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SUMMARY
Considerable concerns relating to the duration of protective immunity against severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2) exist, with evidence of antibody titers declining rapidly after infec-
tion and reports of reinfection. Here, we monitor the antibody responses against SARS-CoV-2 receptor-
binding domain (RBD) for up to 6 months after infection. While antibody titers are maintained, �13% of
the cohort’s neutralizing responses return to background. However, encouragingly, in a selected subset
of 13 participants, 12 have detectable RBD-specific memory B cells and these generally are increasing
out to 6 months. Furthermore, we are able to generate monoclonal antibodies with SARS-CoV-2 neutral-
izing capacity from these memory B cells. Overall, our study suggests that the loss of neutralizing anti-
bodies in plasma may be countered by the maintenance of neutralizing capacity in the memory B cell
repertoire.
INTRODUCTION

Virus and host immune factors affect the severity of acute

infection and the subsequent quality and durability of immu-

nological memory that will be established to protect against

reinfection.1 In severe acute respiratory syndrome-coronavi-

rus-2 (SARS-CoV-2) infection, at least 80% of people infected

appear to have asymptomatic or mild disease, while the re-

maining 20% are more severely unwell, with hyperactivation

of the immune system leading to the excessive production

of pro-inflammatory cytokines, lymphopenia, development of

acute lung injury, and other end organ damage.2–4 Age and

disease severity have been linked with higher antibody titers
Cell R
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and virus-specific neutralizing activity,5 and it has been sug-

gested that antibody responses may wane more quickly

following mild illness,6 although not all studies support these

observations.7,8

As the coronavirus disease 2019 (COVID-19) pandemic con-

tinues to spread, the development of a prophylactic vaccine is

critical.9 A key component underpinning a successful vaccine

design is an understanding of the characteristics of naturally

occurring, potentially protective immunity. This includes both

the immunological correlates of the initial control of viral replica-

tion, and the factors supporting establishment and long-term

maintenance of adaptive immune responses. Evidence suggests

that virus-specific B cell responses in people with SARS-CoV-2
eports Medicine 2, 100228, April 20, 2021 ª 2021 The Author(s). 1
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Table 1. Characteristics of COSIN participants (n = 81)

Total study population, n (%)

Infection severity

Asymptomatic or mild, n (%) Moderate, n (%) Severe, n (%)

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

Age, y, 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)

Gender, 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)

COSIN, Collection of Coronavirus COVID-19 Outbreak Samples in New South Wales; NA, not applicable.
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infection occur in conjunctionwith CD4+ T follicular helper cell re-

sponses from �1 week after symptom onset.10–12 The first

antibody responses target the N protein, whereas antibodies

recognizing the S protein occur �1 week later. Neutralizing

antibody (NAb) responses, predominantly directed against the

receptor-binding domain (RBD) of the S protein, develop within

2–3 weeks.13 Most studies report very high rates of seroconver-

sion to SARS-CoV-2,5,14,15 followed by a rapid decline in RBD-

specific antibody titers.5,14,16 However, to date, most of these

studies have only reported up to 4 months following infection.

One recent study did report low titers of NAbs in one individual

up to 7 months post-onset.8

In SARS-CoV-1 infection, the maintenance of durable NAb re-

sponses is unclear. Older studies suggest the initial specific IgG

and NAb titers fall progressively over 2–3 years to become unde-

tectable in up to 25%of individuals,17 and a recent study demon-

strated that low-titer SARS-CoV-1 NAbs were still detected in

half of the group tested 17 years afterward.18 Short-lived or

low-titer NAb responses may not be a problem if robust memory

B cell responses are generated and can be reactivated upon

reinfection. However, memory B cell responses in SARS-

CoV-1 may also be short-lived.11 To date, only 2 studies have

examined the SARS-CoV-2-specific memory B cell response

beyond 4 months.19,20 Encouragingly, both of these studies

report that SARS-CoV-2-specific memory B cells are main-

tained, but no studies have yet reported whether these memory

B cells present several months after infection can generate

neutralizing antibodies upon reinfection.

In this study, we examined longitudinal antibody responses

(anti-RBD, anti-Spike, and inhibitory capacity against a 50%

infective dose [ID50]) among 81 people with SARS-CoV-2

infection (confirmed by nucleic acid amplification testing

[NAT]) at 2 time windows—1–3 and 4–6 months following

symptom onset. We also assessed correlations between anti-

body titers in the blood and RBD-specific memory B cell fre-

quency and the capacity of these memory B cells to make

neutralizing antibodies.
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RESULTS

Participants
Anti-RBD titers andneutralizing activitywere analyzed in 81partic-

ipants at 2 follow-up time points (t1 and t2), calculated from the

dayspost-onset of symptoms (DPS). Across all of the participants,

t1 ranged from30 to 87DPS (median: 68, interquartile range [IQR]:

61–79days) and t2 ranged from110 to181DPS (median:132, IQR:

118–151 days). The median time between sampling points (t2–t1)

was 65 days (range: 31–126 days, IQR: 52–89 days). Participants

had a median age of 51 years (IQR: 34–63.5 years) and 51%

were female (n = 41) (Table 1). Most participants had mild (n =

47) or moderate (n = 29) COVID-19 illness, with 1 case of asymp-

tomatic infection and 4 having severe disease.

RBD endpoint titer (EPT) and neutralizing activity
Assays to determine the EPT and neutralization activity were per-

formed at 2 time points (t1 and t2) for all 81 participants. The

RBDEPTwascalculated from thedilution curveat the titration level

equivalent to theopticaldensity (OD)valueequivalent to themean+

2 standard deviations (SDs) from 19 healthy unexposed control

participants. Neutralization activity was determined with a murine

leukemia virus (MLV)-based SARS-CoV-2 D18 pseudovirus and a

healthy control cutoff value of 22.61 (9.02 + 2 3 6.8), determined

from the results of the same 19 healthy control participants.

At t1, 78 of 81 participants (96%) had RBD EPTs greater than

the limit of detection (Figure 1A). In addition, 2 of the 3 non-reac-

tive participants did not have antibodies against the Spike pro-

tein (Figure S1A). For neutralization activity with the pseudovirus

assay, 54 of 81 participants (67%) had an ID50 above the cutoff

(Figure 1B). At t2, the average ID50 and EPT values were signifi-

cantly lower compared to t1 (mean difference [SEM]� ID50: 37.3

(14.0), p = 0.009, EPT: 885 (258.4), p = 0.001), but 95% (77/81)

and 74% (60/81) of participants had EPT and neutralization ac-

tivity above the defined cutoffs (Figures S1B and S1C).

To validate the percentage of subjects that had undetectable

levels of neutralization activity, ID50s were also calculated with
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Figure 1. Antibody analysis

(A) RBD endpoint titers (EPTs) plotted against days post-onset of symptoms (DPS). Binding at each dilution was assessed in duplicate. The curve shows themean

EPT values using a Loess regression model. The shaded band indicates the 95% confidence interval. Blue datapoints highlight participants >51 years (median

age) and black datapoints highlight participants <51 years.

(B) Neutralization half-maximal inhibitory serum dilution (ID50) values determined with the pseudovirus assay plotted against the DPS. Infectivity at each dilution

was assessed in triplicate and ID50 was determined using a normalized non-linear regression using GraphPad Prism software.

(C) ID50 values determined with the live virus assay plotted against DPS. Infectivity at each dilution was assessed in duplicate and ID50 was determined using a

normalized non-linear regression using GraphPad Prism software. The lines connect a single subject sampled at 2 time points. The healthy control cutoff (mean +

23 SD) is indicated by the dotted black line. Blue datapoints highlight participants >51 years (median age) and black datapoints highlight participants <51 years.
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a live virus assay. The ID50 cutoff defined by the 19 healthy con-

trols for the live virus was 0.6 (0.06 + 23 0.27). The live virus and

pseudovirus data correlated (r = 0.65) (Figure S1G) and a similar

trend in decline was observed between t1 and t2 (Figure 1C). At

t1, 86.4% (70 of 81) of participants and at t2 86.4% (70 of 81) par-

ticipants remained above the threshold for detectable neutral-

izing activity. Of these 11 participants at t1, 7 were below the

threshold again at t2. For both neutralization assays, there

were many participants who were only just above the threshold

for neutralizing activity (Figures 1B and 1C). For all of the subse-

quent comparisons, the pseudovirus ID50 values were used.

EPT and pseudovirus ID50 values at t1 were strongly predictive

of values at t2 (ID50 – r2 = 0.862, p < 0.001, EPT � r2 = 0.81, p <

0.001). EPT and ID50 results had a significant positive correlation

at both time points (t1: r = 0.55, p < 0.0001, t2: r = 0.38, p =

0.0006) (Figures S1D and S1E). In unadjusted analysis, paired

EPT values were associated with older age (p = 0.004) and the

presence of diabetes mellitus, hypertension, or obesity (p =

0.011) when the sampling interval was included as a covariate.

Gender, illness severity, immunosuppression, and history of

smoking or current smoking, were not associated with paired

EPT values (Table S1). In the adjusted analysis (metabolic co-

morbidity versus paired EPT measurements with sampling gap

and age as covariates), the association with metabolic comor-

bidities disappeared, while that for age and EPT was borderline

(p = 0.05) (Table S2). Paired ID50 values did not have a significant

association with any of the demographic or clinical variables as-

sessed in the unadjusted analysis (Table S3). There were also no

significant associations between demographic and clinical vari-

ables and fold change in EPT or ID50 (t2 value/t1 value), except

that a longer time between sample collections was associated

with a greater fold decline of EPT and ID50 (p < 0.05).

RBD-specific memory B cells
The observed decline in neutralizing activity could be mitigated

if a durable memory B cell response capable of generating

neutralizing antibodies on demand is maintained. To assess
the presence of a RBD-specific memory B cell response, 15

participants representing high (>1,000 EPT, n = 5), medium

(EPT: 100–999, n = 7), and low EPT (EPT <100, n = 3) at t1

were selected, and their t1 and t2 peripheral blood mononu-

clear cells (PBMCs) were screened for RBD-specific CD27+

memory B cells by flow cytometry. The 15 participants were

generally representative of the broader study cohort, in relation

to gender (female = 7), disease severity (mild = 4, moderate = 7,

severe = 4), and age (range: 23–84). Six healthy uninfected par-

ticipants were included as negative controls.

B cells were stained for flow cytometry, and the

CD19+CD20+CD10� population was analyzed based on CD27,

immunoglobulin D (IgD), IgG, and RBD binding phenotype (Fig-

ure S2A). Due to reports of lymphopenia in acute infection and

concerns of skewed immune subsets, we compared the

CD27+IgG+RBD+ B cell frequency calculated both as per million

PBMCs and permillion B cells (CD19+CD20+) and found a strong

correlation. Hence, all further analyses were calculated as per

million B cells only (Figure S2B).

As the focus of this study was on the maintenance of virus-spe-

cific memory B cells, the analysis was performed on the

CD27+RBD+ memory B cells and then sub-gated on the IgD and

IgG phenotype (Figure 2A). The healthy participants had a high

CD27+RBD+IgD+ frequency (145.4 ± 95.4/106 B cells), but

low CD27+RBD+IgD�IgG+ (15.7 ± 15.8/106 B cells) and

CD27+RBD+IgD�IgG� frequencies (20.3 ± 17.9/106 B cells) (Fig-

ure 2B). The Coronavirus Outbreak Samples in New South Wales

(COSIN) participants generally had higher mean frequencies of all

3 virus-specific subsets than the healthy participants:

CD27+RBD+IgD+ (265.6± 314.2/106Bcells),CD27+RBD+IgD�IgG+

(251.3± 254.8/106Bcells), andCD27+RBD+IgD�IgG� (52.3± 72.7/

106 B cells) (Figure 2B). Despite some inter-subject variation, 12 of

15 participants had a CD27+RBD+IgD�IgG+ frequency above the

healthy control derived cutoff at t2, and this was a significant in-

crease from the same values observed at t1 (mean t1 = 165.8/106

B cells; mean t2 = 336.9/106 B cells; p = 0.0084) (Figure 2C). Two

participants who did not have a CD27+RBD+IgD�IgG+ B cell
Cell Reports Medicine 2, 100228, April 20, 2021 3



Figure 2. Memory B cell analysis and monoclonal antibody characteristics

(A) Distribution of RBD-specific Ig classes/106 B cells across all of the EPT groups. The first bar represents t1 and the second bar represents t2 of each SARS-

CoV-2 participant. Healthy participants have 1 bar representing 1 time point.

(B) Violin plots of Ig subclass comparison between t1 and t2. Healthy control cut-off (mean + 2 3 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) Heatmap of all subjects comparing age, gender, severity, DPS, EPT, ID50, CD27
+IgG+RBD+ B cells/106 B cells from t1 and t2.

(F) Neutralization activity of all mAbs at 1/10 dilution. Dotted line represents 40% neutralization cutoff. Heatmap shows mAb RBD binding (red above and blue

below cutoff) and the B cell line shows whether the originating memory B cell was IgG+ (red) or IgD+ (blue).

(G) Neutralization plot of 6 mAbs identified from 3 SARS-CoV-2 participants at t2. Each color represents a participant.
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response greater than the healthy cutoff were from the low EPT

group, and had mild or moderate clinical illnesses; the third was

from the high EPT group, and this individual had severe disease.

There was overall a strong correlation between IgG EPT and

CD27+RBD+IgD�IgG+ B cell frequencies (r = 0.613, p = 0.017) at

t2 (Figure 2D). No correlation between ID50, gender, age, or disease

severity and B cell frequencies was observed (Figures S2E–S2G).

RBD memory B cells with neutralizing capacity
To investigate whether these memory B cells were likely to have

the capacity to induce NAb responses upon reinfection, the
4 Cell Reports Medicine 2, 100228, April 20, 2021
B cell receptor from single-cell sorted CD27+RBD+ cells from 5

participants were RT-PCR amplified and expressed as IgG1

monoclonal antibodies (mAbs) in Lenti-X 293T cells (Table 2).

For this analysis, we selected 3 time points that had low to no

detectable EPT and pseudovirus ID50 and 3 time points that

had well above healthy cutoff titers. For participants who had a

low IgG+ cell frequency, IgD+ cells were used (Table 2). A total

of 76 mAbs were successfully synthesized as IgG from 49 IgG+

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

the 49 mAbs made from IgG+ cells, 48 bound to RBD. From

the IgD+ B cells, 2 of the mAbs bound weakly to RBD. Antibody



Table 2. Monoclonal antibodies and their reactivity to RBD by subject

Subject ID

Plasma characteristics mAb characterstics Neutralizing mAbs

DPS RBD titer IgG derived IgD derived RBD binding Neutralizing IGHV usage SHM (%)

61250-011 68 1,857.63 4 0 4 1

181 491.67 20 0 20 5 3–33, 1–58 6, 7

61213-007 132 0 15 0 15 6 4–31, 1–2 2, 5

61250-002 110 493.95 9 0 9 2 3–66, 4–39 5, 7

61213-016 137 12.24 1 12 2 0 – –

61247-024 118 0 0 15 0 0 – –

DPS, days post-onset of symptoms; IgD, immunoglobulin D; IgG, immunoglobulin G; mAb, monoclonal antibody; RBD, receptor-binding domain;

SHM, somatic hypermutation.
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containing supernatant was also diluted in 1 in 10 and screened

for NAb activity with the SARS-CoV-2 pseudovirus. A neutraliza-

tion percentage >40 was defined as having neutralizing activity.

Of the 50 mAbs that bound RBD, 14 mAbs from 3 of the 5 partic-

ipants had neutralizing activity (Table 2; Figure 2F). To further

confirm the neutralizing activity, the IC50 was determined for

the 2 highest NAbs from each of the 3 participants by quantifying

the mAbs in the cell culture supernatant and performing neutral-

ization assays on the SARS-CoV-2 pseudovirus (Figure 2G). No

neutralizing antibodies were isolated from the 2 patients who did

not seroconvert. Sequence analysis of these 6 potent mAbs re-

vealed theywere amix of IGHV genes and had undergone affinity

maturation, as indicated by a somatic hypermutation level of

2%–7%.

DISCUSSION

Recent data on SARS-CoV-2 anti-RBD and anti-Spike antibody

responses have suggested a significant and rapid decline in

titers after resolution of the clinical illness. Our observation is

that despite declining EPT and ID50 values at 4–6 months

following infection, most individuals retain binding and neutrali-

zation titers above background. Gender, disease severity, immu-

nosuppression, comorbidities (diabetes mellitus, hypertension,

obesity), and a history of smoking or current smoking, did not

predict variation in ID50 or EPT over time.

A decline in antibody titers and neutralizing capacity following

resolution of the clinical illness is not unusual, as seen in several

other viral infections. However, the observation of antibody titers

dipping below a detectable level is a concern for ongoing protec-

tion. Comparable declines in antibody titers would also be a sig-

nificant concern following COVID-19 immunization.20 Even

though the vaccines against SARS-CoV-2 may not confer steril-

izing immunity (as this is rarely observed in other vaccines

approved for use), the capacity of such a vaccine to minimize

disease, reduce viral shedding, and reduce transmission re-

mains a highly desirable public health measure to control the

pandemic.

The protective capacity of SARS-CoV-2 antibodies has

recently been demonstrated in a candidate vaccine trial in rhesus

macaques, in which 7 different vaccines were administered to 32

macaques. The development of NAbs was associated with pro-

tection against lung infection and nasal infection in all but 1 of the

macaques.21 In another study, passive immunization with a
combination of NAbs in themonkeys correlated with the reduced

development of pneumonia and lung damage.22 These animal

studies align with previous data on common coronaviruses, in

which reinfections (and presumed ongoing NAb activity) were

often associated with very mild or asymptomatic disease.11

The very few validated cases of reinfection of SARS-CoV-2

have also been associated with mild or asymptomatic

infection.23

Encouragingly our data show that despite the declining NAb

titers, in the great majority of participants that seroconverted,

memory B cells against RBD were maintained and even

increased in numbers at 4–6 months following infection in 12

of 13 participants. This finding was similar to 3 other studies

that also reported the maintenance and expansion of the

RBD-specific IgG memory repertoire.19,20,24 These 3 studies

followed participants up to 5 months post-symptom onset.

Our work extends beyond these studies in time, but also shows

that the memory B cell population can generate potent NAbs.

How long these memory B cells will continue to persist will be

of significant interest. Tang et al.25 reported that the memory

B cell responses to SARS-CoV-1 were undetectable at 6 years.

However, it is worth noting that Tang et al.25 relied on ELISpot,

with pooled vaccine-derived antigens to detect virus specific

memory B cells, the standard assay at the time, whereas com-

mon methods now use purified antigen and flow cytometry,

which are likely to be far more sensitive at detecting rare-fre-

quency events.

Our study also identified a correlation between the frequency

of RBD-specific memory B cells and RBD EPT, which indicates

that RBD EPTmay be a good and readily available marker for po-

tential immunity. It is noteworthy, however, that the subject with

the highest NAb titers had IgG RBD-specific memory B cells at

the background level only. Interestingly, this participant had a

severe illness, with prominent lymphopenia reported during the

acute phase of infection. In addition, the loss of B cell germinal

centers has been a feature reported in severe COVID-19 and

could also account for the poor memory B cell response.26

Further work should be conducted among people with severe

COVID-19 to determine whether the apparent loss of circulating

lymphocytes, which are recognized to include both T and B cells,

and disruption to the B cell germinal centers negatively affects

the frequencies or quality of the memory cell response.

In summary, most of the participants diagnosed with

SARS-CoV-2 infection who initially had an RBD-specific
Cell Reports Medicine 2, 100228, April 20, 2021 5
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immune response had memory B cells persisting up to

6 months post-infection with the capacity to make neutral-

izing antibodies, despite falling NAb titers. The presence of

memory B cells that produced NAbs following natural infec-

tion offers a clear hope of protective immunity sufficient to

reduce reinfection severity upon re-exposure and a promise

for effective vaccine strategies based on NAb induction and

for herd immunity.

Limitations of study
The limited number of participants in this study did not allow for an

expanded robust analysis of different comorbidities, age, or treat-

ment on antibody andmemory B cell dynamics; instead this study

focused only on a subset grouped as metabolic disease.

The correlation of neutralization activity of participant sera be-

tween the live virus and pseudovirus assaywas not as high as re-

ported for some other studies, but technical differences between

the assays may account for this. The assays used different cell

lines (vero E6 and HEK293T-Ace2) and they were different line-

ages (D614G).

For determining the neutralization capacity of the memory

B cell pool, antibodies were transiently expressed and screened,

which does not provide an accurate measure of their potency

due to differences in expression level. Only 6 antibodies had their

IC50s calculated, and therefore the proportion of memory B cells

that encoded for neutralizing antibodies could actually be higher

than the estimate here.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Streptavidin-PE ThermoFisher Scientific Cat#S21388

Streptavidin-APC BD Biosciences Cat#554067; RRID:AB_10050396

Fixable Viability Stain 700 BD Biosciences Cat#564997; RRID:AB_2869637

Human Fc block BD Biosciences Cat#564220; RRID:AB_2869554

Stain brilliant buffer BD Biosciences Cat#566349; RRID:AB_2869750

B-ly4 (BV421) [Anti-CD21] BD Biosciences Cat#562966; RRID:AB_2737921

FA6-2 (BV510) [Anti-IgD] BD Biosciences Cat#563034; RRID:AB_2737966

HI10A (BV605) [Anti-CD10] BD Biosciences Cat#562978; RRID:AB_2737929

SJ25C1 (BV711) [Anti-CD19] BD Biosciences Cat#563036; RRID:AB_2737968

2H7 (APC-H7) [Anti-CD20] BD Biosciences Cat#560734; RRID:AB_1727449

G18-145 (BV786) [Anti-IgG] BD Biosciences Cat#564230; RRID:AB_2738684

N-T271 (PE-CF594) [Anti-CD27] BD Biosciences Cat#562297; RRID:AB_11154596

HIT2 (PE-Cy7) [Anti-CD38] BD Biosciences Cat#560677; RRID:AB_1727473

G46-6 (BB515) [Anti-HLA-DR] BD Biosciences Cat#564516; RRID:AB_2732846

SK7 (BB700) [Anti-CD3] BD Biosciences Cat#566575; RRID:AB_2860004

AffiniPure Goat Anti-Human IgG, F(ab’)2 Fragment

Specific

Jackson ImmunoResearch Cat#109-005-097; RRID:AB_2337540

Biological samples

Convalescent donor blood samples The Kirby Institute, UNSW https://kirby.unsw.edu.au/project/natural-

history-cohort-following-sars-cov-2-infection

Donor blood samples Australian Red Cross Lifeblood https://www.donateblood.com.au/

Chemicals, peptides, and recombinant proteins

RNase inhibitor Takara Bio Cat#2313A

dNTP Promega Corporation Cat#U1515

Triton X-10 Sigma-Aldrich Cat#T9284

Polyfect Transfection Reagent QIAGEN Cat#301105

Glo Lysis Buffer Promega Cat#E2661

Polybrene Sigma-Aldrich Cat#H9268

TMB Chromogen Solution ThermoFisher Scientific Cat#002023

Imidazole Sigma-Aldrich Cat#I202

ExpiFectinamine ThermoFisher Scientific Cat#A14524

OptiMEM-1 ThermoFisher Scientific Cat#31985070

Critical commercial assays

Calphos transfection kit Clontech Laboratories Cat#631312

Bright-Glo Luciferase Assay System Promega Cat#E2620

Biotin Protein Ligase Genecopeia Cat#BI001

Experimental models: cell lines

Expi293-Freestyle cells ThermoFisher Scientific Cat#A14527

CD81KO 293T Dr Joe Grove N/A

293T-ACE2 overexpressed calls A/Prof Jesse Bloom N/A

Lenti-X 293T Clontech Laboratories Cat#632180

(Continued on next page)
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Oligonucleotides

Primers for B cell receptor (BCR) amplification using

SmartSeq2, see Table S1

N/A N/A

Primers for backbone (C, H, k and l) fragment cloning

PCR, see Table S1

N/A N/A

Primers for varable (VH, Vk and Vl) fragment PCR,

see Table S1

N/A N/A

Primers for expression cassette assemble overlapping

PCR, see Table S1

N/A N/A

Recombinant DNA

pCAGGS-SARS-CoV-2-RBD This paper N/A

pCAGGS-SARS-CoV-2-Spike Dr Markus Hoffmann N/A

pCAGGS-SARS-CoV-2-SpikeD18 Dr Markus Hoffmann N/A

pTG126 Prof François-Loı̈c Cosset N/A

phCMV5349 Prof François-Loı̈c Cosset N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

FlowJo version 10.7.1 Tree Star, Inc https://www.flowjo.com/

SPSS 25 IBM https://www.ibm.com/products/spss-statistics

R 4.0.2 The R Foundation https://cran.r-project.org/bin/windows/base/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Dr. Rowena Bull (r.bull@unsw.

edu.au)

Materials availability
This study did not generate new unique reagents.

Data and code availability
The published article includes all data generated or analyzed during this study, and summarized in the accompanying tables, figures

and Supplemental information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Convalescent COVID-19 donors

The COSIN (Collection of COVID-19 Outbreak Samples in NSW) study is an ongoing prospective cohort study evaluating the natural

history of SARS-CoV-2 infection among adults and children in New South Wales, Australia. Children and adults diagnosed with

SARS-CoV-2 infection (confirmed by NAT) were eligible for enrolment, irrespective of disease severity. Participants were enrolled

through seven hospital in- and outpatient departments and referring microbiology laboratories in New South Wales between 6th

March 2020 and 17th September 2020. Eighty-one participants were included in this study and had a median age of 51 years

(IQR: 34 – 63.5 years) and 51% were female (n = 41) (Table 1).

Follow up visits were scheduled at onemonth (visit window: one to threemonths) and four months (visit window: four to six months)

following symptom onset or date of diagnosis (whichever was first). At each follow up visit, clinical data and blood samples were

collected. Disease severity was classified according to the NIH stratification (https://www.covid19treatmentguidelines.nih.gov).

Healthy unexposed donors

Healthy controls for antibody studies had a median age of 45 (range 24-73) and 53%were female. Blood from 10 of the healthy con-

trols were collected prior to 2007 and the remaining 9 were collected betweenMarch and April 2020 in Sydney, Australia, where local
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transmission was very low at the time. None of these 9 healthy controls had a history of COVID-19, were not close contacts of cases

of COVID-19 and were not health care workers. For the memory B cell assays stored PBMCs from two of these healthy controls

and stored PBMCs from four Australian Red Cross Lifeblood donors collected prior to 2020 were used (median age 38, range

25 to 48).

Ethics statement
The protocol was approved by the Human Research Ethics Committees of the Northern Sydney Local Health District and the Uni-

versity of NewSouthWales, NSWAustralia (ETH00520) andwas conducted according to the Declaration of Helsinki and International

Conference on Harmonization Good Clinical Practice (ICH/GCP) guidelines and local regulatory requirements. Written informed con-

sent was obtained from all participants before study procedures.

Cell lines
All 293T human embryonic kidney cells and Vero E6 cell were maintained at 37�C, 5% CO2 and > 90% relative humidity in growth

medium containing high glucose Dulbecco’s Modified Eagle Medium (ThermoFisher Scientific) supplemented with 10% v/v heat in-

activated fetal bovine serum (Life Technologies; ThermoFisher Scientific). Expi293-Freestyle cells (ThermoFisher Scientific) were

cultured at 37�C and 8% CO2 in growth medium containing Expi293 Expression Medium (ThermoFisher Scientific).

Primary cells
Primary PBMCs were cryopreserved RPMI media supplemented with 2 mM L-glutamine, 50 IU/mL penicillin, 50 mg/mL streptomycin

and 10%v/v DMSO. Prior performing experiments, cryopreserved PBMCswere thawed rapidly in a 37�Cwaterbath andwashedwith

pre-warmed RPMI media supplemented with 2 mM L-glutamine, 50 IU/mL penicillin, 50 mg/mL streptomycin and 10% heat inacti-

vated fetal calf serum (Sigma). The cells were resuspended in DPBS and stained for RBD specific memory B cells.

METHOD DETAILS

RBD and spike protein production
SARS-CoV-2 Spike RBD (residues 319-541), with a N-terminal human Ig kappa leader sequence and C-terminal Avi- and His-tags,

was cloned into pCEP4 (Invitrogen). Expi293-Freestyle cells (ThermoFisher Scientific) were cultured at 37�C and 8% CO2 in

growth medium containing Expi293 Expression Medium (ThermoFisher Scientific). The plasmid was transiently transfected

into Expi293-Freestyle cells as follows: 1.5x108 total cells (50mL transfection) were mixed with 50 mg of plasmid, 160 mL of

Expifectamin and 6 mL of OptiMEM-I and left overnight at 37�C in a shaking incubator. The following day 300 mL of ExpiFectamine

Enhancer 1 and 3 mL of ExpiFectamine Enhancer 2 was added to the cells before the cells were left in culture for a further 48 hours.

After a total of 72 hours in culture, the cell culture is collected and centrifuged for 20 minutes at 4000xg, 4�C. Cellular debris was

clarified by passing the supernatant twice through a 0.22 mM filter. The His-tagged protein was then affinity purified from the cell

supernatant using a HisTrap HP Column (GE Healthcare) and eluted with imidazole. The purified protein was then buffer exchanged

and concentrated in sterile DPBS by centrifuging at 4000xg for 30 minutes at 4�C in a 10,000 MWCO Vivaspin centrifugal concen-

trator (Sartorius) and stored at – 80�C. The recombinant RBD was biotinylated using the Avitag as described by the manufacturer

(Genecopeia).

RBD binding and limit of detection
Nunc-ImmunoMicroWell plates, 96 well (ThermoFisher Scientific) were prepared with 250 ng of recombinant SARS-2 RBD protein in

DPBS and incubated overnight at 4�C. The plates were washed with PBS containing 0.05% Tween-20 (PBS-T) and blocked with 5%

non-fat milk for an hour at room temperature (RT). Heat inactivated (56�C for 30 minutes) patient serum or monoclonal antibodies

were 3-fold serially diluted (1/20 to 1/1,180,980) in 5% non-fat milk, added to the plates in duplicate and incubated for two hours

at RT. Anti-human IgG-HRP (Jackson Immunoresearch) was added at a 1:3000 dilution to the plates for one hour at room temper-

ature. Binding of patient serum was detected using TMB Chromogen Solution (ThermoFisher Scientific) for 15 minutes at RT and the

reaction was stopped using 1 M HCl. Optical density (OD) at 450 nm was measured using CLARIOstar microplate reader (BMG

Labtech). The background level in SARS-2 RBD was determined by adding 2 SD to the mean OD450 of the highest dilution (1/20)

of sera from 20 healthy unexposed individuals.

Anti-Spike antibody assay
A flow cytometry live cell-based assay was used to detect patient serum SARS-COV-2 Spike IgG antibodies as previously performed

for neuroimmunological assays.27 Spike (Wuhan strain) was expressed on transfected HEK293 cells. Serumwas added to live spike-

expressing cells, followed by staining with Alexa Fluor 647-conjugated anti-human IgG (H+L) (ThermoFisher Scientific). Cells were

acquired on the LSRII flow cytometer (BD Biosciences). Participants were determined Spike antibody-seropositive if their delta me-

dian fluorescence intensity (DMFI = transfected cells MFI – untransfected cells MFI) was above the positive threshold (mean

DMFI+4SD of 24 pre-pandemic controls) in at least two of three quality-controlled experiments. Data was analyzed using FlowJo

10.4.1 (TreeStar).
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SARS-CoV-2 pseudovirus neutralisation assay
All cells were cultured at 37�C and 5% CO2 in growth medium containing high glucose Dulbecco’s Modified Eagle Medium

(ThermoFisher Scientific) supplemented with 10% v/v heat inactivated fetal bovine serum (Life Technologies; ThermoFisher

Scientific). Retroviral SARS-CoV-2 pseudovirus were generated by co-transfecting expression plasmids containing SARS-CoV-2

Spike which were kindly provided by Dr Markus Hoffmann,28 and theMLV gag/pol and luciferase vectors which were kindly provided

by Prof. Francois-Loic Cosset,29,30 in CD81KO 293T cells, which were kindly provided by Dr Joe Grove,31 using mammalian Calphos

transfection kit (Takara Bio). Culture supernatants containing pseudovirus were harvested 48 hours post transfection and clarified of

cellular debris by centrifugation at 500xg for 10 minutes. SARS-2pp were concentrated 10-fold using 100,000 MWCO Vivaspin cen-

trifugal concentrators (Sartorius) by centrifugation at 2000xg and stored at –80�C.
For neutralisation assays, the infectivity of pseudovirus were diluted inmedia to 1000 – 5000-foldmore infectious than negative back-

ground (based on pseudovirus lacking SARS-CoV-2 Spike). Diluted pseudovirus were incubated for one hour with heat inactivated

(56�C for 30minutes) patient serum or cell culture supernatant containingmonoclonal antibodies, followed by the addition of polybrene

at a final concentration of 4mg/mL (Sigma-Aldrich), prior to addition to 293T-ACE2 overexpressed calls, which were kindly provided by

A/Prof Jesse Bloom.32 293T-ACE2 cells were seeded 24 hours earlier at 1.5 3 104 cells per well in 96-well white flat bottom plates

(Sigma-Aldrich). Cells were spinoculated at 800xg for two hours and incubated for two hours at 37�C, prior to media change. After

72 hours, the cells were lysed with a lysis buffer (Promega) and Bright Glo reagent (Promega) was added at a 1:1 ratio. Luminescence

(RLU) was measured using CLARIOstar microplate reader (BMG Labtech). Neutralisation assays were performed in triplicates and out-

liers were excluded using the modified z-score method.33 Percentage neutralisation of pseudovirus was calculated as (1 – RLUtreatment/

RLUno treatment)3 100. Serum neutralisation cut-off was determined using ID50 values obtained from20 unexposed healthy participants

(mean + 2 SD). The neutralisation cutoff for the mAb containing cell culture media was determined as the mean + 2 SD of the reading

generated from screening neutralisation of the negative transfection control (no DNA). This was calculated to be 25.42% so any mAb

with a neutralisation percentage greater than 40 at 1/10 dilution was classified as having neutralising activity. The 50% inhibitory con-

centration (ID50 for serum and IC50 for mAbs) titer was calculated using non-linear regression model (GraphPad Prism).

SARS-CoV-2 live virus neutralisation assay
Two-fold dilutions of patient plasma samples weremixed with an equal volume of virus solution (83 103 TCID50/ml) and incubated at

37�C for 1 hour. After the virus-plasma incubation, 40 ml virus/plasmamixture was added in duplicates to Vero E6 cells seeded in 384-

well plates at 5 3 103 cells per well in a final volume of 40 ml. Plates were then incubated for 72 hours at 37�C, 5% CO2 and > 90%

relative humidity. Cell nuclei were stainedwith Hoechst-33342 dye (NucBlue, Invitrogen) and eachwell was imaged by a high-content

fluorescence microscopy system (IN Cell Analyzer 2500HS, Cytiva Life Sciences, Parramatta, Australia). Cell number counts per well

were obtained with the automated InCarta image analysis software (Cytiva). The percentage of virus neutralisation was calculated

using the following formula: Neutralisation (%) = (D-(1-Q))3 100/D, where ‘‘Q’’ represents awell’s nuclei count divided by the average

nuclei count of the untreated controls (i.e., cells andmedia only, defined as 100% neutralisation), and ‘‘D’’ = 1-Q for the average pos-

itive infection control (i.e., cells + virus, without plasma, defined as 0% neutralisation). An average neutralisation value > 50% was

defined as having neutralising activity.

Staining RBD memory B cells
The tetramerization method was adapted from a previously published method used for hepatitis C virus tetramers.34 In brief,

biotinylated RBD was incubated with Streptavidin-PE (SA-PE; Molecular probes; ThermoFisher Scientific,) in a molar ratio of 4:1.

The streptavidin dye was added stepwise in 1/10th volume increments to the biotinylated protein, for a total of 10 times with a

10 minute incubation at 4�C, in a rotating bioreactor, protected from light.

Cryopreserved PBMCs were thawed rapidly in a 37�C waterbath and washed with pre-warmed RPMI media supplemented with

2 mM L-glutamine, 50 IU/mL penicillin, 50 mg/mL streptomycin and 10% heat inactivated fetal calf serum (Sigma). The cells were

resuspended in DPBS and counted. All subsequent incubations were performed protected from light. A maximum of 1 3 107 cells

were stained with Fixable Viability Stain 700 (FVS700) (BD Bioscience in a 1:1000 dilution) and incubated at 4�C for 20 minutes, to

differentiate the live cells from dead. Cells were washed twice with FACS wash buffer (DPBS + 0.1% BSA), followed by incubation

with 5 mL Human Fc block (BD) per 23 106 cells at room temperature for 10 minutes, to block non-specific antibody binding. SARS-

CoV-2-specific B cells were identified by staining with 1 mg/mL of RBD tetramer at 4�C for 30 minutes. All consecutive steps were

done either at 4�C or on ice and washed twice. The cocktail for staining contained 50 mL stain brilliant buffer and the titrated com-

bination of antibodies: 5 mL each of CD21 BV421, IgD BV510, CD10 BV605, CD19 BV711 and CD20 APC-H7, 10 mL of IgG BV786,

2 mL each of CD27 PE-CF594 and CD38 PE-Cy7, 2.5 mL HLA-DR BB515 and 0.5 mL CD3 BB700. All the reagents were from BD

Bioscience. The cells were incubated with the staining cocktail at 4�C for 30 minutes. They were washed and resuspended in

FACS wash buffer. A BD FACSAria III sorter was used to phenotype and either bulk sort, or single cell sort, the samples. The data

analysis was performed using FlowJo version 10.7.1 (TreeStar).

Production of monoclonal antibodies from single-sorted RBD-specific B cells
Natively paired heavy and light chain variable (VH and VL) region sequences were obtained by amplifying the regions separately from

single sorted B cells as previously described.34 In brief, single sorted RBD-specific B cells (CD19+CD20+CD10-RBD+) were collected
e4 Cell Reports Medicine 2, 100228, April 20, 2021
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into 96-well PCR plates that contained in a final volume of 2 mL per well: 0.5 mL of dNTP (10 mM) (ThermoFisher Scientific), 0.5 ml of

5 mM oligo-dT primer and 1 mL of lysis buffer, lysis buffer was prepared by addition of 1 mL (40 U) RNase inhibitor (Clontech) to 19 mL

Triton X-10 (0.2% [v/v]). These samples were then RT-PCR amplified with the SmartSeq2 approach.35

Amplicons of the B cell receptor (BCR)-encoding regions were generated from the SmartSeq2 libraries, as described previ-

ously.34,36 Amplicons were Sanger sequenced and analyzed with Immcantation.37 Antibodies were generated by co-transfecting

Lenti-X 293T cells (Clontech) with 1 mg each of heavy and light chain expression cassette using 20 mL of Polyfect Transfection Re-

agent (QIAGEN) and 600 mL of DMEM supplemented with 2mML-glutamine, and 10%heat inactivated fetal calf serum (Sigma). Cells

were incubated at 37�C and 5% CO2 for 6-8 hours before media was replaced with 3 mL of DMEM supplemented with 2% heat in-

activated fetal calf serum and 1% penicillin/streptomycin, and incubated under the same conditions for a further 67-72 hours. Media

was then collected and centrifuged to isolate supernatant containing antibodies, before storage at �20�C.
A RBDbinding ELISAwas performed on the undilutedmAbs, as described above for serum, to determine the specificity of the RBD

tetramer-sorted memory B cells. Successful transfection and mAb synthesis was confirmed with a total IgG ELISA. In brief, Nunc-

Immuno MicroWell plates, 96 well (Thermo Scientific,) were prepared with 1 mg of anti-human IgG (Jackson Immunoresearch) in

DPBS and incubated for one hour at 37�C. The plates were washed with TBS containing 0.05% Tween-20 (TBS-T) and blocked

with 5% non-fat milk for an hour at RT. The mAbs were added to the plates in duplicates and incubated for one hour at RT. Anti-

human IgG-HRP (Jackson Immunoresearch) was added at a 1:6000 dilution to the plates for one hour at RT. Binding of mAbs

was detected using TMB Chromogen Solution (ThermoFisher Scientific) for 15 minutes at room temperature and the reaction was

stopped using 1 M HCl. Optical density (OD) at 450 nm was measured using CLARIOstar microplate reader (BMG Labtech).

QUANTIFICATION AND STATISTICAL ANALYSIS

The EPT and ID50 analyses were performed in GraphPad Prism 8.4.3. Wilcoxon or Mann-Whitney tests were applied for paired and

unpaired analyses, respectively, to evaluate statistically significant differences between t1 and t2. EPT and ID50 values were fitted to

a Loess curve using ggplot2 package in R 4.0.2 using stat_smooth() function with default parameters. Correlation analyses were per-

formed using the non-parametric Spearman’s test. ID50 and Spike binding data were plotted using a linear scale. EPT data were

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

Descriptive statistics are given as count data (for discrete variables) or as measures of central tendency and dispersion (for contin-

uous data). ID50 and EPT were measured at two time points per subject (t1: 1-3 months post infection, t2: 4-6 months post infection)

and their distributions were compared with a paired sample t test. Associations for variation of ID50 and EPT (dependent variables)

were explored with a mixed model analysis for within (time) and between host effects, while considering time gap between sampling

points as a covariate (using repeated-measures ANOVA). In the unadjusted analysis, each of the following independent (between-

host) variables were compared: gender (male versus female), disease severity (asymptomatic or mild versus moderate or severe),

immunosuppression, age, current or past history of smoking, metabolic comorbidities (either diabetes, hypertension or obesity). If

any significant associations were noted, they were combined in an adjusted analysis (repeated-measures ANOVA). Statistical signif-

icance was set at p < 0.05.

In addition, associations were also explored for the fold decline of EPT and ID50 (dependent variable) across the two time points

(e.g., ID50t2/ID50t1) with the same independent variables as above, using univariate analysis of variance. To remove extreme values

of fold-change, the outlier participants were removed by only considering those within the interquartile range (Q1-Q3) for EPT and

ID50 data arrays at the first time point.

For the memory B cell evaluation, statistical analysis was performed on log transferred data values. The number of CD27+ IgG+

RBD+ cells/106 B cells were measured at the two time points and their distributions was compared with a Wilcoxon matched-pairs

signed rank test. A simple linear regression model was used to analyze the relationship between the memory B cell numbers and the

age, ID50 and EPT at individual time points of each participant. A Mann Whitney test was performed to compare the inter/intra-

gender and disease severity association with the RBD MBC numbers. A non-parametric Spearman’s test was performed for

correlation analysis.
Cell Reports Medicine 2, 100228, April 20, 2021 e5
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