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SUMMARY
Although both infections and vaccines inducememory B cell (MBC) populations that participate in secondary
immune responses, the MBCs generated in each case can differ. Here, we compare SARS-CoV-2 spike re-
ceptor binding domain (S1-RBD)-specific primary MBCs that form in response to infection or a single
mRNA vaccination. Both primary MBC populations have similar frequencies in the blood and respond to
a second S1-RBD exposure by rapidly producing plasmablasts with an abundant immunoglobulin (Ig)A+

subset and secondary MBCs that are mostly IgG+ and cross-react with the B.1.351 variant. However, infec-
tion-induced primary MBCs have better antigen-binding capacity and generate more plasmablasts and
secondary MBCs of the classical and atypical subsets than do vaccine-induced primary MBCs. Our results
suggest that infection-induced primary MBCs have undergone more affinity maturation than vaccine-
induced primary MBCs and produce more robust secondary responses.
INTRODUCTION

mRNA vaccines encoding the SARS-CoV-2 spike protein

potently induce antibodies, some capable of neutralizing the vi-

rus, and afford protective immunity from infection (Goel et al.,

2021; Pascolo, 2021; Polack et al., 2020; Widge et al., 2021).

The antigenic simplicity of these vaccines and their administra-

tion to millions of immunologically naive people provides an un-

precedented opportunity to study the dynamics, activation, and

differentiation of antigen-specific B cells in humans.

Studies in mice indicate that the B cell response to protein

antigens in naive individuals is initiated when rare, naive B cells,

expressing surface immunoglobulin (Ig), bind the antigen in sec-

ondary lymphoid organs, receive signals from helper T cells, and

proliferate (McHeyzer-Williams and McHeyzer-Williams, 2005).

This proliferation produces short-lived, Ig-secreting plasma-

blasts and non-plasmablasts that either become germinal center

cells or germinal-center-independent memory cells, which

mostly express IgM. The germinal center cells switch their Ig

constant region from IgM to IgG, IgA, or IgE and acquire somatic

mutations in the variable region, some of which improve antigen

binding and allow the cells to survive the germinal center reac-

tion as long-lived, switched Ig (swIg)+ memory cells or surface

Ig‒ plasma cells that maintain serum Ig levels (Mesin et al.,
This is an open access article under the CC BY-N
2016; Nutt et al., 2015; Tarlinton, 2008). After subsequent expo-

sure to antigen, thememory cells proliferate rapidly and generate

plasmablasts, which boost the amount of antigen-specific Ig in

the serum to aid in antigen clearance or, to a lesser extent,

become germinal center cells to generate new memory cells

with additional Ig mutations (Inoue et al., 2018; Pape et al.,

2011; Suan et al., 2017).

In humans, the non-plasmablast population contains CD21+

classical memory B cells (cl-MBCs), and two poorly understood

subsets—a CD21‒ CD27+ population, which contains a plasma-

blast-like subset and is sometimes referred to as the activated B

cell population (Ellebedy et al., 2016; Louis et al., 2021) but will be

referred to here as pb-MBCs, and a CD21‒ CD27‒ population,

which is referred to as atypical memory B cells (at-MBCs) and

contains a CD11c+ subset that shares features with an atypical

B cell population in aged mice (Hao et al., 2011; Rubtsova

et al., 2013; Wang et al., 2018). These at-MBCs, which express

T-bet and may be recent products of germinal centers (Lau

et al., 2017), are prominent in autoimmunity and chronic infection

in humans (Isnardi et al., 2010; Jenks et al., 2018; Moir et al.,

2008;Wei et al., 2007;Weiss et al., 2009) but can also be induced

by vaccines (Andrews et al., 2019; Johnson et al., 2020; Kim

et al., 2019; Sutton et al., 2021). The mechanisms that generate

the different MBC subsets are unclear. at-MBCs are particularly
Cell Reports 37, 109823, October 12, 2021 ª 2021 The Authors. 1
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enigmatic, as evidenced by conflicting studies on their lifespan,

capacity for antibody production, and sensitivity to Toll-like re-

ceptor signaling (Muellenbeck et al., 2013; Obeng-Adjei et al.,

2017; Pérez-Mazliah et al., 2018; Portugal et al., 2015; Rubtsov

et al., 2011; Traore et al., 2009; Wong and Bhattacharya, 2019).

Although germinal center cells aremainly restricted to second-

ary lymphoid organs (Blink et al., 2005), plasmablasts andMBCs

enter the blood and are, therefore, accessible for study in

humans (Ellebedy et al., 2016). Here, we took advantage of

SARS-CoV-2 mRNA vaccines to study the potential of human

memory B cells generated by vaccination or infection. Our re-

sults indicate that primary MBCs formed in response to SARS-

CoV-2 infection have a higher antigen-binding capacity per cell

and aremore efficient at producing plasmablasts andMBCs dur-

ing secondary immune responses than are primary MBCs

formed in response to mRNA vaccination.

RESULTS

Tracking S1-RBD-specific B cells
We assessed B cells specific for the SARS-CoV-2 spike protein

encoded by the Pfizer (Polack et al., 2020) and Moderna (Widge

et al., 2021) mRNA vaccines using an antigen-based cell-enrich-

ment flow-cytometry method. This approach was taken because

it increases the sensitivity of detection of antigen-specific B cells

by 100-fold over conventional methods (Pape et al., 2011; Schit-

tek and Rajewsky, 1990; Taylor et al., 2012), thereby allowing

assessment of naive B cells andMBCs at late times after antigen

exposure. The N-terminal S1 receptor binding domain (S1-RBD)

of the SARS-CoV-2 spike protein (Shang et al., 2020) with a sin-

gle C-terminal BirA ligase sequence was expressed in insect

cells, purified, biotinylated, and formed into a tetramer with Alexa

Fluor 647-conjugated streptavidin (SA-AF647). This strategy was

used to orient each S1-RBDmolecule in the tetramer in the same

configuration.

The capacity of the S1-RBD tetramer to detect S1-RBD-spe-

cific B cells was first tested in C57BL/6 mice. Spleen and lymph

node cells from naive mice or mice that were immunized 14 days

earlier with S1-RBD were mixed with S1-RBD/SA-AF647

tetramer and a decoy conjugate of SA-phycoerythrin (PE) plus

AF647 and, then, magnetic beads conjugated with AF647 anti-

bodies. The cell suspensions were passed over magnetized col-

umns to enrich B cells that bound to S1-RBD, PE, SA, or AF647.

The B cells were identified by flow cytometry based on expres-

sion of Ig heavy and light chains and the mouse B-cell-specific

protein B220 (Figure S1A). The enriched B cell population from

naive mice contained S1-RBD-specific cells that bound to S1-

RBD/SA-AF647 but not to the SA-PE-AF647 decoy and a larger

number of SA-, PE-, or AF647-specific cells that bound to SA-

PE-AF647 but not to S1-RBD/SA-AF647 (Figure S1B). The S1-

RBD-specific B cells expressed IgM and IgD but lacked swIg

as expected for naive cells from the pre-immune repertoire (Cys-

ter and Allen, 2019). In contrast, mice immunized with S1-RBD in

complete Freund’s adjuvant contained more S1-RBD-specific B

cells, and many were swIg+ (Figure S1C). The fact that a small

population of naive-phenotype B cells was detected in unimmu-

nized mice and a larger population of activated B cells in immu-

nized mice is evidence that the B cells that bind the S1-RBD
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tetramer, but not the decoy, do so via S1-RBD-specific surface

Ig receptors (BCRs).

Generation of S1-RBD-specific primaryMBCs from their
rare, naive precursors after mRNA vaccination
A similar strategy was used to identify S1-RBD-specific B cells in

the blood of human volunteers. An example of the gating strat-

egy is shown in Figure S2 for a subject who received an mRNA

vaccine 14 days earlier. The S1-RBD/SA-AF647 tetramer and

the decoy fluorochrome SA-PE-AF647 were mixed with periph-

eral blood mononuclear cells (PBMCs) before enrichment using

magnetic beads conjugated with AF647 antibodies. The bound

and unbound fractions from the magnetized columns were

then stained with fluorochrome-labeled antibodies specific for

markers of interest and gated for viable single cells with the

light-scatter properties of lymphocytes that did not express

CD3, CD14, or CD16 (Figures S2A–S2C). B cells were identified

in this population based on expression of CD19 (Figure S2D),

and S1-RBD-specific B cells were identified as cells that bound

the S1-RBD but not the decoy tetramer (Figure S2E). The S1-

RBD-specific B cells were further divided into CD19lo CD20–

plasmablasts (Sanz et al., 2019) that also expressed CD27 and

CD38, and CD19+ CD20+ non-plasmablasts that were CD38lo

(Figure S2F). S1-RBD tetramer-binding cells were only present

in the unbound fraction from samples that contained many plas-

mablasts (Figures 1D, S2E, and S2F). These cells bound few S1-

RBD tetramers, likely because of reduced expression of surface

Ig (Ellebedy et al., 2016).

We first used this approach to detect S1-RBD-specific B cells

in the blood of unvaccinated subjects ages 21–65 years who had

not had a previous SARS-CoV-2 infection (SARS-CoV-2-naive),

as evidenced by the lack of S1-RBD antibodies (Figure 1A).

The magnetized, column-bound fraction, but not the unbound

fraction, from these individuals contained a fewS1-RBD-specific

B cells (Figure 1B), which were present at an average frequency

of 10 per million total B cells (Figure 1C). The S1-RBD tetramer-

binding population contained 92% ± 10% (mean ± SD, n = 11)

non-plasmablasts, 80% ± 15% expressing IgM and IgD, and

most expressing CD21 but not the classical MBC marker CD27

(Figure 1B). Thus, S1-RBD tetramer-binding cells were rare in

pre-vaccination SARS-CoV-2-naive subjects, and most had

the phenotype of naive follicular B cells.

We thenmeasured the response of the S1-RBD-specific naive

B cell population after SARS-CoV-2-naive subjects received

their first dose of the Pfizer or Moderna mRNA vaccines. The

S1-RBD tetramer-binding cells retained the naive phenotype

and remained around 10 per million on post-vaccination days

6–10 but increased to 385 per million on days 12–16 (Figure 1C).

Plasmablasts accounted for much of the expanded population

(Figures 1D and 1E) and, on average, were 17% ± 16%

(mean ± SD, n = 23) IgM+, 31% ± 21% IgA+, and 48% ± 20%

IgG+. The increase in plasmablasts preceded an increase in

S1-RBD antibodies on day 21–28 (Figure 1A). The plasmablasts

declined significantly to 5 cells per million by days 21–28, as ex-

pected for this short-lived cell type (Sze et al., 2000) (Figure 1E).

S1-RBD tetramer-binding non-plasmablasts increased to a fre-

quency of about 50 per million on days 12–16 and to 62 per

million at the time of the second vaccination on days 21–28
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Figure 1. Primary response after mRNA vaccination

(A) S1-RBD total Ig titers for SARS-CoV-2-naive (n = 18–22) and SARS-CoV-2-infected (n = 8–11) individuals at the indicated times after the first or second dose of

SARS-CoV-2 spike mRNA vaccine. The mean titers are indicated over each group.

(B) Flow cytometry plots of the indicated cell types and molecules for samples from a SARS-CoV-2-naive subject before vaccination, pre-gated as described in

Figure S2. Percentages of cells in each gate are indicated.

(C) Total log10 number of S1-RBD tetramer-binding B cells per million total B cells in the peripheral blood of SARS-CoV-2-naive individuals (n = 15–26) at the

indicated times after the first vaccination. The values for each sample are shown as open circles, the horizontal bar in each box represents the median value, the

values at the top and bottom error bar are themaximum andminimum values, and themeans are indicated above each box. Values were compared with one-way

ANOVA. ***p < 0.001, ****p < 0.0001, ns, not significant.

(D) Flow cytometry plots of the indicated cell types and molecules for samples from a SARS-CoV-2-naive subject 13 days after the first vaccination. Percentages

of cells in each gate are indicated.

(E and F) Total log10 number of S1-RBD tetramer-binding plasmablasts (E) or non-plasmablasts (F) per million total B cells in the peripheral blood of SARS-CoV-2-

naive individuals (n = 15–26) at the indicated times after the first vaccination. Box and whisker plots are formatted as in (C). Values were compared with one-way

ANOVA. ****p < 0.0001, ns = not significant. Any cell per million value that was%1 was set to 0 on the log10 cell per million plots. Such values were at or below the

limit of detection.
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(Figures 1D and 1F). For the purposes of this study, the memory

phase is considered to begin on day 21 because that is when

MBCs achieve the same frequency in the blood as that in the

secondary lymphoid organs in which they are generated (Blink

et al., 2005). Non-plasmablasts in SARS-CoV-2-naive subjects

on days 21–28 after their first vaccination will, therefore, be

referred to as vaccine-induced primary MBCs. Many of these

cells expressed CD27, a common marker of human MBCs

(Sanz et al., 2019), and tended to bind a bit more of the decoy re-

agent than did naive S1-RBD-specific B cells (Figure 2A).

In summary, rare S1-RBD-specific, naive B cells proliferated

after mRNA vaccination to form a large population of transient

plasmablasts and a smaller population of primary MBCs, which

persisted in the blood until the time of the booster vaccination

3–4 weeks later.

Booster vaccination induces a rapid secondary
response
We then assessed the secondary immune response to the

booster dose of the mRNA vaccine in SARS-CoV-2-naive sub-

jects. In contrast to the primary response, which peaked on

days 12–16 and generated 271 S1-RBD-specific plasmablasts

per million (Figure 1E), the secondary S1-RBD-specific plasma-

blast response peaked at 828 cells per million on days 5–10 after

booster vaccination, before declining by days 11–18 (Figures 2C

and 2D). As expected, the secondary plasmablast response was

accompanied by a boost in S1-RBD-specific antibodies (Fig-

ure 1A). Non-plasmablasts peaked at 266 cells per million on

days 5–10, then fell to about 100 per million on days 11–18

and remained near that number on days 21–38 (Figure 2B).

The non-plasmablasts present on day 21 and thereafter were

defined as secondary MBCs. In summary, the booster vaccina-

tion generated a larger and more rapid plasmablast response

than the primary, leaving subjects with 10-fold more S1-RBD-

specific antibodies and 1.6 times more secondary MBCs than

they had at the time of the boost.

Both primary and secondary vaccine-induced MBC
populations contain cl-MBC, pb-MBC, and at-MBC
subsets
The composition of the MBC populations changed during

course of the booster vaccination. Before the second vaccina-

tion, the S1-RBD-specific B cell population consisted of 62

non-plasmablasts (Figures 2A and 2B) and 5 plasmablasts (Fig-

ures 2A and 2C) per million, and the non-plasmablast popula-
Figure 2. Secondary response by mRNA-vaccine- and SARS-CoV-2-in

(A) Flow cytometry plots of the indicated cell types and molecules, pre-gated as d

after the first vaccination or on days 7, 14, or 33 after the second vaccination. Perc

in the gate in the fourth plot in each row.

(B–F) Total log10 number of S1-RBD tetramer-binding non-plasmablasts (nPB) (B)

CD27‒ CD11c+ at-MBCs (F) per million total B cells in the peripheral blood of SAR

second (secondary) vaccination (black circles) or SARS-CoV-2-infected individ

vaccination (red circles). CD21‒ CD27‒ CD11c‒ MBCs were not included in the an

formatted as in Figure 1C. Values were compared with one-way ANOVA. *p < 0.05

value that was %1 was set to 0 on the log10 cell per million plots. Such values w

(G) Flow cytometry plots of the indicated cell types andmolecules as in (A) for samp

28 after the first vaccination.
tion consisted of 34 CD21+ cl-MBC, 15 CD21‒ CD27+ pb-MBC,

and 3 CD21‒ CD27‒ CD11c+ at-MBC per million (Figures 2A

and 2D–2F). On days 11–18 after the boost, there were 50 cl-

MBC, 21 pb-MBC, and 25 at-MBC per million (Figures 2A and

2D–2F). The 8.3-fold increase in at-MBCs over the numbers

of this subset in the primary response was statistically signifi-

cant (Figure 2F). The cl-MBCs and pb-MBCs did not change

on days 21–38 (Figures 2D and 2E) from the numbers on day

11–18. Although the at-MBCs appeared to decline from 25 cells

per million on days 11–18 to 13 cells per million on days 21–38,

this drop was not statistically significant (Figure 2F). Thus, a

month after the booster vaccine, SARS-CoV-2-naive subjects

had about the same number of secondary cl-MBCs and pb-

MBCs as they had after the primary response and a 4-fold

larger population of at-MBCs.

Primary MBC populations from SARS-CoV-2-infected
subjects and single-vaccinated SARS-CoV-2-naive
subjects are similar in size and composition
We then assessed the primary MBCs induced by SARS-CoV-2

infection. People aged 20–76 years who had SARS-CoV-2 in-

fections 2–9 months earlier were recruited to the study, and

their prior infection was confirmed by assessment of S1-RBD

antibodies. All of these individuals had antibodies, although

the titers were slightly lower than those observed in SARS-

CoV-2-naive subjects after the first vaccination (Figure 1A).

The S1-RBD-specific B population in SARS-CoV-2-infected

subjects consisted mostly of non-plasmablasts (Figure 2G),

which averaged 118 cells per million (Figure 2B) and was not

significantly different than the 62 vaccine-induced primary

MBCs per million observed from SARS-CoV-2-naive subjects.

The memory subsets in these SARS-CoV-2-induced primary

MBC populations averaged 77 cl-MBCs, 16 pb-MBCs, and 2

at-MBCs per million (Figures 2D–2F), again similar to the vac-

cine-induced primary MBCs.

The secondary response in SARS-CoV-2-infected
individuals is more robust
We then analyzed the secondary responses of people with prior

SARS-CoV-2 infection. SARS-CoV-2-infected subjects gener-

ated a rapid secondary response on days 5–10 after their first

vaccination, similar to the response of the SARS-CoV-2-naive

subjects after their second vaccination. However, S1-RBD-spe-

cific secondary plasmablasts peaked at 5,117 cells permillion on

days 5–10 (Figures 2C and 2G), 6-fold higher than that observed
duced primary MBCs

escribed in Figure S2, for samples from SARS-CoV-2-naive subjects on day 28

entages of cells in each gate are indicated. CD19hi CD11c+ at-MBCs are shown

, plasmablasts (C), CD21+ cl-MBCs (D), CD21‒ CD27+ pb-MBCs, (E), or CD21‒

S-CoV-2-naive subjects (n = 8–29) at indicated times after the first (primary) or

uals at the time of (primary) or the indicated times after (secondary) the first

alysis because the nature of these cells is unknown. Box and whisker plots are

, **p < 0. 01, ***p < 0.001, ****p < 0.0001, ns = not significant. Any cell per million

ere at or below the limit of detection.

les fromSARS-CoV-2-infected subjects before vaccination or on days 7, 14, or
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Figure 3. Isotype expression by S1-RBD-

specific MBCs and plasmablasts

(A, C, and D) Flow cytometry plots of the indicated

cell types and molecules, pre-gated as described in

Figure S2, for samples from SARS-CoV-2-naive

subjects on day 28 after the first vaccination (A) or

on days 7 (C) or 33 (D) after the second vaccination.

Percentages of cells in each gate are indicated.

IgG+ plasmablasts (PB) were identified as swIg+

IgA‒ IgM‒ cells because plasmablasts express less

surface IgG than do other isotypes.

(B and E) Percentages of IgM+, IgA+, or IgG+ S1-

RBD-specific vaccine- (B) (n = 13–30 subjects) or

SARS-CoV-2-induced primary MBCs (E) (n = 11–14

subjects), and their PB or MBC progeny. Box and

whisker plots are formatted as in Figure 1C.
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in SARS-CoV-2-naive subjects, before declining to 9 cells per

million on days 11–18 (Figures 2C and 2G). The burst of plasma-

blasts coincided with a 30-fold increase in S1-RBD-specific

antibodies (Figure 1A), which was also greater than the 10-fold

increase in SARS-CoV-2-naive subjects after their second

vaccination.

Non-plasmablasts increased from 118 cells per million at the

time of vaccination to 512 cells per million on days 5–10, which

was not significantly different from the 266 cells per million

generated during the secondary response in SARS-CoV-2-naive

subjects (Figure 2B). However, the secondary non-plasmablasts

in SARS-CoV-2-infected subjects remained stable at 625 and

614 cells per million, respectively, on days 11–18 and 21–38

(Figures 2B and 2G), in contrast to a 2–3-fold decline in SARS-

CoV-2-naive subjects. Thus, the secondary response to mRNA

vaccination in SARS-CoV-2-infected subjects generated 6-fold

more secondary MBCs than the secondary response did in

SARS-CoV-2-naive subjects.

We also examined the composition of the secondary MBCs in

SARS-CoV-2-infected subjects to determine which subsets

were elevated over those in SARS-CoV-2-naive subjects. On
6 Cell Reports 37, 109823, October 12, 2021
days 21–38 after vaccination, the second-

ary MBCs in SARS-CoV-2-infected

subjects contained 230 cl-MBCs, 70 pb-

MBCs, and 164 at-MBCs per million,

compared with 47 cl-MBCs, 23 pb-

MBCs, and 13 at-MBCs per million in

SARS-CoV-2-naive subjects after their

second dose of the vaccine (Figures 2D–

2F). Thus, the secondary response to

single mRNA vaccination in SARS-CoV-

2-infected subjects generated 5-, 3-, and

12-fold more cl-MBCs, pb-MBCs, and

at-MBCs, respectively, than the secondary

response did in SARS-CoV-2-naive sub-

jects. Given that unvaccinated SARS-

CoV-2-infected and singly vaccinated

SARS-CoV-2-naive subjects had similar

numbers of primary MBCs (Figures 2D–

2F), these results suggest that SARS-

CoV-2-induced primary MBCs are more
efficient than vaccine-induced primaryMBCs at generating plas-

mablasts and secondary MBCs.

The IgA isotype is over-represented in the plasmablast
population compared with the MBC population
The Ig isotype determines the effector functions of antibodies,

with IgA having a critical role at mucosal surfaces (Seifert and

K€uppers, 2016). We, therefore, examined isotype switching in

vaccine- and SARS-CoV-2-induced primary MBCs. At the time

of the second dose, 29%, 4%, and 65% of the cells in the vac-

cine-induced primary MBC population expressed IgM, IgA, or

IgG, respectively (Figures 3A and 3B), whereas 4%, 29%, or

64% of the plasmablasts generated on days 5–10 after the sec-

ond vaccination expressed those isotypes (Figures 3B and 3C).

Thus, the secondary plasmablast population had a much

higher fraction of IgA+ cells andmuch lower fraction of IgM+ cells

than the vaccine-induced primary MBC population. The

secondary MBC population that followed on days 21–38 after

the plasmablasts disappeared contained 22%, 2%, and 74%

IgM-, IgA-, and IgG-expressing cells, respectively, which was

similar to the primary MBC population (Figures 3B and 3D).
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Figure 4. Affinity maturation by S1-RBD-specific MBCs

(A and B) Flow cytometry plots of the indicated cell types and molecules, pre-gated as described in Figure S2, for samples from a SARS-CoV-2-naive subject on

day 6 after their first vaccination (A) or a SARS-CoV-2-infected subject before vaccination (B). The contour plot shows an overlay of S1 RBD-specific IgM+ IgD+

cells (red) from the sample shown in (A), and IgG+ cells (blue) from the sample show in (B).

(C) S1-RBD tetramer mean fluorescence intensity (MFI)/CD79b ratios for IgM+ cells from SARS-CoV-2-naive individuals before vaccination (n = 8, gray) or IgG+

cells from SARS-CoV-2-naive (black) (n = 7–18) or SARS-CoV-2-infected (red) individuals after the primary (1�) (n = 10), secondary (2�) (n = 22 samples from 11

individuals) or tertiary (3�) (n = 20 samples from 10 individuals) exposure to SARS-CoV-2 S1-RBD via the infection or the vaccine. Box and whisker plots are

formatted as in Figure 1C. For a sample to be used in this analysis, it had to contain at least 10 S1-RBD-specific cells. For the naive IgM time point, there was one

outlier that had an MFI/CD79b ratio of eight, which was excluded from the analysis because the subsequent day 11–14 and 21–28 IgG time points from this

individual had an MFI/CD79b ratio of less than four. Values were compared with one-way ANOVA. *p < 0.05, **p < 0. 01, ns, not significant.
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SARS-CoV-2-induced primary MBCs and their secondary plas-

mablasts and MBCs showed a similar pattern (Figure 3E). Thus,

although the isotype profile of secondary MBCs reflected that of

primary MBC precursors, MBC populations with very few IgA+

cells generated a disproportionately large fraction of IgA+

plasmablasts.

mRNA vaccination induces progressive affinity
maturation
Ig affinity is thought to be critical for antigen neutralization (Kep-

ler et al., 2014; Scheid et al., 2009). We, therefore, measured the

relative affinities of the S1-RBD-specific B cell populations. The

mean fluorescence intensity of S1-RBD tetramer bound per cell

was divided by that of CD79b, a component of the BCR complex

that is proportional to the amount of Ig on the cell surface, to

normalize antigen binding to the levels of surface BCR. As illus-

trated by examples in Figures 4A and 4B, this assay revealed that

IgM+ cells early in the primary response (Figure 4A) bind less

S1-RBD than do IgG+ MBCs (Figure 4B). Our previous studies

of antigen-specific B cells in mice showed that this difference

is due to increased BCR affinity for antigen in the latter popula-

tion and correlates with numerous somatic mutations (Pape

et al., 2018).

The IgM+ IgD+ S1-RBD tetramer-binding naive cells from pre-

vaccination SARS-CoV-2-naive subjects, which presumably ex-

pressed un-mutated germline-encoded Igs (Cyster and Allen,

2019), had a mean S1-RBD tetramer/CD79b ratio of 2.1 (Fig-

ure 4C). This ratio increased to 3.1 for the S1-RBD tetramer-
binding swIg+ non-plasmablast population present on days

11–18 and to 3.8 for the primary MBC population on days

21–28 at the time of the second vaccination (Figure 4C). The sec-

ondary MBCs present on days 21–38 after the second vaccina-

tion had a ratio of 4.7. Thus, there was a progressive increase in

antigen-binding capacity with time after vaccination from the

precursor IgM+ and IgD+ naive cells to switched primary and

then secondaryMBCs, consistent with progressive affinitymatu-

ration. Furthermore, the detection of precursor IgM+ and IgD+

naive S1-RBD-specific B cells, which likely do not have somatic

mutations/affinity maturation, validates the sensitivity of the an-

tigen-enrichment method used in this study.

The SARS-CoV-2-induced primary MBC population had an

S1-RBD tetramer/CD79b ratio of 7.1 before vaccination, and it

did not increase in the secondary MBC population induced by

the first vaccination (Figure 4C).

Most subjects with previous SARS-CoV-2 infection
make poor tertiary responses
We also assessed the tertiary response of SARS-CoV-2-infected

subjects to their second vaccination. At the time of the second

vaccine dose, these subjects had an average of 614 secondary

MBC per million (Figure 5A), compared with the 144 secondary

MBCs that SARS-CoV-2-naive subjects had on days 56–78 after

their booster shot. Surprisingly, 8 of 12 subjects generated very

few plasmablasts on days 5–7 after the second vaccination, for

an average of 226 plasmablasts per million (Figure 5B), which

was about 20-fold fewer plasmablasts than these subjects
Cell Reports 37, 109823, October 12, 2021 7



A

C D E

B Figure 5. S1-RBD-specific MBCs in SARS-

CoV-2-infected individuals make a poor ter-

tiary response

(A–E) Total log10 number of S1-RBD tetramer-

binding total MBCs (A), plasmablasts (B), CD21+

cl-MBCs (C), CD21‒ CD27+ pb-MBCs (D), or

CD21‒ CD21‒ CD11c+ at-MBCs (E) per million

total B cells in the peripheral blood of SARS-CoV-

2-naive (black circles) or SARS-CoV-2-infected

(red circles) subjects (n = 5–12) at the indicated

times after the second vaccination. Box and

whisker plots are formatted as in Figure 1C. Values

were compared with one-way ANOVA. *p < 0.05,

****p < 0.0001, ns, not significant.
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generated during the secondary response. The weak plasma-

blast response corresponded with the lack of an increase in

S1-RBD-specific serum antibodies 2 weeks after the second

vaccination (Figure 1A) as observed in other studies (Goel

et al., 2021; Stamatatos et al., 2021). Furthermore, on average,

there was no increase in the number of non-plasmablasts on

days 5–7 after the secondary vaccination, and the number of ter-

tiaryMBCs remained constant until days 58–96, when therewere

663 cells permillion (Figure 5A). The tertiaryMBC subsets did not

significantly change in number between days 12–15 and 58–96

(Figures 5C–5E), although the at-MBCs trended down during

that interval. Finally, these tertiary MBCs had similar S1-RBD

tetramer/CD79b ratios to the secondary MBCs (Figure 4C)

before the booster vaccine, suggesting that no further affinity

maturation occurred during the tertiary response.

MBCs in fully vaccinated SARS-CoV-2-infected subjects
outnumbered those in SARS-CoV-2-naive subjects but
had similar capacity to bind antigens and recognize the
B.1.351 variant
Despite the poor tertiary response, the SARS-CoV-2-infected

subjects ended up with 4.6 times greater MBCs per million

than SARS-CoV-2-naive subjects had on days 56–78 after their

second vaccinations (Figure 5A), and this included 5.3 times

more cl-MBCs and 7.4 times more at-MBCs (Figures 5C and

5E). At this time, the S1-RBD-specific MBCs present in both

the SARS-CoV-2-infected and SARS-CoV-2-naive individuals

had similar S1-RBD tetramer/CD79b ratios (Figure 4C). We
8 Cell Reports 37, 109823, October 12, 2021
also determined whether the MBCs

present in fully vaccinated SARS-CoV-2-

infected and SARS-CoV-2-naive individ-

uals bound to the S1-RBD from the

B.1.351 variant (Khateeb et al., 2021),

which contains three amino acid substitu-

tions compared with the wild-type S1-

RBD in the vaccine. PBMCs were stained

simultaneously with the wild-type S1-

RBD tetramer labeled with one fluoro-

chrome and the B.1.351 S1-RBD

tetramer labeled with another (Figure 6A).

An average of 74% of the secondary

MBCs from SARS-CoV-2-naive subjects

and 62% from SARS-CoV-2-infected
subjects that bound to the wild-type S1-RBD also bound the

B.1.351 S1-RBD (Figure 6B). In summary, even though both

MBC populations present several months after the second

vaccination had a similar degree of affinity maturation and

cross-reactivity on the B.1.351 variant, there were more cl-

MBC and at-MBCs in individuals that had previous SARS-CoV-

2 infection.

DISCUSSION

The goal of this study was to characterize the secondary immune

responses of MBC populations generated by an mRNA vaccine

or SARS-CoV-2 infection. Like most studies of adaptive immune

responses in humans, our analysis was limited to the peripheral

blood even though the S1-RBD-specific MBCs of interest were

likely generated in secondary lymphoid organs and produced

plasmablasts and secondary MBCs in that location during sec-

ondary responses. Other studies, however, have shown that

primary MBCs have the same frequency in secondary lymphoid

organs and blood at 3 weeks after immunization (Blink et al.,

2005) and that plasmablasts generated fromMBCs in secondary

lymphoid organs rapidly enter the blood (Ellebedy et al., 2016).

Thus, our results for MBCs and their plasmablast progeny in

blood are likely reflective of what occurred in the lymph nodes.

Our data indicate that SARS-CoV-2-naive people have a few

phenotypically naive B cells with BCRs that have a relatively

low capacity for S1-RBD binding. These features suggest that

these B cells had not responded or undergone affinitymaturation



A B Figure 6. S1-RBD-specific MBCs in fully

vaccinated SARS-CoV-2-infected and

SARS-CoV-2-naive individuals recognize

the B.1.351 variant to a similar degree

(A) Flow cytometry plots, pre-gated as described

in Figure S2, for a sample from a SARS-CoV-2-

naive subject on day 79 after their second vacci-

nation, stained with both AF647-labeled wild-type

(WT) S1-RBD and BV650-labeled B.1.351 S1-RBD

tetramers.

(B) Percentages of WT S1-RBD-specific MBCs

that also bound to the B.1.351 variant in SARS-

CoV-2-naive (n = 10) or SARS-CoV-2-infected

(n = 4) individuals 76–189 days after their second

vaccination.
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in response to common coronaviruses—a conclusion that has

also been reached from antibody studies (Sette and Crotty,

2021). The primary MBCs that formed from these naive precur-

sors 3–4 weeks after the first mRNA vaccination in SARS-CoV-

2-naive people showed evidence of minimal affinity maturation,

perhaps because not enough time had passed for the process

to occur. Thus, increasing the time between the first and second

injections of mRNA vaccines may be beneficial because

MBCs with higher affinity BCRs may accumulate during the

expanded interval. We found evidence that the secondary

MBCs underwent marked affinity maturation by 3–4 and espe-

cially 8–11 weeks after the second vaccination. This result indi-

cates that mRNA vaccines are potent drivers of secondary

germinal center B cell formation in SARS-CoV-2-naive people

and that this process can go on for weeks as suggested by the

finding that spike-specific antibodies continue to accrue somatic

mutations for 6months after the second vaccination (Sokal et al.,

2021; Wang et al., 2021). In contrast to the vaccine-induced pri-

maryMBCs, we found that SARS-CoV-2-induced primary MBCs

had undergonemaximal affinity maturation even before vaccina-

tion, either because the inducing infection occurred many

months in the past, thereby allowing time for maximal accrual

of somatic mutations, or because SARS-CoV-2 infection is a

stronger stimulus for affinity maturation than a single mRNA

vaccination.

The S1-RBD-specific primary MBC populations induced by

mRNA vaccination or SARS-CoV-2 infection had several similar-

ities despite their different origins, ages, and antigen-binding

capacities. They both contained similar numbers of cl-MBCs,

pb-MBCs, and at-MBCs. Both populations generated CD21‒

CD27+ secondary pb-MBCs that survived stably for several

months. Thus, S1-RBD-specific pb-MBCs may be more than

short-lived, activated precursors fated to enter the cl-MBC pool

(Ellebedy et al., 2016), although it remains to be seen if they will

eventually decline. Both populations, which had very few at-

MBCs, generated this subset efficiently early in the secondary

response. This finding adds to the growing literature showing

that at-MBCs are generated after vaccination and, thus, may be

unappreciated components of normal antigen-specific B cell re-

sponses in humans (Andrews et al., 2019; Johnson et al., 2020;

Kim et al., 2019; Sutton et al., 2021; Weiss et al., 2009).

Another similarity involved isotype switching. Although both the

primary MBC populations induced by mRNA vaccination or

SARS-CoV-2 infection contained as many as 25% IgM+ cells,
they rapidly generated almost exclusively swIg+ plasmablasts

during the secondary response. This finding is consistent with

earlier work showing that swIg+ memory B cells are predisposed

to produce plasmablasts much faster than naive B cells (Pape

et al., 2011; Wrammert et al., 2008) and that IgM+ memory B cells

are inefficient contributors to secondary antibody responses

(Pape et al., 2011). In addition, although both MBC populations

contained less than 5% IgA+ cells, 30%of their plasmablast prog-

eny expressed that isotype, consistent with a previous study of

SARS-CoV-2-induced primaryMBCs (Dan et al., 2021). Assuming

that IgA+memory cells do not proliferatemore than other memory

cells and IgM+ memory cells do not contribute much to the sec-

ondary response, the most likely explanation for the abundance

of IgA+ plasmablasts is rapid switching of IgG+ MBCs to IgA.

Notably, secondaryMBCs generated from the primary MBC pop-

ulations contained less than 5% IgA+ cells, similar to their primary

MBC precursors. The mechanism that prevents the efficient

formation of IgA+ MBCs is not known.

The primary MBC populations induced by mRNA vaccination

or SARS-CoV-2 infection, however, had several different behav-

iors during secondary responses to mRNA vaccination. The

SARS-CoV-2-induced primary MBCs produced 6-fold more

plasmablasts than did the vaccine-induced MBCs, perhaps

because their more affinity-matured BCRs transduced stronger

signals. Strong BCR signaling has been shown in other contexts

to favor the plasmablast fate (Pape et al., 2018; Paus et al., 2006).

Receipt of stronger BCR signals could also account for the

finding that the affinity matured SARS-CoV-2-induced primary

MBC population produced secondary MBCs more efficiently

than vaccine-induced primary MBCs because other work indi-

cates that B cells that receive strong BCR signals proliferate

more and produce more apoptosis-resistant progeny than do

B cells that proliferate less (Taylor et al., 2015). Strong BCR

signaling may be particularly conducive to the formation of the

at-MBCs because these cells accumulate in situations of chronic

antigenic stimulation (Isnardi et al., 2010; Jenks et al., 2018; Moir

et al., 2008; Wei et al., 2007; Weiss et al., 2009). Curiously, An-

drews et al. (2019) observed that naive B cells specific for the

variable head region of influenza hemagglutinin formed at-

MBCs more efficiently than MBCs specific for the conserved

stem region in the same individuals. We wonder whether stem-

specific antibodies from prior infections limit the available

antigen for stem-specific MBCs, thereby reducing their BCR

signaling and capacity to form at-MBCs.
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Remarkably, the S1-RBD-specific secondary MBC population

in SARS-CoV-2-infected people produced few plasmablasts or

tertiary MBCs after booster vaccination as described by Goel

et al. (2021), perhaps because of the exceedingly large amount

of antigen-clearing antibody present at the time of the boost

(Pape et al., 2011). Thus, although the first vaccination greatly

increased the number of MBCs in SARS-CoV-2-infected individ-

uals, as seen in other studies (Goel et al., 2021; Mazzoni et al.,

2021), we detected very little evidence that the booster vaccina-

tion provided an additional increase. Although none of the ter-

tiary MBC subsets declined significantly over a 7–11-week

period after the second vaccination, there was a trend toward

a loss of at-MBCs. This result fits with studies suggesting that

at-MBCs are more short-lived than other types of MBCs are

(Pérez-Mazliah et al., 2018).

Finally, our results shed light on the immunological status of

SARS-CoV-2-naive and SARS-CoV-2-infected people out to 3

months after completion of the two-dose vaccination series.

Although both groups end up with affinity-matured MBCs,

many capable of recognizing a variant of concern, SARS-CoV-

2-infected people have five times more MBCs than SARS-

CoV-2-naive subjects have. The significance of this difference

in terms of immunity to subsequent SARS-CoV-2 infection

should remain an area of active investigation, especially because

the antibodies in SARS-CoV-2-infected individuals who are then

vaccinated are very good at neutralizing both the original and the

variant SARS-CoV-2 viruses (Reynolds et al., 2021; Stamatatos

et al., 2021; Wang et al., 2021).
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Antibodies

Mouse anti-CD90.2 (53-2.1) Ebioscience Cat#47-0902-82; RRID: AB_1272187

Mouse: anti-F480 (BM8) Ebioscience Cat#47-4801-80; RRID: AB_2637188

Mouse: anti-Gr1(RB6-8C5) Ebioscience Cat#47-5931-80; RRID: AB_1518805

Mouse: anti-B220 (RA3-6B2) BD Cat#563793; RRID: AB_2738427

Mouse: anti-IgM (11/41) Ebioscience Cat# 25-5790-82; RRID: AB_469655

Mouse: anti-IgD (11-26c.2a) BD Cat#563618; RRID: AB_2738322

Human: anti-CD3 (OKT3) Ebioscience Cat#47-0037-42; RRID: AB_2573936

Human: anti-CD14 (61D3) Ebioscience Cat#47-0149-42; RRID: AB_1834358

Human: anti-CD16 (CB16) Ebioscience Cat#47-0168-42; RRID: AB_11220086

Human: anti-CD19 (HIB19) Biolegend Cat#302242; RRID: AB_2561381

Human: anti-CD20 (2H7) BD Cat#563782; RRID: AB_2744325

Human: anti-CD21 (B-ly4) BD Cat#562966; RRID: AB_2737921

Human: anti-CD27 (O323) Biolegend Cat#302834; RRID: AB_1121920

Human: anti-CD38 (HB-7), Biolegend Cat#356620; RRID: AB_2566232

Human: anti-CD11c (B-ly6) BD Cat#562393; RRID: AB_11153662

Human: anti-CD79b (CB3-1) Biolegend Cat#341404; RRID: AB_1595454

Human: anti-IgD (IA6-2) Biolegend Cat#348210; RRID: AB_10683460

Human: anti-IgM (MHM-88) Biolegend Cat#314524; RRID: AB_2562373

Human: anti-IgA Southern Biotech Cat#2050-02; RRID: AB_2795702

Human: anti-IgG (G18-145) BD Cat#564230; RRID: AB_2738684

Human: Fc block BD Cat#564219; RRID: AB_2728082

Mouse: Fc block CD16/CD32 BD Cat# 553141; RRID: AB_394656

Human: HRP-labeled anti-Ig heavy and light chain Invitrogen Cat#31412; RRID: AB_228265

Biological samples

Human blood samples University of Minnesota N/A

Chemicals, peptides, and recombinant proteins

Ghost Red 710 viability dye TonBo Cat#13-0871-T100

Collagenase D Roche/Boehringer Cat# 1088874

S1-RBD/SA-AF647 tetramer This paper N/A

decoy SA-PE-AF647 This paper N/A

AccuCheck Counting Beads ThermoFisher Cat#PCB100

KPL ABTS� Peroxidase Substrate (1-Component) Sera Care Cat#5120-0043

anti-Cy5/AF647 MicroBeads Miltenyi Cat#130-091-395

BD Cytofix/Cytoperm BD Biosciences Cat#51-2090KZ

Flow Cytometry Perm Buffer TONBO Cat#TNB-1213-L150

Complete Freund’s Adjuvant (CFA) Sigma Cat#F5881

10K Amicon Ultra Centrifugal Filters Millipore Cat#UFC801008

100K Amicon Ultra Centrifugal Filters Millipore Cat#UFC510008

SA-PE Phycolink Prozyme Cat#PJRS27

SA-AF647 ThermoFisher Cat#S21374

Critical commercial assays

Effectene kit QIAGEN Cat#301425

Bir A protein ligase kit Avidity Cat#BirA500

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293T cells ATCC Cat#CRL-3216; RRID: CVCL_0063

Experimental models: Organisms/strains

Mouse: C57BL/6NCr (B6) Charles River/NCI Cat#556

Oligonucleotides

T7-Promoter (50-TAATACGACTCACTATAGGG-30) This paper N/A

BGH-reverse (50-TAGAAGGCACAGTCGAGG-30) This paper N/A

Recombinant DNA

gene block encoding S1-RBD This paper N/A

pcDNA3.1/Zeo (+) Mammalian Expression Vector ThermoFisher Cat #: V86020

gene block encoding the BirA sequence This paper N/A

Software and algorithms

FlowJo software Tree Star https://www.flowjo.com

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

software/prism/

Other

CPT Mononuclear Cell Preparation Tubes-

sodium citrate

BD Cat#362761
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marc K.

Jenkins (jenki002@umn.edu).

Materials availability
Constructs used in this study such as pcDNA3.1-Zeo-S1-RBD-BirA construct and all unique materials are available from the lead

contact under a materials transfer agreement (MTA).

Data and code availability
All 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

Human participants
Human participants (Table S1) that were CoV2-naive or had previous CoV2 infection were followed at the time of and up to 3 months

after vaccination with Pfizer or Moderna mRNA vaccines. Severity of COVID-19 illness was rated using a 1-5 Likert scale that incor-

porated systemic, respiratory, and gastrointestinal symptoms (1 = minimal, i.e., carry on normal activities, mild discomfort, less than

1 week; 2 = mild, i.e., slightly decreased activities, mild discomfort, less than 2 weeks; 3 = moderate, i.e., significantly decreased

activities, moderate discomfort; 4 = severe, i.e., significantly decreased activities, moderate to high discomfort, longer duration,

no hospitalization; 5 = hospitalization).

Severity of side effects following immunization was rated using a 0-4 Likert scale (0 = no side effects except for arm pain or

discomfort; 1 = minimal, i.e., carry on normal activities, mild discomfort; 2 = mild, i.e., slightly decreased activities, mild discomfort;

3 = moderate, i.e., significantly decreased activities, moderate discomfort; 4 = severe, i.e., ER visit and/or hospitalization. One of the

participants with history of COVID-19 illness had severe symptoms (fevers, chest tightness) within 24 hours of his first dose of the

Pfizer vaccine and did not receive a second dose.

The study protocol was reviewed and approved by an independent Institutional ReviewBoard at Advarra, Inc. (Columbia,MD), with

permission from the University of Minnesota.
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Mice
Six- to 10-week-old, sex-matched C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) andmaintained

in a specific pathogen–free facility under protocols approved by the University of Minnesota Institutional Animal Care and Use

Committee and in accordance with National Institutes of Health (NIH) guidelines.

Cell lines
HEK293T cells weremaintained in Dulbecco’s Modification of Eagle’sMedium (cellgro) supplemented with 10%Fetal Bovine Serum,

L-Glutamine, HEPES buffer, Non Essential Amino Acids (NEAA), sodium pyruvate, penicillin/streptomycin, and gentamycin, and

incubated in a humidified chamber at 10% C02 and 37�C.

METHOD DETAILS

Tetramer and decoy production
A wild-type S1-RBD-6xHis tagged protein was generated using a 753 base pair gene block, synthesized by GenScript, that included

from50 to 30, a HindIII site, a Kozak sequence, codons for native signal peptide, the S1-RBD sequence (Arg319-Phe541), a 6xHistidine

tag, a stop codon and an XhoI site (aagcttgccaccatgttcgtcttcctggtcctgctgcctctggtctcctcacagtgcagggtgcagccaaccgagtctat

cgtgcgctttcctaatatcacaaacctgtgcccatttggcgaggtgttcaacgcaacccgcttcgccagcgtgtacgcctggaataggaagcggatcagcaactgcgtggccgac

tatagcgtgctgtacaactccgcctctttcagcacctttaagtgctatggcgtgtcccccacaaagctgaatgacctgtgctttaccaacgtctacgccgattctttcgtgatcagggg

cgacgaggtgcgccagatcgcccccggccagacaggcaagatcgcagactacaattataagctgccagacgatttcaccggctgcgtgatcgcctggaacagcaacaatctg

gattccaaagtgggcggcaactacaattatctgtaccggctgtttagaaagagcaatctgaagcccttcgagagggacatctctacagaaatctaccaggccggcagcacccctt

gcaatggcgtggagggctttaactgttatttcccactccagtcctacggcttccagcccacaaacggcgtgggctatcagccttaccgcgtggtggtgctgagctttgagctgctgc

acgccccagcaacagtgtgcggccccaagaagtccaccaatctggtgaagaacaagtgcgtgaacttccaccaccaccaccaccactaactcgag). The gene block

was cloned into pcDNA3.1/Zeo (+) using HindIII/XhoI sites and the resulting plasmid was named pcDNA3.1-Zeo(+):S1-RBD.

To generate S1-RBD-BirA, a 210 base pair gene block was synthesized with overlapping residues on both 50 and 30 ends for infu-
sion cloning, including from 50 to 30, codons encoding part of wild-type S1-RBD, aGGGGS linker, a 6x His tag, another GGGGS linker,

the BirA sequence, and a stop codon (gcgtggtggtgctgagctttgagctgctgcacgccccagcaacagtgtgcggccccaagaagtccaccaatctggtgaa

gaacaagtgcgtgaacttcggaggtggaggatcccatcatcatcatcatcatggaggtggaggatccggcctgaacgatatttttgaagcgcagaaaattgaatggcatgaataa

ctcgagtctagagggc). This gene block was cloned into the aforementioned pcDNA3.1-Zeo(+):S1-RBD construct using BlpI and

XhoI sites. The final construct was sequence verified using T7-Promoter (50-TAATACGACTCACTATAGGG-30) and BGH-re-

verse(50-TAGAAGGCACAGTCGAGG-30) primers. A South African variant B.1.351 S1-RBD-BirA construct was produced by cloning

a 460 base pair gene block from IDT with K417N, E484K and N501Y mutations (tatagcgtgctgtacaactccgcctctttcagcacctt

taagtgctatggcgtgtcccccacaaagctgaatgacctgtgctttaccaacgtctacgccgattctttcgtgatcaggggcgacgaggtgcgccagatcgcccccggccagaca

ggcaacatcgcagactacaattataagctgccagacgatttcaccggctgcgtgatcgcctggaacagcaacaatctggattccaaagtgggcggcaactacaattatctgtacc

ggctgtttagaaagagcaatctgaagcccttcgagagggacatctctacagaaatctaccaggccggcagcaccccttgcaatggcgtgaagggctttaactgttatttcccactcc

agtcctacggcttccagcccacatacggcgtgggctatcagccttaccgcgtggtggtgctgagctttgagctgc) between BsrGI and BlpI sites in the original

pcDNA3.1-Zeo(+):S1-RBD-BirA construct using in-fusion cloning. The DNA constructs were transfected into 293T cells using Effec-

tene (QIAGEN, Cat# 301425). Fresh mediumwas added on the following day and the supernatant was harvested and pooled on days

3 and 5. S1-RBD-BirA proteins were purified using Ni2+ affinity chromatography using standard procedures and the elute was

washed and concentrated on 10K Amicon Ultra Centrifugal Filters (Millipore # UFC801008)

Wild-type or B.1.351 S1-RBD, at a concentration of 2mg/ml in 10mMTris HCl, pH 8was biotinylated using the Bir A protein ligase kit

(Avidity #BirA500). Free biotin was removed by centrifugation in a 10KAmiconUltraCentrifugal Filter with 2 PBSwashes containing 2%

sodium azide. Tetramer was prepared by reacting 1,000 pmoles of S1 RBD-biotin with 250 pmoles of SA-AF647 that was added in 4

increments with 20-minute incubations between each addition. The tetramer was washed 2 times in a 100K Amicon Ultra 0.5 mL filter

(Millipore #UFC510008) and to remove any unreacted SA-AF647 or protein and adjusted to a final concentration of 1 mM SA.

The SA-AF647 decoy was prepared by conjugating SA-PE to AF647 (Invitrogen) for 60 minutes at room temperature. The free

AF647 was removed by centrifugation in a 100K Amicon Ultra 0.5 mL filter. The SA-PE-AF647 complex concentration was calculated

by measuring the absorbance of PE at 565 nm, and the solution was adjusted to 1 mM. The SA-PE-AF647 complex was then incu-

bated with a ten-fold molar excess of free biotin for 30 minutes at room temperature to block any free sites on SA.

Mouse immunizations and lymphocyte preparation
Animals were injected interperitoneally with 50 mL of CFA (Sigma, St. Louis, MO) emulsion containing 25 mg of S1-RBD protein.

Explanted lymph nodes and spleens were minced in Collagenase D (cat# 1088874 Roche/Boehringer) and 0.1 mg/ml final concen-

tration of DNase I, incubated for 15 minutes at 37�C and then passed through fine mesh, washed in sorter buffer (PBS containing

0.1% sodium azide and 2% fetal bovine serum), and suspended in 0.1 mL of sorter buffer containing mouse Fc block (BD #553141).

Human PBMC preparation
Blood sampleswere collected into several 8mLCPTMononuclear Cell Preparation Tubes-sodium citrate (BD #362761) and stored at

4�C for up to 24 hours until preparation. Peripheral blood mononuclear cells (PBMC) were enriched by centrifuging the tubes at
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1,700xg for 20minutes at 25�C. After removing a 1mL aliquot of plasma, themononuclear cells were poured into a 50mL conical tube

and washed twice with MACS buffer (PBS containing 0.5% fetal bovine serum and 2 mM EDTA). The washed cell pellet was then

suspended in 50 ml MACS buffer containing human Fc block (BD #564219) prior to staining.

Cell enrichment
Mouse spleen and lymph nodes or human PBMC suspensions were mixed with 1 mL of 1 mM decoy SA-PE-AF647 and incubated for

10 minutes at room temperature, and then with 0.5 ml of 1 mMwild-type S1-RBD/SA-AF647 tetramer or 1 mMwild-type S1-RBD/SA-

AF647 tetramer plus 1 mM B.1.351 S1-RBD/SA-BV650 tetramer for 45 minutes at room temperature. Samples were washed with

sorter buffer and 25 ml of anti-Cy5/AF647 MicroBeads (Miltenyi #130-091-395) were added and incubated for 15 minutes at 4�C.
The cell suspensions were then passed over magnetized LS columns. The columns were washed 3 times to remove unlabeled cells

and the cells that flowed through the columns were saved. After the last wash, the columns were removed from the magnetic field,

and bound cells were eluted in 5 mL of sorter buffer. Fluorescent beads (AccuCheck, Life Technologies #PCB100) were used to

calculate the number of live lymphocytes in each cell suspension.

Flow cytometry
Mouse spleen and lymph node cells that bound to the columns were stained with fluorophore-conjugated antibodies specific for

CD90.2 (53-2.1 Ebioscience #47-0902-82), F480 (BM8 Ebioscience #47-4801-80), Gr1(RB6-8C5 Ebioscience#47-5931-80), B220

(RA3-6B2 BD#563793), IgM (11/41 Ebioscience#15-5790-82), and IgD (11-26c.2a BD#563618). The cells were then fixed in 250 ml

Cytofix/Cytoperm (BD #51-2090KZ), washed with permeabilization buffer (TonBo #TNB-1213-L150), and incubated with AF350-

labeled antibodies specific for mouse Ig heavy and light chains. Flow cytometry was performed on a 5-laser (355 nm, 405 nm,

488 nm, 561 nm, 640 nm) 18 parameter BD Fortessa H1770 and analyzed with FlowJo software (Tree Star).

Human PBMC that bound to the columns or flowed through were stained with a Ghost Red 710 viability dye (TonBo #13-0871-

T100) and fluorophore-conjugated antibodies specific for CD3 (OKT3, Invitrogen #47-0037-42)), CD14 (61D3, Invitrogen #47-

0149-42) CD16 (CB16, Invotrogen #47-0168-42, CD19 (HIB19, Biolegend #302242), CD20 (2H7, BD #563782), CD21 (B-ly4, BD

#562966), CD27 (O323, Biolegend #302834), CD38 (HB-7, Biolegend #356620), CD11c (B-ly6, BD #526393), CD79b (CB3-1, Bio-

legend #341404), IgD (IA6-2, Biolegend #348210), IgM (MHM-88, Biolegend #314524), IgA (Southern Biotech #2050-02), and IgG

(G18-145, BD-564230), washed in sorter buffer and fixed in 250 ml BD Cytofix/Cytoperm. Flow cytometry was performed on a BD

Fortessa X20 and analyzed with FlowJo software (Tree Star).

Calculation of total numbers of S1-RBD tetramer binding cells per million B cells
The total number of S1-RBD specific cells per sample was obtained by multiplying the frequency of tetramer-binding B cells by the

total number of single, live, lymphocytes eluted from the enrichment columns (bound fraction). At time points where plasmablasts

were present (day 11-18 of the primary response and day 5-9 of the secondary response) the flow through fractions contained

S1-RBD-specific plasmablasts that did not bind to the columns due to their lower levels of BCR. For these time points, the total

numbers of plasmablasts in the flow through was added to the total numbers in the bound to obtain the total number of S1-RBD spe-

cific cells per sample.

To calculate the total S1-RBD specific cells per million B cells, the total number of S1-RBD specific cells in the sample was divided

by the total number of single, live, CD19+ B cells in the entire sample (bound and flow through) and multiplied by 1 million. The fre-

quency of CD20‒negative plasmablasts and CD20+ non-plasmablasts was then multiplied by the total S1 RBD binding cells per

million B cells to obtain the total plasmablasts and non-plasmablasts per million B cells. For the MBC subset and isotype analysis,

the total number of S1 RBD-specific non-plasmablasts per million B cells was multiplied by the frequency of the subset of interest. In

order for a sample to be used for the subset analysis it had to contain at least 40 S1-RBD tetramer-binding cells.

S1-RBD ELISA
Plasma samples collected before vaccination, 21-28 days after the first vaccination, and then 14-30 days after the second vaccina-

tion from each subject were titrated in 96-well plates coated with 3 mg/ml S1-RBD in PBS and blocked with 1% BSA. Plate-bound Ig

of all isotypes was detected by incubating the wells sequentially with horseradish peroxidase-labeled antibodies specific for human

Ig heavy and light chains (Invitrogen/ThermoFisher #31412), and KPL ABTS Peroxidase Substrate (SeraCare #5120-0043). Each

plate contained the same known positive and negative serum as a reference. The optical density (405 nm) of each well wasmeasured

in an ELISA plate reader. Titers were calculated as the reciprocal of the dilution that gave a half-maximal optical density (405) nm

value.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance between the log10 cell per million values or S1-RBD/CD79b MFI ratios for individual samples from different

groupswas analyzed by ordinary one-way ANOVA andSidak’smultiple comparison tests using Prism version 9. The exact values of n

are stated in the figure legends. Only samples that contained at least 40 S1-RBD tetramer-binding cells were included for analyses of

MBC subsets. One value was excluded as described in the legend to Figure 4.
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