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Highlights 30	

• Longitudinal monitoring of 81 people with SARS-COV-2 infection for antigen 31	

binding and viral neutralisation 32	

• Significant reduction of antibody binding to RBD and spike antigen after six months 33	

• 35 of 81(43%) participants had reverted to background neutralising levels 34	

• Despite reduced antibody titres, robust memory B cell populations were observed  35	

• Memory B cells retained neutralising capacity  36	

Summary  37	

Considerable concerns relating to the duration of protective immunity against SARS-38	

CoV-2 have been raised, with evidence of antibody titres declining rapidly after infection 39	

and reports of reinfection. Here we monitored antibody responses against SARS-CoV-2 40	

receptor binding domain (RBD) for up to six months after infection. While antibody titres 41	

were maintained, half of the cohort’s neutralising responses had returned to 42	

background. However, encouragingly in a selected subset of 13 participants, 12 43	

had detectable RBD-specific memory B cells and these generally increased out to 44	

6 months. Furthermore, we were able to generate monoclonal antibodies with SARS-45	

CoV-2 neutralising capacity from these memory B cells. Overall our study suggests that 46	

the loss of neutralising antibodies in plasma may be countered by the maintenance 47	

of neutralising capacity in the memory B cell repertoire. 48	

Key words: SARS-CoV-2, neutralising antibodies, RBD, memory B cells  49	
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Introduction 1	

Virus and host immune factors impact on the severity of acute infection, and the 2	

subsequent quality and durability of immunological memory that will be established to 3	

protect against reinfection.1 In SARS-CoV-2 infection, at least 80% of people infected 4	

appear to have asymptomatic or mild disease, while the remaining 20% are more severely 5	

unwell, with hyperactivation of the immune system leading to excessive production of 6	

pro-inflammatory cytokines, lymphopenia, development of acute lung injury, and other 7	

end organ damage.2-4 Age and disease severity have been linked with higher antibody 8	

titres and virus-specific neutralising activity,5 and it has been suggested that antibody 9	

responses may wane more quickly following mild illness,6 although not all studies 10	

support these observations.7 11	

As the COVID-19 pandemic continues to spread, the development of a prophylactic 12	

vaccine is critical.8 A key component underpinning a successful vaccine design is an 13	

understanding of the characteristics of naturally-occurring, potentially protective 14	

immunity. This includes both the immunological correlates of initial control of viral 15	

replication, and the factors supporting establishment and long-term maintenance of 16	

adaptive immune responses. Evidence suggests that virus-specific B cell responses in 17	

people with SARS-CoV-2 infection occur in conjunction with CD4+ T follicular helper 18	

cell responses from around one week after symptom onset.9-11 The first antibody 19	

responses target the N protein, whereas antibodies recognising the S protein occur 20	

approximately one week later. Neutralising antibody (NAb) responses, predominantly 21	

directed against the receptor binding domain (RBD) of the S protein, develop within 2-3 22	

weeks.12 Most studies report very high rates of seroconversion to SARS-CoV-2,5,13,14 23	

followed by a rapid decline in RBD-specific antibody titres.5,13 However, to-date most of 24	

these studies have only reported up to four months following infection.  25	

In SARS-CoV-1 infection, durability of the antibody response is relatively short, with the 26	

initial specific IgG and NAb titres falling progressively over 2-3 years to become 27	

undetectable in up to 25% of individuals.15 Short-lived NAb responses may not be a 28	

problem if robust memory B cell responses are generated and can be re-activated upon 29	

reinfection. However, memory B cell responses in SARS-CoV-1 may also be short-30	

lived10. To date, only two studies have examined the SARS-CoV-2-specific memory B 31	

cell response beyond four months.16,17 Encouragingly, both these studies report that 32	

SARS-CoV-2-specific memory B cells are maintained but no studies have yet reported 33	

whether these memory B cells present several months after infection can generate 34	

neutralising antibodies upon reinfection.  35	

In this study we examined longitudinal antibody responses (anti-RBD, anti-spike, and 36	

inhibitory capacity against a 50% infective dose [ID50]) among 81 people with SARS-37	

CoV-2 infection (confirmed by nucleic acid amplification testing [NAT]) at two time 38	

windows 1-3 and 4-6 months following symptom onset. We also assessed correlations 39	

between antibody titres in the blood and RBD-specific memory B cell frequency and the 40	

capacity of these memory B cells to make neutralising antibodies.   41	

 42	

Results 43	

Participants 44	

Anti-RBD titres and neutralising activity were analysed in 81 participants at two follow-45	

up time points (t1 and t2), calculated from the days post symptom onset (DPS). Across 46	

all participants t1 ranged from 30 – 87 DPS (median: 68, interquartile range [IQR]: 61 – 47	

79 days) and t2 ranged from 110 – 181 DPS (median: 132, IQR: 118 – 151 days). The 48	

median time between sampling points (t2-t1) was 65 days (range: 31 – 126 days, IQR: 52 49	

– 89 days). Participants had a median age of 51 years (IQR: 34 – 63.5 years) and 51% 50	
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were female (n=41) (Table 1). Most participants had mild (n=47) or moderate (n=29) 1	

COVID-19 illness, with one case of asymptomatic infection and four having severe 2	

disease. 3	

  4	

RBD endpoint titre and neutralising activity 5	

Assays to determine the endpoint titre (EPT) and neutralisation activity were performed 6	

at two timepoints (t1 and t2) for all 81 participants. The RBD EPT was calculated from 7	

the dilution curve at the titration level equivalent to the optical density OD value 8	

equivalent to the mean plus two standard deviations from 20 healthy unexposed control 9	

participants. Neutralisation activity was determined with a MLV-based SARS-CoV-2 10	

D18 pseudoparticle and a healthy control cut-off value of 34.19 (10.82 + 2´11.68), 11	

determined from the results of the same 20 healthy control participants.   12	

 13	

At t1, 78 of 81 participants (96%) had RBD EPTs greater than the limit of detection (Fig 14	

1A). In addition, two of the three non-reactive participants did not have antibodies against 15	

the Spike protein (Fig S1A). For neutralisation activity, 45 of 81 participants (56%) had 16	

an ID50 above cut-off (Fig 1B). At t2, the average ID50 and EPT values were 17	

significantly lower compared to t1 [mean difference (SEM) - ID50: 37.3 (14.0), p=0.009, 18	

EPT: 885 (258.4), p=0.001), but 95% (77/81) and 57% (46/81) of participants had EPT 19	

and neutralisation activity above the defined cut-offs (Fig S1B,C).  20	

 21	

EPT and ID50 values at t1 were strongly predictive of values at t2 (ID50 – r2=0.862, 22	

p<0.001, EPT – r2=0.81, p<0.001) (Fig 1C). EPT and ID50 results had a significant 23	

positive correlation at both time points (t1: r2=0.55, p<0.0001, t2: r2=0.38, p=0.0006) (Fig 24	

S1D,E). In unadjusted analysis, paired EPT values were associated with older age 25	

(p=0.004) and the presence of diabetes mellitus, hypertension or obesity (p=0.011) when 26	

the sampling interval was included as a covariate. Gender, illness severity, 27	

immunosuppression, and past or current history of smoking, were not associated with 28	

paired EPT values (Table S1). In the adjusted analysis (metabolic comorbidity vs. paired 29	

EPT measurements with sampling gap and age as covariates), the association with 30	

metabolic comorbidities disappeared while that for age and EPT was borderline (p=0.05) 31	

(Table S2). Paired ID50 values did not have a significant association with any of the 32	

demographic or clinical variables assessed in the unadjusted analysis (Table S3). There 33	

were also no significant associations between demographic and clinical variables and 34	

fold-change in EPT or ID50 (t2 value/t1value), except that a longer time between sample 35	

collection was associated with a greater fold decline of EPT and ID50 (p<0.05).  36	

 37	

RBD-specific memory B cells 38	

The observed decline in neutralising activity could be mitigated if a durable memory B 39	

cell response capable of generating neutralising antibodies on demand is maintained. In 40	

order to assess the presence of a RBD-specific memory B cell response, 15 participants 41	

representing high (>1000 EPT, n=5), medium (EPT:100-999, n=7) and low EPT 42	

(EPT<100, n=3) at t1 were selected, and their t1 and t2 PBMCs were screened for RBD-43	

specific CD27+ memory B cells by flow cytometry. The 15 participants were generally 44	

representative of the broader study cohort, in relation to gender (female=7), disease 45	

severity (mild=4, moderate=7, severe= 4) and age (range 23 to 84). Six healthy uninfected 46	

participants were included as negative controls. 47	

 48	

B cells were stained for flow cytometry and the CD19+CD20+CD10- population was 49	

analysed based on CD27, IgD, IgG and RBD binding phenotype (Fig S2A). Due to reports 50	

of lymphopenia in acute infection and concerns of skewed immune subsets, we first 51	

compared the CD27+IgG+RBD+ B cell frequency calculated both as per million PBMCs 52	
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and per million B cells (CD19+CD20+) and found a strong correlation. Hence, all further 1	

analyses were calculated as per million B cells only (Fig S2B).  2	

 3	

As the focus of this study was on maintenance of virus-specific memory B cells, the 4	

analysis was performed on the CD27+RBD+ memory B cells and then sub-gated on IgD 5	

and IgG phenotype (Fig. 2A). The healthy participants had a high CD27+RBD+IgD+ 6	

frequency (145.4 ± 95.4/106 B cells), but low CD27+RBD+IgD-IgG+ (15.7 ± 15.8/106 B 7	

cells) and CD27+RBD+IgD-IgG- frequencies (20.3 ± 17.9/106 B cells) (Fig 2B). The 8	

COSIN participants generally had higher mean frequencies of all three virus-specific 9	

subsets than the healthy participants: CD27+RBD+IgD+ (265.6 ± 314.2/106 B cells), 10	

CD27+RBD+IgD-IgG+ (251.3 ± 254.8/106 B cells) and CD27+RBD+IgD-IgG- (52.3 ± 11	

72.7/106 B cells) (Fig 2B). Despite some inter-subject variation, 12 out of 15 participants 12	

had a CD27+RBD+IgD-IgG+ frequency above the healthy control derived cut-off at t2, 13	

and this was a significant increase from the same values observed at t1 (mean t1= 14	

165.8/106 B cells; mean t2=336.9/106 B cells p=0.0084) (Fig 2C). Two participants who 15	

did not have a CD27+RBD+IgD-IgG+ B cell responses greater than the healthy cut-off 16	

were from the low EPT group, and had mild or moderate clinical illnesses; the third was 17	

from the high EPT group and had severe disease. There was overall a strong correlation 18	

between IgG EPT and CD27+RBD+IgD-IgG+ B cell frequencies (r=0.613, p-19	

value=0.017) at t2 (Fig 2D). No correlation between ID50, gender, age or disease severity 20	

and B cell frequencies was observed (Fig S2E-G).  21	

 22	

RBD memory B cells with neutralising capacity 23	

To investigate if these memory B cells were likely to have capacity to induce NAb 24	

responses upon reinfection, the B cell receptor from single cell sorted CD27+RBD+ cells 25	

from 5 participants were RT-PCR amplified and expressed as IgG1 monoclonal 26	

antibodies (mAbs) in Lenti-X 293T cells (Table 2). For this analysis, we selected three 27	

timepoints that had low to no detectable EPT and ID50 and three time points that had 28	

well above healthy cut-off titres. For participants that had a low IgG+ cell frequency, 29	

IgD+ cells were used (Table 2). A total of 76 mAbs were successfully synthesised as IgG 30	

from 49 IgG+ cells and 27 IgD+ cells, as determined by an anti-IgG ELISA. Of the 49 31	

mAbs made from IgG+ cells, 48 bound to RBD. From the IgD+ B cells, two of the mAbs 32	

bound weakly to RBD. Antibody containing supernatant was also diluted 1 in 10 and 33	

screened for NAb activity with the SARS-2 pseudoparticle. A neutralisation percentage 34	

greater than 40 was defined as having neutralising activity. Of the 50 mAbs that bound 35	

RBD, 14 mAbs from three of the five participants had neutralising activity (Table 2) (Fig 36	

2F). To further confirm the neutralising activity, the IC50 was determined for the two 37	

highest NAbs from each of the three participants by quantifying the mAbs in the cell 38	

culture supernatant and performing neutralisation assays on the SARS-CoV-2 39	

pseudoparticles (Fig 2G). No neutralising antibodies were isolated from the two patients 40	

that did not seroconvert. 41	

 42	

Discussion 43	

Recent data on SARS-CoV-2 anti-RBD and anti-Spike antibody responses has suggested 44	

a significant and rapid decline in titres after resolution of the clinical illness. Our 45	

observation is that despite declining EPT and ID50 values at four to six months following 46	

infection, most individuals retain binding and neutralisation titres above background. 47	

Gender, disease severity, immunosuppression, comorbidities (diabetes mellitus, 48	

hypertension, obesity), and a past or current history of smoking, did not predict variation 49	

in ID50 or EPT over time.  50	

 51	
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A decline in antibody titres and neutralising capacity following resolution of the clinical 1	

illness is not unusual, as seen in several other viral infections. However, the observation 2	

of antibody titres dipping below a detectable level is a concern for ongoing protection. 3	

Comparable declines in antibody titres would also be a significant concern following 4	

COVID-19 immunisation, if and when a vaccine is available17. Even though a potential 5	

vaccine against SARS-CoV-2 may not confer sterilising immunity (as this is rarely 6	

observed in other vaccines approved for use), the capacity of such a vaccine to minimise 7	

disease, reduce viral shedding and thence reduce transmission remains a highly desirable 8	

public health measure to control the pandemic. 9	

 10	

The protective capacity of SARS-CoV-2 antibodies has recently been demonstrated in a 11	

candidate vaccine trial in rhesus macaques, in which seven different vaccines were 12	

administered to 32 macaques. The development of NAbs was associated with protection 13	

against lung infection and nasal infection in all but one of the macaques.18 In another 14	

study, passive immunisation with a combination of NAbs in the monkeys correlated with 15	

reduced development of pneumonia and lung damage.19 These animal studies align with 16	

previous data on common coronaviruses, where reinfections (and presumed ongoing NAb 17	

activity) were often associated with very mild or asymptomatic disease10. The very few 18	

validated cases of reinfection of SARS-CoV-2 have also been associated with mild or 19	

asymptomatic infection.20 20	

Encouragingly our data shows that despite the declining NAb titres, in the great majority 21	

of participants that seroconverted, memory B cells against RBD were maintained and 22	

even increased in numbers at four to six months following infection in 12 out of 13 23	

participants. This finding was similar to three other studies that also reported the 24	

maintenance and expansion of the RBD-specific IgG memory repertoire16,17,21. These two 25	

studies followed participants up to five months post symptom onset. Our work extends 26	

beyond these studies both in time, but also shows for the first time that the memory B cell 27	

population can generate NAbs. How long these memory B cells continue to persist will 28	

be of significant interest. Tang et al. reported that the memory B cell responses to SARS-29	

CoV-1 were undetectable at six years. However, it is worth noting that Tang et al. relied 30	

on ELISpot with pooled vaccine derived antigens to detect virus specific memory B cells, 31	

the standard assay at the time, whereas the common methods now use purified antigen 32	

and flow cytometry which are likely to be far more sensitive at detecting rare frequency 33	

events.22 34	

Our study also identified a correlation between the frequency of RBD-specific memory 35	

B cells and RBD EPT, which indicates that RBD EPT may be a good and readily available 36	

marker for potential immunity. It is noteworthy, however, that the subject with the highest 37	

NAb titres had IgG RBD-specific memory B cells at background level only. Interestingly 38	

this participant had a severe illness with prominent lymphopenia reported during the acute 39	

phase of infection. Further work should be conducted among people with lymphopenia 40	

during acute SARS-CoV-2 infection to determine if the apparent loss of circulating 41	

lymphocytes, which are recognised to include both T and B cells, negatively impacts on 42	

the frequencies or quality of the memory cell response.  43	

In summary, most participants diagnosed with SARS-CoV-2 infection who initially had 44	

an RBD specific immune response, had memory B cells persisting up to six months post 45	

infection with the capacity to make neutralising antibodies, despite falling NAb titres. 46	

The presence of memory B cells which produced NAbs following natural infection offers 47	

clear hope of protective immunity sufficient to reduce reinfection severity upon re-48	
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exposure, and promise for effective vaccine strategies based on NAb induction and for 1	

herd immunity.  2	

Methods 3	

Study design, setting and participants,  4	

The COSIN (Collection of COVID-19 Outbreak Samples in NSW) study is an ongoing 5	

prospective cohort study evaluating the natural history of SARS-CoV-2 infection among 6	

adults and children in New South Wales, Australia. Children and adults diagnosed with 7	

SARS-CoV-2 infection (confirmed by NAT) were eligible for enrolment, irrespective of 8	

disease severity. Participants were enrolled through seven hospital in- and outpatient 9	

departments and referring microbiology laboratories in New South Wales between 6th 10	

March 2020 and 17th September 2020.  11	

 12	

Follow up visits were scheduled at one month (visit window: one to three months) and 13	

four months (visit window: four to six months) following symptom onset or date of 14	

diagnosis (whichever was first). At each follow up visit, clinical data and blood samples 15	

were collected. Disease severity was classified according to the NIH  stratification 16	

(www.covid19treatmentguidelines.nih.gov).  17	

 18	

Healthy controls for antibody studies had a median age of 45 (range 24-73). Blood from 19	

11 of the healthy controls were collected prior to 2007 and the remaining 9 were collected 20	

between March and April 2020 in Sydney, Australia, where local transmission was very 21	

low at the time. None of these 9 healthy controls had a history of COVID-19, were not 22	

close contacts of cases of COVID-19 and were not health care workers. For the memory 23	

B cell assays stored PBMCs from two of these healthy controls and stored PBMCs from 24	

four Australian Red Cross Lifeblood donors collected prior to 2020 were used (median 25	

age 38, range 25 to 48). 26	

 27	

Ethics statement 28	

The protocol was approved by the Human Research Ethics Committees of the Northern 29	

Sydney Local Health District and the University of New South Wales, NSW Australia 30	

(ETH00520) and was conducted according to the Declaration of Helsinki and 31	

International Conference on H armonization Good Clinical Practice (ICH/GCP) 32	

guidelines and local regulatory requirements. Written informed consent was obtained 33	

from all participants before study procedures. 34	

 35	

RBD and spike protein production 36	

SARS-CoV-2 Spike RBD (residues 319-541), with a N-terminal human Ig kappa leader 37	

sequence and C-terminal Avi- and His-tags, was cloned into pCEP4 38	

(Invitrogen). Expi293-Freestyle cells (ThermoFisher Scientific) were cultured at 37°C 39	

and 8% CO2 in growth medium containing Expi293 Expression Medium (ThermoFisher 40	

Scientific). The plasmid was transiently transfected into Expi293-Freestyle cells as 41	

follows: 1.5x108 total cells (50mL transfection) were mixed with 50 µg of plasmid, 160 42	

µL of ExpiFectinamine and 6 mL of OptiMEM-I and left overnight at 37°C in a shaking 43	

incubator. The following day 300 µL of ExpiFectamine Enhancer 1 and 3 mL of 44	

ExpiFectamine Enhancer 2 was added to the cells before the cells were left in culture for 45	

a further 48 hours. After a total of 72 hours in culture, the cell culture is collected and 46	

centrifuged for 20 minutes at 4000xg, 4oC. Cellular debris was clarified by passing the 47	

supernatant twice through a 0.22 µM filter. The His-tagged protein was then affinity 48	

purified from the cell supernatant using a HisTrap HP Column (GE Healthcare) and 49	

eluted with imidazole. The purified protein was then buffer exchanged and concentrated 50	

in sterile DPBS by centrifuging at 4000xg for 30 minutes at 4°C in a 10,000 MWCO 51	
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Vivaspin centrifugal concentrator (Sartorius) and stored at – 80°C. The recombinant RBD 1	

was biotinylated using the Avitag as described by the manufacturer (Genecopeia).  2	

 3	

RBD binding and limit of detection 4	

Nunc-Immuno MicroWell plates, 96 well (ThermoFisher Scientific) were prepared with 5	

250 ng of recombinant SARS-2 RBD protein in DPBS and incubated overnight at 4°C. 6	

The plates were washed with PBS containing 0.05% Tween-20 (PBS-T) and blocked with 7	

5% non-fat milk for an hour at room temperature (RT). Heat inactivated (56°C for 30 8	

minutes) patient serum or monoclonal antibodies were 3-fold serially diluted (1/20 to 9	

1/1,180,980) in 5% non-fat milk, added to the plates in duplicate and incubated for two 10	

hours at RT. Anti-human IgG-HRP (Jackson Immunoresearch) was added at a 1:3000 11	

dilution to the plates for one hour at room temperature. Binding of patient serum was 12	

detected using TMB Chromogen Solution (ThermoFisher Scientific) for 15 minutes at 13	

RT and the reaction was stopped using 1 M HCl. Optical density (OD) at 450 nm was 14	

measured using CLARIOstar microplate reader (BMG Labtech). The background level 15	

in SARS-2 RBD was determined by adding 2 SD to the mean OD450 of the highest dilution 16	

(1/20) of sera from 20 healthy unexposed individuals. 17	

 18	

Anti-Spike antibody assay 19	

A flow cytometry live cell-based assay was used to detect patient serum SARS-COV-2 20	

Spike IgG antibodies as previously performed for neuroimmunological assays23. Spike 21	

(Wuhan strain) was expressed on transfected HEK293 cells. Serum was added to live 22	

spike-expressing cells, followed by staining with Alexa Fluor 647-conjugated anti-human 23	

IgG (H+L) (ThermoFisher Scientific). Cells were acquired on the LSRII flow cytometer 24	

(BD Biosciences). Participants were determined Spike antibody-seropositive if their delta 25	

median fluorescence intensity (ΔMFI = transfected cells MFI – untransfected cells MFI) 26	

was above the positive threshold (mean ΔMFI+4SD of 24 pre-pandemic controls) in at 27	

least two of three quality-controlled experiments. Data was analysed using FlowJo 10.4.1 28	

(TreeStar).  29	

 30	

SARS-CoV-2 neutralisation 31	

All cells were cultured at 37°C and 5% CO2 in growth medium containing high glucose 32	

Dulbecco’s Modified Eagle Medium (ThermoFisher Scientific) supplemented with 10% 33	

v/v heat inactivated fetal bovine serum (Life	Technologies;	ThermoFisher	Scientific). 34	

Retroviral SARS-CoV-2 pseudo-particles (SARS-2pp) were generated by co-transfecting 35	

expression plasmids containing SARS-CoV-2 Spike which were kindly provided by Dr 36	

Markus Hoffmann24, and the MLV gag/pol and luciferase vectors which were kindly 37	

provided by Prof. Francois-Loic Cosset25,26, in CD81KO 293T cells, which were kindly 38	

provided by Dr Joe Grove27, using mammalian Calphos transfection kit (Takara Bio). 39	

Culture supernatants containing SARS-2pp were harvested 48 hours post transfection and 40	

clarified of cellular debris by centrifugation at 500xg for 10 minutes. SARS-2pp were 41	

concentrated 10-fold using 100,000 MWCO Vivaspin centrifugal concentrators 42	

(Sartorius) by centrifugation at 2000xg and stored at –80°C.  43	

 44	

For neutralisation assays, the infectivity of SARS-2pp were diluted in media to 1000 – 45	

5000-fold more infectious than negative background (based on pseudoparticles lacking 46	

SARS-CoV-2 Spike). Diluted pseudoparticles were incubated for one hour with heat 47	

inactivated (56°C for 30 minutes) patient serum or cell culture supernatant containing 48	

monoclonal antibodies, followed by the addition of polybrene at a final concentration of 49	

4µg/mL (Sigma-Aldrich), prior to addition to 293T-ACE2 over-expressed calls, which 50	

were kindly provided by A/Prof Jesse Bloom28. 293T-ACE2 cells were seeded 24 hours 51	

earlier at 1.5 × 104 cells per well in 96-well white flat bottom plates (Sigma-Aldrich). 52	
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Cells were spinoculated at 800xg for two hours and incubated for two hours at 37°C, prior 1	

to media change. After 72 hours, the cells were lysed with a lysis buffer (Promega) and 2	

Bright Glo reagent (Promega) was added at a 1:1 ratio. Luminescence (RLU) was 3	

measured using CLARIOstar microplate reader (BMG Labtech). Neutralisation assays 4	

were performed in triplicates and outliers were excluded using the modified z-score 5	

method29. Percentage neutralisation of SARS-2pp was calculated as (1 – 6	

RLUtreatment/RLUno treatment) × 100. Serum neutralisation cut-off was determined using 7	

ID50 values obtained from 20 unexposed healthy participants (mean + 2 SD). The 8	

neutralisation cutoff for the mAb containing cell culture media was determined as the 9	

mean + 2 SD of the reading generated from screening neutralisation of the negative 10	

transfection control (no DNA). This was calculated to be 25.42% so any mAb with a 11	

neutralisation percentage greater than 40 at 1/10 dilution was classified as having 12	

neutralising activity. The 50% inhibitory concentration (ID50 for serum and IC50 for 13	

mAbs) titre was calculated using non-linear regression model (GraphPad Prism). 14	

 15	

Staining RBD Memory B cells 16	

The tetramerization method was adapted from a previously published method used for 17	

hepatitis C virus tetramers30. In brief, biotinylated RBD was incubated with Streptavidin-18	

PE (SA-PE; Molecular probes; ThermoFisher Scientific, ) in a molar ratio of 4:1  The 19	

streptavidin dye was added step-wise in 1/10th volume increments to the biotinylated 20	

protein, for a total of 10 times with a 10 minute incubation at 4°C, in a rotating bioreactor, 21	

protected from light.  22	

Cryopreserved PBMCs were thawed rapidly in a 37°C waterbath and washed with pre-23	

warmed RPMI media supplemented with 2 mM L-glutamine, 50 IU/mL penicillin, 24	

50 μg/mL streptomycin and 10% heat inactivated fetal calf serum (Sigma). The cells were 25	

resuspended in DPBS and counted. All subsequent incubations were performed protected 26	

from light. A maximum of 1 × 107 cells were stained with Fixable Viability Stain 700 27	

(FVS700) (BD Bioscience in a 1:1000 dilution) and incubated at 4°C for 20 minutes, to 28	

differentiate the live cells from dead. Cells were washed twice with FACS wash buffer 29	

(DPBS + 0.1% BSA), followed by incubation with 5 µL Human Fc block (BD) per 2 × 30	

106 cells at room temperature for 10 minutes, to block non-specific antibody binding. 31	

SARS-CoV-2-specific B cells were identified by staining with 1 µg/mL of RBD 32	

tetramer at 4°C for 30 minutes. All consecutive steps were done either at 4°C or on ice 33	

and washed twice. The cocktail for staining contained 50 μL stain brilliant buffer and the 34	

titrated combination of antibodies: 5 µL each of CD21 BV421, IgD BV510, CD10 35	

BV605, CD19 BV711 and CD20 APC-H7, 10 µL of IgG BV786, 2 µL each of CD27 PE-36	

CF594 and CD38 PE-Cy7, 2.5 µL HLA-DR BB515 and 0.5 µL CD3 BB700. All the 37	

reagents were from BD Bioscience. The cells were incubated with the staining cocktail 38	

at 4°C for 30 minutes. They were washed and resuspended in FACS wash buffer. A 39	

BD FACSAria™ III sorter was used to phenotype and either bulk sort, or single cell sort, 40	

the samples. The data analysis was performed using FlowJo version 10.7.1 (TreeStar).  41	

 42	

Production of monoclonal antibodies from single-sorted RBD-specific B cells 43	

Natively paired heavy and light chain variable (VH and VL) region sequences were 44	

obtained by amplifying the regions separately from single sorted B cells as previously 45	

described30. In brief, single sorted RBD-specific B cells (CD19+CD20+CD10-RBD+) 46	

were collected into 96-well PCR plates that contained in a final volume of 2 μL per well: 47	

0.5 μL of dNTP (10 mM) (ThermoFisher Scientific), 0.5 µl of 5 µM oligo-dT primer and 48	

1 μL of lysis buffer, lysis buffer was prepared by addition of 1 μL (40 U) RNAse inhibitor 49	

(Clontech) to 19 μL Triton X-10 (0.2% [v/v]). These samples were then RT-PCR 50	

amplified with the SmartSeq2 approach31.  51	
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Amplicons of the B cell receptor (BCR)-encoding regions were generated from the 1	

SmartSeq2 libraries, as described previously 30,32. Antibodies were generated by co-2	

transfecting Lenti-X 293T cells (Clontech) with 1 µg each of heavy and light chain 3	

expression cassette using 20 µL of Polyfect Transfection Reagent (Qiagen) and 600 µL 4	

of DMEM supplemented with 2 mM L-glutamine, and 10% heat inactivated fetal calf 5	

serum (Sigma). Cells were incubated at 37°C and 5% CO2 for 6-8 hours before media 6	

was replaced with 3 mL of DMEM supplemented with 2% heat inactivated fetal calf 7	

serum and 1% penicillin/streptomycin, and incubated under the same conditions for a 8	

further 67-72 hours. Media was then collected and centrifuged to isolate supernatant 9	

containing antibodies, before storage at -20°C.  10	

A RBD binding ELISA was performed on the undiluted mAbs, as described above for 11	

serum, to determine the specificity of the RBD tetramer-sorted memory B cells. 12	

Successful transfection and mAb	synthesis	was	confirmed	with	a	total	IgG	ELISA.	In	brief,	13	

Nunc-Immuno MicroWell plates, 96 well (Thermo Scientific,) were prepared with 1 µg 14	

of anti-human IgG (Jackson Immunoresearch) in DPBS and incubated for one hour at 15	

37°C. The plates were washed with TBS containing 0.05% Tween-20 (TBS-T) and 16	

blocked with 5% non-fat milk for an hour at RT. The mAbs were added to the plates in 17	

duplicates and incubated for one hour at RT. Anti-human IgG-HRP (Jackson 18	

Immunoresearch) was added at a 1:6000 dilution to the plates for one hour at RT. Binding 19	

of mAbs was detected using TMB Chromogen Solution (ThermoFisher Scientific) for 15 20	

minutes at room temperature and the reaction was stopped using 1 M HCl. Optical density 21	

(OD) at 450 nm was measured using CLARIOstar microplate reader (BMG Labtech). 22	

 23	

Statistical analyses 24	

The EPT and ID50 analyses were performed in GraphPad Prism 8.4.3. Wilcoxon or 25	

Mann-Whitney tests were applied for paired and unpaired analyses, respectively, to 26	

evaluate statistically significant differences between t1 and t2. EPT and ID50 values were 27	

fitted to a Loess curve using ggplot2 package in R 4.0.2 using stat_smooth() function with 28	

default parameters. Correlation analyses were performed using the non-parametric 29	

Spearman’s test. ID50 and Spike binding data were plotted using a linear scale. EPT data 30	

were plotted using a log transformed scale. Statistical significance was set at p <0.05. 31	

Descriptive statistics are given as count data (for discrete variables) or as measures of 32	

central tendency and dispersion (for continuous data). ID50 and EPT were measured at 33	

two time points per subject (t1: 1-3 months post infection, t2: 4-6 months post infection) 34	

and their distributions were compared with a paired sample t-test. Associations for 35	

variation of ID50 and EPT (dependent variables) were explored with a mixed model 36	

analysis for within (time) and between host effects, while considering time gap between 37	

sampling points as a covariate (using repeated measures ANOVA). In the unadjusted 38	

analysis, each of the following independent (between-host) variables were compared: 39	

gender (male vs. female), disease severity (asymptomatic or mild vs. moderate or severe), 40	

immunosuppression, age, current or past history of smoking, metabolic comorbidities 41	

(either diabetes, hypertension or obesity). If any significant associations were noted, they 42	

were combined in an adjusted analysis (repeated measures ANOVA). Statistical 43	

significance was set at p <0.05. 44	

In addition, associations were also explored for the fold decline of EPT and ID50 45	

(dependent variable) across the two time points (e.g. ID50t2/ID50t1) with the same 46	

independent variables as above, using univariate analysis of variance. To remove extreme 47	

values of fold-change, the outlier participants were removed by only considering those 48	

within the interquartile range (Q1-Q3) for EPT and ID50 data arrays at the first time point.  49	

For the memory B cell evaluation, statistical analysis was performed on log transferred 50	

data values. The number of CD27+ IgG+ RBD+ cells/106 B cells were measured at the 51	

two timepoints and their distributions was compared with a Wilcoxon matched-pairs 52	



	 10	

signed rank test. A simple linear regression model was used to analyse the relationship 1	

between the memory B cell numbers and the age, ID50 and EPT at individual timepoints 2	

of each participant. A Mann Whitney test was performed to compare the inter/intra-3	

gender and disease severity association with the RBD MBC numbers.  A non-parametric 4	

Spearman's test was performed for correlation analysis. 5	

 6	

 7	
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 1	
 2	
Table 1. Characteristics of COSIN participants (n=81) 3	

  

Total study 

population, 

n (%) 

Infection severity 

Asymptomatic 

or mild, 

n (%) 

Moderate, 

n (%) 

Severe, 

n (%) 

Age, median (range) 52 (19 – 84) 54 (20 – 82) 47 (19 – 76) 72 (23 – 84) 

Age, by category, n (%)         

     <40 27 (33) 14 (29) 12 (41) 1 (25) 

     40 – 59 24 (30) 16 (33) 8 (28) 0 (0) 

     >60 30 (37) 18 (38) 9 (31) 3 (75) 

Sex, n (%)         

    Female 41 (51) 25 (52) 15 (52) 1 (25) 

     Male 40 (49) 23 (43) 14 (48) 3 (75) 

Disease severity, n (%)         

     Asymptomatic or mild 48 (59) 48 (100) NA NA 

     Moderate 29 (26) NA 29 (100) NA 

     Severe 4 (5) NA NA 4 (100) 

 5	
 6	
 7	
 8	
Table 2. Monoclonal antibodies and their reactivity to RBD by subject 9	

Subject ID Plasma characteristics mAb charactersitics 

  DPS RBD titre 

IgG 

derived 

IgD 

derived 

RBD 

binding Neutralising 

61250-011  68 1857.63 4 0 4 1 

 181 491.67 20 0 20 5 

61213-007  132 0 15 0 15 6 

61250-002  110 493.95 9 0 9 2 

61213-016  137 12.24 1 12 2 0 

61247-024  118 0 0 15 0 0 

 10	

 11	

 12	

 13	

  14	
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 1	
 2	
 3	
Fig 1: Antibody analysis (A) RBD endpoint titres (EPT) plotted against days post onset of 4	
symptoms (DPS). The curve shows the mean EPT values using a Loess regression model. The 5	
shaded band indicates the 95% confidence interval. Blue datapoints highlight participants >51 6	
years (median age) and black datapoints highlight participants <51 years. (B) ID50 values plotted 7	
against the DPS. The lines connect a single subject sampled at two time points. The healthy 8	
control cut-off (mean + 2 × SD) is indicated by the dotted black line. Blue datapoints highlight 9	
participants >51 years (median age) and black datapoints highlight participants <51 years. (C) 10	
Correlogram comparing RBD EPT and ID50 values at both timepoints with age, gender, disease 11	
severity and metabolic comorbidities. Correlations were performed with the Spearman correlation 12	
statistic.  13	
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 1	
Fig 2: Memory B cell analysis and monoclonal antibody characteristics (A) Distribution of 2	
RBD specific Ig classes / 106 B cells across all the EPT groups. The first bar represents t1 and 3	
the second bar represents t2 of each SARS-CoV-2 participant. Healthy participants have one 4	
bar representing one timepoint. (B) Violin plots of Ig subclass comparison between t1 and t2. 5	
Healthy control cutoff (mean+2 × SD) are represented by the dotted black line. (C) Comparison 6	
of CD27+IgG+RBD+ B cells / 106 B cells between t1 and t2 showing an increase in frequencies 7	
(Wilcoxon matched-pairs signed rank test p=0.0084). (D) Correlation analysis between EPT and 8	
CD27+ IgG+ RBD+ B cells / 106 B cells during t2 (spearman’s correlation, p=0.017). (E) Heat 9	
map of all subjects comparing age, gender, severity, DPS, EPT, ID50, CD27+IgG+RBD+ B cells 10	
/ 106 B cells from t1 and t2. (F) Neutralisation activity of all mAbs at 1/10 dilution. Dotted line 11	
represents 40% neutralisation cut-off. Heat map shows mAb RBD binding (red above and blue 12	
below cutoff) and IgG line shows whether the originating memory B cell was IgG+ (red) or IgD+ 13	
(blue). (G) Neutralisation plot of six mAbs identified from three SARS-CoV-2 participants at t2, 14	
each colour represents a participant. 15	
 16	
 17	
  18	
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 1	
 2	
Supp fig 1: Plot showing significant decrease in IgG antibodies against Spike (A) and RBD (B) 3	
between t1 and t2. (C) ID50 values significantly lower at t2 compared to t1. Spearman’s 4	
correlation of RBD EPT and ID50 at t1 (D) and t2 (E). Plot showing a significant correlation 5	
between age and RBD EPT (Spearman's correlation, p<0.001). 6	
 7	

t1 t2

0

100000

200000

300000

S
p
ik
e
Ig
G
b
in
d
in
g
(
M
F
I) -21512

t1 t2

0.1

1

10

100

1000

10000

100000

R
B
D
_
E
P
T

-885

t1 t2

0

100

200

300

1000
2000

ID
5
0

t1

t2

-37.1

0

1

2

3

4

0 1 2 3

log10(ID50)

lo
g
1
0
(R
B
D
_
E
P
T
)

0

1

2

3

4

0 1 2 3

log10(ID50)

lo
g
1
0
(R
B
D
_
E
P
T
)

0

1

2

3

4

20 40 60 80

age

lo
g
1
0
(R
B
D
_
E
P
T
)

severity
asymptomatic

mild

moderate

severe

A

FED

B C

r = 0.55

****
r = 0.38
****

r = 0.40
***



	 15	

 1	
Supp fig 2: (A) Gating strategy for flow cytometry analysis of RBD-specific B cells. (B) 2	
Correlation of CD27+IgG+RBD+ B cells / 106 PBMC with CD27+IgG+RBD+ B cells /106 B cells 3	
(Spearman's correlation, p<0.001). (C, D) Plots showing no correlation between ID50 and 4	
CD27+IgG+RBD+ B cells / 106 B cells at t1 and t2 (Spearman's correlation, not significant (ns)). 5	
(E) Comparison of CD27+IgG+RBD+ cells / 106 B cells between genders. No significance 6	
(Mann Whitney test).  (F) Change in number of CD27+IgG+RBD+ cells / 106 B cells from t1 to t2 7	
plotted against age of subjects. No correlation was observed (Spearman's correlation (two-8	
tailed) p=0.086). (G) Plot of disease severity against CD27+IgG+RBD+ cells / 106 B cells from 9	
t1 to t2. Value for healthy control subjects (mean + 2 × SD) in green dotted line.10	
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Supplementary tables – Statistics 1	
Table S1. Associations of clinical and demographic variables with RBD endpoint titres (EPT) 2	
at first and second timepoints assessed with repeated measures ANOVA* (n=81, each subject 3	
has two EPT measurements) 4	

Variable Frequency Mean EPT 

at t1 

Mean EPT 

at t2 

P value for 

between-

subjects 

effect 

Gender     
Male 40 2111.0 1038.8 0.286 

Female 41 1371.9 669.6  

Age     

Above median (51 years) 40 2728.8 1277.2 0.005*** 
Below median (51 years) 41 769.1 437.0  

Disease severity     

Asymptomatic or mild 48 1820.1 1002.7 0.579 

Moderate or severe 33 1615.7 632.6  

Current or past history of 

smoking 

    

Yes 40 2350.1 1037.8 0.119 
No 41 1138.6 670.5  

Risk of immunosuppression**     

Yes 12 2462.7 1674.0 0.209 

No 69 1610.6 708.9  

Metabolic comorbidity#     

Yes 26 2853.6 1504.1 0.013*** 

No 55 1208.9 543.6  

*all analyses per variable had sampling gap between t1 and t2 as a covariate which was not 5	
significant in the final result, **includes individuals with diabetes mellitus, cancer, long term 6	
immunosuppressants, chronic kidney disease (excludes those on short courses of 7	
oral/intravenous steroids and inhaled steroids), ***p<0.05, #Individuals with either diabetes, 8	
hypertension, obesity or a combination of these 9	
  10	
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Table S2. Adjusted analysis for EPT using repeated measures ANOVA (independent variable – 1	
metabolic comorbidity, covariates – age and sampling gap) 2	

 3	

Source Type III Sum of 

Squares 

df Mean Square F Sig. 

Intercept 1364363.882 1 1364363.882 0.143 0.706 

Sampling gap 4659499.379 1 4659499.379 0.489 0.487 

Age 37670821.87 1 37670821.87 3.953 0.050 
Metabolic comorbidity 16938553.89 1 16938553.89 1.777 0.186 

Error 733786894.7 77 9529699.931   

 4	

 5	
  6	
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Table S3. Associations of clinical and demographic variables with ID50 at first and second 1	
timepoints assessed with repeated measures ANOVA* (n=81, each subject has two ID50 2	
measurements) 3	

Variable Frequency Mean ID50 

at t1 

Mean ID50 

at t2 

P value for 

between-

subjects 

effect 

Gender     

Male 40 138.3 77.8 0.320 
Female 41 82.3 67.7  

Age     

Above median (51 years) 40 146.2 91.3 0.101 

Below median (51 years) 41 74.6 54.5  

Disease severity     

Asymptomatic or mild 48 77.4 63.9 0.137 

Moderate or severe 33 157.3 85.6  

Current or past history of 
smoking 

    

Yes 40 120.7 79.4 0.616 

No 41 99.6 66.2  

Risk of immunosuppression**     
Yes 12 91.1 74.5 0.834 

No 69 113.2 72.4  

Metabolic comorbidity#     
Yes 26 112.7 73.8 0.909 

No 55 108.7 72.2  

*all analyses per variable had sampling gap between t1 and t2 as a covariate which was not 4	
significant in the final result, **includes individuals with diabetes mellitus, cancer, long term 5	
immunosuppressants, chronic kidney disease (excludes those on short courses of 6	
oral/intravenous steroids and inhaled steroids), #Individuals with either diabetes, hypertension, 7	
obesity or a combination of these 8	

 9	

 10	
 11	
  12	
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Figures

Figure 1

Antibody analysis (A) RBD endpoint titres (EPT) plotted against days post onset of symptoms (DPS). The
curve shows the mean EPT values using a Loess regression model. The shaded band indicates the 95%
con�dence interval. Blue datapoints highlight participants >51 years (median age) and black datapoints
highlight participants <51 years. (B) ID50 values plotted against the DPS. The lines connect a single
subject sampled at two time points. The healthy control cut-off (mean + 2 × SD) is indicated by the dotted
black line. Blue datapoints highlight participants >51 years (median age) and black datapoints highlight
participants <51 years. (C) Correlogram comparing RBD EPT and ID50 values at both timepoints with age,
gender, disease severity and metabolic comorbidities. Correlations were performed with the Spearman
correlation statistic.



Figure 2

Memory B cell analysis and monoclonal antibody characteristics (A) Distribution of RBD speci�c Ig
classes / 106 B cells across all the EPT groups. The �rst bar represents t1 and the second bar represents
t2 of each SARS-CoV-2 participant. Healthy participants have one bar representing one timepoint. (B)
Violin plots of Ig subclass comparison between t1 and t2. Healthy control cutoff (mean+2 × SD) are
represented by the dotted black line. (C) Comparison of CD27+IgG+RBD+ B cells / 106 B cells between t1
and t2 showing an increase in frequencies (Wilcoxon matched-pairs signed rank test p=0.0084). (D)
Correlation analysis between EPT and CD27+ IgG+ RBD+ B cells / 106 B cells during t2 (spearman’s
correlation, p=0.017). (E) Heat map of all subjects comparing age, gender, severity, DPS, EPT, ID50,
CD27+IgG+RBD+ B cells / 106 B cells from t1 and t2. (F) Neutralisation activity of all mAbs at 1/10
dilution. Dotted line represents 40% neutralisation cut-off. Heat map shows mAb RBD binding (red above
and blue below cutoff) and IgG line shows whether the originating memory B cell was IgG+ (red) or IgD+
(blue). (G) Neutralisation plot of six mAbs identi�ed from three SARS-CoV-2 participants at t2, each colour
represents a participant.
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