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Messenger RNA (mRNA) vaccines against severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) are highly effective at inducing protective immunity. However,
weak antibody responses are seen in some individuals, and cellular correlates of immu-
nity remain poorly defined, especially for B cells. Here we used unbiased approaches to
longitudinally dissect primary antibody, plasmablast, and memory B cell (MBC)
responses to the two-dose mRNA-1273 vaccine in SARS-CoV-2–naive adults. Coordi-
nated immunoglobulin A (IgA) and IgG antibody responses were preceded by bursts of
spike-specific plasmablasts after both doses but earlier and more intensely after dose 2.
While antibody and B cell cellular responses were generally robust, they also varied
within the cohort and decreased over time after a dose-2 peak. Both antigen-nonspecific
postvaccination plasmablast frequency after dose 1 and their spike-specific counterparts
early after dose 2 correlated with subsequent antibody levels. This correlation between
early plasmablasts and antibodies remained for titers measured at 6 months after vacci-
nation. Several distinct antigen-specific MBC populations emerged postvaccination
with varying kinetics, including two MBC populations that correlated with 2- and
6-month antibody titers. Both were IgG-expressing MBCs: one less mature, appearing
as a correlate after the first dose, while the other MBC correlate showed a more mature
and resting phenotype, emerging as a correlate later after dose 2. This latter MBC was
also a major contributor to the sustained spike-specific MBC response observed at
month 6. Thus, these plasmablasts and MBCs that emerged after both the first and sec-
ond doses with distinct kinetics are potential determinants of the magnitude and dura-
bility of antibodies in response to mRNA-based vaccination.
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The pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
instigated rapid worldwide COVID-19 vaccine prioritization strategies. Several vaccine
candidates were developed, including two vaccines (Moderna mRNA-1273 and the
Pfizer/BioNTech BNT162b2), based on novel messenger RNA (mRNA) platforms (1).
Both mRNA vaccines encode a stabilized ectodomain of the spike protein trimer (S-2P)
derived from the Wuhan Hu-1 isolate (2). Two doses of mRNA vaccines have been
shown to be highly protective and elicit strong antibody responses (3, 4), although poorer
responses have also been seen in some individuals, such as older adults (5, 6) and trans-
plant recipients (7, 8), raising the question of what determines antibody response levels
and whether cellular correlates can be defined. Several studies have shown that SARS-
CoV-2 mRNA vaccines can elicit a durable cellular response, including among B cells
(reviewed in (9)), with memory B cells (MBCs) shown to correlate with the antibody
response (10).
In the B cell compartment, one of the first detected responses in the blood after a

primary immunization is a short transient burst around days 7–10 of plasmablasts
(PBs) that are probably induced by the extrafollicular response and potentially responsi-
ble for the early serum antibodies to the immunogen, reviewed in (11). While it is
unclear whether PBs are direct precursors of bone marrow–resident plasma cells that
are the main source of circulating antibodies (12), several studies on inactivated and
attenuated vaccines have shown that the PB response can predict the magnitude and
longevity of protective antibodies (13–16). Among these predictors are PB responses
that are independent of antigen specificity (17, 18), suggesting that the quantitative
extent of antigen-specific responses is coupled to that of the total PB responses detect-
able in blood, including bystander and PBs with weak affinity for detection (13, 15).
For mRNA-based SARS-CoV-2 vaccines, several studies have described a robust yet
highly variable PB response in blood and draining lymph nodes (5, 19), and there is
evidence of a clonal relationship between PBs in the blood and MBCs in the lymph
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nodes (20). Despite these advances, the role of PBs and other B
cell populations in the induction and longevity of antibodies
following mRNA-based vaccination and how they differ across
individuals and potentially contribute to variability in antibody
responses have not been fully assessed.
Here we performed parallel antibody and cellular assays on fre-

quent blood collections to capture the early events of the primary
B cell response to the mRNA vaccine mRNA-1273. Using an
unbiased approach, we identified PBs and other early B cell pop-
ulations as correlates of the antibody response to SARS-CoV-2
mRNA-based vaccination.

Results

Robust yet Variable Antibody and Early B Cell Response. To
longitudinally track the primary antibody and corresponding B
cell response to the two-dose mRNA-1273 vaccine, we obtained
blood from 21 healthy SARS-CoV-2–uninfected adults at several
defined timepoints (up to nine) over a period of ∼60 d (Fig. 1A
and SI Appendix, Table S1). Paired antibody and cellular assays
were performed on each visit day (D), beginning at baseline (D0)
of each dose, referred to henceforth as v1 and v2. Given the fra-
gility of PBs, cellular assays were performed on freshly isolated
cells while sera were cryopreserved for antibody assays. Antibody
binding to S-2P and its receptor-binding domain (RBD) was
measured for immunoglobulin G (IgG), IgA, and IgM on a mul-
tiplex platform (2). Strong IgG and IgA responses were induced,
starting around D10, to both S-2P and RBD (Fig. 1B), although
the magnitude was highly variable across vaccinees at v2D28
(c.v. > 100%), spanning two to three orders of magnitude for
both IgA and IgG titers (Fig. 1C). The IgM response was weak
across all vaccinees (Fig. 1B), consistent with reported differences
between infection and immunization with mRNA vaccines (21).
Strong correlations were observed between RBD and S-2P anti-
bodies (Fig. 1D), with the correlation between IgA RBD and IgA
S-2P being higher than that between their IgG counterparts. The
inhibition of RBD binding to the spike protein receptor ACE2 by
serum antibodies, a good surrogate for neutralization capacity (22),
also revealed a range of responses (Fig. 1E) that correlated with
RBD IgG and IgA binding antibodies (SI Appendix, Fig. S1A).
While flow cytometry has been widely used to detect SARS-

CoV-2 spike-specific B cells following infection and vaccination
(23–26), antigen-specific PBs are generally tracked separately by
enzyme-linked immunospot (ELISpot) (19). We designed an
approach with a pair of RBD and spike subunit 1 (S1) tetramers
to simultaneously track spike-specific B cells and PB responses of
vaccinees by spectral flow cytometry. Dual RBD+S1+ and single
S1+ PB became detectable at v1D10, while spike-specific non-PB
B cells became clearly detectable at v1D14 (Fig. 1F and SI
Appendix, Fig. S1B). The combination of RBD and S1 tetramers
also provided a strong indication of specificity both for PB and
non-PB B cells, as evidenced by the rarity of RBD+ cells in the
absence of S1 binding (Fig. 1F and SI Appendix, Fig. S1C). S-2P
tetramers also clearly detected RBD+ within S1+ and S1+ within
S-2P+ B cells (SI Appendix, Fig. S1C), as well as S-2P+ PB by
ELISpot (SI Appendix, Fig. S1D), but they did not clearly iden-
tify S-2P+ PB by flow cytometry (SI Appendix, Fig. S1C). We
thus focused on RBD and S1 tetramers to simultaneously mea-
sure spike-specific responses among all B cell populations. We
validated our approach for assessing PBs by showing that 1) the
frequencies of RBD+ and S1+ PB measured by flow cytometry
were strongly correlated to those measured by the ELISpot assay
(SI Appendix, Fig. S1D); 2) the distribution of IgG, IgA, and IgM
among PBs was largely similar in the presence or absence of

permeabilization (SI Appendix, Fig. S1E); and 3) IgG PB could
clearly be visualized without the need for permeabilization, as is
required by other methods (27), and clearly delineated from other
isotypes (SI Appendix, Fig. S2A). On average, over 95% of all cells
within the PB gate (CD3�CD19+CD20�CD27++CD38++; SI
Appendix, Fig. S2A) had a detectable isotype, either IgA, IgG, or
IgM (SI Appendix, Fig. S1E), indicating that spectral flow cytome-
try can be used to identify PBs and antigen-specific PBs without
the need for permeabilization.

Unbiased Cell Clustering Analyses Reveal Intense PB and MBC
Response Early after Dose 2. B cells that circulate in the periph-
eral blood are highly heterogeneous (28), especially MBCs, which
undergo phenotypic and functional changes over time following
antigen exposure (29). To capture a broad spectrum of pheno-
types, including the four major immunoglobulin isotypes, we
designed a spectral flow cytometric panel that combined 15 anti-
bodies against primarily B cell markers and two spike tetramers
(SI Appendix, Table S2). Unsupervised clustering analysis of the
15 cell surface markers on CD19+ single B cells, performed on
all vaccinees and all timepoints simultaneously, revealed 30 clus-
ters grouped by eight major B cell populations, including naive,
PB, and MBC subsets (Fig. 2A). A more granular depiction of
individual clusters (SI Appendix, Fig. S2B), with corresponding
gating strategy (SI Appendix, Fig. S2A) and annotations (SI
Appendix, Table S3), demonstrated the heterogeneity of the B
cell populations observed. A corresponding mean fluorescence
intensity (MFI) heatmap delineated the surface marker pheno-
type, isotype, and specificity of individual cell clusters (Fig. 2B)
and identified naive B cells (C1) as the most abundant cluster, as
expected for peripheral blood (27). Five populations of conven-
tional (CD27+CD20+CD21+) MBCs, each distinguished by iso-
type (IgA+ [C14], IgG+ [C2 and C4], and IgD/M [C19]), were
prevalent (Fig. 2B). C2 and C4 differed by expression of CD38,
a marker that was the distinguishing feature between several of
the MBC clusters (Fig. 2B and SI Appendix, Table S3), consistent
with its role as a marker for delineating various human B cell
populations (28). Both IgG (C9) and IgA (C13) PBs were identi-
fied, as well as eight additional MBCs, collectively defined as
nonconventional (SI Appendix, Table S3), with lower abundance
(Fig. 2B). IgG PB C9 contained the highest proportion of
RBD+S1+ cells, followed by IgA PB C13 and the nonconven-
tional IgG+ MBC C5 (Fig. 2B). The phenotype of C5,
CD27+CD20++CD21loCD11c+, is consistent with antigen-
activated B cells that have been reported by others following
SARS-CoV-2 infection or vaccination (26, 30–32). Longitudinal
tracking of the spike-specific response within clusters revealed
that RBD+S1+ PBs were first detected at v1D10, then subsided
until v2D5–7, while other RBD+S1+ B cells (namely MBCs)
became visible at v1D14 and intensified significantly following
v2 (Fig. 2 C and D), consistent with the analyses performed with
manual gating (Fig. 1F and SI Appendix, Fig. S1B).

Kinetics of Antigen-Nonspecific and -Specific B Cells in Response
to Vaccination. We next used a linear model to search for cell
clusters (both antigen-nonspecified, referred to as “nonspecific”
henceforth, and “specific” otherwise) whose frequencies varied
significantly as a function of time in response to vaccination
(Fig. 3A). Antigen-nonspecific clusters exhibited distinct pat-
terns of response kinetics, including most notably sharp
increases in the two PBs, IgG C9 and IgA C13, after v1 and v2
(Fig. 3B). Other temporally changing clusters included several
MBCs and CD10+CD27+ germinal center (GC) founder B
cells (C27) that underwent modest changes after v1 and v2
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Fig. 1. Longitudinal blood sampling and analysis shows robust antibody and early B cell response to mRNA-1273 vaccine. (A) Study design with serial blood
draws and assays performed at all timepoints on SARS-CoV-2–uninfected vaccinees (n = 21; missed visits and exact timepoints in SI Appendix, Table S1)
receiving two doses of the mRNA-1273 vaccine. (B) Serum IgG, IgA, and IgM binding to S-2P and RBD proteins measured by ECLIA longitudinally, and (C),
corresponding histogram and distribution (based on kernel density estimates) at the last timepoint (v2D28). (D) Triangular heatmap of Spearman’s rank
correlation between serum antibodies at last measured timepoint (v2D28) in (B). Numbers represent r values. Statistically insignificant correlations (P > 0.05)
shown in white. (E) Longitudinal inhibition of RBD binding to ACE2 by serum (1:40 dilution) of vaccinees (n = 21). (F) Longitudinal binding of S1 and RBD tet-
ramers to PB and IgG+ B cells by flow cytometry shown for a high responder (VAC-611; SI Appendix, Table S1). Numbers in each quadrant are percentages.
Each vaccinee is color-coded, and second vaccine dose is indicated by vertical dotted line (B and E). AU, arbitrary units.
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(Fig. 3B), possibly a reflection of trafficking to and from lym-
phoid tissues (33).
Spike-specific B cell frequencies, measured as a fraction of

RBD+S1+ cells among cells within each cluster, also exhibited
varying patterns of temporal responses (Fig. 3C). Two-peak
responses with stronger increases in v2 than v1 were observed
for the two PB clusters C9 and C13, nonconventional MBC
C11 (CD27loIgA+), and C6 (CD27�IgG+), albeit with differ-
ences in timing. For example, C9 (IgG) and C13 (IgA) PB had
an initial modest burst beginning at v1D10, followed by a sec-
ond stronger but shorter burst at v2D5–7 (Fig. 3C). RBD+S1+

cells among two pairs of conventional/nonconventional MBCs,
namely C2/C5 and C4/C3, respectively, also underwent coor-
dinated changes following v2 (Fig. 3C). It is notable, however,
that while RBD+S1+ cells in all four of these MBC clusters

showed trends of declines from their peaks by v2D28, those in
the two nonconventional CD21loCD11c+ MBCs (CD27� C3
and CD27+ C5) appeared to drop more precipitously than in
the two conventional CD27+CD21+ MBCs (CD38+ C2 and
CD38� C4; Fig. 3C). These findings are consistent with recent
reports that spike-specific memory responses several months
after SARS-CoV-2 infection or vaccination are enriched within
resting MBCs (10, 26, 31), which have a phenotype similar to
C2 and C4.

Despite the qualitively coherent changes observed across sub-
jects, substantial heterogeneity in B cell responses existed among
vaccinees. Independent of antigen specificity, the magnitude of
PB increases is known to be a correlate of antibody responses for
vaccines such as influenza (17, 18). We thus assessed associations
between the changes in nonspecific cluster frequencies over the
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Fig. 2. Unsupervised clustering analysis identifies major B cell populations and SARS-CoV-2–specific B cells. (A) UMAP projection of combined B cells
(n = 653,683 cells), subsampled from 3.2 million CD19+ cells to include 3,667 cells per sample and all RBD+S1+ cells from all study participants (n = 21) at all
timepoints with annotated major B cell populations identified by FlowSOM clustering. (B) MFI-based heatmap of FlowSOM clusters as indicated by cluster
number and marker. Rows ordered by hierarchical clustering. Summary of fraction of cells binding both RBD and S1 within each cluster and cell counts
per cluster (Right). (C) UMAP plots with overlays of RBD+S1+ B cells (blue points with white center) at each timepoint. (D) RBD+S1+ cells within each
cluster expressed as a fraction of total CD19+ B cells across all subjects at each timepoint (n at each timepoint shown in SI Appendix, Table S1).I/T, immature
transitional; N, naive; pPB, preplasmablast.

4 of 11 https://doi.org/10.1073/pnas.2204607119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204607119/-/DCSupplemental


course of v1 and v2 relative to the respective baselines with IgA
and IgG RBD or S-2P titers at v2D28 by using linear models
accounting for age and sex (SI Appendix, Fig. S3 A and B). Both
IgA and IgG PBs (C9 and C13) at v1D10 were indeed positively
associated, albeit mildly, with both RBD and S-2P IgA titers (SI
Appendix, Fig. S3 A, C, and D), while several MBC clusters at as
early as v1D7 (C3, C11, C24) and v1D10 (C6, C7) were corre-
lated with S-2P IgG titers (SI Appendix, Fig. S3A).

Spike-Specific PBs and MBCs Correlate with Antibody Response.
The frequency of spike-specific PBs on v2D7 spanned a wide
range (Fig. 3C), raising the question of whether those with
depressed PB responses also had lower antibody titers following
v2. Thus, we next used the same linear model to search for spike-
specific correlates (Fig. 4 A and B). Indeed, at v2D7 and v2D10,
IgG PBs (C9) were correlated with IgG and IgA RBD antibodies,
while IgA PBs (C13) at v2D7 were associated with IgA S-2P
antibodies (Fig. 4 B and C). A recent study did not find a correla-
tion between antibody response and transcriptional modules
enriched for PBs at D7 following the second dose of the Pfizer
vaccine (34), probably due to differences in assessing PB res-
ponses by using blood transcriptional signatures versus our direct
measurement of fresh, antigen-specific PBs. In addition to PBs,
spike-specific C6 was a positive correlate at v2D0 (Fig. 4 A
and D) when these cells reached a first peak (Fig. 3C). C6 is a
population of CD27�IgG+ MBCs known to have lower muta-
tional burdens than their CD27-expressing counterparts (35) and
as such may reflect products of early events of the antigen-driven
maturation process after v1. Most of the other antigen-specific

correlates were positively associated with the titer response and
reflect changes after the second dose (Fig. 4B), including among
MBCs. Notably at v2D14 and v2D28, the frequency of
RBD+S1+ cells in the conventional CD27+CD21+ MBC C2
was positively correlated with RBD/S-2P IgA and IgG antibodies
(Fig. 4 B and E), consistent with the role of these MBCs in sus-
taining immunological memory (26, 31).

Among the clusters that correlated with antibodies, several
were not of the same isotype. While it is possible that IgG B cells
could give rise to IgA-secreting cells, the reverse is rare (36).
Thus, the most likely explanation for interisotype correlations is
that most are not causal but reflect a coordinated immunologic
response driven by shared mechanisms, as indicated by the strong
correlations between IgG and IgA antibodies (Fig. 1D). Indeed,
when we used the correlated component (the first principal com-
ponent) of the v2D28 IgG and IgA RBD and S-2P antibody
titers as an isotype-independent endpoint, we found many of the
positive antigen-specific correlates highlighted above, including
C6 MBC at v2D0, C9 PB at v2D7, and C2 MBC at v2D14
(Fig. 4F), indicating that these correlates reflected isotype-
independent responses that potentially determined the magnitude
of antibodies induced by the mRNA vaccine.

Early B Cell Response Correlates with Late Antibody Titers.
Among the 21 individuals originally recruited (SI Appendix,
Table S1), 20 remained SARS-CoV-2 uninfected at month 6 and
returned for an additional blood draw. First, we evaluated which
of the early B cell correlates of the antibody response at v2D28
were still present several months later. Among nonspecific B cell
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Fig. 3. Antigen-nonspecific and spike-specific cells exhibit temporal change in response to the mRNA-1273 vaccine. (A) Clusters showing significant tempo-
ral variation over course of v1 and v2 in the frequency of nonspecific cells as a fraction of total (CD19+) B cells (first row) and RBD+S1+ cells as a fraction
within each cluster (second row). (B) Longitudinal display of nonspecific cells per cluster as a fraction of total (CD19+) B cells, shown for clusters with statisti-
cally significant temporal variations, as shown in (A). Clusters were grouped by temporal patterns (see Methods); groups are shown with background colors.
Lines denote the mean, and shading denotes 95% bootstrap confidence interval per timepoint. Values rescaled as fraction of maximum 95% confidence
interval estimate over the entire time course. (C) similar to (B) but displaying of RBD+S1+ cells as a fraction within each cluster. Type III ANOVA test using
Satterthwaite’s approximation (A). N at each timepoint shown in SI Appendix, Table S1 (B–E).
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correlates of the month-6 antibody response, these were assessed
by using the isotype-independent antibody responses as the end-
point (i.e., first principal component of the v2D154 antibody
titers, as described for Fig. 4F). We found several early positive
cellular correlates of the v2D28 antibody response (SI Appendix,
Fig S3F) were also correlated with antibody levels at v2D154.
These included both IgG (C9) and IgA (C13) PBs at v1D10
and v1D14 for C9 (Fig. 5A). For antigen-specific responses that
positively correlated with the month-6 IgG or IgA antibody
titers, the earliest correlate was CD27�IgG+ MBC C6 at
v2D0 (Fig. 5B), followed by IgG (C9) and IgA (C13) PBs at
v2D7, C9 at v2D10, and CD27+IgG + MBC C2 at v2D28
(Fig. 5C). It is noteworthy that while IgG titers decreased sharply
between months 2 (v2D28) and 6 (Fig. 5D), frequencies of

spike-specific IgG+ B cells increased (Fig. 5E), consistent with a
recent study (10). Furthermore, the CD27+IgG+ MBC C2 frac-
tion of total RBD+S1+IgG+ B cells also increased, becoming the
major contributor to the spike-specific IgG B cell response at
month 6 (Fig. 5F) and suggesting that the sustained MBC
response was driven by this population.

Discussion

The antibody response elicited by mRNA vaccines against SARS-
CoV-2 has been shown to be highly protective (3, 4), although
with a high degree of heterogeneity (5–8, 37) and evidence of
waning over time (38). By performing frequent, coordinated, and
comprehensive interrogation of the primary antibody and B cell

C D E

A B

F
Relative to v2 baselineRelative to v1 baseline

Fig. 4. Correlates of SARS-CoV-2 antibody titers 28 d after second dose of vaccine. (A and B) Linear model effect size estimates indicate strength of associa-
tion between spike-specific (RBD+S1+) cell frequency in the cell clusters (rows) with antibody endpoints (IgA and IgG titers for S-2P and RBD) relative to pre-
vaccination baseline level (v1D0) at four timepoints between v1 and v2 (A) and relative to v2 baseline (v2D0) at four timepoints after v2 (B). Only clusters
with at least one significant (unadjusted P ≤ 0.05) association at any timepoint are shown. At each timepoint, clusters that had fewer than five samples with
any RBD+S1+ cells were excluded from analysis (missing boxes). (C–E) Scatter plots illustrating correlations between endpoint (v2D28) RBD IgG titers and
RBD+S1+ cell frequencies in C9 on v2D7, C6 on v2D0, and C2 on v2D14, respectively. Effect sizes and P values were estimated by the linear models above.
FDR estimate of the statistical significance was calculated within each antibody endpoint and timepoint combination. (F) Effect size estimates of association
between first principal component (PC1) of endpoint SARS-CoV-2 antibody titers and spike-specific RBD+S1+ (double positive) cell frequencies within
each cell cluster. PC1 was derived from IgA and IgG titers against S-2P and RBD proteins at v2D28. Only cell clusters with at least one significant (unadjusted
P ≤ 0.05) association at any timepoint are shown. FDR, false discovery rate; ρ, Spearman’s rank correlation.
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responses to the mRNA-1273 vaccine in a diverse cohort of naive
individuals, we have identified several early B cell populations
that correlated with the antibody response to this novel vaccine
platform. By performing the analyses in real time via an inte-
grated approach based on fresh cells and spectral flow cytometry,
we have identified early PBs, both antigen nonspecific (within
v1) and specific (early in v2), as strong correlates and potential
determinants of the primary (month 2) and late (month 6)

antibody response. The expansion of PBs in the acute phase of
SARS-CoV-2 infection is well established (26, 32, 39) although
often of undefined specificity and with unknown contribution to
protection from reinfection. It is noteworthy that over 84% of
PBs induced by dose 1 of the vaccine do not show reactivity to
the SARS-CoV-2 spike proteins, possibly an indication of strong
bystander or systemic immune activation (13, 15). However, tim-
ing may play a minor role as PBs are known to peak in blood
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Fig. 5. B cell correlates of antibody response at month 6. (A) Similar to Fig. 4F, associations between the first principal component (PC1, isotype indepen-
dent) of antibody endpoint at month 6 (v2D154) and antigen-nonspecific cells. (B) Similar to Fig. 4C, scatter plots illustrating correlations between month-6
(v2D154) S-2P and RBD IgA titers and RBD+S1+ cell frequencies in C6 on v2D0. Shown are effect size estimated by linear model and Spearman’s correlation.
(C) Similar to Fig. 4A, associations of month-6 (v2D154) antibody titers with spike-specific (RBD+S1+) cell frequency in the cell clusters at indicated timepoints.
(D–F) Changes between v2D28 and v2D154 in vaccinees (n = 20), color-coordinated as in Fig. 1. (D) Serum IgG binding to S-2P and RBD proteins measured
by ECLIA. (E) RBD+S1+ IgG+ B cell frequencies. (F) The proportion of total RBD+S1+ IgG+ B cells that are in C2. Wilcoxon signed rank test; ***P < 0.001;
****P < 0.0001 (C–E). AU, arbitrary units; ρ, Spearman’s rank correlation.
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within a narrow window not completely concomitant with our
days 7, 10, and 14 sampling after dose 1. Moreover, our assays
may not be sufficiently sensitive to have captured early specific
PBs of low affinity or cross-reactivity with other coronaviruses,
which may contribute to the early antibody response to SARS-
CoV-2 (40). The v1 PB contrasted with the high specificity and
more rapid induction of v2 PB (peaking at day 7), indicative of a
strong recall response and persisting GC reaction (19).
A role for PBs in predicting the antibody response to SARS-

CoV-2 vaccination has not been reported thus far. This is proba-
bly because of difficulties in integrating PBs into B cell panels for
antigen-specific analyses, their transience in the blood following
vaccination (29), compounded with the deleterious effects of
cryopreservation on PB (27). Our real-time integrated analyses
on frequently collected fresh cells have overcome these obstacles
and provided an opportunity to reveal a clear role for PBs in the
antibody response to mRNA-based vaccination. However, while
the effect of early PBs on antibodies was consistently observed
over the 6-month study period, the role of early antigen-specific
and nonspecific PBs as potential drivers of the antibody response
to primary mRNA-based vaccination will need to be validated
with larger cohorts and different demographics. Nonetheless, our
findings provide a roadmap for when and how to look for PB
responses to mRNA vaccines.
Two antigen-specific MBCs were also found to correlate

with the antibody response. C6, an IgG-switched MBC lacking
expression of CD27 and previously shown to be less affinity
matured than CD27-expressing counterparts (35), was an early
v2 correlate (v2D0) of both the month-2 and month-6 antibody
responses. C6 MBCs are also CD21+ and similar to a stable
pool of CD27� MBCs that are generated in response to new
influenza variants (41). This MBC population may thus serve as
both a precursor of more mature MBCs and a stable repository
poised for rapid reactivation upon exposure to the pathogen. It
is notable that C5, a nonconventional CD27+CD21loCD11c+

MBC, was a major fraction of the RBD/S1-specific B cell
response following v2, yet it did not correlate with the antibody
response. C5 MBCs are similar to antigen-activated B cells that
are thought to expand outside or independently of GC (42).
They have been described in acute COVID-19 infection (32,
43) as well as chronic conditions such as HIV (44) and autoim-
mune diseases (45), where these B cells have been shown to
express high levels of T helper 1 cell master transcription regula-
tor, T-bet. In mice, a similar population of T-bet–expressing B
cells may contribute to the clearance of pathogens (reviewed in
(46)). However, it remains unclear what role C5 and similar T-
bet-expressing MBCs play in humoral immunity following infec-
tion and vaccination in humans.
Finally, C2, an IgG-switched conventional (CD21+CD27+)

MBC that has been associated with long-lasting B cell memory
to SARS-CoV-2 vaccination and infection (26, 30), was found at
v2D28 to correlate with both concurrent (v2D28) and month-6
antibody responses. In addition, C2 was the major contributor to
the sustained B cell memory response that we and others have
reported (10, 47). Given evidence that the MBC response may
be broader than the antibody response (48), these MBCs may
also be critical in preventing severe disease in breakthrough infec-
tions when antibody titers wane or antibody-resistant variants
emerge. While not possible to address here, another question is
whether the timing between vaccine doses might impact the qual-
ity, quantity, and longevity of spike-specific MBCs, possibly con-
tributing to the enhanced antibody responses that have been
reported when the interval between the two doses of mRNA vac-
cines was extended beyond 3–4 wk (49).

In conclusion, we used an integrated unbiased approach to
provide a detailed view of the primary B cell response to SARS-
CoV-2 mRNA-based vaccination. We identified PBs as early
correlates of the antibody response at least up to 6 months. We
also identified a distinct population of MBCs (C2) that both
correlated with the antibody response and was a major contrib-
utor to the sustained cellular response out to at least month 6.
These findings provide guidance and tools for future studies,
either on different cohorts, including those of people with pre-
existing conditions, or different mRNA-based vaccines, and
provide insight into the B cell populations involved in generat-
ing and maintaining protective immunity.

Materials and Methods

Study Design and Participants. Twenty SARS-CoV-2–uninfected National Insti-
tutes of Health (NIH) employees and one community member who were eligible
to receive an Emergency Use Authorization COVID-19 vaccine were recruited to
study longitudinal vaccine responses. The 21 participants received a first dose of
the Moderna mRNA-1273 vaccine, and 25–34 d later, 20 participants received a
second dose of the same vaccine (SI Appendix, Table S1). One participant was
lost to follow-up after testing positive for COVID-19 between doses. All remaining
20 participants had undetectable titers to the SARS-CoV-2 nucleocapsid protein
(NP), as measured by the Bio-Rad Platelia assay, through 6 months after vaccina-
tion, except for one participant (VAC-005) whose NP titer predated the COVID-19
pandemic. An additional 11 participants who received both doses of the Mod-
erna mRNA-1273 vaccine were recruited for the validation analyses of PB fre-
quencies between flow cytometry and ELISpot; nine were SARS-CoV-2–uninfected
and two had recovered from COVID-19 infection. All phlebotomy was performed
at the NIH Clinical Research Center in Bethesda, MD under protocols approved
by the NIH Institutional Review Board for research involving human subjects,
ClinicalTrials.gov identifiers NCT00001281 and NCT04411147. NCT00001281 is
a general blood draw protocol that allows for the enrollment of HIV-infected and
HIV-uninfected individuals, the latter being the focus of the current study. All
participants provided written informed consent.

Blood Sample Collection and Processing. Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll density gradient centrifugation from whole
blood collected in ethylenediaminetetraacetic acid Vacutainer tubes. Serum was
isolated by centrifugation of clotted whole blood collected in serum separation
transport Vacutainer tubes and stored at –80 °C.

SARS-CoV-2–Binding Antibody Assay. Serum was heat inactivated at 56 °C
for 60 min. A 4-plex antibody binding assay was performed with an electrochemi-
luminescence immunoassay analyzer (ECLIA) developed by Meso Scale Discovery
(MSD). Each well of MSD SECTOR plates was precoated by the manufacturer
(MSD) with SARS-CoV-2 spike (S-2P), RBD protein, nucleocapsid protein, and a
bovine serum albumin (BSA) in a specific spot designation for each antigen.
Plates were blocked at room temperature (RT) for 60 min with MSD blocker A
solution containing 5% BSA. Plates were washed and MSD reference standard
(calibrator), QC test sample (pool of COVID-19 convalescent sera), and human
serum test samples were added in duplicate in an eight-point dilution series, and
reference standards were added in triplicate. MSD Control sera (low, medium,
and high) were added undiluted in triplicate. Samples were incubated with shak-
ing at RT for 4 h on a Titramax Plate Shaker (Heidolph). Plates were washed and
incubated with MSD SULFO-TAG anti-human IgG, IgA, or IgM detection antibodies
at RT for 60 min with shaking. Plates were washed, MSD GOLD read buffer con-
taining electrochemiluminescence (ECL) substrate was added, and plates were
read with the MSD MESO Sector S 600 detection system. A similar 10-plex anti-
body binding assay, previously described (50), was performed to detect v1D0
antibody titers to the spike proteins of SARS-CoV and circulating alpha (229E,
NL63) and beta (HKU1, OC43) coronaviruses. Analyses were performed with Excel
(Microsoft) and Prism 9.0 (Graphpad) software, and antibody concentrations were
assigned arbitrary units (AU/mL) by interpolation from the standard curve. Densi-
ties of antibody concentrations at endpoint (v2D28) were estimated via a Gauss-
ian kernel with bandwidth automatically selected through biased cross-validation
by the stat_density function from ggplot2 (3.3.3) with bw = “bcv”.
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RBD-ACE2 Blocking Assay. Samples were prepared as for the 4-plex binding
assay. The 384-well plates precoated with RBD were supplied by the manufac-
turer (MSD). Plates were blocked at RT for 30 min with MSD blocker A solution
containing 5% BSA. Plates were washed, test samples were added at dilutions of
1:10, 1:20, and 1:40, and plates were incubated with shaking at RT for 60 min.
Human ACE2 conjugated with SULFO-TAG was added, and plates were further
incubated to allow binding to RBD. Plates were washed, ECL substrate added,
and plates read as in the antibody binding assay. Fold reduction in ECL response
for each sample was calculated based on signal emitted in wells in the absence
of sample (assay diluent).

Recombinant Biotinylated RBD Protein. A SARS-CoV-2 RBD construct contain-
ing a His-tag and Avi-tag was generated, as previously described (51). Residues
319–541 of the S protein were codon optimized with the N-terminal of signal peptide
(MFVFLVLLPLVSSQ) and C-terminal of 6-His tag and Avi-tag (GLNDIFEAQKIEWHE). The
DNA encoding sequence was cloned into the mammalian cell expression vector
pCAGGS and confirmed by sequencing, before transient transfection in FreeStyle
293-F cells with 293fectin transfection reagent (Thermo Fisher). Culture superna-
tants were harvested at 5 d after transfection, filtered, and purified by in-house
packed affinity purification column with cOmplete His-tag purification resin
(Roche). Elutes were buffer exchanged with phosphate-buffered saline (PBS) and
concentrated with an Amicon Ultra 10 kDa molecular weight cutoff concentrator
(Millipore). Biotinylation was performed with a BirA biotin-protein ligase stan-
dard reaction kit (Avidity), according to the manufacturer’s instructions. Excess
biotin was removed by five buffer exchanges with an Ultra 10K concentra-
tor (Amicon).

B Cell Spike-Specific Responses and Phenotyping by Flow Cytometry. A
17-color panel was developed to phenotype B cell populations and identify SARS-
CoV-2–specific B cells among PBMCs by spectral flow cytometry (SI Appendix,
Table S2 for list and source of antibodies and biotinylated spike proteins). The bio-
tinylated spike proteins were tetramerized with fluorescently labeled streptavidin
(SA) as follows: S1 with SA-R-phycoerythrin (PE), RBD with SA-allophycocyanin
(APC), and S-2P with SA-Alexa Fluor 488 (Thermo Fisher Scientific). In a stepwise
process, 1/5 of the molar equivalent of the SA-fluorochrome reagent was added
to the biotinylated protein at 20-min intervals until the molar ratio of biotinylated
protein and SA-fluorochrome reached 4:1. Incubations were carried out at 4 °C
with gentle rocking. To titrate the labeled protein tetramers and establish back-
ground and antigen specificity, freshly isolated or cryopreserved PBMCs from
SARS-CoV-2 uninfected and recovered infected individuals were used as negative
and positive controls, respectively. For vaccinees, 106 freshly isolated PBMCs were
stained with a mixture containing the 15 panel antibodies and 160 ng each of
PE-conjugated S1 and APC-conjugated RBD in staining buffer (2% fetal bovine
serum [FBS]/PBS) supplemented with Brilliant Stain Buffer Plus (BD Biosciences)
at 4 °C for 30 min. In a second 18-color panel, 400 ng of Alexa Fluor 488 conju-
gated S-2P was added to the mixture. The stained cells were acquired on an
Aurora spectral cytometer in SpectroFlo Software v2.2.0 (Cytek Biosciences) and
analyzed in FlowJo v10.7.1 (BD Biosciences).

Intracellular Flow Cytometry. PBMCs were first stained with fluorophore-
labeled antibodies against cell surface markers CD3 (OKT3, BioLegend), CD19
(SJ25-C1, Thermo Fisher), CD20 (SI Appendix, Table S2), and CD27 (O323, BioLe-
gend), fixed (Lysing Solution, BD Biosciences), permeabilized (Permeabilizing
Solution 2, BD Biosciences), and stained with fluorophore-labeled antibodies
against IgG (G18-145, BD Biosciences), IgA (8E10, Miltenyi Biotec), IgD (IA6-2,
BioLegend), and IgM (MHM-88, BioLegend). The stained cells were acquired on a
FACS Canto II flow cytometer (BD Biosciences) and analyzed in FlowJo software
v9.9.6 (BD Biosciences).

ELISpot Assay to Enumerate SARS-CoV-2 Spike-Specific PBs. Spike pro-
tein S1 and RBD-specific antibody-secreting PBs were enumerated by modifying
the antigen-specific portion of a previously described ELISpot assay (52, 53).
Briefly, wells of Immobilon-P polyvinylidene difluoride membrane 96-well plates
(Millipore) were coated with 5 μg/mL anti-Ig light-chain antibodies (Rockland
Immunochemicals) overnight at 4 °C. Plates were washed and wells were
blocked at RT for 2 h with RPMI medium containing 10% FBS. Duplicate wells
were plated with PBMCs containing 0.01–0.003 × 106 B cells for total IgA/G/
M-secreting PB enumeration and 0.1–0.03 × 106 B cells for RBD/S1-specific

PBs. Plates were incubated at 37 °C for 5 h, followed by overnight incubation at
4 °C with biotinylated antibodies (Jackson Immunoresearch) against IgA (catalog
no. 109-066-011), IgG (catalog 709-066-149), IgM (catalog no. 709-066-073),
or biotinylated proteins S1 (ACROBiosystems, catalog no. S1N-C82E8) or RBD
(BioLegend, catalog no. 790904). Plates were washed and streptavidin-AP conju-
gate (R&D Systems) was added, followed by incubation at RT for 2 h. Plates were
washed and spots were developed with ELISpot Blue Color Module (R&D Sys-
tems). Biotinylated (Biorbyt) or unlabeled (Millipore-Sigma) keyhole limpet
hemocyanin (KLH) was used as negative control antigen to enumerate back-
ground spots. Spots were counted with an ELISPOT reader (Cellular Technology
Ltd.). Frequencies of S1 and RBD-specific PBs were calculated as the fraction of
total Ig-secreting PBs after subtraction of background KLH spots.

Spectral Flow Cytometry Data Processing for FlowSOM Clustering and
UMAP Embedding. FCS files generated from spectral flow cytometry with the
17-color panel and associated manual gates were read into R via FlowWorkspace
(4.2.0). Live, CD19+ single cells were selected for downstream analysis. Flow-
SOM clustering was performed on the unscaled intensity values without
z-scoring or additional transformation. The following markers were used to per-
form clustering CD20, CD138, CD38, CD10, CD11c, CD19, CD27, CD21, IgD,
IgM, IgG, IgA, in FlowSOM (1.22.0) (54), with the number of desired metaclus-
ters (nClus) set to 30. One small cluster, C8, determined to represent granulo-
cytes, was removed from downstream analysis. To visualize the clusters and
RBD+S1+ cells in a uniform manifold approximation and projection (UMAP)
embedding (55), 653,683 cells were subsampled from the roughly 3.2 million
CD19+ cells to include 3,667 cells per sample and all RBD+S1+ cells from the
21 longitudinal vaccine participants at all timepoints. Data were transformed as
described above, and the UMAP embedding was fit in the uwot package
(0.1.10) with default parameters.

Analysis of Temporally Varying FlowSOM Clusters. Frequencies of cells within
each sample were summarized into 1) the fraction of cells within a cluster relative to
the total number of CD19+ cells in the given sample and 2) the fraction of cells within
a cluster determined to be RBD+S1+ by manual gating, relative to the number of
cells in that cluster in the given sample. The extent of temporal variation was assessed
via a linear mixed effects model with the following formula in lme4 (1.1.26):

Frequency ∼ timepointþ 1jSubjectIDð Þ
Timepoint is a factor variable representing the discrete timepoints (v1D0, v1D7, etc.).

The significance of the timepoint term was assessed with a type III ANOVA via
Satterthwaite’s approximation in v3.1.3 of the lmerTest package (56). P values
were adjusted across all comparisons via the Benjamini–Hochberg procedure
(57). Clusters with adjusted P values below 0.05 were deemed temporally fluctu-
ating. Clusters selected by the above procedure were then grouped by the simi-
larity of their temporal patterns. Briefly, the mean frequency across all subjects
at a given timepoint was computed along with the 95% bootstrap confidence
intervals around the mean in package Hmisc (v4.5.0). The means were then
rescaled by dividing all values by the maximum value of the 95% confidence
interval throughout the time-course such that all values were now in the range
of [0,1]. The clusters were then grouped by hierarchical clustering of the mean
trends using the Euclidean distance at each timepoint and using Ward’s method,
as implemented in the hclust function (method = “ward.D2) in R (v4.0.2). After
the respective dendrograms were inspected, four groups were determined to be
appropriate, and the hierarchical clustering trees were cut to produce four
groups for both antigen-nonspecific and -specific cells.

Modeling of Association between Endpoint Antibody Concentrations
and Cluster Frequencies. A linear model accounting for the age and sex of
the longitudinal vaccine participants was used to estimate whether cell cluster
frequencies in response to vaccination were associated with SARS-COV2 spike
protein (S-2P/RBD) antibody concentration at endpoint (v2D28):

log2 endpoint concentrationð Þ ∼ cluster frequencytimepoint þ ageþ sex
Analyses were carried out on both standardized antigen-nonspecific and -specific
frequencies (i.e., cluster cell counts as a fraction of total CD19+ cell counts and
RBD+S1+ cells within the clusters, respectively). For the antigen-nonspecific
models, only clusters whose postvaccination frequencies at any timepoint
changed significantly from the prevaccination baseline (v1D0) were included.
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For the antigen-specific models, clusters with at least four RBD+S1+ cells in any
of the samples were considered. In addition, at each timepoint, a cluster was
excluded if there were fewer than five samples with any RBD+S1+ cells. Prevacci-
nation baseline frequencies (v1D0) were subtracted from frequencies after vac-
cine dose 1 (v1) timepoints, including v1D7, v1D10, v1D14, and v2D0. Similarly,
dose 2 baseline frequencies (v2D0) were subtracted from frequencies of postvac-
cine dose 2 timepoints, including v2D7, v1D10, v1D14, and v2D28. For subjects
with missing dose 1 baseline data (2 men and 1 woman), it was assumed that
they had no RBD+S1+ cells at v1D0, which was the case for all remaining 18
subjects with a v1D0 timepoint (except for C1, with a total of two cells across all
subjects), so that their other pre–dose 2 timepoints could be included in the
analyses. For all other timepoints and non–antigen-specific frequencies, subjects
with missing data were excluded from the linear models. P values were adjusted
with the Benjamini–Hochberg method within each combination of timepoint
and antibody endpoint (57). R v3.6.3 was used for this analysis.

Correlation between Principal Component of Endpoint Antibody
Concentrations and Cluster Frequencies. In addition to modeling of the
association of the cluster frequencies to individual antibody concentrations, their
relationship to the primary correlated component of the two antibodies to both
S-2P and RBD proteins was assessed. PC1 from principal component analysis of
the four endpoints (in log2 scale), that is, S-2P IgA/G and RBD IgA/IgG, explained
83.6% of variance across subjects. Associations between PC1 and RBD+S1+ clus-
ter frequencies at each timepoint were calculated with the same linear models
and inclusion criteria described above. The same analysis was carried out for all
antigen-nonspecific clusters (cell counts as a fraction of total CD19+ B cells) with
the baseline prevaccination timepoint (v1D0) included.

Data Availability. All data are available in the main text, in online supplemen-
tal material, or deposited in Zenodo: doi:10.5281/zenodo.5730466. All codes
will be made available upon publication without restrictions.
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