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Abstract

Objectives. To predict the spread of coronavirus disease (COVID-
19), information regarding the immunological memory for disease-
specific antigens is necessary. The possibility of reinfection, as well
as the efficacy of vaccines for COVID-19 that are currently under
development, will largely depend on the quality and longevity of
immunological memory in patients. To elucidate the process of
humoral immunity development, we analysed the generation of
plasmablasts and virus receptor-binding domain (RBD)-specific
memory B (Bmem) cells in patients during the acute phase of
COVID-19. Methods. The frequencies of RBD-binding plasmablasts
and RBD-specific antibody-secreting cells (ASCs) in the peripheral
blood samples collected from patients with COVID-19 were
measured using flow cytometry and the ELISpot assay. Results. The
acute phase of COVID-19 was characterised by the transient
appearance of total as well as RBD-binding plasmablasts. ELISpot
analysis indicated that most patients exhibited a spontaneous
secretion of RBD-specific ASCs in the circulation with good
correlation between the IgG and IgM subsets. [L-21/CD40L
stimulation of purified B cells induced the activation and
proliferation of Bmem cells, which led to the generation of
plasmablast phenotypic cells as well as RBD-specific ASCs. No
correlation was observed between the frequency of Bmem cell-
derived and spontaneous ASCs, suggesting that the two types of
ASCs were weakly associated with each other. Conclusion. Our
findings reveal that SARS-CoV-2-specific Bmem cells are generated
during the acute phase of COVID-19. These findings can serve as a
basis for further studies on the longevity of SARS-CoV-2-specific B-
cell memory.
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INTRODUCTION

The pathogenesis of coronavirus disease (COVID-
19), which has been declared a global pandemic,
is inextricably linked to the immune response to
SARS-CoV-2." All three branches of immunity are
involved in providing protection against the
pathogen. At present, humoral immune response
including the production of SARS-CoV-2-specific
and virus-neutralising antibodies is the most
studied topic related to immunity against
COVID-19.2

There is significant interest regarding antibodies
that target the receptor-binding domain (RBD) of
the coronavirus surface spike protein, which binds
to the target cell by interacting with the entry
receptor, the human angiotensin-converting
enzyme 2 (ACE2).2 After binding, the spike
protein promotes the entry of the virus into the
target cell. The level of RBD-specific antibodies in
most patients with COVID-19 exhibits a good
correlation with the activity of SARS-CoV-2-
neutralising antibodies. This indicates that the
RBD is the primary target of SARS-CoV-2-
neutralising antibodies,*® thereby suggesting the
crucial role of RBD-specific antibodies in infection
control. Therefore, the induction of an RBD-
specific B-cell response represents an important
aspect of immunity against SARS-CoV-2.

The prognosis for the further spread of COVID-
19 depends on the proportion of recovered
patients who are able to acquire a stable
immunological memory against SARS-CoV-2
antigens. The quality of the immunological
memory will also influence the efficacy of future
vaccines for COVID-19. Owing to its recent
emergence, COVID-19 has a considerably short
history of research. Therefore, long-term
predictions for SARS-CoV-2 immunological
memory are primarily based on the data currently
available for SARS-CoV and other coronaviruses.’
It has been reported that the level of SARS-CoV-
specific 1gG peaks during the fourth month,
following which it is maintained at a significant
level for more than 2years,8 after which it
gradually declines and tends to reach the baseline
level 5-6 years post-disease onset.® SARS-CoV-
specific memory T-cell response can be detected
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even after 17 years of infection.”® In contrast,
SARS-CoV B-cell memory may not be as long
lasting. In a case study on two patients who had
recovered from SARS-CoV infection, memory B
(Bmem) cells could be detected at 3 months post-
infection; however, the frequencies were
considerably low at 3.5years after recovery.®
Information on SARS-CoV-2-specific B-cell memory
is considerably limited. Bmem cells obtained from
recently recovered patients have been actively
used for the isolation and sequencing of
immunoglobulin (Ig) genes for the subsequent
generation of SARS-CoV-2-neutralising
antibodies.*>"""'2 However, Bmem cells per se,
and their generation and action dynamics are yet
to be studied extensively.

In recent studies, Bmem cells have been
detected as cells binding fluorescently labelled
SARS-CoV-2 antigens, and the kinetics of Bmem

cell response has been analysed over
6 months.”>'  These studies were mainly
performed  with SARS-CoV-2  convalescent

donors, when Bmem cells are already formed
and present in quantities available for
determination by flow cytometry. Herein, we
aimed to study the generation of the Bmem cell
response during the acute phase of SARS-CoV-2
infection. Since Bmem cells begin to appear and
are rather rare in the acute phase, we used the
highly sensitive ELISpot assay. In addition, we
compared Bmem cell response with the
plasmablast and serum IgG responses. The use of
the virus neutralisation test allowed us not only
to detect Bmem cells, but also to assess their
functional activity.

RESULTS

We aimed to evaluate the B-cell response to
SARS-CoV-2 infection. The study group included
42 patients with the moderate form and 30
patients with the severe form of COVID-19,
having a mean age of 63 years. Ten age-matched
healthy donors (HDs) were also included. The
demographic and clinical characteristics of the
cases are summarised in Supplementary tables 1
and 2. The overall study design is illustrated in
Supplementary figure 1.
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Figure 1. Increased plasmablast frequency in patients with COVID-19. (a) Flow cytometry dot plots showing plasmablast detection in a
representative HD (left) and patient with severe COVID-19 (right). Numbers inside the plots indicate the percentage of events specific to
respective gates; 108 B-cell events were acquired for each plot. (b) Plasmablast (left), memory B-cell (middle) and naive B-cell (right) frequencies
within the total CD19" population in samples collected from HDs and patients with severe and moderate COVID-19. () Dynamic changes in
plasmablast frequencies in samples collected from 16 patients based on the number of days after symptom onset. Symbols connected by solid
lines represent two to four time points considered for each patient. LOESS-smoothed line and 95% confidence intervals are shown for 10
patients. (d, e) Longitudinal analysis of total (d) or IgM*/IgG* (e) plasmablast response in a patient with moderate COVID-19 (P24). Results are
shown for individual samples (symbols) from HDs (n = 12), and moderate (n = 25) and severe (n = 38) COVID-19 cases. Data are presented as
median + IQR. Asterisks indicate significant difference between groups determined using the Kruskal-Wallis test, *P < 0.05, **P < 0.01,
*REP < 0.001, ****P < 0.0001, ns = not significant. HD, healthy donor; IQR, interquartile range.
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Increase in plasmablast frequency in
patients with acute COVID-19

Fresh peripheral blood samples collected from the
72 patients were immunophenotyped. Flow
cytometric analysis revealed that the frequencies
of total CD19" B cells did not change significantly
in patients compared with those in HDs
(Supplementary figure 2). Concurrently, significant
perturbations were observed in specific B-cell
subpopulations.

We could clearly detect
(CD27"cD38") in patients with COVID-19,
whereas they were practically absent in HDs
(Figure 1a). In 26.4% of cases (n = 19), a massive
induction of plasmablasts was observed, with the
proportion of the subpopulation exceeding 20%
of the total B-cell population. Overall, the
proportion of plasmablasts was significantly
higher in patients than in HDs (severe vs. HD,
P =0.0002; moderate vs. HD, P <0.0001;
Figure 1b, left panel). We observed a reduction in
the proportion of Bmem cells (CD27'CD38) in
patients compared with that in HDs (severe vs.
HD, P =0.0058; moderate vs. HD, P =0.016;
Figure 1b, middle panel), which probably resulted
from an increase in the proportion of
plasmablasts. There was no significant difference
in the percentage of naive B cells (CD19°CD27)
between the two groups (Figure 1b, right panel).

Our study did not specifically focus on a
detailed investigation of the plasmablast kinetics.
However, the analysis of the samples collected
from patients at different time points after
disease onset provided indirect information
regarding the dynamics of the plasmablast
response (Figure 1c). The highest proportion of
plasmablasts was observed in samples collected
within the first 20 days after disease onset,
following which the proportion declined to
baseline levels. Concurrently, in patients who
exhibited signs of acute infection for a
considerably long period and continued to
undergo treatment in the intensive care unit, a
significant proportion of plasmablasts (from 10 to
25% of the total B-cell population) were noted
even after 2 months of disease onset.

A detailed longitudinal study was performed on
a patient with the moderate form of the disease
(P24). The maximum plasmablast frequency was
observed at 7 days after the onset of symptoms
following which, it gradually decreased and
approached baseline levels by day 23 (Figure 1d).

plasmablasts
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The plasmablasts were primarily of the IgM”®
isotype; however, a small proportion of IgG"
plasmablasts were also detected (Figure 1e).

RBD-binding B-cell induction in patients
with acute COVID-19

To determine whether SARS-CoV-2 infection
induced the activation and expansion of
coronavirus-specific B cells, we measured the
frequency of RBD-binding B cells using
phycoerythrin- and allophycocyanin-labelled RBD
(RBD-PE and RBD-APC, respectively). RBD-binding
B cells were clearly detected in the plasmablast
(CD19°CD27"CcD38") population, whereas they
were not detected in the naive B-cell
(CD197CD27°) population (Figure 2a). RBD-specific
lymphocytes were also detected in the Bmem cell
(CD19°CD27") population; however, these cells
were not stained as distinctly as that observed in
the plasmablast subset. In the subsequent
experiments, we performed detailed analyses
using only RBD-binding plasmablasts.

In 19 patients, we detected a well-separated
RBD" population (Figure 2b, top panel). RBD-PE
staining was antigen-specific, as no more than 2%
of the cells could bind to an irrelevant protein
Betv1-PE. However, in some patients (n = 35), the
RBD" cells exhibited a lower signal-to-noise ratio
(Figure 2b, bottom panel). We used the difference
between the RBD-PE and Betvl1-PE samples to
quantify RBD-binding B cells. As described
earlier,”'® the quantity of antigen bound to the
B-cell receptor (BCR) indicates the affinity of the
corresponding BCR.

The frequencies of RBD-binding plasmablasts
varied widely, and values as high as 38% of the
total plasmablast population were recorded in
some cases, with median values of 4.18% and an
interquartile range (IQR) of 1.16-6.29 in severe
cases and 4.33% (median) and 1.23-13.62 (IQR) in
moderate cases (Figure 2c¢). This indicated that
acute SARS-CoV-2 infection could significantly
boost RBD-specific B-cell production. The
percentage of RBD-binding cells in HDs did not
exceed baseline levels.

In the sample obtained from patient P24, who
was subjected to the longitudinal study, it was
shown that the kinetics of RBD-specific B cells
(Figure 2d) were delayed relative to the dynamics
of total plasmablasts (Figure 1d), and the peak
RBD-specific plasmablast frequency was observed
approximately at day 23 after the onset of
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Figure 2. Quantification of RBD-specific B cells in fresh blood samples collected from patients with COVID-19. (a) Representative flow cytometry
dot plots showing double discrimination of RBD* cells in plasmablast (top row), memory B-cell (middle row) and naive B-cell (bottom row)
subsets. Plasmablasts, memory B cells and naive B cells were gated as CD27"CD38", CD27°CD38 and CD27’, respectively; 800 000 B-cell events
were acquired for each plot. (b) Representative bimodal (top panel) or unimodal (bottom panel) phycoerythrin-labelled RBD staining histograms.
For comparison, binding to the irrelevant protein Betv1-PE is shown. (€) RBD* frequencies within plasmablast population from HDs and patients
with moderate (n = 22) and severe (n = 31) COVID-19. (d, e) Dynamic changes in total (d) or IgM*/IgG™ (e) RBD-specific plasmablast populations
in sample obtained from P24 (patient with moderate COVID-19). Results are shown for individual samples (symbols) from HDs (n = 12), and
moderate (n = 25) and severe (n = 38) COVID-19 cases. Data are presented as median + IQR. Asterisks indicate significant difference between
groups determined using the Kruskal-Wallis test, ****P < 0.0001, ns = not significant. HD, healthy donor; IQR, interquartile range; RBD,
receptor-binding domain.

symptoms. Initially, the RBD" plasmablasts were
primarily of the IgM* type, whereas later, the 19G*
type was detected predominantly (Figure 2e).
These findings are in good agreement with the
classical scheme, according to which the primary
response is primarily mediated by IgM* B cells,
while the secondary response is mediated by IgG*

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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B cells. We suggest that the brightly stained RBD"
plasmablasts  corresponded to the early
plasmablasts that retained the BCR."” Despite the
fact that in some cases the determination of RBD-
binding B cells is quite straightforward, it may
have some difficulties in general. Therefore, RBD-
specific B cells were further explored by
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measuring antibody-secreting cells (ASCs) using an
ELISpot assay.

Response of circulating RBD-specific ASCs in
patients with COVID-19

Next, 24 individuals from the study group were
selected at random and subjected to further detailed
analyses. RBD-specific and total Ig ASCs isolated from
fresh blood samples were analysed using the ELISpot
assay. The demographic, clinical, and virological
characteristics of these cases, the status of illness,
and the time points of sampling are summarised in a
swimmer plot (Supplementary figure 3).

Plasmablasts are the primary ASCs present in
the blood. To test this, plasmablasts (CD19"CD27"
CD38") and Bmem cells (CD19'CD27'CD38) were
sorted using flow cytometry, and their ability to
secrete RBD-specific antibodies was analysed using
the ELISpot assay. As shown in Supplementary
figure 4, numerous total IgG or IgM ASCs, along
with RBD-specific ASCs, were detected in the
plasmablast population. In  contrast, the
unstimulated Bmem cells produced neither IgG
nor IgM antibodies. Therefore, in the blood
samples, the circulating ASCs were a part of the
plasmablast population and not a part of the
Bmem cell population. To avoid subjecting the
cells to unnecessary manipulations in subsequent
experiments for the measurement of ASC
abundance in fresh blood samples, we used the
total population of peripheral blood mononuclear
cells (PBMCs), with the results obtained being
attributed to plasmablasts.

PBMCs isolated from samples obtained from 15
patients with COVID-19 were assessed for total Ig
and RBD-specific ASC responses. Of note, spots
corresponding to IgG-secreting cells were
generally larger than those corresponding to IgM-
secreting cells (Figure 3a), which probably reflects
the difference in Ig secretion rates.'®'® The
ELISpot analysis indicated that patients had
positive RBD-specific ASC responses, with a
median frequency of 170 IgM ASCs per 10° PBMCs
(IQR, 8-1144) and 314 IgG ASCs per 10° PBMCs
(IQR, 103-1320). To calculate the frequency of
antigen-specific ASCs in the total B-cell
population, the number of RBD-specific IgM or
IgG ASCs was divided by the total number of IgM
or IgG ASGCs. As indicated by the B-cell ELISpot
assay, the percentage of RBD-specific IgM and IgG
ASCs ranged from 0.14 to 80% of the total
number of Ig ASCs (Supplementary figure 5).
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To compare the responses of IgG and IgM ASCs,
Spearman’s rank correlation analysis was
performed. A strong correlation was observed
between the frequencies of RBD-specific IgG and
IgM ASCs (Spearman’s r=0.95 P < 0.0001)
(Figure 3c). Considering the results of the ELISpot
assay for the HD group, the threshold for a
positive RBD-specific ASC response was established
as 20 spot-forming cells per 10° input cells. In two
cases (P20 and P22), both IgG and IgM ASC
responses were below the baseline levels of ASCs
observed in the HD group. These patients could
be considered non-responders (Figure 3c). We
observed two more cases with negative IgM and
considerably weak IgG responses. These patients
could be considered low responders as well. We
did not observe a correlation between the
frequency of RBD" plasmablasts and RBD-specific
IgG/IgM ASCs (Figure 3d). Samples with the
highest RBD-specific IgM or IgG ASC response only
had a small proportion of RBD-binding
plasmablasts, and vice versa. This could be
attributed to the presence of early and late
plasmablasts, the former predominantly having
surface Ig and the latter having cytoplasmic/
secreted 19.°° There was also no significant
correlation between circulating RBD-specific ASCs
and plasma RBD-specific Ig (Figure 3e), which is
consistent with no association being found
between plasma RBD IgG and plasmablasts.” This
could have resulted from the narrow temporal
peak of circulating ASCs, as well as the high
dependence of the detection levels on the
sampling time.

Evidence of RBD-specific Bmem cell
response

Since we studied the levels of RBD* plasmablasts
and ASCs, the next step was to check whether
Bmem cells were formed in the acute phase of
SARS-CoV-2 infection. To this end, B cells were
purified from PBMCs collected from 24 patients
with COVID-19 using immunomagnetic cell
separation. To facilitate the differentiation of
Bmem cells into ASCs, purified B lymphocytes
were stimulated using A549-CD40L feeder cells in
the presence of 25 ng mL™' IL-21 for 7 days as
previously described by Kwakkenboss et al.'®
IL-21/CD40L stimulation led to the expansion of
B cells (Figure 4a). In HD samples, the number of
B cells increased by 10 times on an average
(median expansion factor, 10.66; IQR, 4.27-14.99),

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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which corresponded to approximately one cell
division every 1.7 days. Although we did not
observe a difference in fold expansion between
the severe disease (n = 13) and HD groups, a
noticeable increase was noted in the stimulation
index in the moderate group (median, 10.66; IQR,
4.268-14.99; n = 11).

We next examined the phenotypic changes in
IL-21/CD40L-stimulated B cells using flow
cytometry. As noted above, the population of
freshly purified PBMCs contained a large number
of plasmablasts (Figure 4b, left panel). After
negative magnetic separation, the purified B-cell
population was completely devoid of plasmablasts
(Figure 4b, middle panel). During IL-21/CD40L
stimulation for 7 days, B cells with a plasmablast
phenotype (CD19°CD20'°V"°9CD27'CD38") were
regenerated, as shown in the representative plot
for a single sample (Figure 4b, right panel). The
population of stimulated B lymphocytes in
samples obtained from patients with COVID-19
had a low CD27'CD38" cell frequency compared
with that derived from HDs (P = 0.0023) (median
percentage of CD27°CD38" cells in total
stimulated B cells: 14.7% in severe group, 3.7% in
moderate disease group, and 27.0% in HD group;
Figure 4c).

The stimulated B cells were also tested for
direct binding with RBD-PE. A representative flow
cytometry plot of RBD' stimulated B cells is
presented in Figure 4d. The median values of
RBD" stimulated B cells were 9.27% and 6.52% in
the severe and moderate disease groups,
respectively (severe n =13, moderate n=7; P
(severe vs. healthy) = 0.0011, P (moderate vs.
healthy) = 0.015; Figure 4e). Collectively, these
data demonstrated that IL-21/CD40L stimulation
for 7 days induced the proliferation and
differentiation of B cells into plasmablasts.

The capacity of functional Bmem cells to
differentiate into RBD-specific ASCs after IL-21/
CD40L stimulation was further demonstrated
using the ELISpot analysis (Figure 4f). We
observed comparable frequencies of RBD-specific
Bmem cell-derived 1gG or IgM ASCs in both
moderate and severe disease groups (Figure 4g).
The median RBD-specific Bmem cell frequency
ranged from 2.2 to 13.3% of total lg-producing
Bmem cells, with minimal reactivity observed in
uninfected individuals. With the exception of two
cases (P21 and P23), there was good correlation
between RBD-specific Bmem cell-derived IgG and
IgM  ASCs (Spearman’s r=0.79, P <0.0001;
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Figure 4h). In contrast, in case of P21 (patient
with severe disease), a predominant IgM ASC
response was observed, whereas in case of P23
(patient with moderate disease), a high IgG ASC
response was observed and modest levels of IgM
ASCs were maintained. Five cases from the study
group showed considerably low yet «clearly
positive frequencies of both IgM and IgG ASGs.
These patients could be considered low
responders (Figure 4g). Interestingly, this group
did not include samples that lacked circulating
ASCs (Figure 3c).

To compare the plasmablast and Bmem cell
responses, we performed a correlation analysis
between the frequencies of spontaneous and
Bmem cell-derived ASCs. Spearman’s correlation
analysis showed that there was no association
between the IgM and IgG responses (Spearman’s
r=-0.35 P=0.20 for IgM; r = —0.42, P = 0.12 for
IgG; Figure 4i). This indicated that plasmablast
dynamics did not correspond to the kinetics of
Bmem cell generation (Supplementary figure 6).

Production of RBD-binding and virus-
neutralising antibodies induced by in vitro
IL-21/CD40L stimulation of Bmem cells

The standard application of the ELISpot assay does
not allow evaluation of the levels of secreted
antibodies. To this end, the concentration of
secreted IgM or IgG in the culture supernatants of
IL-21/CD40L-stimulated B cells was quantified
using ELISA plates coated with recombinant RBD.
Total IgG secretion was observed in B cells
obtained from almost all patients (Supplementary
figure 7); however, supernatants from only 3
(derived from patients P5, P6 and P21) of the 23
samples showed strong reactivity in the RBD-
binding test (Figure 5a). The concentration of
RBD-specific IgG in these samples detected by
ELISA ranged from 30 to 39ngmL'. The
supernatant derived from patient P5 additionally
demonstrated strong RBD-specific IgA binding
(Figure 5b). Moreover, the supernatant from only
one sample (obtained from patient P2) showed
high RBD-specific IgM activity (Figure 5c).

Along with the synthesis of RBD-specific
antibodies, significant importance is also given to
the secretion of functional virus-neutralising
antibodies. The supernatants from the cultures of
stimulated B cells were further analysed in a
neutralisation assay using HIV-1-based virions
pseudotyped with spike proteins of SARS-CoV-2.
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Figure 4. CD40L/IL-21-induced cell expansion and activation and ASC generation in purified B cells. (a) Fold expansion after 7 days of IL-21/
CD40L stimulation of B cells from HDs (n = 12), and moderate (n = 10) and severe (n = 13) COVID-19 cases. (b) Representative flow plots
depicting the generation of stimulated B cells in vitro. Fresh PBMCs (left), immunomagnetically purified B cells (middle), and B cells after
stimulation for 7 days (right) were analysed using flow cytometry. (c) /n vitro generation of CD27°CD38" B cells after 7 days of IL-21/CD40L
stimulation in HDs and patients with moderate and severe COVID-19. (d) Representative flow plot of RBD*CD27°CD38" B cells after IL-21/CD40L
stimulation for 7 days; 500 000 B-cell events were acquired. (e) In vitro generation of RBD"CD27°CD38" B cells after IL.-21/CD40L stimulation for
7 days. (f) Representative ELISpot showing RBD-specific Bmem cell-derived ASCs. Purified B cells were stimulated with IL-21/CD40L for 7 days
and then incubated on ELISpot plates for 16 h to detect cells secreting total (top row) or RBD-specific (bottom row) IgMs (right column) or IgGs
(left column). The percentages indicated beside the wells represent the frequencies of antigen-specific ASCs relative to the total number of IgMs
or IgGs. The wells shown contained 10* purified B cells obtained from patients with COVID-19. (g) RBD-specific Bmem cell-derived ASCs per 10°
PBMCs in patients with severe (n = 13) and moderate (n = 10) COVID-19. (h) Scatter plot of RBD-specific IgG vs. IgM ASCs after 7 days of IL-21/
CD40L stimulation. The dotted lines indicate the threshold for a positive RBD-specific ASC response (220 for IgG spots and 1400 for IgM spots
per 10° B cells). (i) Scatter plot of circulating vs. Bmem cell-derived RBD-specific IgM (left panel) or IgG (right panel) ASCs. Data are presented as
median + IQR. Asterisks indicate significant difference between groups determined using the Kruskal-Wallis test, *P < 0.05, **P < 0.01,
*k#%P < 0.0001, ns = not significant. ASC, antibody-secreting cell; Bmem cell, memory B cell; HD, healthy donor; RBD, receptor-binding domain.
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Figure 5. Activity of anti-SARS-CoV-2 antibodies derived from cultures of CD40L/IL-21-stimulated B cells. (a—c) Production of RBD-specific I1gGs
(a), 1gAs (b) or IgMs (c) in cultures of IL-21/CD40L-stimulated B cells obtained from different patients with COVID-19 evaluated using ELISA. The
dotted line indicates the mean level of total IgGs observed in the HD group. The results of three separate experiments are presented for all
patients. (d) Antibody-mediated neutralisation assay of HIV-1-based virions pseudotyped with spike proteins of SARS-CoV-2. Supernatants from
IL-21/CD40L-stimulated B-cell cultures were used as a source of antibodies. The bottom dotted line indicates the mean level of virus neutralisation
observed in the HD group. The upper dotted line indicates a cut-off value for the virus neutralisation test. The results of three separate
experiments are presented for all patients. (e-f) Spearman’s correlation between virus neutralisation half-maximal inhibitory plasma dilution (IDsg)
values and the levels of plasma anti-RBD IgG (e) or IgM (f). (g) Scatter plot of Bmem cell-derived vs. plasma anti-RBD IgG. C, concentration; HD,
healthy donor; ID, inhibitory dilution; OD, optical density; RBD, receptor-binding domain
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The SARS-CoV-2-pseudotyped virus-like particles
(VLPs) infected ACE2-expressing HEK293T cells,
and approximately 50% of the target cells showed
a strong GFP signal (Supplementary figure 8). The
control human monoclonal antibody 34B12
efficiently prevented the entry of pseudotyped
VLPs into target cells, and in this case, GFP" cells
were not formed. Samples from stimulated B-cell
cultures were directly used in the neutralisation
assay without dilution. To distinguish between
positive and negative samples, a cut-off value for
virus neutralisation was set at 40%. It was found
that supernatants from 3 of the 23 samples
(obtained from patients P5, P6 and P21) exhibited
strong reactivity in pseudotype HIV-1
neutralisation assays (Figure 5d). In addition,
supernatants from three other samples (derived
from patients P14, P15 and P17) exhibited
neutralisation at a value marginally above the cut-
off value. Notably, the samples (derived from P5,
P6 and P21) that exhibited the highest activity in
the neutralisation test also had the highest
concentration of anti-RBD IgG, while they did not
have the highest concentration of anti-RBD IgM.
This suggests that RBD-specific 1gGs, and may be
IgAs, contributed to the virus neutralisation
activity of supernatants derived from the Bmem
cell cultures. Therefore, patient Bmem cell-derived
antibodies displayed highly heterogeneous yet
correlated RBD-binding and  neutralisation
activities. Our results indicated that only a small
percentage of patients with acute COVID-19
possessesd Bmem cells that could produce
antibodies that could directly neutralise the
epitopes of SARS-CoV-2.

Contrary to the pattern of anti-RBD activity
observed in cell culture supernatants, almost all
plasma samples (except that derived from P20)
showed high levels of RBD-specific IgG and IgM,
which correlated with the virus-neutralising
capacity (Spearman’s r=0.48, P=0.025 for IgG;
Figure 5e; Spearman’s r=0.84, P=0.0001 for
IgM; Figure 5f). No correlation was observed
between the plasma and Bmem cell-derived RBD-
specific 1gGs (Figure 5g). Only in samples
collected from patients P5, P6 and P21, a
correspondence was noted between the plasma
and culture supernatant-derived RBD-specific 1gGs

(Figure 5g). These results indicated that the
plasma and Bmem cell-derived RBD-specific
antibodies originated from different and

indirectly connected B-cell subsets, which had
different BCR repertoires.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

Memory B cells during SARS-CoV-2 infection

DISCUSSION

Humoral immunity is a function of two B-cell
subsets: Bmem cells and plasma cells. Circulating
plasmablasts are the precursors of plasma cells.
Therefore, the induction of both plasmablasts and
Bmem cells is a prerequisite for the generation of
humoral immune memory. In this study, the B-cell
response during the acute phase of SARS-CoV-2
infection was analysed using three assays: (i)
determination of RBD-binding plasmablast
frequency by RBD-PE staining, (ii) evaluation of
circulating RBD-specific ASCs using an ELISpot
assay, and (iii) characterisation of Bmem cells by
ELISpot analysis after IL-21/CD40L stimulation.

It is interesting to compare the parameters of
SARS-CoV-2 response observed in the current
study with the data available on humoral
immunity against other viral infections. A
transient increase in the plasmablast frequency is
a characteristic feature of several viral and
bacterial infections.?’?> For example, the
frequency of plasmablasts can increase from 10 to
50% of the total B-cell population during
infection by Dengue virus,?® Zika virus®* and Ebola
virus.”®> An expansion of the plasmablast
population has also been noted after vaccination
for influenza, hepatitis and other diseases.”® The
increase in the number of plasmablasts observed
herein is also consistent with the recently
reported findings on patients with COVID-19.27-%°

Virus-specific lymphocytes are of particular
interest. The most direct method for the
enumeration of antigen-specific B cells involves
the binding of a fluorescently labelled antigen.
The staining of PBMCs derived from patients with
acute disease or convalescent patients using
fluorochrome-labelled RBD or S trimer showed
the presence of 0.075-1.86% of antigen-specific
Bmem cells in the total B-cell
population.#>11123032  The  percentage  of
antigen-positive cells varied widely depending on
the number of days after symptom onset as well
as the individual characteristics of donors. RBD-
specific cells primarily include IgM*lgD™ non-class-
switched Bmem cells, and to a lesser extent, class-
switched IgG" Bmem cells."" Isolated antigen-
specific Bmem cells were used as a source of Ig
genes for the subsequent isolation of virus-
neutralising antibodies; however, these were not
used for the assessment of the Bmem cell
population. It has been reported that at 3 months
post-symptom onset, patients who have recovered
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from COVID-19 develop a distinct population of
RBD-specific cells with a phenotype of typical
resting Bmem cells (IgG"CD27"CD21"T-bet'°).30:33

For the evaluation of SARS-CoV-2-specific B cells
along with the analysis of RBD-binding cells, we
performed additional ELISpot assays. The
frequencies of RBD-specific circulating ASCs in
patients with COVID-19 ranged from 200 to 4000
ASCs per 10° PBMCs, which corresponded to the
level of virus-specific ASCs observed during other
viral infections in terms of the order of
magnitude. For example, the frequency of virus-
specific ASCs is approximately 200 per 10° PBMCs
during acute respiratory syncytial virus infection®*
or after experimental influenza infection,®
whereas it is about 1000 ASCs during natural
influenza infection.?® The frequency of virus-
specific ASCs detected during acute secondary
Dengue virus infection is significantly high, with
200 000 or more ASCs detected per 10° PBMCs.37-38

Usually, virus-specific ASCs constitute the
majority of total Ig ASCs. The frequency of Zika
virus-specific plasmablasts relative to the total
number of IgG ASCs reaches up to 25%.%* After
immunisation to influenza virus, more than 82%
of the IgG ASCs detected are found to be antigen-
specific.3® Similarly, in our study, the percentage
of RBD-specific ASCs was high, and in certain
cases, it reached up to 80%. Notably, for the
detection of SARS-CoV-2-specific cells in the
ELISpot assay, we used recombinant RBD, which
constitutes only a part of the viral proteome.
Therefore, the total SARS-CoV-2-specific ASC
response is expected to be more significant.

The induction of B-cell immunity can be
evaluated by tracking the dynamics of plasmablast
response and the generation of Bmem cells. The
dynamics of total and antigen-specific plasmablast
generation have been tracked in a human
influenza challenge model.?® After vaccination, the
levels of antigen-specific ASCs in the peripheral
blood samples peaked approximately at day 7 post-
immunisation,*® whereas during natural viral
infection, plasmablasts were found to circulate in
the blood for a longer period of time depending
on the severity of the disease.?” In line with this
observation, in most of the cases in our study, the
plasmablast frequency declined to the baseline
level in 20 days, while in some critically ill patients,
significant plasmablast frequencies (>15% of total
B cells) were observed for up to 70 days after
disease onset. Since the plasmablast population is
transient, maintaining high plasmablast levels is
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only possible through recruitment from new naive
B cells, plasmablast self-renewal, or re-stimulation
of Bmem cells. Continuous plasmablast generation
has been noted during the infection period in
patients infected with influenza virus.>®

In addition to the circulating ASC response, we
clearly detected a Bmem cell response during the
acute phase of SARS-CoV-2 infection. The
proportion of RBD-specific IgM or IgG Bmem cells
in patients with COVID-19 ranged from 4000 to
200 000 ASCs per 10° cells in the total B-cell
population. In other viral infections, comparable
number of Bmem cells has been observed.?>4'43

Notably, in 5 of 23 patients, the frequency of
RBD-specific Bmem cells was considerably low and
close to the baseline levels detected in uninfected
individuals. This suggests that Bmem cells may not
have formed in these individuals when they were
examined. However, Bmem cells can be generated
quite early during acute viral infection. In a human
influenza challenge model, Bmem cells have been
shown to appear by the third day of infection, and
their levels peaked on day 283> According to
another theory, these patients could be low- or non-
responders. Possibly, Bmem cell non-responsiveness
may be associated with the age-related
downregulation of the IL-21/IL-21R signalling axis.**

According to the classical pathway of
differentiation, after antigen-induced activation,
naive B cells differentiate into plasmablasts, Bmem
cells and short- or long-lived plasma cells.?’ Using
the data obtained, we could evaluate the
relationship between plasmablast and Bmem cell
frequencies during the course of SARS-CoV-2
infection. We observed no correlation between the
frequencies of circulating and Bmem-derived ASCs.
In addition, there was no correlation between the
levels of virus-specific antibodies in the plasma and
antibodies secreted by in vitro-stimulated Bmem
cells. These results suggest that plasmablasts and
Bmem cells generated during SARS-CoV-2 infection
do not belong to directly related subsets.
Plasmablast and classical Bmem cell development
has been suggested to occur via separate pathways
in cases of Dengue virus reinfection.*> A high-
dimensional flow cytometry analysis showed that
in patients with severe COVID-19, the massive
plasmablast response is associated  with
extrafollicular pathway of activation.*® This is in
good agreement with the absence of germinal
centres in patients with severe COVID-19.%’ Based
on our observation that there was no correlation
between the plasmablast and Bmem cell responses,
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we suggested that Bmem cells, in contrast to
plasmablasts, mainly developed in the traditional
follicular pathway. This can be clarified by
comparing the BCR repertoires of plasmablasts and
Bmem cells.

In certain critical cases, SARS-CoV-2 infection
lasted for 2 months or more. This leads to chances
of the generation of atypical Bmem cells, which
are detected in certain chronic viral infections.*®
In line with this, a significant increase in the
proportion of CD21°CD27 cells has been observed
in patients with COVID-19.%8

In recent times, several laboratories have
generated SARS-CoV-2-specific human monoclonal
antibodies.'***>' This method is rather time
consuming, as it requires Bmem cell sorting, single-
cell 1g sequencing, and subsequent antibody
expression. It has been noted that potent virus-
neutralising antibodies may be generated using
samples from no more than 30% of convalescent
individuals. Using IL-21/CD40L-induced in vitro
activation of Bmem cells, it is possible to pre-screen
convalescent individuals in whom the most potent
virus-neutralising antibodies are generated,3? and
this appears to be the optimal approach.

In this study, we demonstrated that Bmem cells
are generated in most cases of acute SARS-CoV-2
infection. After activation, they are capable of
secreting RBD-specific and virus-neutralising
antibodies. Therefore, during acute SARS-CoV-2
infection, the B-cell memory formed can be
considered adequate. However, it is unclear
whether this Bmem cell-mediated immunity is
long lasting. Our results can serve as a basis for
further investigation on the longevity of SARS-
CoV-2-specific B-cell memory. We intend to
characterise the Bmem cell response at multiple
time points post-infection. The extension of such
studies to the post-infection period will be
important to assess the likelihood of SARS-CoV-2
reinfection and evaluate the efficacy of the SARS-
CoV-2 vaccines currently under development.

METHODS

Participants and ethics

A total of 72 patients with COVID-19 were enrolled in a
study performed at the Federal Research Clinical Center of
the Federal Medical-Biological Agency of Russia (FRCC). For
all patients, SARS-CoV-2 infection was confirmed by RT-PCR
of the oropharyngeal and nasopharyngeal swabs. Samples
were collected in the acute phase of the disease at a late
time point (days 8-65) from the onset of the disease. As a
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reference, we used an age-matched healthy donor (HD)
cohort that tested negative in the RT-PCR and for COVID-19
antibodies in ELISA (n = 10). Study protocol was reviewed
and approved by the Medical Ethical Committee of FRCC
(#4-2020 April 28, 2020). Written informed consent was
obtained from all study participants before performing any
study procedures.

Processing of blood samples

Peripheral venous blood was collected in heparinised
vacutainer tubes. PBMCs were isolated by density gradient
centrifugation. Plasma samples were stored at —80°C. B cells
were purified from PBMCs by negative selection using the
Dynabeads Untouched human B cells kit (Thermo Fisher
Scientific, Carlsbad, CA, USA). Due to the peculiarity of the
kit used by us for the immunomagnetic isolation, the
purified B cells were completely deprived of plasmablasts.
For in vitro differentiation of B cells, cells were cultured in
DMEM medium supplemented with 10% foetal bovine
serum, 24 ng mL~" of gentamicin, 1 mM sodium pyruvate,
10 mM HEPES (all Paneko, Moscow, Russia) and 25 ng mL’
interleukin-21 (IL-21; PeproTech, Rocky Hill, CT, USA) in the
presence of mitomycin-treated feeder A549 cells stably
expressing CD40L (A549-CD40L, 1 x 10° cells/well) according
to the method published by Kwakkenboss et al.'.
Stimulated B cells were harvested after 7 days of incubation
at 37°C in 5% CO,. A part of B cells was used in ELISpot
assay, and the remaining cells were stained for flow
cytometry analysis. Supernatants from each well were also
collected for measuring secreted antibodies in ELISA or
virus neutralisation assay.

Flow cytometry

Flow cytometry experiments were performed on freshly
isolated PBMCs or B cells after IL-21/CD40L stimulation
using a CytoFLEX S flow cytometer (Beckman Coulter,
Krefeld, Germany). The following antibodies were used:
CD3 FITC (clone TB3), CD16 FITC (clone LNK16), CD19 PE
(clone LT19), CD27 PECy5.5 (clone LT27), CD38 PECy7 (clone
LT38), anti-human 1gG HRP (clone CH1), anti-human IgM
HRP (clone MA2) were produced earlier in our laboratory
3233, (D14 (clone MEM-15) from Exbio (Praha, Czech
Republic); and anti-human 1gG APC (clone M1310G05) and
anti-human IgM APC-Fire750 (clone MHM-88) from
BioLegend (San Diego, CA, USA).

Recombinant RBD domain (residues 319-541) was earlier
produced in the laboratory of G. Efimov (National Research
Center for Hematology, Moscow, Russia). His-tagged RBD
was expressed using the Expi293 Expression System (Thermo
Fisher Scientific) and purified from cell culture supernatant
using affinity chromatography on Ni-NTA agarose resin
(QIAGEN, Hilden, Germany). Betvl (kind gift from R.
Valenta, Medical University of Vienna, Austria) was used as
irrelevant protein for negative control. RBD and Betv1 were
conjugated to PE or APC (Agilent Technologies, Palo Alto,
CA) using copper-free click chemistry reaction.®® These
probes were used for surface B-cell staining.

For detection of plasmablasts, PBMCs were stained with
CD19 PE, CD27 PECy5.5, CD38 PECy7 and a dump channel
mix containing FITC-labelled anti-human CD3, CD14 and
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CD16. Plasmablasts, naive B cells and Bmem were sorted
with a Sony SH800S cell sorter (Sony Biotechnology, San
Jose, CA, USA). FlowJo Software (version 10.6.1., Tree Star,
Ashland, OR, USA) was used for analysing data.

ELISA

The level of antibodies against SARS-CoV-2 RBD was
measured using ELISA Quantitation Kit (Xema Co., Moscow,
Russia). Plasma samples were 2-fold serially diluted from
1:40 to 1:5000 in blocking buffer, and a volume of 100 uL
of each diluted sample was added to each microplate well
in triplicate. An anti-SARS-CoV-2 RBD human monoclonal
antibody 34B12 (a kind gift from A Taranin, Institute of
Molecular and Cellular Biology, Novosibirsk, Russia) was
used as positive control and calibration standard for
determination of RBD-specific IgG concentration.

ELISpot assay

For the detection of IgM and IgG RBD-specific ASCs, an in-
house ELISpot assay was developed. Sterile clear 96-well
Multiscreen HTS Filter Plates with 0.45 um pore size,
hydrophobic polyvinylidene difluoride (PVDF) membrane
(Merck Millipore Ltd, Cork, Ireland) were stripped with 70%
and coated with 100 uL/well of recombinant RBD domain at
10 ung mL™" at 4°C overnight. To capture the total Ig ASC
response, wells were coated with 10 pg/well of rabbit anti-
human IgG or IgM antibody (R&D Systems, Minneapolis,
MN, USA). Fresh PBMCs or stimulated B cells were plated at
250000-2500000 cells per well in duplicate and incubated
for 16 h at 37°C, 5% CO,. The cells were thoroughly
removed with washing buffer (0.05% Tween 20 in PBS).

After the addition of detection biotinylated rabbit anti-
human IgG or biotinylated rabbit anti-human IgM (R&D
Systems), plates were incubated for 16 h. After washing
three times with 0.05% Tween-20/PBS, Streptavidin-alkaline
phosphatase (R&D Systems) was added at a dilution of 1:60
and plates were further incubated for 2 h at RT. After a
few washings, the colorimetric reaction was developed by
adding substrate reagent from B Cell ELISpot Development
Module Human IgG or IgM (R&B Systems) until distinct
spots emerged. The reaction was stopped by gently rinsing
the plate with tap water. ELISpot images were captured
using CTL ImmunoSpot® Analyzer (CTL, Shaker Heights, OH,
USA). Spot number was counted using ImmunoSpot®
Software. The percentage of RBD-specific ASCs was
calculated by dividing the number of RBD-specific by the
total number of IgM- or IgG-secreting cells. Wells coated
with irrelevant protein served as negative controls.

Pseudotyped virus neutralisation assay

To generate SARS-CoV-2 pseudotyped HIV-1-based virus-like
particles, we used 3 plasmids: HIV-1 packaging plasmid
pCMVA8.2R (Addgene, Teddington, UK), reporter pUCHR-
GFP plasmid®® and pCG1-SARS-S plasmid encoding the full-
length SARS-CoV-2 spike protein (kind gift from Stefan
Pohlmann, Leibniz Institute for Primate Research,
Germany).”® The HEK293T cells were plated 18-24 h before
transfection at 3.6 x 10° cells per 10-cm petri dish. Plasmids
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were mixed (pCG1-SARS-S 2.7 ng; pCMVA8.2R 8.7 ng;
pUCHR-GFP 13.2 ng) and transfected into HEK293T cells
using calcium phosphate-based protocol. After 6 h, the
culture medium was replaced, and cells were grown for
another 48 h. Supernatant from the 10-cm dish with
transfected HEK293T cells was harvested and clarified
through a 0.45-um pore size filter. Virus-like particles (VLPs)
in the supernatant were concentrated by centrifugation at
30000 g for 2.5 h and resuspended in 0.3 mL of fresh RPMI
culture medium, aliquoted and cryopreserved. VLP were
used at a 1: 4 dilution that provided infection in 50% of
the target cells.

To generate SARS-CoV-2 permissive cell line, HEK293T
cells were stably transduced with the human ACE2 receptor.
The sequence coding for ACE2 was subcloned from the
pCG1-hACE2 plasmid (a gift from Prof. Stefan Pohlmann)
into the lentiviral vector pUCHR. HEK293T cells were co-
transfected with pCMVAS8.2R, pUCHR-hACE2, and pCMV-
VSVG to generate VLPs, which were used to infect HEK293T
cells at ~30% MOI. Three days post-infection, HEK293T cells
were stained with the rabbit anti-hACE2 polyclonal Ab
(Cloud-Clone Corp, Katy, TX, USA) plus corresponding
secondary Ab, and hACE2-positive cells were isolated using
several rounds of sorting by flow cytometry. These cells
have a high hACE2 expression and were hereafter referred
to as 293-ACE2.

For the neutralisation assay, 20 uL of serially diluted
antibodies was incubated with 10 uL of pseudotyped viral
particles and added to 293-ACE2 cells plated at 5 x 10°
cells/well in 10 uL of medium in 96-well plates. Cells were
then cultured for 48 h. After that, cells were resuspended
and the percentage of GFP" cells was enumerated using
CytoFLEX S flow cytometer. Neutralisation half-maximal
inhibitory plasma dilution (IDso) values were determined
using a normalised nonlinear regression with GraphPad
Prism software (Sigmoidal, 4PL).

Statistical analysis

The Kruskal-Wallis H test was used for comparison between
multiple groups. P <0.05 was considered statistically
significant. Non-parametric Spearman correlations analyses
were used to determine associations between analysed
parameters.

All statistical analyses were carried out using GraphPad
Prism (version 8.4.3 GraphPad Software, La Jolla California
USA). Data are indicated by medians and interquartile
ranges (IQR). Non-parametric LOESS (LOcal regrESSion) was
used for smoothing.
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