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SUMMARY

Although some COVID-19 patients maintain SARS-CoV-2-specific serum immuno-
globulin G (IgG) for more than 6 months postinfection, others eventually lose IgG
levels. We assessed the persistence of SARS-CoV-2-specific B cells in 17 patients,
5 of whom had lost specific IgGs after 5-8 months. Differentiation of blood-
derived B cells in vitro revealed persistent SARS-CoV-2-specific IgG B cells in all
patients, whereas IgA B cells were maintained in 11. Antibodies derived from
cultured B cells blocked binding of viral receptor-binding domain (RBD) to the
cellular receptor ACE-2, had neutralizing activity to authentic virus, and recog-
nized the RBD of the variant of concern Alpha similarly to the wild type, whereas
reactivity to Beta and Gamma were decreased. Thus, differentiation of memory
B cells could be more sensitive for detecting previous infection than
measuring serum antibodies. Understanding the persistence of SARS-CoV-2-spe-
cific B cells even in the absence of specific serum IgG will help to promote long-
term immunity.

INTRODUCTION

The development of adaptive immunity to SARS-CoV-2 may provide protection against re-infection and
allows the identification of patients who have had a previous infection. Adaptive immunity to SARS-
CoV-2 involves antibody (Ab)-producing cells, memory B cells, and several T cell subsets. Analysis of im-
mune responses to different viruses, including other coronaviruses, has shown that the lifespans of the
adaptive immune system components vary (Sariol and Perlman, 2020; Sekine et al., 2020).

Details of the kinetics of immune responses to SARS-CoV-2 are beginning to be uncovered (Dan et al.,
2021; Quast and Tarlinton, 2021; Rydyznski Moderbacher et al., 2020; Seow et al., 2020; Sette and Crotty,
2021; Sherina et al., 2021; Vabret et al., 2020). Antibody (Ab) responses peak at about 2-3 weeks after infec-
tion, at which point the Ab levels decline (Dan et al., 2021; Marot et al., 2021; Perreault et al., 2020). In most
individuals, anti-SARS-CoV-2 serum Abs persist for more than 6 months after primary infection, but some
patients rapidly lose their specific Abs, especially those that experienced a mild disease course (Dan et al.,
2021; Long et al., 2020; Marot et al., 2021; Perreault et al., 2020; Sekine et al., 2020; Seow et al., 2020; Zheng
et al., 2021). It has been proposed that, in addition to serum antibody titers, the memory B cell pool should
be evaluated to estimate humoral immunity as an indicator of immune protection (Abayasingam et al.,
2021; Baumgarth, 2021; Dan et al., 2021; Robbiani et al., 2020).

Initial Ab responses are made by short-lived plasmablasts that develop in extrafollicular sites (Baumgarth,
2021; Baumgarth et al., 2020; Woodruff et al., 2020), and the subsequent development of high-affinity and
persistent Abs involves affinity maturation and the expansion of B cells in germinal centers (Gaebler et al.,
2021; Robbiani et al., 2020; Sakharkar et al., 2021; Sokal et al., 2021; Weisel and Shlomchik, 2017). Two types
of B cells exit in the germinal center: memory B cells and plasmablasts (Baumgarth, 2021; Weisel and
Shlomchik, 2017). Many of these plasmablasts are short-lived and die within a few weeks, but some find sur-
vival niches in the bone marrow and persist as long-lived plasma cells (Manz et al., 2005). The extent
to which these long-lived plasma cells develop differs between different viruses and vaccines
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(Amanna et al., 2007; Edridge et al., 2020). Different mechanisms regulate the survival of long-lived plasma
cells (Amanna and Slifka, 2010; Manz et al., 2005) and memory B cells (Weisel and Shlomchik, 2017).

Recently, SARS-CoV-2 variants of concern (VoCs) have emerged in the United Kingdom (Alpha, B.1.1.7),
South Africa (Beta, B.1.351), Brazil (Gamma, P.1.), and India (Delta, B.1.617.2) and elsewhere with multiple
substitutions, some of which are in the RBD in the NTD and the receptor-binding motif (RBM) of the RBD
(Chen et al., 2021; Hoffmann et al., 2021). These rapidly spreading VoCs are currently causing serious con-
cerns regarding the increased frequency of re-infection, utility of convalescent plasma, and limited vaccine
responses (Casadevall et al., 2021; Wibmer et al., 2021).

In this study, we analyzed the persistence of IgA and IgG memory B cells specific for SARS-CoV-2in COVID-
19 patients. We specifically investigated donors who had lost circulating IgG to SARS-CoV-2 and analyzed
whether they still harbored specific memory B cells in their blood. To study the patient B cells, we adopted a
functional approach, converting blood-derived B cells into Ab-secreting cells in vitro (Pinna et al., 2009;
Thaler et al., 2019; Winklmeier et al., 2019). Having identified the SARS-CoV-2-specific memory B cells in
the blood, we analyzed whether the secreted Abs have the ability to block binding of the RBD to its cellular
receptor ACE-2, show neutralizing activity, and cross-react to the RBDs of VoCs Alpha/B.1.1.7, Beta/
B.1.351, and Gamma/P.1. The findings of the study revealed functional properties of persisting memory
B cells specific to SARS-CoV-2, which could help to understand and promote protection.

RESULTS

Persistence of IgG memory B cells specific for SARS-CoV-2 in the presence and absence of
specific IgG

We analyzed, in parallel, the presence of memory B cells specific for SARS-CoV-2 in blood and specific IgG
in serum (Figure 1 shows our approach). Our study included 17 COVID-19 patients who had undergone a
mild or asymptomatic disease course (Table 1), and prepandemic blood samples from six HC donors
served as the control group. We detected B cells that could be developed into SARS-CoV-2-specific-
19G-secreting plasmablasts in the blood of all COVID-19 patients analyzed. The reactivity to SARS-
CoV-2 of these in vitro differentiated plasmablasts and the patient sera from the same blood withdrawal
was investigated (Figure 2A). Remarkably, the sera from four COVID-19 patients were negative in the ELISA,
and the fifth was borderline. These five donors (HC = 2, MS = 2, SLE = 1; #5, #11, #12, #15, #16) had been
seropositive 1-2 months after acute infection (Table 1) but had lost their specific IgG 5-8 months postin-
fection. Two of these five donors were under immunotherapeutic regimens at the time their blood was
sampled for this study (Table 1).

Based on these findings, we grouped the patients into those with (COVID-19 IgG™) or without (COVID-19
IgG ™) serum IgG to SARS-CoV-2. We calculated the mean of the total IgG secreted into the cell culture su-
pernatant and the SARS-CoV-2-specific IgG levels of the samples from each donor and compared the three
groups (Figures 2B and 2C). Both the COVID-19 IgG* and COVID-19 IgG~ patients had significantly more
SARS-CoV-2-specific B cells in their blood than HC donors (p < 0.0001), even though the amount of total
secreted IgG was not significantly different between the groups.

The method of seeding PBMCs into individual wells and testing each well for the development of specific
IgG yields a high sensitivity. We noted that all wells containing samples from 15 of the 17 COVID-19 pa-
tients were positive for SARS-CoV-2-specific IgG, and for one donor, 6 of the 8 wells were positive, which
demonstrated the high frequency of SARS-CoV-2-specific B cells in these patients. We subsequently per-
formed limiting dilution assays on PBMC from six COVID-19 patients (Figures 2D and 2E). We calculated
the frequency of specific B cells according to the Poisson distribution and the individual percentage of
B cells within the PBMC (between 4% and 15%) and obtained thereby the following rates of B cells that
gave rise to Abs to SARS-CoV-2: patient #6 (seropositive): 1:13,000; patient #8 (seropositive): 1:11,000;
patient #14 (seropositive): 1:20,000; patient #5 (seronegative): 1:22,000; patient #12 (seronegative)
1:7,000; patient #15 (seronegative) 1:4,000. Thus, in accordance with our calculation of SARS-CoV-2-reac-
tivity in the bulk cultures (Figure 2C), our limiting dilution analysis indicated that the seronegative and sero-
positive COVID-19 patients had similar frequencies of circulating RBD-specific B cells. The frequencies
observed lay within the reactivity ranges previously reported for measles virus and tetanus toxoid (Thaler
etal., 2019; Winklmeier et al., 2019). IgG memory B cells constitute about 15% of peripheral B cells, and only
30%-40% of IgG memory B cells are capable of antibody production under these culture conditions
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Figure 1. Experimental scheme

PBMCs from each donor were separated into individual wells and stimulated with the TLR7/8 agonist R848 and IL-2 to
differentiate them into Ab-secreting plasmablasts. This was used to compare the serum response to SARS-CoV-2 with
that of specific Abs produced in vitro. The frequency of SARS-CoV-2-specific B cells that differentiated into Ab secreting
cells was determined. The cross-reactivity to RBDs of emerging variants was tested. The ability of in vitro produced Abs to
block the binding of RBD to its receptor ACE-2 and to neutralize infectious virus was determined as outlined.

(Pinna et al., 2009). We found in 1/35 wells from HCs B cells giving rise to SARS-CoV-2-recognizing Abs,
although this HC had no SARS-CoV-2-specific Abs in the serum as expected (Figure 2A). Our assay distin-
guishes HC from all COVID-19 patients (p < 0.0001) and also from COVID-19 patients who have lost their
specific IgG (p < 0.0001) (Figure 2C). The Abs from this single well of one HC did not show neutralizing
activity, neither in the ACE-2 binding assay nor in the live cell assay (see below).

As additional readout system to detect SARS-CoV-2 specific B cells, we used an enzyme-linked immune
absorbent spot (ELISPOT). This confirmed the presence of SARS-CoV-2-specific B cells in each of the
five donors who had lost their SARS-CoV-2 specific IgG (Figure S1).

We also analyzed the presence of anti-SARS-CoV-2 IgA in serum and of specific B cells in blood-secreting
IgA (Figures S2A-S2C). The COVID-19 patients had significantly more SARS-CoV-2-specific IgA B cells in
their blood than the healthy controls (p = 0.0203, Mann-Whitney U test). We noted that four COVID-19 pa-
tients had serum IgA, but no detectable specific IgA B cells. In healthy controls, SARS-CoV-2-specific IgA B
cells were seen in 2 out of 6 donors and one was borderline, and no specific serum IgA was detected in 5 of
the 6 healthy controls and 1 had borderline levels (Figures S2A-S2C). Although all COVID-19 patients
tested had specific IgG B cells in their blood, 12 patients had at least one well with specific IgA B cells.
The difference between the occurrences of IgG- and IgA-positive B cells became clearer when we consid-
ered the number of positive wells. Specific IgG was detected in 123 out of 125 wells for COVID-19 patients,

iScience 25, 103659, January 21, 2022 3
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Table 1. Characteristics of COVID-19 patients

Time between

Time Assay used infection and
between for first serology blood sampling
Time of Infection  COVID-19 Immunotherapy infection and test and for the B cell
infection confirmed disease Age and further first serology quantitative study
ID confirmation by?® severityb (years) Gender diagnosis (months) result® (months)?
1 10/2020 PCR Mild 30 f None NA NA 1
2 11/2020 PCR Mild 53 f None NA NA 1
3 11/2020 PCR Mild 53 f None NA NA 1
4 11/2020 PCR Mild 72 m None NA NA 1
5 05/2020 PCR Asymptomatic 47 m None 1 Euroimmun ELISA 5
(0.87)
& Roche ECLIA (1.05)
6 04/2020 PCR Asymptomatic 42 f Previously®, 6 Euroimmun ELISA 6
MS patient (5,82)
7 05/2020 Serology Mild 24 None 1 Roche ECLIA 6
8 03/2020 PCR Mild 50 None 2 Euroimmun ELISA 7
(3,70)
9 03/2020 Serology Mild 27 m None 3 Euroimmun ELISA 7
(4.60)
& Roche ECLIA (152.5)
10 03/2020 Serology Mild 27 f None 3 Euroimmun ELISA 7
(3.65)
& Roche ECLIA (31.05)
11 03/2020 PCR Mild 37 m Dimethyl fumarate, 2 Euroimmun ELISA 7
MS patient (5,60)
12 03/2020 PCR Mild 46 f Canakinumab, 2 Euroimmun ELISA 7
Hydroxychloroquine, (1,20)
SLE & SAD
13 03/2020 PCR Mild 37 f Previouslyf, 7 Roche ECLIA 7
MS patient
14 04/2020 PCR Mild 57 m None 2 Euroimmun ELISA 7
(6.96)
& Roche ECLIA (53.34)
15 11/2020 PCR Mild 28 m None 1 Euroimmun ELISA 7
(1.35)
16 03/2020 PCR Mild 46 f Previously?, 2 Roche ECLIA 8
MS patient
17 03/2020 PCR Mild 45 f None NA NA 8

Abbreviations: MS, multiple sclerosis; SLE, systemic lupus erythematosus; SAD, suspected autoinflammatory disease.

“Three patients did not receive a PCR test due to test shortages at the beginning of the pandemic; however, all three patients displayed symptoms pathogno-
monic for COVID-19, including fever, respiratory symptoms, and severe anosmia, and tested positive for SARS-CoV-2 antibodies afterward. For these three pa-
tients, the month of symptom onset was counted as the time of infection. For all other symptomatic patients, the month of symptom onset and the time of PCR
positivity coincided. All study participants tested positive for SARS-CoV-2 antibodies at least once after they were infected.

BMild = no supplementary oxygen needed; no admission to hospital; score <4 according to the WHO clinical progression scale for COVID-19 research (Marshall
et al., 2020).

“Test results are reported in brackets as OD ratio (ELISA) or cutoff index (ECLIA), respectively.

9Donors 5, 11, 12, 15, and 16 had lost SARS-CoV-2-specific IgG at the time of blood sampling for this study.

®Status post (s/p) Alemtuzumab (last administration 2017).

fs/p Interferon-beta (last administration 2016).

9s/p Teriflunomide (last administration 2015).
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Figure 2. IgG production by differentiated B cells specific for SARS-CoV-2

(A) PBMCs from healthy controls (HC, left) and COVID-19 patients (right) were differentiated into Ab-secreting cells. The
reactivity of IgG against S1 in cell culture supernatants was determined. Each black dot represents one stimulated well.
The number of stimulated wells per donor is provided directly under the x axis. The reactivity of the serum in the same
ELISA is shown with a red dot. The area between the two horizontal lines were considered to represent the borderline
zone of reactivity. COVID-19 patients who were serum-negative for SARS-CoV-2-specific IgG (#5, #11, #12, #15, #16) were
designated COVID-19 IgG ™, and those who were positive were designated COVID-19 IgG™.

(B and C) Each symbol represents the mean IgG level of all stimulated wells for one donor. Horizontal lines indicate the
mean IgG levels of all donors in the respective groups. (B) IgG levels of cell culture supernatants were not significantly
different between the groups (one-way ANOVA, Tukey's multiple comparison test; HC = 6, COVID-19 IgG* = 12, COVID-
191gG™~ = 5). (C) Both the COVID-191gG~ and COVID-19 IgG™* subgroups produced more anti-S11gG (one-way ANOVA,
Tukey’s multiple comparison test; HC = 6, COVID-19 IgG™ = 12, COVID-19 IgG~ = 5) than the HC.

(D and E) The raw data for the limiting dilution experiment are shown (D), and the calculation is displayed (E). Continuous
lines are shown for donors who still had SARS-CoV-2 IgGs in their serum, and the dotted lines indicate donors who lost
their specific serum Abs.

See also Figures ST and S2.

whereas specific IgA was detected in only 34 wells (p < 0.0001; p values were determined using Fisher's
exact test). Therefore, IgA B cells specific for SARS-CoV-2 were detected in the blood of the COVID-19
patients but were less abundant than specific IgG B cells.
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Figure 3. Inhibitory activity of Abs after differentiation of memory B cells

PBMCs from healthy controls (HC, left) and COVID-19 patients (right) were differentiated into Ab-secreting cells. The cell
culture supernatants (each dot represents an individual well) were added to ELISA plates coated with the RBD.
Biotinylated ACE-2 was then added, and its binding was detected with streptavidin—horseradish peroxidase. For
calibration, the binding of biotinylated ACE-2 to RBD in the presence of buffer was set as 1. Then, the mean OD of the
wells of each donor was calculated to compare the Abs binding to ACE-2 from COVID-19 patients with those from HCs.
The Abs from COVID-19 patients reduced ACE-2 binding (p = 0.0006; Mann-Whitney U; HC = 6, COVID-19 = 17).

See also Figure S3.

Neutralizing activity of immunoglobulins derived from memory B cells

To analyze whether circulating peripheral B cells specific for SARS-CoV-2 can give rise to SARS-CoV-2-
neutralizing Abs, we used two readout systems, a surrogate assay to analyze secreted-Ab inhibition of
RBD binding to the viral entry receptor ACE-2 (Abe et al., 2020) and a neutralization assay under biosafety
level 3 conditions using authentic virus (Figure 1). The significantly higher potency to block binding of RBD
to ACE-2 of the COVID-19-patient-derived Abs produced in vitro was evident when compared with the
blocking activity of the HC-derived Abs (Figure 3; p = 0.0006, Mann-Whitney U test). Thus, the SARS-
CoV-2-specific B cells from COVID-19 patients released substantial amounts of Abs after differentiation
into Ab-secreting cells and that were capable of blocking binding of RBD to ACE-2. We also performed
a neutralization assay with authentic SARS-CoV-2 including all currently circulating major VoCs (Figure S3).
Analyzing patient serum, this neutralization assay essentially confirmed the ELISA results: the group of do-
nors designated COVID-19 IgG™~ was devoid of neutralizing activity. In contrast, some supernatants from
cell culture wells of in vitro differentiated B cells from the same donors showed neutralizing activity
(Figure S3).

Cross-reactivity of B cells to variants of concern

We analyzed the cross-reactivity of SARS-CoV-2-specific memory B cells (Figure 4A) against the RBD of
three major VoCs in current circulation: Alpha/B.1.1.7, Beta/B.1.351, and Gamma/P.1 (Hoffmann et al.,
2021). When we examined the memory B cells from each of the 17 COVID-19 patients, we found that Ab
recognition of the RBD of Alpha variant was quantitatively unaltered, whereas recognition of the Beta
variant was reduced by approximately 30% (p < 0.0001), and recognition of the Gamma variant was 50%
lower than that for the wild type (WT) (p < 0.0001) (Figure 4B). The reactivity pattern SARS-CoV-2 (WT,
D614G) = Alpha > Beta > Gamma was seen in the supernatant of the differentiated B cells of each of
the COVID-19 patients analyzed.

DISCUSSION

In this study, we robustly detected the persistence of memory B cells specific for SARS-CoV-2 in all COVID-
19 patients in our cohort who had undergone mild or asymptomatic acute infections, even if their specific
serum IgG had declined to undetectable levels; this has two implications: firstly, the persistence of specific
memory B cells, which gave rise to neutralizing Abs and showed differential cross-reactivity to VoCs, helps
us to understand and start to develop models for predicting long-term protection against SARS-CoV-2.
Secondly, differentiating B cells into Ab-producing cells in vitro could be more sensitive for detecting pre-
vious infection than measuring serum levels of SARS-CoV-2 IgG. Starting from differentiation of B cells to
Ig-secreting cells, we used four different readout systems, ELISA against spike protein, ELISA against RBDs
of VoCs, ACE-2 binding assay, and live-cell neutralization assay. All assays elaborated the presence of
functional memory B cells in COVID-19 patients despite loss of serum IgG.
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Figure 4. B cell reactivity to RBDs of emerging variants

PBMCs from the indicated COVID-19 patients were differentiated into Ab-secreting cells, and the cell culture
supernatants were added to ELISA plates coated with the RBDs of wild type (WT, black) and of VoCs Alpha/B.1.1.7
(green), Beta/B.1.351 (orange), or the Gamma/P.1 lineage, also called B.1.1.248 (blue) SARS-CoV-2 variant. (A) From all
donors two different cell culture supernatants were examined. Reactivity to the wild type was determined as the delta OD
(RBD - BSA) and set as 1, and the relative reactivity to the other RBD variants was calculated and is shown.

(B) The mean reactivity of the tested wells from each donor was determined. Horizontal bars indicate the mean reactivity
to the respective RBD variant (one-way ANOVA, Tukey’s multiple comparison test; each n = 17).

See also Figure S3.

Previous studies have analyzed COVID-19 patients’ memory B cells by staining them with labeled antigens
(Cagigi et al., 2020; Dan et al., 2021; Gaebler et al., 2021; Hartley et al., 2020; Ogega et al., 2021; Robbiani
et al., 2020; Rodda et al., 2021; Vaisman-Mentesh et al., 2020) and using an ELISPOT assay (Ansari et al.,
2021; Lyski et al., 2021; Nguyen-Contant et al., 2020; Sherina et al., 2021; Varnaité et al., 2020). Sorting
the SARS-CoV-2-specific B cells and cloning their antigen-receptors provided important insights into clonal
turnover and the ongoing somatic hypermutation of SARS-CoV-2-specific B cells associated with antigen
persistence (Gaebler et al., 2021; Robbiani et al., 2020). SARS-CoV-2-specific memory B cells from selected
patients were analyzed in detail using scRNAseq (Sokal et al., 2021). Our approach, differentiating B cells
in vitro to Ab-secreting cells, allowed us to determine the frequency of SARS-CoV-2-specific B cells and
their persistence over time. It also allowed us to analyze the function of Ig secreted by memory B cells
and their cross-reactivity against VoCs.

We also detected SARS-CoV-2 IgA memory B cells in the blood of the recovered COVID-19 patients, but in
contrast to the specific circulating IgG memory B cells, these were only seen in a subset of the cohort and less
abundant. Although IgA is best known for its role in the immune response at mucosal sites (Sterlin et al., 2021,
Wang et al., 2021), a systemic IgA immune response also occurs that includes the expansion of circulating IgA
plasmablasts specific for SARS-CoV-2 (Sterlin et al., 2021). Mucosal IgA secretion continues for longer than the
serum |gA response (Sterlin et al., 2021) but was completely lost after 189 days (Sterlin et al., 2021). Circulating
IgA declined more rapidly than IgG and decayed by ~90 days in most COVID-19 cases to levels indistinguishable
from controls (Dan et al., 2021). We robustly detected circulating IgG memory B cells more than 6 months after
infection. Taken together, the picture is emerging from this study and previous work that when circulating IgG and
IgA, mucosal IgA, and circulating IgA memory B cells are gone, circulating IgG memory B cells persist. We found
that the Abs produced by these memory B cells had high neutralizing activity, indicating their functional impor-
tance upon exposure to the same or mutated SARS-CoV-2.

In general, persisting IgG memory B cells can rapidly differentiate into antibody-secreting cells upon re-exposure
(Baumgarth, 2021; Weisel and Shlomchik, 2017). The importance of memory B cells for protection against
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re-infection is evident from immune responses to other human viruses: protective immunity against hepatitis B
was observed despite the loss of Abs (Rosado et al., 2011), and circulating memory B cells to viruses can be sus-
tained for many decades after exposure, well into the 10th decade of life (Yu et al., 2008). In a mouse model of
cytomegalovirus, the activation of virus-specific memory B cells to secrete IgG was independent on cognate or
bystander T cell help (Hebeis et al., 2004). To provide protection, these memory B cells synergize with SARS-
CoV-2-specific long-lived plasma cells that produce the serum IgG and have recently been detected in the
bone-marrow (Turner etal., 2021). The persisting memory B cells are expected to be capable of providing relevant
functional protection upon subsequent re-exposure with SARS-CoV-2, even if the relevant Abs have vanished.

The global spread of VoCs such as Alpha/B.1.1.7, Beta/B.1.351, and Gamma/P.1 may increase re-infection rates
and compromise the success of current vaccines (Lauring and Hodcroft, 2021). We found that the polyclonal
memory B cells recognized the RBD of Alpha variant to a similar degree as they did in the WT, whereas reactivity
to Beta variant was reduced by 30% and to Gamma variant by as much as 50%. These findings are in accordance
with the molecular signatures of these VoCs, as the Alpha VoC contains one mutation within the RBD (N501Y)
that results in a higher affinity to the cellular receptor ACE-2, whereas the Beta and Gamma VoCs have three
mutations in the RBD (K417N, E484K, N501Y and K417T, E484K, N501Y, respectively) also linked to immune
escape (Harvey et al.,, 2021; Hoffmann et al., 2021). Previously, it was observed that some monoclonal (m)Abs
showed reduced neutralizing activity to the Alpha variant; however, the polyclonal Ab response in the patient
serum showed little alteration in neutralizing activity (Rees-Spear et al., 2021). An unaltered neutralizing activity
to the Alpha variant but reduced reactivity to the Beta variant was reported (Planas et al., 2021). This is exactly in
line with our observations for memory B cells from our cohort. We extended our analysis to show that cross-reac-
tivity for the Gamma variant was even lower than for the Beta variant, which agrees with a recent observation that
Beta/B.1.351 and Gamma/P.1 can escape neutralization by mAbs and are less efficiently inhibited by sera from
BNT162b2-vaccinated individuals (Hoffmann et al., 2021). Although there is consensus that the neutralizing ac-
tivity of convalescent sera against the Beta VoC is reduced (Wibmer et al., 2021), a stronger reduction of the bind-
ing to beta spike was observed in severely affected than in mildly infected patients (Yue et al., 2021). About 90%
of the neutralizing activity in sera is directed against the RBD, but other parts, in particular the N-terminal domain
of the spike protein, are also targeted by neutralizing Abs. To what extent the reduced humoral activity is asso-
ciated with an increased suscepitibility to these strains is not yet clear. Reactivity of memory B cells against VoCs
has also been seen in another recent (Lyski et al., 2021). Interestingly, analysis of the response to other viruses has
revealed that the pathogen-specific diversity of memory B cells might be different from long-lived plasma-cell-
derived Abs (Lyski et al., 2021; Purtha et al., 2011; Wong et al., 2020). Re-infection with SARS-CoV-2 (Hall et al.,
2021) was a possible reason for the resurgence of COVID-19 in Manaus (Sabino et al., 2021). It remains to be
analyzed whether patients become re-infected because they have lost a certain type of anti-SARS-CoV-2 immu-
nity or are confronted with a new variant, against which they do not yet have a protective immunity.

Because the consequences of infection with SARS-CoV-2 range from asymptomatic to lethal, accurate confirma-
tion of previous infections is of great epidemiological and prognostic significance. Serological testing has made
great advances (Chiereghin et al., 2020; Galipeau et al., 2020; Huang et al., 2020; Zarletti et al., 2020), but the spe-
cific IgG response wanes over time, and some donors with previous infections score negative in current serology
tests (Abayasingam etal., 2021; Dan et al., 2021). We showed that the donors who lost IgG to SARS-CoV-2 still had
specific IgG memory B cells. It has been previously noted that about 5% of infected donors are “nonresponders”
who remain seronegative (Marklund et al., 2020; Oved et al., 2020). Using our method, we can analyze whether
such donors have memory B cells with potential protective activity.

Our assay, involving the differentiation of B cells into Ab-secreting cells in vitro, identifies circulating mem-
ory B cells. We distributed the blood cells into different cell-culture-plate wells and analyzed the wells indi-
vidually to perform an assay with high sensitivity that allows the identification of even rare autoreactive
B cells (Winklmeier et al., 2019). By considering all wells containing samples from each donor, a clear
distinction can be made between rare and abundant responses. Thus, the method used allowed us to eval-
uate whether seronegative individuals have already been infected with SARS-CoV-2. This is of relevance in
epidemiology and for optimizing urgently needed immunosuppressive treatments.

We included six prepandemic donors. None of them had anti-SARS-CoV-2 Abs in their serum, in accordance
with the very low reactivity in prepandemic donors. From supernatants of the tissue culture wells of these pre-
pandemic donors with B cells differentiated to Ab-secreting cells, 1 out of 35 wells showed a minor reactivity
to SARS-CoV-2. This supernatant had no activity to block RBD binding to ACE-2 and no neutralizing activity.
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A preexisting immunity in serum IgG has been noted in a few cases and was mapped to the S2 subunit of SARS-
CoV-2 (Ng et al., 2020); the ELISA we used measures reactivity against S1 subunit. Previously, preexisting humor-
al immunity had been largely analyzed using serum samples, not by studying memory B cells. Importantly, the
fine specificity of memory B cells and plasma cells (responsible for serum IgG) can be different, as in the germinal
center memory B cells differentiate from low-affinity precursors, whereas plasma cells differentiate from high-af-
finity precursors (Viant et al., 2020). A detailed understanding of the presence of preexisting memory B cells with
cross-reactivity to SARS-CoV-2 requires larger further studies. Such cross-reactivity could be clinically relevant
because a recent infection with endemic human coronaviruses has been reported to be associated with less
severe COVID-19 (Sagar et al., 2021).

In this study, we showed that circulating IgG memory B cells specific for SARS-CoV-2 persist in the blood
after infection despite the loss of systemic IgG. These persisting B cells can be harnessed to identify a pre-
vious infection. Furthermore, these B cells gave rise to neutralizing Abs and showed high cross-reactivity
against the emerging Alpha variant, suggesting patients have protection against re-exposure with this
variant even after the loss of specific Abs. In contrast to reactivity against the Alpha variant, the reactivity
of memory B cells against the Beta variant and, particularly, the Gamma variant was greatly reduced. This
warrants further attention and indicates a possible need for follow-up vaccinations covering these mutants
(Stamatatos et al., 2021). Thus, our study has added to the efforts to fully uncover the features of SARS-CoV-
2-specific memory B cells, which will help us to understand and promote long-term protection.

Limitations of this study

The observation of patients was performed up to 8 months after infection. Longer observation times are
necessary to learn more about features of B cell persistence. Two donors, who lost SARS-CoV-2-specific
19G but maintained specific memory B cells received immunosuppressive treatment (canakinumab plus hy-
droxychloroquine or dimethyl fumarate) at the time of blood sampling for this study. The impact of immu-
nomodulatory therapies on the maintenance of IgG and memory B cells after infection or vaccination has
yet to be analyzed in detail. We analyzed the persistence of B cells reactive to the S1 protein, but the main-
tenance of B cells against other SARS-CoV-2 proteins remains to be analyzed, although the response to the
RBD is of paramount importance, as the RBD is targeted by neutralizing Abs (Sette and Crotty, 2021). We
analyzed circulating memory B cells but are aware that both systemic and mucosal immunity are relevant for
protection. We did not analyze the persistence of B cells in patients very severely affected by COVID-19,
but it has been reported that the serum Ig response is even greater and longer-lasting in these patients
(Long et al., 2020; Seow et al., 2020). We describe that COVID-19 patients who have seroreverted mount
an anti-SARS-CoV-2 IgG response in the supernatant of in vitro differentiated B cells, but we have not phe-
notyped the original B cells that give rise to these IgGs. We assume that the in vitro produced Abs were
derived from memory B cells, based on previous work that analyzed the response of different B cell subsets
to various in vitro activators (Pinna et al., 2009). The in vitro differentiation of B cells we apply here could be
more sensitive than a serum ELISA to detect a previous infection, but this would require analysis against
larger numbers of pre- and postpandemic samples to determine the limit of detection.
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and Cell Cultures

Software and algorithms
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RESOURCE AVAILABILITY

Lead contact

Resources, reagents and further information requirement should be forwarded to and will be responded by
the Lead Contact, Edgar Meinl (edgar.meinl@med.uni-muenchen.de).

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available
from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants

We analyzed the B-cellular responses to SARS-COV-2 of 17 COVID-19 patients (HC = 12, MS = 4 and
SLE = 1) that had a mild or asymptomatic disease course (Table 1). Five of them were identified in a survey
of health care workers (Weinberger et al., 2021); we specifically selected patients with a seroreversion.
Infection was confirmed by SARS-CoV-2-specific PCR (Muenchhoff et al., 2020) and/or SARS-CoV-2
serology, as indicated in Table 1. Three patients did not receive a PCR test at the beginning of the
pandemic but displayed typical symptoms (fever, respiratory symptoms, severe anosmia) and subsequently
tested positive for SARS-CoV-2 Abs. All study participants tested positive for SARS-CoV-2 antibodies at
least once after they were infected. As a reference, we analyzed pre-pandemic blood samples from six
healthy adults (HC), two males and four females, with a mean age of 28 years.

Study approval

The study was approved by the ethical committee of the medical faculty of the LMU Munich. Written
informed consent was obtained from each donor prior to their inclusion in the study.

METHOD DETAILS

Differentiation of B cells into Ab-secreting cells and ELISPOT

Our experimental scheme is outlined in Figure 1. PBMCs were obtained by a standard density gradient
method using SepMate-50 tubes (STEMCELL Technologies, Vancouver, Canada) and frozen. After thaw-
ing, the PBMCs were seeded at 1 X 10° cells into 1 mL of culture medium (RPMI +10% FCS) in 24-well plates
and differentiated into Ab-secreting cells using the TLR7/8 ligand resiquimod (2.5 pg/mL; Sigma-Aldrich,
St. Louis, MO, USA) and IL-2 (1,000 IU/mL; R&D Systems, Minneapolis, MN, USA) during 11 days of
culturing, essentially as previously described (Pinna et al., 2009; Thaler et al., 2019; Winklmeier et al.,
2019). This culture system has been tested with different B cell subsets and it was found that resiquimod +
IL-2 specifically drives the differentiation of memory B cells into Ab-secreting cells (Pinna et al., 2009). The
total 1gG and IgA levels of the culture supernatants were measured using human IgG and IgA ELISA

14 iScience 25, 103659, January 21, 2022


mailto:edgar.meinl@med.uni-muenchen.de
https://www.graphpad.com/

iScience

development kits (Mabtech, Nacka Strand, Sweden). We considered an IgG concentration of >1 ng/mL to
indicate successful differentiation of the B cells and included these wells in the subsequent analysis. To
determine the frequency of SARS-CoV-2-specific B cells, 200 pL of PBMCs were distributed as limiting di-
lutions of between 6.25 x 10% and 6.25 x 10° cells/well in 96-round-bottomed-well plates and stimulated
for 11 days culture as described above. The reactivity of the Abs in the supernatants was determined using
an RBD ELISA as described below. The antigen-reactive cell frequency was determined according to Pois-
son distribution as the seeded PBMC count for which 37% of the cultures were negative (Pinna et al., 2009;
Thaler et al., 2019; Winklmeier et al., 2019). The total B-cell frequency was measured by flow cytometry us-
ing the anti-human CD19-PerCP-Cy5.5 Ab (SJ25C1; eBioscience, San Diego, CA, USA) or the anti-human
CD19-FITC Ab (HIB19; Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA), and analysis was per-
formed using FlowJo (10.7.1, BD, Franklin Lakes, NJ, USA).

We also analyzed the presence of SARS-CoV-2 RBD specific B cells by ELISPOT using the kit (3850-4APW-
R1-1) from Mabtech. Briefly, PBMCs were activated with resiquimod and IL-2 (Jahnmatz et al., 2013), trans-
ferred after four days to wells precoated with anti-human Ig and cultured for one more day. The plate was
developed with WASP-tagged RBD and anti-WASP-alkaline phosphatase. To image the ELISPOT, a bright-
field microscopy was performed at the Core Facility Bioimaging of the Biomedical Center on a Leica
THUNDER Imager 3D Live Cell TIRF inverted microscope, equipped with a motorized stage and a Leica
DFC450 camera with 2560 x 1920 pixels. Recordings were done with an N PLAN 5x/0.12 dry objective
and 2x2 camera binning (1280 x 960 pixels) resulting in a pixel size of 1.36 pm. Mosaic images of individual
wells were recorded and stitched in the LAS X 3.7.4 Navigator tool.

ELISAs to detect specific responses to SARS-COV-2 in serum and cell culture supernatants

SARS-CoV-2-specific IgG and IgA were detected in sera and cell culture supernatants using EUROIMMUN
anti-SARS-CoV-2 ELISA kits coated with the S1 domain of the SARS-CoV-2 spike protein (EUROIMMUN,
Lubeck, Germany). Serum was diluted 1:101 in sample buffer as indicated in the manufacturer’s protocol,
and cell culture supernatant was applied undiluted. EUROIMMUN uses a ratio-based analysis for test eval-
uation and recommends interpreting the results as follows: negative (ratio <0.8), borderline (ratio >0.8 to
<1.1), positive (ratio >1.1). For limiting dilution experiments, Abs against SARS-CoV-2 in the cell culture
supernatants were detected using an in-house RBD ELISA. Half-area ELISA plates were coated with
50 uL of RBD (2 pg/mL; P2020-001, Trenzyme, Konstanz, Germany) or bovine serum albumin (BSA,
2 pg/ml; Sigma-Aldrich) overnight at 4°C. The plates were then blocked for 2 h at 37°C with 100 pL of block-
ing buffer (3% milk in PBS containing 0.05% Tween 20). Undiluted cell culture supernatants (50 pl) were
incubated at room temperature for 2 h. Abs were then detected with 50 plL of anti-human IgG horseradish
peroxidase (1:5000, 109-036-003, Jackson ImmunoResearch, West Grove, PA, USA) and 50 uL of tetrame-
thylbenzidin (TMB, Sigma-Aldrich) as the substrate. The reaction was stopped by adding 25 pL of 1 M sul-
furic acid. The optical density (OD) of the chromogenic reaction was measured at 450 nm, and the plate
background was measured at 540 nm. The OD cutoff value for the recognition of RBD was 0.52, which
was calculated using the mean +3 SD of the control cell culture supernatants from stimulated wells with
10° PBMCs per 1 mL.

Inhibitory and neutralizing activity of Abs towards SARS-CoV-2

To assess the SARS-CoV-2 inhibitory and neutralizing activity of the Abs, we analyzed whether they blocked
the binding of the RBD to ACE-2, the cellular receptor for SARS-CoV-2 according to (Abe et al., 2020) (Fig-
ure 1). ELISA plates were coated with RBD and blocked as described above. Then 50 pL of the undiluted cell
culture supernatants were added and maintained for 2 h at room temperature, followed by the addition of
50 pL of biotin-tagged ACE-2 (1 ng/mL, SAE0171, Sigma-Aldrich). The binding of ACE-2 was detected by
50 pl of streptavidin conjugated with horseradish peroxidase (1:200, 890803, R&D Systems). ELISAs were
developed with TMB as described above, and OD values were normalized to those ACE-2 without cell cul-
ture supernatant.

The neutralizing activity of sera and cell culture supernatants was also analyzed by using an S3 neutraliza-
tion assay. CaCo-2 cells in cell culture medium (Dulbecco’s Modified Eagle’s Medium containing 2% fetal
bovine serum) were challenged for 2 h with clinical isolates of different SARS-CoV-2 variants previously ob-
tained from nasopharyngeal swabs of COVID-19 patients. Subsequently, cell culture medium was
exchanged, and three days post infection supernatants were passaged on Vero-Eé cells. After three addi-
tional days, cell culture supernatants were harvested and stored at —80°C. Virus stocks were characterized
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by rRT-PCR. A volume of each stock, which results in a 90% cytopathic effect three days post infection, was
incubated for 2 h with the neutralizing samples at different dilutions. Subsequently, 10 pL of the virus-sam-
ple mixtures were added to 20 uL MDA-MB-231 cells overexpressing the human angiotensin-converting
enzyme 2 receptor (hACE2) cultured in 384-well plates (7,500 cells/well). Three days post infection, 10 pL
of CellTiter-Glo 2.0 reagent were added to each well and the luminescence was recorded (0.5 s integration
time, no filter). Half-maximal inhibitory concentrations (IC50) for inhibiting virus-mediated cell death were
computed in Prism via normalized sigmoidal dose-response curve approximation with variable slopes.

Cross-reactivity to RBD of variants of concern

The cross-reactivities of Abs recognizing SARS-CoV-2 wild type (WT) to RBDs of VoCs Alpha/B.1.1.7
(mutation N501Y), Beta/B.1.351 (mutations K417N, E484K, N501Y) and the Gamma/P.1 lineage (mutations
K417T, E484K, N501Y), also called B.1.1.248 (Hoffmann et al., 2021), were determined by ELISA. Half-area
ELISA plates were coated with 50 pL of RBD WT (2 pg/mL; PX-COV-P046, ProteoGenix, Schiltigheim,
France), RBD Alpha/B.1.1.7 (2 pg/mL; PX-COV-P052, ProteoGenix), RBD Beta/B.1.351 (2 pg/mlL;
PX-COV-P053, ProteoGenix), RBD Lineage Gamma/P.1 also called B.1.1.248 (2 ug/mL; PX-COV-P054,
ProteoGenix), or BSA (2 pg/mL; Sigma-Aldrich) overnight at 4°C. The subsequent procedure was as
described for the RBD ELISA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 7 and 9.0.2 (GraphPad Software Inc., La Jolla,
CA, USA).
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