable LV-N titres were sufficient for

 100 were required for a protective effect. 

N11041050 

2 Published by Elsevier Ltd on behalf of The British Infection Association.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

ith a new positive PCR test at least 4 weeks after their first 

ntibody-positive result, prior to vaccination. Participants with re- 

urrent positive PCR results less than 90 days apart were excluded 

rrespective of their antibody status. All potential reinfections de- 

ected by 30th June 2021 were allocated as possible, probable, con- 

rmed or excluded, based on genomic and sequential serological 

ata, according to our case definitions (Supplementary material). 

For this analysis, probable or confirmed reinfections were in- 

luded, which occurred before individual vaccination and no later 

han February 2021. We excluded participants who had withdrawn 

nd had their data deleted, or for whom there were no matched 

ontrols available. 

ontrol selection 

SIREN participants with history of SARS-CoV-2 infection (ei- 

her SARS-CoV-2 antibody positive at UKHSA Porton testing or PCR 

ositive in local testing) but no SARS-CoV-2 reinfection detected 

y 15th July 2021 were selected as controls. Additionally, controls 

ust had a minimum of four serology samples available for test- 

ng before individual vaccination, over at least a three-month pe- 

iod. Controls identified as potential reinfections after analysis of 

equential antibody results were excluded. Controls were matched 

o cases, initially in a 1:4 ratio, on the following criteria: gen- 

er (male/female), age ( < 25, 25-34, 35-44, 45-54, ≥55 years), ge- 

graphic region (England: South, London, Midlands, North, De- 

olved Administrations) and estimated time of primary infection 

March-June 2020, July-October 2020, November-February 2021 

nd March-June 2021), in which either the first PCR or first an- 

ibody positive test was used as a proxy. Where more than four 

ontrols per case were available, random selection was used. If less 

han four controls were available, all were included in the analysis. 

ample testing 

All sera samples from cases before reinfection and at least two 

amples after reinfection were tested. For controls, we tested one 

ample prior to their vaccination, taken at a similar time to the 

orresponding pre-reinfection case sample. The following blinded 

ample testing was performed at three different laboratories: anti- 

ARS-CoV-2 spike RBD (anti-S) and anti-SARS-CoV-2 nucleocapsid 

anti-N) antibody testing, live virus neutralisation (LV-N) and pseu- 

ovirus microneutralisation (PV-N) against variants circulating at 

ime reinfections occurred (Wuhan and Alpha) were performed as 

reviously described. 20–22 The detailed laboratory methodology is 

rovided in the Supplementary material. 

ata analysis 

Anti-S results were expressed in binding antibody units/mL 

BAU/mL) and anti-N results were expressed as a cutoff index 

COI). nAb results were reported as IC50 titres, which provide esti- 

ated values for 50% of protection. Description of cases and con- 

rols included for each analysis can be found in the Supplementary 

aterial. 

We compared antibody levels and nAb titres pre-reinfection for 

ases with control samples taken at a similar calendar time. Fixed- 

http://creativecommons.org/licenses/by/4.0/
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ffect linear regression was used to compare the geometric means 

f anti-S, anti-N and PV-N titres in cases before and after reinfec- 

ion, as well as for cases and controls before reinfection. For LV-N 

ssays (not quantitative below the detection threshold of 40), we 

ompared the proportions of cases that were positive before and 

fter reinfection, and cases and controls that were positive pre- 

einfection, using McNemar’s test. 

onditional logistic model 

We modelled the probability of reinfection as a function of an- 

ibody levels and activities, using conditional logistic regression, 

ompatible with the binary outcome (reinfected/not reinfected) 

nd the matched design of the study. For anti-S and anti-N, we 

sed the log 2 as a continuous predictor. For LV-N and PV-N, we 

ategorised titres into ≤ 40 (below positivity threshold), 41–100 

nd > 100. We coded the resulting ordinal predictor, 23 suited to 

dentifying contrasts between successive categories and, therefore, 

 potential critical threshold for protection. The cut-off of 100 was 

n estimation based on previously reported IC50 titres associated 

ith less than 5% of in vivo replication-competent virus. 24 , 25 In 

ase a significant protection was highlighted in the highest, open- 

nded category ( > 100), we used logistic regression with the nAB 

itres as continuous predictor to ascertain whether higher titres are 

ssociated with additional benefits. 

In all conditional logistic models, we controlled on frequency 

f exposure to COVID-19 patients (FEC) - a potential confounder 

or probability of reinfection and antibody levels. Including FEC in 

he models decreased the ORs for antibody titres. Likelihood ratio 

est (LRT) confirmed that a model including FEC was favoured for 

ll antibody assays, which was not seen for other characteristics 

underlying medical condition, staff type, patient contact; models 

ncluding ethnic group did not converge due to small numbers in 

ost categories). 

orrelation between assays 

For correlation between assays, we used linear regression and 

pearman’s correlation. To investigate whether LV-N (PV-N) pos- 

tivity could be inferred from anti-S and anti-N levels or PV- 

 (LV-N) positivity, we used a mixed effect logistic regression 

odel, which included all available samples for each participant 

nd mixed models. We fitted logistic regression with participant- 

pecific random intercept and random slopes. We used Wald tests 

n estimated coefficients and LRTs for model selection. We re- 

orted a random-slope model over a random-intercept model 

hen LRT showed a better fit. We allowed for correlated random 

ffects when covariance was significantly different from zero (Wald 

est, 0.05 level) and favoured by LRT (0.05 level). 

esults 

A total of 23 reinfection cases and 92 controls were initially 

dentified and included for demographic analysis ( Table 1 ). Sev- 

nty eight percent of cases and 86% of controls were white and 

2% of cases and 27% of controls had reported underlying medical 

onditions. Workplace exposure to SARS-CoV-2 was higher in cases 

han controls, with more cases employed in clinical roles (78% vs. 

6%) and reporting being exposed at least weekly to SARS-CoV-2 

t work (61% vs. 47%). 

Among cases, first infections occurred between April and 

eptember 2020 and reinfections occurred between October 2020 

nd February 2021. The median time to reinfection was 160 days 

IQR 99-204). Primary infections were mild or asymptomatic in 

oth cases and controls, with just two cases (9%) and 23 controls 
547 
25%) reporting COVID-19 symptoms, according to the UK case def- 

nition in use at the time (fever, persistent cough, anosmia, ageu- 

ia); no cases and three (3%) controls reported a hospital atten- 

ance during their primary infection, but none were admitted. 

uring the reinfection episode, 16 (70%) of cases reported symp- 

oms, of which 9 (39%) had COVID-19 symptoms. 

For cases, we analysed trajectories of antibody levels and neu- 

ralization titres before and after reinfection ( Fig. 1 ). Prior to rein- 

ection, all cases were positive for anti-S, whereas two cases (9%) 

ad anti-N levels below the positivity threshold. Regarding nAb 

itres, 85% of cases had LV-N titres against Alpha below the quan- 

itative range (LV-N Wuhan [65%]; PV-N Alpha [60%]; PV-N Wuhan 

35%]). Comparing geometric means before and after reinfection, 

e observed a significant boosting after reinfection in anti-S and 

nti-N levels, as well as in LV-N and PV-N titres ( Fig. 2 ). 

omparing antibodies between cases and controls 

We compared antibody levels and neutralisation titres from 

ases and controls before reinfection ( Figs. 3 and 4 ). Anti-S lev- 

ls were significantly higher in controls ( p = 0 ·001) than in cases 

efore reinfection, while no significant difference was observed for 

nti-N ( p = 0 ·29). For PV-N Wuhan and PV-N Alpha titres, geo- 

etric means were significantly higher in controls than in cases 

 p = 0 ·01 and p = 0 ·004, respectively). For LV-N, a higher propor-

ion of controls had detectable titres than cases: 88% vs 35% for 

V-N Wuhan, 54% vs 15% for LV-N Alpha. 

In the conditional logistic regression model, doubling in anti-S 

evels was associated with a significant reduction in odds of re- 

nfection of 37% (OR 0 ·63, CI 0 ·47-0 ·85, for doubling levels); such 

ssociation has not been found for anti-N levels (OR 0 ·88, CI 0 ·73- 

 ·05, for doubling of levels). 

For LV-N Wuhan, titres between 41-100 were associated with 

 significant reduction in the odds of reinfection, when compar- 

ng with values ≤ 40 (p = 0 ·002) and no additional benefits ob- 

erved for titres > 100 ( p = 0 ·82) ( Table 2 ). Similar findings were

bserved for LV-N Alpha: titres between 41-100 were associated 

ith a significant reduction in the odds of reinfection with respect 

o titres ≤ 40 ( p = 0 ·006), and no additional benefits for titres 

 100 ( p = 0 ·47). The lower limit of the assay’s quantitative range

40) was therefore the threshold associated with protection for LV- 

 Wuhan (OR 0 ·02, CI 0 ·00-0 ·31) and LV-N Alpha (OR 0 ·07, CI 0 ·01-

 ·62). 

For PV-N Wuhan, titres between 41-100 were not associated 

ith protection ( p = 0 ·12), whereas there was evidence of pro- 

ection for titres above 100, both with respect to titres ≤ 40 

 p = 0 ·03) and ≤ 100 (OR 0 ·14, CI 0 ·03-0 ·64) ( Table 2 ), respectively.

indings for PV-N Alpha were similar: no evidence of protection 

or titres between 41-100 ( p = 0 ·48), but titres > 100 were associ-

ted with protection, when comparing with titres ≤ 40 ( p = 0 ·005) 

nd ≤ 100 (OR 0 ·06, CI 0 ·01-0 ·40). For PV-N Wuhan titres > 100

continuous variable), we found no additional protection associated 

ith titres above that range ( p = 0 ·98, for doubling of titres). For

V-Alpha, titres > 100 did not show any additional protection when 

ncreasing titres ( p = 0 ·85, for doubling of titres). 

orrelation between assays 

Correlations between anti-S levels and PV-N and LV-N titres 

re plotted in Fig. 5 . We found a positive correlation between PV- 

 and anti-S ( Fig. 5 A) and LV-N and anti-S ( Fig. 5 B). For PV-N,

hilst titres > 100 were associated with protection from reinfec- 

ion, its distribution appears continuous across its range. For LV-N, 

his threshold falls below the lower limit of the quantitative range. 
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Table 1 

Description of the demographic profile and workplace exposure to SARS-CoV-2 of reinfection 

cases ( n = 23) and controls ( n = 92). 

Characteristics Cases n (%) Controls n (%) 

Age group 

18-39 9 (39 ·13) 36 (39 ·13) 

40 - 49 0 (0) 1 (1 ·09) 

40-59 13 (56 ·2) 51 (55 ·43) 

60 + 1 (4 ·35) 4 (4 ·35) 

Gender 

Male 4 (17 ·39) 18 (19 ·57) 

Female 18 (78 ·26) 74 (80 ·43) 

Other 1 (4 ·35) 0 (0) 

English Region 

East Midlands 2 (8 ·7) 8 (8 ·7) 

East of England 3 (13 ·04) 13 (14 ·13) 

London 6 (26 ·09) 24 (26 ·09) 

Northwest 1 (4 ·35) 2 (2 ·17) 

Southeast 4 (17 ·39) 9 (9 ·78) 

Southwest 3 (13 ·04) 19 (20 ·65) 

West Midlands 2 (8 ·7) 7 (7 ·61) 

Yorkshire and the Humber 2 (8 ·7) 10 (10 ·87) 

Ethnic group 

Asian 3 (13 ·04) 6 (6 ·52) 

Black 0 (0) 4 (4 ·35) 

Other 1 (4 ·35) 2 (2 ·17) 

Prefer not to say 1 (4 ·35) 1 (1 ·09) 

White 18 (78 ·26) 79 (85 ·87) 

Underlying medical conditions 

Chronic non-respiratory 1 (4 ·35) 8 (8 ·7) 

Chronic respiratory 4 (17 ·39) 15 (16 ·3) 

Immunosuppression 0 (0) 2 (2 ·17) 

None 18 (78 ·26) 67 (72 ·83) 

Patient Facing Role 

Yes 21 (91 ·3) 78 (84 ·78) 

No 2 (8 ·7) 14 (15 ·22) 

Staff Type ¹
Clinical 18 (78 ·26) 61 (66 ·3) 

Administrative 3 (13 ·04) 12 (13 ·04) 

Other 1 (4 ·35) 19 (20 ·65) 

Support 1 (4 ·35) 0 (0) 

Frequency of Exposure to COVID-19 patients (FEC) 

Daily 7 (30 ·43) 27 (29 ·35) 

Weekly 7 (30 ·43) 16 (17 ·39) 

Monthly 4 (17 ·39) 4 (4 ·35) 

Less than monthly 0 (0) 12 (13 ·04) 

Never 5 (21 ·74) 33 (35 ·87) 

Weekly exposure to COVID-19 patients 

At least once a week 14 (60 ·87) 43 (46 ·74) 

Less than once a week 9 (39 ·13) 49 (53 ·26) 

TOTAL 23 92 

¹ Clinical: Dental, Dietician, Healthcare Assistant, Healthcare Scientists, Medical, Midwife, Mid- 

wifery student, Nursing, Nursing student, Occupational Therapist, Paramedic, Pharmacist, Pharmacy 

technician, Physiotherapy, Psychologist, Radiographer, Speech & Language Therapy and Other Allied 

Health Professional. Administrative: Administrative & Clerical (e.g. receptionist, secretary, database 

manager) and Senior manager / Executive / Hospital Administration. Support: Estates & Ancillary 

(e.g. domestic cleaner, housekeeper, engineer), Porter and Security services. Other: Apprenticeships, 

Other Professional Scientific & Technical, Other student and Other. 

Table 2 

Associations between neutralising antibody titres and reinfections - conditional logistic regression model. 

Neutralising antibody 

titres ¹
Probability of reinfection Odds Ratio (95% Confidence Interval) 

LV-N Wuhan LV-N Alpha PV-N Wuhan PV-N Alpha 

41-100 0.02 (0 ·00–0 ·26) 0 ·04 (0 ·00–0 ·40) 0 ·29 (0 ·06–1 ·36) 0 ·59 (0 ·13–2 ·57) 

> 100 0 ·81 (0 ·14–4 ·90) 3 ·06 (0 ·14–65 ·12) 0 ·14 (0 ·03–0 ·64) 0 ·06 (0 ·01–0 ·40) 

The table is complementary to the findings on nAB titres and probability of reinfection. The ORs were obtained using 

conditional logistic regression with the scheme detailed in Data Analysis section of Methods. Each OR is relative to the 

previous category of nAb titres. The reference for the 41-100 interval is ≤ 40. 
¹ : above threshold of 40 
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Fig. 1. Trajectories of antibody levels and neutralisation titres in cases before and after reinfection . The vertical red line at Time = 0 is the date of the PCR test detecting 

reinfection. Points with a plus ( + ) sign refer to samples collected after vaccination. Dashed lines indicate detection thresholds of assays, except the upper dashed lines in 

panels E and F that indicate the upper end of the quantitative range of the LV-N assay. Same colour used for same participant across panels, but panels A and B have 3 more 

participants. 
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Fig. 2. Comparison of antibody levels and neutralisation titres before and after reinfection for cases. Top and middle rows: antibody levels and neutralisation titres after 

reinfection (AR, black) are significantly higher than before reinfection (BR, red) for anti-S ( p < 10 −4 , paired t-test), anti-N ( = 10 −4 , Wilcoxon signed-rank), anti-PV-N Wuhan 

( p < 10 −4 , paired t-test) and anti-PV-N Alpha ( p < 10 −4 , random effect tobit model). The same effects and similar significance levels are obtained when considering only 

samples after reinfection but before vaccination (ARBV, blue). Bottom row: among cases, the fraction of LV-N with nAb titres > 40 is significantly higher (McNemar’s test) 

after reinfection than before, for LV-N Wuhan ( p = 0.001) and LV-N Alpha ( p < 10 −4 ). Dashed lines indicate positivity threshold of the assay. 
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Fig. 3. Serological status of single infection controls and reinfection cases (A-C). Supervised heatmaps with pre-reinfection sera from cases and temporally matched 

samples from controls. For (A), Log 2 anti-S and log 2 anti-N are shown. Log 2 PV-N and log 2 LV-N are shown in (B) and (C), respectively. 
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espite strong positive correlations between PV-N and LV-N with 

nti-S, the reinfection cases were frequently outliers in these cor- 

elations ( Tables 3 and 4 ). 

Mixed models with participant-specific intercept and slopes 

ere used to assess if LV-N (PV-N) positivity inferred from anti- 

, anti-N or PV-N (LV-N) positivity, considering all samples from 

ases and controls ( Table 5 ). Increasing anti-S levels or positive 

Abs (regardless of assays or variants) were associated with sig- 

ificantly higher odds of positivity to all nAb assays, particularly 

or LV-N (PV-N) positivity. 

ole of the funding source 

The funders of the study had no role in study design, data col- 

ection, data analysis, data interpretation, or writing of the report. 
551 
iscussion 

In this unique cohort of early SARS-CoV-2 reinfections prior 

o vaccination, levels of anti-S and nAb titres offered substan- 

ial discrimination between cases and controls. The absence of 

n observed association with anti-N may reflect assay character- 

stics, anti-N rapidly declining post-infection or that the antibody- 

ediated neutralisation of spike is the mechanism by which im- 

une sera confer protection. 26–28 We were able to identify pro- 

ection thresholds for nAB which correlate with protection against 

ARS-CoV-2 reinfection. LV-N titres above the quantitative thresh- 

ld appear sufficient to protect against SARS-CoV-2 reinfection, 

hilst PV-N titres above 100 were required. For anti-S, increasing 

evels were associated with reduced risk of reinfection, although 

e were not able to determine a specific quantitative range of pro- 
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Fig. 4. Comparison between case and control antibody levels and neutralisation titres in last sample before reinfection (cases) and the closest corresponding sample 

in calendar time (controls), with p-values obtained from fixed effect linear regression. Top row: geometric mean of anti-S levels is significantly higher in cases ( p = 0.001) 

than in controls, while no significant difference is observed in geometric means of anti-N levels ( p = 0.29). Middle row: geometric means of PV-N titres are significantly 

higher in cases than in controls for Wuhan ( p = 0.01) and Alpha ( p = 0.0044, random effect tobit model). Bottom row: among participant nAb titres > 40 with LV-N Wuhan 

and LV-N Alpha, the proportion of controls is higher than that of cases, with disjoint confidence intervals. Dashed lines indicate positivity threshold of the assay. 
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Fig. 5. Correlation between neutralisation assays and binding anti-S levels. 

(A) PV-N titres against Wuhan and Alpha in pre-reinfection sera and temporally matched control samples, plotted against binding anti-S antibodies. 

(B) LV- titres, reported as IC 50 , plotted against binding anti-S antibodies. 

(C) PV-N titres against Wuhan and Alpha in pre-reinfection sera and temporally matched control samples, plotted against LV-N titres, reported as IC 50 . 

In (A) and (B), binding antibodies are plotted as log 2 , PV-N titres as log 2 (x + 1) and LV-N titres as log 2 , after assigning 5, 10 or 5120 as no, weak or complete inhibition, 

respectively. In (A) correlation coefficient and P value are from Spearman’s correlation, and a regression line is shown using all data. In (B) and (C), all data are used for 

Spearman’s correlation, whereas the regression line uses only data within the quantifiable range (40-2560). Dashed lines indicate an anti-S level of > 0.8U/mL (considered 

“positive” by the manufacturer), and a PV-N or LV-N titre of 100 or 40 respectively, as described in the Results section. 
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Table 3 

Relationship between PV-N titres and anti-S levels before reinfection events. 

Wuhan Alpha 

S + S + S- S + S + S- 

PV-N > 100 PV-N < 100 PV-N < 100 PV-N > 100 PV-N < 100 PV-N < 100 

Cases (n = 20) 5 (25%) 15 (75%) 0 2 (10%) 18 (90%) 0 

Controls (n = 67) 39 (58%) 27 (40%) 1 (1%) 38 (57%) 28 (42%) 1 (1%) 

The table is complementary to the findings on nAb titres and their correlation with anti-S levels. Using anti-S > 0.8U/mL (manufacturer’s 

positive threshold) and a PV-N titre of > 100 (defined here), the distribution of pre-reinfection sera and temporally matched controlled 

samples is shown. Most cases lack neutralisation against Alpha. 

Table 4 

Relationship between LV-N titres and anti-S levels in sera before reinfection events. 

Wuhan Alpha 

S + S + S- S + S + S- 

LV-N > 40 LV-N < 40 LV-N < 40 LV-N > 40 LV-N < 40 LV-N < 40 

Cases (n = 20) 7 (35%) 13 (65%) 0 3 (15%) 17 (85%) 0 

Controls (n = 67) 59 (88%) 7 (10%) 1 (1%) 36 (54%) 30 (45%) 1 (1%) 

The table is complementary to the findings on nAB titres and their correlation with anti-S levels. Using S > 0.8U/mL (manufacturer’s positive 

threshold) and a PV-N titre of > 100, the distribution of pre-reinfection sera and temporally matched controlled samples is shown. Most 

cases lack neutralisation against Alpha. 

Table 5 

Predicted positivity of neutralising antibody titres against different variants. 

LV-N Wuhan + LV-N Alpha + PV-N Wuhan + PV-N Alpha + 

Odds Ratio (95% Confidence Interval) 

Anti-S (log 2 ) 2 ·3 (1 ·80–3 ·01) ᵻ 3 ·6 (2 ·66–4 ·97) 3 ·4 (2 ·28–5 ·06) 2 ·6 (2 ·10–3 ·44) 

LV-N Wuhan + _ 68 ·3 (19 ·1–244 ·8) ʂ 84 ·5 (10 ·0–716 ·7) ʂ 16 ·2 (6 ·5–40 ·7) ʂ

LV-N Alpha + 30 ·8 (8 ·7–109 ·1) ᵻ _ 257 ·9 (5 ·7-11646 ·1) ʂ 402 ·9 (9 ·7–16672 ·7) ʂ

PV-N Wuhan + 13 ·1 (5 ·4–31 ·8) ʂ 17 ·5 (6 ·9–44 ·6) ʂ _ 81 ·0 (31 ·6–207 ·4) 

PV-N Alpha + 9 ·5 (3 ·8- 24 ·1) ʂ 20 ·4 (8 ·7–47 ·91) ʂ 1929 ·1 (53 ·9–69043 ·5) ʂ _ 

Odds ratios for positivity to one assay (column) given another assay (row), from logistic regression with random effects at participant level. 

The first row (Anti-S) gives the increase in odds of positivity to the nAB assay in that column for doubling of anti-S levels (unit increase 

in log 2 ). All other rows give the increase in odds of positivity ( + ) to the nAB assay in that column, knowing positivity to the assay in the 

row. Model selection is explained in the statistical methods section. 
( ʂ) indicates that the selected model has random intercepts and slopes, with uncorrelated random effects. 
( ᵻ) stand for correlated random effects; no symbol stands for a random intercept model. 
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ection as estimated previously. 9 On investigation of correlation be- 

ween assays, we found an association between neutralising activ- 

ty across different variants and different assays, and with anti-S 

evels. 29 

Pre-reinfection LV-N and PV-N titres were significantly lower 

n cases than controls, supporting the mounting evidence that 

eutralising activity is critical for protection against SARS-CoV- 

 infection. 11–13 , 30 It is know that titres and longevity of nAb 

re directly associated with clinical presentation of the primary 

OVID-19 episode, given asymptomatic SARS-CoV-2 infections in- 

uce lower levels and a more rapid decline of nAb titres over time 

hen compared to moderate or severe infection. 31–33 However, we 

ere unable to investigate this here as both groups in our study 

verwhelmingly reported mild or asymptomatic primary infections 

nd none were hospitalised. 

Our findings corroborate with the growing evidence base on 

ARS-CoV-2 correlates of protection, particularly the role of neu- 

ralising antibodies in treatment and as prophylaxis. For LV-N, any 

itre within the quantitative range (a dilution of 1:40) conferred 

rotection against reinfection, which is similar to what was pre- 

iously reported with conventional LV-N assays, although a differ- 

nt cut-off was considered ( > 20). 11 , 12 For PV-N, whilst we demon- 

trated that a titre above 100 is protective, another study reported 

hat a titre of 26 IU/ml was associated with 80% of protection 

gainst infection, when assessing neutralisation levels 28 days after 

econd ChAdOx1 nCoV-19 vaccine dose. 34 Differences in thresholds 

etween LV-N and PV-N are unsurprising, given their different un- 

erlying characteristics. 35 
554
Comparing assays, neutralising activity was correlated with 

nti-S levels, as previously demonstrated. 29 Some cases and con- 

rols, however, appear discordant for anti-S positivity and nAb 

itres, lacking the expected neutralisation predicted by their 

uhan titres. This is particularly important given viral evolution 

nd the emergence of different SARS-CoV-2 variants, as most as- 

ays in clinical use only detect antibodies against Wuhan. 

Our study has some limitations. Considering limited PCR capac- 

ty and sequencing in early 2020, some primary infection dates 

ere approximated. Our case definitions required an increase in 

nti-S levels after reinfection to select true reinfection events. This 

ay have excluded reinfections without boosting, therefore in- 

erpreting post-reinfection boosts requires caution. The timing of 

vailable pre-reinfection sample was heterogenous, taken up to 82 

ays before the event (median 16 days, range 10–82 days). Given 

aning, antibody levels and neutralisation titres at reinfection may 

ave subsequently decreased, and differences between cases and 

ontrols more pronounced. 

For LV-N, the low number of samples prior to reinfection within 

he quantitative range ( > 40) might have limited our ability to con- 

dently assign a numerical value as correlate of protection. Regard- 

ng PV-N, the protection threshold against reinfection ( > 100) re- 

uires careful interpretation, as our statistical approach included 

re-determinate values. In addition, the use of the anti-RBD bind- 

ng assay (anti-S) to infer neutralising ability of individual sera 

amples should be cautioned. Although our study was focused on 

umoral immune response to SARS-CoV-2 infection, we have not 

onsidered the role of mucosal antibodies. Furthermore, our study 
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as not analysed the T-cell response, which can provide an addi- 

ional level of protection. 36 , 37 

Ultimately, our design as a large prospective public health trial 

s a critical strength, allowing us to scale up participation to pro- 

ide sufficient power to detect rare reinfection events early in the 

andemic and conduct a robust analysis using a case-control de- 

ign. 

onclusions 

We have identified a quantifiable range of neutralisation titres 

hat protects against SARS-CoV-2 reinfection in the Alpha era, and 

ts correlation with anti-S levels. We have demonstrated that in- 

ections with Wuhan conferred some cross-neutralisation activity 

gainst early subsequent variants. These findings provide relevant 

nsights for clinical practice and highlight discrepancies between 

inding anti-S levels and neutralisation titres. Our cohort will also 

llow similar studies to assess the impact of antibodies in protec- 

ion considering different vaccination status and exposures to dif- 

erent SARS-CoV-2 variants, which will be vital for future vaccina- 

ion strategies and population COVID-19 management. 

ata sharing 

The metadata will be available through the Health Data Re- 

earch UK CO-CONNECT platform and available for secondary anal- 

sis once the SIREN study has completed reporting. 

eclaration of Competing Interest 

All authors declare no competing interests. 

cknowledgements 

Funding: This study was supported by the U.K. Health Secu- 

ity Agency, the U.K. Department of Health and Social Care (with 

ontributions from the governments in Northern Ireland, Wales, 

nd Scotland), the National Institute for Health Research, and 

rant from the UK Medical Research Council (grant number 

R/W02067X/1). This work was supported by the Francis Crick 

nstitute which receives its core funding from Cancer Research 

K (CC2087, CC1283), the UK Medical Research Council (CC2087, 

C1283), and the Wellcome Trust (CC2087, CC1283). 

We would like to thank all participants for their continued con- 

ribution and commitment to this study, and to all the research 

eams at 135 sites across the UK for their hard-work and support 

elivering the study. Thank you all for making this study possible. 

e are grateful to our colleagues for their support with the re- 

nfection workstream within the SIREN study, in particular Edgar 

ellington, Jameel Khawam, Davina Calbraith and Noshin Sajed, 

s well as Shaun Seaman for his expertise on conditional regres- 

ion models. We would like to thank Jules Marczak, Gita Mistry, 

icola Bex, Bobbi Clayton and the staff of the Scientific Technol- 

gy Platforms (STPs) at the Francis Crick Institute. We thank Prof. 

endy Barclay of Imperial College and the wider Genotype to Phe- 

otype consortium for the Alpha strain used in this study, and Max 

hiteley and Thushan de Silva at The University of Sheffield and 

heffield Teaching Hospitals NHS Foundation Trust for providing 

ource material, as well as Dr Laura McCoy of UCL for her origi- 

al synthesis of the CR3009 protein used in development of the 

TS assay. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.jinf.2022.09.004 . 
555
EFERENCES 

1. Jeffery-Smith A, Iyanger N, Williams SV, Chow JY, Aiano F, Hoschler K, et al. 

Antibodies to SARS-CoV-2 protect against re-infection during outbreaks in care 

homes, September and October 2020. Euro Surveill 2021; 26 (5) gk . 
2. Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, et al. SARS-CoV-2

infection rates of antibody-positive compared with antibody-negative health–
care workers in England: a large, multicentre, prospective cohort study (SIREN). 

Lancet 2021; 397 (10283):1459–69 . 
3. Hall V, Foulkes S, Insalata F, Kirwan P, Saei A, Atti A, et al. Protection against

SARS-CoV-2 after COVID-19 vaccination and previous infection. N Engl J Med 

2022; 386 (13):1207–20 . 
4. Veronica F, Anne R, Christopher B, Kenneth C, Jon R. Incidence of COVID-19 

recurrence among large cohort of healthcare employees. Ann Epidemiol 
2021; 60 :8–14 . 

5. Pulliam JRC, van Schalkwyk C, Govender N, von Gottberg A, Cohen C, 
Groome MJ, et al. Increased risk of SARS-CoV-2 reinfection associated with 

emergence of Omicron in South Africa. Science 2022; 376 (6593):eabn4947 . 
6. U.K. Health Security Agency. SARS-CoV-2 variants of concern and variants 

under investigation in England: Technical briefing 34 2022 . U.K. Health 

Security Agency; 2022. [Available from: https://assets.publishing.service. 
gov.uk/government/uploads/system/uploads/attachment _ data/file/1050236/ 

technical- briefing- 34- 14- january- 2022.pdf ]Date accessed: July 19 . 
7. Addetia A, Crawford KHD, Dingens A, Zhu H, Roychoudhury P, Huang ML, 

et al. Neutralizing antibodies correlate with protection from SARS-CoV-2 in hu- 
mans during a fishery vessel outbreak with a high attack rate. J Clin Microbiol

2020; 58 (11) . 

8. Murillo-Zamora E, Trujillo X, Huerta M, Ríos-Silva M, Aguilar-Sollano F, Men- 
doza-Cano O. Symptomatic SARS-COV-2 reinfection: healthcare workers and im- 

munosuppressed individuals at high risk. BMC Infect Dis 2021; 21 (1):923 . 
9. Perry J, Osman S, Wright J, Richard-Greenblatt M, Buchan SA, Sadarangani M, 

et al. Does a humoral correlate of protection exist for SARS-CoV-2? A sys- 
tematic review. PLoS One 2022; 17 (4):e0266852 Apr 8PMID: 35395052; PMCID: 

PMC8993021. doi: 10.1371/journal.pone.0266852 . 

10. 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 . 
11. Atti A, Ferrari M, Castillo-Olivares J, Monk EJM, Gopal R, Patel M, et al. Sero-

logical profile of first SARS-CoV-2 reinfection cases detected within the SIREN 

study. J Infect 2022; 84 (2):248–88 . 

2. Nadesalingam A, Cantoni D, Wells DA, Aguinam ET, Ferrari M, Smith P, et al. 

Paucity and discordance of neutralising antibody responses to SARS-CoV-2 VOCs 
in vaccinated immunodeficient patients and health-care workers in the UK. 

Lancet Microbe 2021; 2 (9):e416–e4e8 . 
13. Martin CA, Pan D, Melbourne C, Teece L, Aujayeb A, Baggaley RF, et al. Risk

factors associated with SARS-CoV-2 infection in a multiethnic cohort of United 
Kingdom healthcare workers (UK-REACH): A cross-sectional analysis. PLoS Med 

2022; 19 (5):e1004015 . 

14. Jeffery-Smith A, Rowland TAJ, Patel M, Whitaker H, Iyanger N, Williams SV, 
et al. Reinfection with new variants of SARS-CoV-2 after natural infection: a 

prospective observational cohort in 13 care homes in England. Lancet Healthy 
Longev 2021; 2 (12):e811–e8e9 . 

15. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neu-
tralizing antibody levels are highly predictive of immune protection from symp- 

tomatic SARS-CoV-2 infection. Nat Med 2021; 27 (7):1205–11 . 

16. Gupta A, Gonzalez-Rojas Y, Juarez E, Crespo Casal M, Moya J, Falci DR, et al.
Early treatment for COVID-19 with SARS-CoV-2 neutralizing antibody sotro- 

vimab. New Engl J Med 2021; 385 (21):1941–50 . 
17. Levin MJ, Ustianowski A, De Wit S, Launay O, Avila M, Templeton A, et al. In-

tramuscular AZD7442 (Tixagevimab-Cilgavimab) for prevention of COVID-19. N 
Engl J Med 2022; 386 (23):2188–200 . 

18. RECOVERY Collaborative Group Casirivimab and imdevimab in patients admit- 
ted to hospital with COVID-19 (RECOVERY): a randomised, controlled, open-la- 

bel, platform trial. Lancet 2022; 399 (10325):665–76 . 

19. Wallace S, Hall V, Charlett A, Kirwan PD, Cole M, Gillson N, et al. Impact of prior
SARS-CoV-2 infection and COVID-19 vaccination on the subsequent incidence of 

COVID-19: a multicentre prospective cohort study among UK healthcare work- 
ers - the SIREN (Sarscov2 Immunity & REinfection EvaluatioN) study protocol. 

BMJ Open 2022; 12 (6):e054336 . 
0. Otter AD, D’Arcangelo S, Whitaker H, Hewson J, Foulkes S, Atti A, et al. Deter-

minants of SARS-CoV-2 anti-spike antibody levels following BNT162b2 vaccina- 

tion: cross-sectional analysis of 6,0 0 0 SIREN study participants. medRxiv 2022 
2022.04.21.22274025 . 

21. Wall EC, Wu M, Harvey R, Kelly G, Warchal S, Sawyer C, et al. Neutralising anti-
body activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by BNT162b2 vac- 

cination. Lancet 2021; 397 (10292):2331–3 . 
2. Castillo-Olivares J, Wells DA, Ferrari M, Chan ACY, Smith P, Nadesalingam A, 

et al. Analysis of serological biomarkers of SARS-CoV-2 infection in convales- 

cent samples from severe, moderate and mild COVID-19 cases. Front Immunol 
2021; 12 :748291 . 

3. Walter SD, Feinstein AR, Wells CK. Coding ordinal independent variables in mul- 
tiple regression analyses. Am J Epidemiol 1987; 125 (2):319–23 . 

4. Gharbharan A, Jordans CCE, GeurtsvanKessel C, den Hollander JG, Karim F, 
Mollema FPN, et al. Effects of potent neutralizing antibodies from convalescent 

plasma in patients hospitalized for severe SARS-CoV-2 infection. Nat Commun 

2021; 12 (1):3189 . 

https://doi.org/10.1016/j.jinf.2022.09.004
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0001
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0002
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0003
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0004
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0005
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1050236/technical-briefing-34-14-january-2022.pdf
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0007
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0008
https://doi.org/10.1371/journal.pone.0266852
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0010
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0011
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0012
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0013
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0014
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0015
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0016
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0017
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0018
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0019
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0020
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0021
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0022
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0023
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0024


A. Atti, F. Insalata, E.J. Carr et al. Journal of Infection 85 (2022) 545–556 

2

2  

2  

2

3  

 

3  

3

3  

3  

3

 

5. van Kampen JJA, van de Vijver DAMC, Fraaij PLA, Haagmans BL, Lamers MM, 
Okba N, et al. Duration and key determinants of infectious virus shedding in 

hospitalized patients with coronavirus disease-2019 (COVID-19). Nat Commun 
2021; 12 (1):267 . 

6. Krutikov M, Palmer T, Tut G, Fuller C, Shrotri M, Williams H, et al. Incidence
of SARS-CoV-2 infection according to baseline antibody status in staff and res- 

idents of 100 long-term care facilities (VIVALDI): a prospective cohort study. 
Lancet Healthy Longev 2021; 2 (6):e362–ee70 . 

27. Siller A., Seekircher L., Wachter G.A., Astl M., Tschiderer L.A.O.X., Pfeifer B., et al. 

Seroprevalence, waning and correlates of anti-SARS-CoV-2 IgG antibodies in ty- 
rol, austria: large-scale study of 35,193 blood donors conducted between June 

2020 and September 2021. LID - 10.3390/v14030568 [doi] LID - 568. (1999-4915 
(Electronic)). 2022 

8. Manisty C, Treibel TA, Jensen M, Semper A, Joy G, Gupta RK, et al. Time se-
ries analysis and mechanistic modelling of heterogeneity and sero-reversion in 

antibody responses to mild SARSCoV-2 infection. EBioMedicine 2021; 65 :103259 . 

9. Prévost J, Gasser R, Beaudoin-Bussières G, Richard J, Duerr R, Laumaea A, et al. 
Cross-sectional evaluation of humoral responses against SARS-CoV-2 spike. Cell 

Rep Med 2020; 1 (7):100126 . 
0. Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neu-

tralising antibody titres as predictors of protection against SARS-CoV-2 variants 
and the impact of boosting: a meta-analysis. Lancet Microbe 2022; 3 (1):e52–61 . 
556 
31. Lei Q, Li Y, Hou HY, Wang F, Ouyang ZQ, Zhang Y, et al. Antibody dynamics to
SARS-CoV-2 in asymptomatic COVID-19 infections. Allergy 2021; 76 (2):551–61 . 

2. Wu F, Wang A, Liu M, Wang Q, Chen J, Xia S, et al. Neutralizing antibody re-
sponses to SARS-CoV-2 in a COVID-19 recovered patient cohort and their impli- 

cations. medRxiv 2020 2020.03.30.20047365 . 
3. Cantoni D, Mayora-Neto M, Nadesalingam A, Wells DA, Carnell GW, Ohlen- 

dorf L, et al. Neutralisation hierarchy of SARS-CoV-2 variants of concern us- 
ing standardised, quantitative neutralisation assays reveals a correlation with 

disease severity; towards deciphering protective antibody thresholds. Front Im- 

munol 2022; 13 . 
4. Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, et al. Correlates of pro-

tection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat Med 
2021; 27 (11):2032–40 . 

5. Lu Y, Wang J, Li Q, Hu H, Lu J, Chen Z. Advances in neutralization assays for
SARS-CoV-2. Scand J Immunol 2021; 94 (3):e13088 . 

6. Wang Z, Yang X, Zhong J, Zhou Y, Tang Z, Zhou H, et al. Exposure to SARS–

CoV-2 generates T-cell memory in the absence of a detectable viral infection. 
Nat Commun 2021; 12 (1):1724 . 

37. Reynolds CJ, Swadling L, Gibbons JM, Pade C, Jensen MP, Diniz MO, et al. Dis-
cordant neutralizing antibody and T cell responses in asymptomatic and mild 

SARS-CoV-2 infection. Sci Immunol 2020; 5 (54):eabf3698 . 

http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0025
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0026
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0028
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0029
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0030
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0031
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0032
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0033
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0034
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0035
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0036
http://refhub.elsevier.com/S0163-4453(22)00535-7/sbref0037

