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SARS-CoV-2mRNA vaccinesinduce
persistent humangerminal centre responses

https://doi.org/10.1038/s41586-021-03738-2

Received: 8 March 2021

Accepted: 18 June 2021

Published online: 28 June 2021 Ali H. Ellebedy "0

M| Check for updates

Jackson S. Turner''?, Jane A. O’Halloran®?, Elizaveta Kalaidina®, Wooseob Kim',

Aaron J. Schmitz', Julian Q. Zhou', Tingting Lei', Mahima Thapa', Rita E. Chen*,

James Brett Case*, Fatima Amanat®%, Adriana M. Rauseo?, Alem Haile’, Xuping Xie®,
Michael K. Klebert’, Teresa Suessen®, William D. Middleton®, Pei-Yong Shi®,

Florian Krammer?®, Sharlene A. Teefey®, Michael S. Diamond*'®", Rachel M. Presti>'°™ &

SARS-CoV-2mRNA-based vaccines are about 95% effective in preventing COVID-19">,
The dynamics of antibody-secreting plasmablasts and germinal centre B cellsinduced
by these vaccines in humans remain unclear. Here we examined antigen-specific B cell
responses in peripheral blood (n=41) and draining lymph nodes in 14 individuals who

hadreceived 2 doses of BNT162b2, an mRNA-based vaccine that encodes the
full-length SARS-CoV-2 spike (S) gene'. Circulating IgG- and IgA-secreting
plasmablasts that target the S protein peaked one week after the second
immunization and then declined, becoming undetectable three weeks later. These
plasmablast responses preceded maximal levels of serum anti-S binding and
neutralizing antibodies to an early circulating SARS-CoV-2 strain as well as emerging
variants, especially inindividuals who had previously been infected with SARS-CoV-2
(who produced the most robust serological responses). By examining fine needle
aspirates of draining axillary lymph nodes, we identified germinal centre B cells that
bound S proteininall participants who were sampled after primary immunization.
High frequencies of S-binding germinal centre B cells and plasmablasts were
sustained in these draining lymph nodes for at least 12 weeks after the booster
immunization. S-binding monoclonal antibodies derived from germinal centre B cells
predominantly targeted the receptor-binding domain of the S protein, and fewer
clones bound to the N-terminal domain or to epitopes shared with the S proteins of
the humanbetacoronaviruses 0C43 and HKUL. These latter cross-reactive B cell
clones had higher levels of somatic hypermutation as compared to those that
recognized only the SARS-CoV-2 S protein, which suggests amemory B cell origin. Our
studies demonstrate that SARS-CoV-2 mRNA-based vaccination of humansinduces a
persistent germinal centre B cell response, which enables the generation of robust

humoralimmunity.

The concept of using mRNAs as vaccines wasintroduced over 30 years
ago®’. Key refinements that improved the biological stability and trans-
lation capacity of exogenous mRNA enabled development of these
molecules as vaccines®’, The emergence of SARS-CoV-2 in December
2019, and the ensuing pandemic, has revealed the potential of this
platform®™. Hundreds of millions of people have received one of the
two SARS-CoV-2 mRNA-based vaccines that were granted emergency
use authorization by the US Food and Drug Administrationin December

2020. Both of these vaccines demonstrated notable immunogenicity
in phase-I/Il studies and efficacy in phase-lll studies' **>*, Whether
these vaccinesinduce the robust and persistent germinal centre reac-
tions that are critical for generating high-affinity and durable antibody
responses has notbeen examined in humans. To address this question,
we conducted an observational study of 41 healthy adults (8 of whom
had a history of confirmed SARS-CoV-2 infection) who received the
Pfizer-BioNTech SARS-CoV-2mRNA vaccine BNT162b2 (Extended Data
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Fig.1|Plasmablast and antibody response to SARS-CoV-2 immunization.
a, Study design. Forty-one healthy adult volunteers (ages 28-73, 8 with a history
of SARS-CoV-2infection) were enrolled and received the BNT162b2 mRNA
SARS-CoV-2 vaccine. Blood was collected before immunization,and at3,4,5,7
and15weeks afterimmunization. For 14 participants (ages 28-52, none witha
history of SARS-CoV-2infection), FNAs of ipsilateral axillary lymph nodes (LNs)
were collectedat3,4,5,7and 15weeks afterimmunization. b, ¢, ELISpot
quantification of S-binding IgG- (b) and IgA- (c) secreting plasmablasts (PBs) in
blood atbaseline, and at 3,4, 5and 7 weeks afterimmunization in participants
without (red) and with (black) a history of SARS-CoV-2 infection. d, PlasmalgG
titresagainst SARS-CoV-2S (left) and the RBD of S (right) measured by ELISAin
participants without (red) and with (black) a history of SARS-CoV-2 infection at
baseline,and at 3,4, 5,7 and15weeks afterimmunization. Dotted linesindicate
limits of detection. Symbols at each time pointinb-d represent one sample
(n=41).Results are from one experiment performedin duplicate.

Tables 1, 2). Blood samples were collected at baseline, and at weeks
3 (pre-boost), 4, 5, 7 and 15 after the firstimmunization. Fine needle
aspirates (FNAs) of the draining axillary lymph nodes were collected
from 14 participants (none with history of SARS-CoV-2 infection) at
weeks 3 (pre-boost), 4, 5,7,and 15 after the firstimmunization (Fig. 1a).

We used an enzyme-linked immune absorbent spot (ELISpot) assay
to measure antibody-secreting plasmablasts in blood that bound
SARS-CoV-2 S protein. We detected SARS-CoV-2-S-specfic IgG- and
IgA-secreting plasmablasts 3 weeks after primary immunization in
24 of 33 participants with no history of SARS-CoV-2 infection, butin O
of 8 participants who had previously been infected with SARS-CoV-2.
Plasmablasts peaked in blood during the first week after boosting
(week 4 after primary immunization), with frequencies that varied
widely from 3t04,100 S-binding plasmablasts per10° peripheral blood
mononuclear cells (PBMCs) (Fig. 1b, c). We found that plasmalgG anti-
body titres against S, measured by enzyme-linked immunosorbent
assay (ELISA), increased inall participants over time, and reached peak
geometric mean half-maximal binding titres of 5,567 and 15,850 at
Sweeks afterimmunization among participants without and with his-
tory of SARS-CoV-2infection, respectively, with a subsequent decline
by15weeks afterimmunization. Anti-SIgAtitres and IgG titres against
the receptor-binding domain (RBD) of S showed similar kinetics, and
reached peak geometric mean half-maximal binding titres of 172 and
739 for anti-SIgA and 4,501 and 7,965 for anti-RBD IgG among partici-
pants without and with history of SARS-CoV-2 infection, respectively,
before declining. IgM responses were weaker and more transient,
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peaking 4 weeks afterimmunization among participants without his-
tory of SARS-CoV-2 infection with a geometric mean half-maximal
bindingtitre of 78 and were undetectablein all but 2 previously infected
participants (Fig. 1d, Extended Data Fig. 1a).

The functional quality of serum antibody was measured using
high-throughput focus reduction neutralization tests"™ on Vero cells
expressing TMPRSS2 against three authentic infectious SARS-CoV-2
strains with sequence variationsin the Sgene'®": (1) a Washington strain
(2019n-CoV/USA) with a prevailing D614G substitution (WA1/2020
D614G); (2) aB.1.1.7 isolate with signature changesin the Sgene', includ-
ing mutations resulting in the deletion of residues 69, 70,144 and 145 as
wellasN501Y,A570D, D614 G and P681H substitutions; and (3) achimeric
SARS-CoV-2withaB.1.351Sgene inthe Washington strain background
(Wash-B.1.351) that contained the following changes: D80OA, deletion
of residues 242-244, R2461, K417N, E484K, N501Y, D614G and A701V.
Serum neutralizing titres increased markedly in participants without
ahistory of SARS-CoV-2infection after boosting, with geometric mean
neutralization titres against WA1/2020 D614G of 58 at 3 weeks after
primary immunization and 572 at 2 or 4 weeks after boost (5 or 7 weeks
after primary immunization). Neutralizing titres against the B.1.1.7 and
B.1.351 variants were lower, with geometric mean neutralization titres
of 49 and 373 against B.1.1.7and 36 and 137 against B.1.351 after primary
and secondary immunization, respectively. In participants with a his-
tory of previous SARS-CoV-2 infection, neutralizing titres against all
threeviruses were detected at baseline (geometric mean neutralization
titres of 241.8, 201.8 and 136.7 against WA1/2020 D614G, B.1.1.7 and
B.1.351, respectively).In these participants, neutralizing titresincreased
morerapidly and to higher levels afterimmunization, with geometric
mean neutralization titres of 4,544, 3,584 and 1,897 against WA1/2020
D614G, B.1.1.7 and B.1.351, respectively, after primary immunization,
and 9,381, 9,351and 2,749 against WA1/2020 D614G, B.1.1.7 and B.1.351,
respectively, after secondary immunization. These geometric mean
neutralization titres were 78-, 73- and 53-fold higher after primary
immunization and 16-, 25- and 20-fold higher after boosting against
WA1/2020 D614G, B.1.1.7 and B.1.351, respectively, than in participants
without a history of SARS-CoV-2 infection (Extended Data Fig. 1b).

The BNT162b2 vaccine isinjected into the deltoid muscle, which
drains primarily to the lateral axillary lymph nodes. We used ultra-
sonography to identify and guide FNA of accessible axillary nodes on
the side ofimmunization approximately 3 weeks after primary immu-
nization. In 5 of the 14 participants, a second draining lymph node
was identified and sampled after secondary immunization (Fig. 2a).
Germinal centreB cells (defined as CD19*CD3 IgD'**BCL6'CD38™ lym-
phocytes) were detected in all lymph nodes (Fig. 2b, d, Extended Data
Fig. 2a, Extended Data Table 3). We co-stained FNA samples with two
fluorescently labelled S probes to detect S-binding germinal centre B
cells. A control tonsillectomy sample with a high frequency of germi-
nal centre B cells that was collected before the COVID-19 pandemic
froman unrelated donor was stained as a negative control. S-binding
germinal centre B cellswere detected in FNAs from all 14 participants
following primary immunization. The kinetics of the germinal centre
response varied among participants, but S-binding germinal centre B
cell frequencies increased at least transiently in all participants after
boosting and persisted at high frequency in most individuals for at
least 7 weeks. Notably, S-binding germinal centre B cells remained
at or near their peak frequency 15 weeks after immunization in 8 of
the 10 participants sampled at that time point, and these prolonged
germinal centre responses had high proportions of S-binding cells
(Fig.2c-e, Extended Data Fig. 2b).

To evaluate the domains targeted by the S-protein-specific ger-
minal centre response after vaccination, we generated recombinant
monoclonal antibodies from single-cell-sorted S-binding germinal
centre B cells (defined by the surface-marker phenotype CD19°CD3"
IgD"°*CD20"e"CD38™CD71"*CXCR5" lymphocytes) from three of the
participants one week after boosting (Extended Data Fig. 2a). Fifteen,
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Fig.2|Germinal centre B cell response to SARS-CoV-2immunization.

a, Representative colour Doppler ultrasound image of two draining lymph
nodes (‘1’and ‘2’) adjacentto theaxillary vein ‘LAX V' Sweeks after
immunization. b, ¢, Representative flow cytometry plots of BCL6 and CD38
staining onIgD'"*"CD19*CD3" live singlet lymphocytesin FNA samples (b; LN1,
top row; LN2, bottom row) and S staining on BCL6'CD38™ germinal centre B

five and seventeen S-binding, clonally distinct monoclonal antibod-
ies were generated from participants 07, 20 (lymph node 1) and 22,
respectively (Extended Data Table 4). Of the 37 S-binding monoclonal
antibodies, 17bound the RBD, 6 recognized the N-terminal domain and
3 were cross-reactive with S proteins from seasonal betacoronavirus
0C43; 2 of these monoclonal antibodies also bound S from seasonal
betacoronavirus HKU1 (Fig. 3a). Clonal relatives of 14 out of 15,1 out of 5
and 12 out of 17 of the S-binding monoclonal antibodies were identified
among bulk-sorted total plasmablasts from PBMCs and germinal cen-
tre B cells at 4 weeks afterimmunization from participants 07,20 and
22, respectively (Fig. 3b, Extended Data Figs. 2¢c, 3a, b, Extended Data
Tables 5, 6). Clones related to S-binding monoclonal antibodies had
significantly increased mutation frequencies in their immunoglobu-
lin heavy chain variable region (/GHV) genes compared to previously
published naive B cells”, particularly those related to monoclonal anti-
bodiesthat cross-reacted with seasonal betacoronaviruses (Fig.3c, d).

In addition to germinal centre B cells, we detected robust plasma-
blast responses in the draining lymph nodes of all 14 participants
in the FNA cohort. S-binding plasmablasts (defined as CD19°CD3~
IgD'**CD20"°*CD38*CD71'BLIMPI' lymphocytes) were detected in all
of thelymph nodes that wesampled, and increased in frequency after
boosting (Extended Data Fig. 4a, b). The detected plasmablasts were
unlikely to be a contaminant of blood, because CD14" monocyte and/
or granulocyte frequencies were below 1% in all FNA samples (well
below the10% threshold that was previously established") (Extended
DataTable 3). Moreover, S-binding plasmablasts were detected in FNA
samplesat 5,7 and 15 weeks afterimmunization, when they had become
undetectable in blood from all participants in the cohort. The vast
majority of S-binding lymph node plasmablasts were isotype-switched
at 4 weeks after primary immunization, and IgA-switched cells

cellsin tonsiland FNA samples (c) at the indicated times after immunization.
d, e, Kineticsof total (blue) and S* (white) germinal centre (GC) B cells as gated
inband c (d) and S-binding per cent of germinal centre B cells (e) from FNA of
draininglymphnodes. Symbols at each time point represent one FNA sample;
squaresymbols denote the second lymph node sampled (n=14). Horizontal
linesindicate the median.

accounted for 25% or more of the plasmablasts in 6 out of 14 partici-
pants (Extended DataFig. 4¢, d).

This study evaluated whether SARS-CoV-2 mRNA-based vaccines
induce antigen-specific plasmablast and germinal centre B cell
responses in humans. The vaccine induced a strong IgG-dominated
plasmablastresponsein blood that peaked one week after the booster
immunization. In the draining lymph nodes, we detected robust
SARS-CoV-2S-binding germinal centre B cell and plasmablast responses
inaspirates fromall 14 of the participants. These responses were detect-
ableafter the firstimmunization but greatly expanded after the booster
injection. Notably, S-binding germinal centre B cells and plasmablasts
persisted for at least 15 weeks after the firstimmunization (12 weeks
after secondary immunization) in 8 of the 10 participants who were
sampled at that time point. These responses to mRNA vaccination
are superior to those seen after seasonal influenza virus vaccination
inhumans'®, in whom haemagglutinin-binding germinal centre B cells
were detectedinonly three out of eight participants. More robust ger-
minal centre responses are consistent with antigen dissemination to
multiple lymph nodes and the self-adjuvating characteristics of the
mRNA-lipid nanoparticle vaccine platform compared to nonadju-
vanted inactivated vaccines used for seasonal influenza virus vaccina-
tion”?*?, Qur data in humans corroborate reports that demonstrate
the induction of potent germinal centre responses by SARS-CoV-2
mRNA-based vaccines in mice?*,

To our knowledge, this is the first study to provide direct evidence
for theinduction of a persistent antigen-specific germinal centre B cell
response after vaccinationin humans. Dynamics of germinal centre B
cellresponses vary widely depending on the model systemin whichthey
are studied, although the most active period of the response usually
occursover the course of afew weeks. Primary alum-adjuvanted protein
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Fig.3|Clonal analysis of germinal centre response to SARS-CoV-2
immunization. a, Binding of monoclonal antibodies (mAbs) generated from
germinal centre B cells to SARS-CoV-2 S, N-terminal domain (NTD) of S, RBD, or
S proteins of betacoronavirus 0C43 or HKU1, measured by ELISA. Results are
fromone experiment performedinduplicate. Baseline for areaunder the curve
wasset tothe mean +three times the s.d. of background binding to bovine
serumalbumin.b, Clonal relationship of sequences from S-binding germinal
centre-derived monoclonal antibodies (cyan) to sequences from bulk
repertoire analysis of plasmablasts from PBMCs (red) and germinal centre B
cells (blue) sorted 4 weeks afterimmunization. Each cloneis visualized as a
networkin whicheachnoderepresentsasequence and sequencesare linked as
aminimum spanning tree of the network. Symbol shapeindicates sequence
isotype:IgG (circle), IgA (star) and IgM (square); symbol size corresponds to

immunization of mice typically leads to germinal centre responses that
peak1-2 weeks afterimmunization and contract at least 10-fold within
5-7 weeks**?¢, Germinal centre responses induced by immunization
with more robust adjuvants such as sheep red blood cells, complete
Freund’s adjuvant or saponin-based adjuvants tend to peak slightly
later, at 2-4 weeks after vaccination, and can persist at low frequen-
cies for several months? 3, Although studies of extended durability
arerare, antigen-specific germinal centre B cells have been found to
persist for at least one year, albeit at very low levels?®*°. In this study,
we show SARS-CoV-2 mRNA vaccine-induced germinal centre B cells
are maintained at or near peak frequencies for at least 12 weeks after
secondary immunization.

The persistence of S-binding germinal centre B cells and plasma-
blasts in draining lymph nodes is a positive indicator for induction
of long-lived plasma cell responses®. Future studies will be needed
to examine whether mRNA vaccination induces a robust S-specific
long-lived plasma cell compartmentin the bone marrow. As part of such
studies, it will be critical to generate acomprehensive set of monoclo-
nal antibodies derived from plasmablasts and germinal centre B cells
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plasmablasts sorted from PBMCs and germinal centre B cells 4 weeks after
immunization (green) inindicated participants (c) and between clonal relatives
of S-binding monoclonal antibodies cross-reactive (purple) or not (teal) to
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Wallis test with Dunn’s post-test between naive B cells and S-binding clones (c)
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isolated from several time points to define the breadth of the B cell
response elicited by this vaccine. None of the 14 participants in our
study who underwent FNA of draining lymph nodes had a history of
SARS-CoV-2infection. Thus, further comparison of vaccine-induced
germinal centre responses from naive and previously infected indi-
viduals will be informative. Finally, the work presented here focuses
on the B cell component of the germinal centre reaction. A robust T
follicular helper response sustains the germinal centre reaction®**.
Assuch, studies are planned to investigate the magnitude, specificity
and durability of the T follicular helper cell response after SARS-CoV-2
mRNA vaccinationin humans.

A preliminary observation from our study is the dominance of
RBD-targeting clones among responding germinal centre B cells. A
more detailed analysis* of these RBD-binding monoclonal antibod-
ies assessed their in vitro inhibitory capacity against the WA1/2020
D614G strain using an authentic SARS-CoV-2 neutralization assay: five
showed high neutralization potency, with 80% neutralization values of
less than 100 ng mI™. For the most part, RBD-binding clones contained
few (<3) nonsynonymous nucleotide substitutionsin their /GHV genes,



which indicates that they originated from recently engaged naive B
cells. This contrasts with the three cross-reactive germinal centre B
cell clones that recognized conserved epitopes withinthe S proteins of
betacoronaviruses. These cross-reactive clones had significantly higher
mutation frequencies, which suggests a memory B cell origin. These
dataare consistent with previous findings from seasonal influenza virus
vaccination in humans that show that the germinal centre reaction
can engage pre-existing memory B cells directed against conserved
epitopes as well as naive clones targeting novel epitopes'. However,
these cross-reactive clones were not identified in all individuals and
comprised a small fraction of responding B cells, consistent with a
similar analysis of SARS-CoV-2 mRNA vaccine-induced plasmablasts®.
Overall, our datademonstrate the capacity of SARS-CoV-2 mRNA-based
vaccines to induce robust and prolonged germinal centre reactions.
Theinduced germinal centre reaction recruited cross-reactive memory
B cells as well as newly engaged clones that target unique epitopes
within SARS-CoV-2 S protein. Elicitation of high affinity and durable
protective antibody responses is a hallmark of a successful humoral
immune response to vaccination. By inducing robust germinal centre
reactions, SARS-CoV-2 mRNA-based vaccines are on track for achiev-
ing this outcome.
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Methods

No statistical methods were used to predetermine sample size.

Sample collection, preparation, and storage

All studies were approved by the Institutional Review Board of Wash-
ington University in St Louis. Written consent was obtained from all
participants. Forty-one healthy volunteers were enrolled, of whom
14 provided axillary lymph node samples (Extended Data Table 1). In
5ofthe 14 participants, a second draining lymph node was identified
and sampled following secondary immunization. One participant (15)
received the second immunization in the contralateral arm; draining
lymph nodes were identified and sampled on both sides. Blood samples
were collected in EDTA tubes, and PBMCs were enriched by density
gradient centrifugation over Ficoll 1077 (GE) or Lymphopure (BioLeg-
end). Theresidualred blood cells were lysed withammonium chloride
lysis buffer, and cells were immediately used or cryopreserved in 10%
dimethylsulfoxidein fetal bovine serum (FBS). Ultrasound-guided FNA
of axillary lymph nodes was performed by a radiologist or a qualified
physician’s assistant under the supervision of a radiologist. Lymph
node dimensions and cortical thickness were measured, and the pres-
enceand degree of cortical vascularity and location of the lymph node
relative tothe axillary vein were determined before each FNA. For each
FNA sample, six passes were made under continuous real-time ultra-
sound guidance using 25-gauge needles, each of which was flushed
with 3 ml of RPMI1640 supplemented with 10% FBS and 100 U ml™*
penicillin-streptomycin, followed by three 1-ml rinses. Red blood
cells werelysed withammonium chloride buffer (Lonza), washed with
phosphate-buffered saline (PBS) supplemented with 2% FBS and 2 mM
EDTA, andimmediately used or cryopreserved in10% dimethylsulfoxide
in FBS. Participants reported no adverse effects from phlebotomies or
serial FNAs.

Celllines

Expi293F cells were cultured in Expi293 Expression Medium
(Gibco). Vero E6 (CRL-1586, American Type Culture Collection),
Vero cells expressing TMPRSS2 (Vero-TMPRSS2 cells)® (a gift from
S. Ding), and Vero cells expressing human ACE2 and TMPRSS2
(Vero-hACE2-TMPRSS2) (agift of A. Creanga and B. Graham) cells were
cultured at 37 °C in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with10% FBS, 10 mM HEPES (pH 7.3),1mM sodium pyruvate,
1xnonessentialamino acids and 100 U mI™ of penicillin-streptomycin.
Vero-TMPRSS2 cell cultures were supplemented with 5 pg ml™ of blas-
ticidin. Vero-hACE2-TMPRSS2 cell cultures were supplemented with
10 pg ml™ of puromycin.

Viruses

The 2019n-CoV/USA_WA1/2020 isolate of SARS-CoV-2 was obtained
from the US Centers for Disease Control. The B.1.1.7 isolate from the
UK was obtained from an infected individual. The point mutation
D614G in the S gene was introduced into an infectious complemen-
tary DNA clone of the 2019n-CoV/USA_WA1/2020 strain as previously
described®. Nucleotide substitutions were introduced into a subclone
puc57-CoV-2-F5-7 containing the S gene of the SARS-CoV-2 wild-type
infectious clone*®.The S gene of the B.1.351 variant (first identified in
South Africa) was produced synthetically by Gibson assembly. The
full-length infectious cDNA clones of the variant SARS-CoV-2 viruses
were assembled by in vitro ligation of seven contiguous cDNA frag-
ments following a previously described protocol*. In vitro transcrip-
tion was then performed to synthesize full-length genomic RNA. To
recover the mutant viruses, the RNA transcripts were electroporated
into Vero E6 cells. The viruses from the supernatant of cells were col-
lected 40 h later and served as pO stocks. All viruses were passaged
once in Vero-hACE2-TMPRSS2 cells and subjected to deep sequenc-
ing after RNA extraction to confirm the introduction and stability of

substitutions”. All virus preparation and experiments were performed
inanapproved biosafety level 3 facility.

Antigens

Recombinant soluble SARS-CoV-2 S protein, recombinant RBD
of S, human coronavirus OC43 S, and human coronavirus HKU1 S
were expressed as previously described®. In brief, mammalian cell
codon-optimized nucleotide sequences coding for the soluble ecto-
domain of the S protein of SARS-CoV-2 (GenBank: MN908947.3, amino
acids1-1213) including a C-terminal thrombin cleavage site, T4 foldon
trimerization domain and hexahistidine tag, and for the RBD (amino
acids 319-541) along with the signal peptide (amino acids 1-14) plus
a hexahistidine tag were cloned into mammalian expression vector
pCAGGS. The S protein sequence was modified to remove the poly-
basic cleavage site (RRAR to A), and two pre-fusion stabilizing proline
mutationswere introduced (K986P and V987P, wild-type numbering).
Expression plasmids encoding for the S of common human corona-
viruses 0C43 and HKU1 were provided by B. Graham*2, Recombinant
proteins were produced in Expi293F cells (ThermoFisher) by transfec-
tion with purified DNA using the ExpiFectamine 293 Transfection Kit
(ThermoFisher). Supernatants from transfected cells were collected
3 days after transfection, and recombinant proteins were purified
using Ni-NTA agarose (ThermoFisher), then buffer-exchanged into
PBS and concentrated using Amicon Ultracel centrifugal filters (EMD
Millipore). For flow cytometry staining, recombinant S was labelled
with Alexa Fluor 647-NHS ester or biotinylated using the EZ-Link Micro
NHS-PEG4-Biotinylation Kit (Thermo Fisher); excess Alexa Fluor 647
and biotin were removed using 7-kDa Zeba desalting columns (Pierce).

ELISpot assay

Plates were coated with Flucelvax Quadrivalent 2019/2020 seasonal
influenza virus vaccine (Sequiris), S or RBD. A direct ex vivo ELISpot
assay was performed to determine the number of total, vaccine-binding
orrecombinantS-binding IgG- and IgA-secreting cells presentin PBMC
samples using IgG/IgA double-colour ELISpot Kits (Cellular Technol-
ogy) according to themanufacturer’sinstructions. ELISpot plates were
analysed using an ELISpot counter (Cellular Technology).

ELISAs

Assays were performed in 96-well plates (MaxiSorp; Thermo) coated
with 100 pl of recombinant S, RBD, N-terminal domain of S (SinoBio-
logical), 0C43 S, HKULS or bovine serum albumin diluted to 1 pg ml™
in PBS, and plates were incubated at 4 °C overnight. Plates then were
blocked with 10% FBS and 0.05% Tween 20 in PBS. Plasma or purified
monoclonal antibodies were serially diluted in blocking buffer and
added to the plates. Plates were incubated for 90 min at room tem-
perature and then washed 3 times with 0.05% Tween 20 in PBS. Goat
anti-human IgG-HRP (goat polyclonal, Jackson ImmunoResearch,
1:2,500), IgA (goat polyclonal, Jackson ImmuoResearch, 1:2,500) or
IgM (goat polyclonal, Caltag, 1:4,000) were diluted in blocking buffer
beforeadding towells and incubating for 60 minat room temperature.
Plates were washed 3 times with 0.05% Tween 20 in PBS and 3 times
with PBS before the addition of o-phenylenediamine dihydrochloride
peroxidase substrate (Sigma-Aldrich). Reactions were stopped by the
addition of 1M hydrochloricacid. Optical density measurements were
taken at 490 nm. The area under the curve for each monoclonal anti-
body and half-maximal binding dilution for each plasma sample were
calculated using Graphpad Prism v.8.

Focus reduction neutralization test

Plasmasamples were declotted by diluting 1:10 in DMEM supplemented
with2% FBS,10 mM HEPES and 100 U mI™ penicillin-streptomycin and
incubating for 3 h at 37 °C. Serial dilutions of resulting serum were
incubated with10*focus-forming units of different strains or variants
of SARS-CoV-2 for1hat 37 °C. Antibody-virus complexes were added



to Vero-TMPRSS2 cell monolayers in 96-well plates and incubated at
37 °Cfor1h.Subsequently, cells were overlaid with 1% (w/v) methylcel-
lulose in MEM supplemented with 2% FBS. Plates were collected 30 h
later by removing overlays and fixed with 4% PFA in PBS for 20 min at
roomtemperature. Plates were washed and sequentially incubated with
anoligoclonal pool of mouse anti-S monoclonal antibodies (SARS2-2,
SARS2-11, SARS2-16, SARS2-31, SARS2-38, SARS2-57 and SARS2-71)
(ref.**) and HRP-conjugated goat anti-mouse IgG (polyclonal, Sigma,
1:500) in PBS supplemented with 0.1% saponin and 0.1% bovine serum
albumin. SARS-CoV-2-infected cell foci were visualized using TrueBlue
peroxidase substrate (KPL) and quantified onan ImmunoSpot micro-
analyser (Cellular Technology).

Flow cytometry and cell sorting

Staining for flow cytometry analysis and sorting was performed using
freshly isolated or cryo-preserved FNA, PBMC or tonsil samples. For
analysis, cells were incubated for 30 min on ice with biotinylated and
Alexa Fluor 647 conjugated recombinant soluble S and PD-1-BB515
(EH12.1,BD Horizon,1:100) in 2% FBS and2 mM EDTA in PBS (P2), washed
twice, then stained for 30 min onice with IgG-BV480 (goat polyclonal,
JacksonImmunoResearch, 1:100), IgA-FITC (M24A, Millipore, 1:500),
CD45-A532 (HI30, Thermo, 1:50), CD38-BB700 (HIT2, BD Horizon,
1:500), CD20-Pacific Blue (2H7, 1:400), CD27-BV510 (0323, 1:50),
CD8-BV570 (RPA-T8,1:200), IgM-BV605 (MHM-88,1:100), HLA-DR-
BV650(L243,1:100), CD19-BV750 (HIB19,1:100), CXCR5-PE-Dazzle 594
(J252D4,1:50), IgD-PE-Cy5 (1A6-2,1:200), CD14-PerCP (HCD14, 1:50),
CD71-PE-Cy7 (CY1G4, 1:400), CD4-Spark685 (SK3, 1:200), strepta-
vidin-APC-Fire750, CD3-APC-Fire810 (SK7,1:50) and Zombie NIR
(all BioLegend) diluted in Brilliant Staining buffer (BD Horizon). Cells
were washed twice with P2, fixed for1hat 25 °C using the True Nuclear
fixationkit (BioLegend), washed twice with True Nuclear Permeabiliza-
tion/Wash buffer, stained with FOXP3-BV421 (206D, BioLegend, 1:15),
Ki-67-BV711 (Ki-67, BioLegend, 1:200), Tbet-BV785 (4B10, BioLegend,
1:400), BCL6-PE (K112-91, BD Pharmingen, 1:25), and BLIMP1-A700
(646702, R&D, 1:50) for 1 h at 25 °C, washed twice with True Nuclear
Permeabilization/Wash buffer, and acquired onan Aurora using Spec-
troFlo v.2.2 (Cytek). Flow cytometry data were analysed using FlowJo
v.10 (Treestar).

Forsorting germinal centre B cells, FNA single-cell suspensions were
stained for 30 min on ice with CD19-BV421 (HIB19, 1:100), CD3-FITC
(HIT3a, 1:200), IgD-PerCP-Cy5.5 (IA6-2,1:200), CD71-PE (CY1G4,
1:400), CXCR5-PE-Dazzle 594 (J252D4, 1:50), CD38-PE-Cy7 (HIT2,
1:200), CD20-APC-Fire750 (2H7,1:100), Zombie Aqua (all BioLegend),
and Alexa Fluor 647 conjugated recombinant soluble S. For sorting
plasmablasts, PBMCs were stained for 30 min onice with CD20-PB (2H7,
1:400),CD71-FITC (CY1G4,1:200), CD4-PerCP (OKT4,1:100), IgD-PE
(IA6-2,1:200), CD38-PE-Cy7 (HIT2,1:200), CD19-APC (HIB19, 1:200)
and Zombie Aqua (all BioLegend). Cells were washed twice, and single
S-binding germinal centre B cells (live singlet CD3"CD19*IgD'**CD20"e
CD38™CD71'"CXCR5'S*) were sorted using a FACSAria Il into 96-well
plates containing 2 ul Lysis Buffer (Clontech) supplemented with1U pl™
RNaseinhibitor (NEB), or total germinal centre B cells or plasmablasts
(live singlet CD3°CD19'IgD"**CD20"°*CD38'CD71") were bulk-sorted
into buffer RLT Plus (Qiagen) and immediately frozen ondry ice.

Monoclonal antibody generation

Antibodies were cloned as previously described*. In brief, VH, Vk
and VA genes were amplified by reverse transcription PCR and nested
PCRreactions fromsingly sorted germinal centre B cells using primer
combinations specific for IgG, IgM, IgA, Igk and IgA from previously
described primer sets*, and thensequenced. To generate recombinant
antibodies, restriction sites were incorporated viaPCR with primersto
the corresponding heavy and light chain Vand] genes. The amplified
VH, Vk and VA genes were cloned into IgG1 and Igk or Ig\ expression
vectors, respectively, as previously described* . Heavy and light chain

plasmids were co-transfected into Expi293F cells (Gibco) for expres-
sion, and antibody was purified using protein A agarose chromatogra-
phy (Goldbio). Sequences were obtained from PCR reaction products
and annotated usingthe ImMunoGeneTics (IMGT)/V-QUEST database
(http://www.imgt.org/IMGT _vquest/)***°, Mutation frequency was
calculated by counting the number of nonsynonymous nucleotide
mismatches from the germline sequenceinthe heavy chain variable seg-
ment leading up to the CDR3, while excluding the 5’ primer sequences
that could be error-prone.

Bulk B cell receptor sequencing

RNA was purified from sorted plasmablasts from PBMCs and germi-
nal centre B cells from lymph nodes from participants 07, 20 (lymph
node1) and 22 using the RNeasy Plus Micro kit (Qiagen). Reverse tran-
scription, unique molecular identifier (UMI) barcoding, cDNA ampli-
fication, and lllumina linker addition to B cell heavy chain transcripts
were performed using the human NEBNext Immune Sequencing Kit
(New England Biolabs) according to the manufacturer’s instructions.
High-throughput 2x 300-bp paired-end sequencing was performed
on the lllumina MiSeq platform with a30% PhiX spike-in according to
manufacturer’srecommendations, except for performing 325 cycles
for read 1and 275 cycles for read 2.

Processing of B cell receptor bulk-sequencing reads
Demultiplexed pair-endreads were BLAST’ed using blastnv.2.11.0 (ref.
for PhiXremoval and subsequently preprocessed using pRESTO v.0.6.2
(ref.) as follows. (1) Reads with amean Phred quality score below 20
werefiltered. (2) Reads were aligned against template switch sequences
and constantregion primers (Extended Data Table 5), withamaximum
mismatch rate of 0.5 and 0.2 respectively. (3) A UMI was assigned to
eachreadby extracting the first17 nucleotides preceding the template
switch site. (4) Sequencing and multiplexing errors in the UMIregion
were then corrected using a previously published approach®. Inbrief,
reads with similar UMIs were clustered using cd-hit-est v.4.8.1 (ref.>*)
on the basis of the pairwise distance of their UMIs with a similarity
threshold of 0.83 that was estimated from 10,000 reads. The UMI-based
read groups were further clustered within themselves on the basis of
the pairwise distance of the non-UMI region of their reads with a simi-
larity threshold of 0.8. Read clusters spanning multiple multiplexed
samples were assigned to the majority sample. (5) Separate consensus
sequences for the forward and reverse reads within each read cluster
were constructed with a maximum error score of 0.1 and minimum
constant region primer frequency of 0.6. If multiple constant region
primers were associated with a particular read cluster, the majority
primer was used. (6) Forward and reverse consensus sequence pairs
were assembled by first attempting de novo assembly with aminimum
overlap of 8 nucleotides and a maximum mismatch rate of 0.3. If unsuc-
cessful, this was followed by reference-guided assembly using blastn
v.2.11.0 (ref. *°) with a minimum identity of 0.5 and an E-value thresh-
old of 1x1075. (7) Isotypes were assigned by local alignment of the 3’
end of each consensus sequence to isotype-specific internal constant
region sequences (Extended Data Table 5) with a maximum mismatch
rate of 0.3. Sequences with inconsistent isotype assignment and con-
stantregion primer alignment were removed. (8) Duplicate consensus
sequences, except those with different isotype assignments, were col-
lapsedinto unique sequences. Only unique consensus sequences with
at least two contributing reads were used subsequently (Extended
DataTable 6).

50)

B cell receptor genotyping

Initial germline V(D)) gene annotation was performed using IgBLAST
v.1.17.1 (ref. >*) with IMGT/GENE-DB release 2021132 (ref. ). IgBLAST
outputwas parsed using Change-0v.1.0.2 (ref.*®). Quality control was
performed, requiring each sequence to have non-empty VandJ gene
annotations; exhibit chain consistency in all annotations; bear fewer
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than 10 non-informative (non-A/T/G/C, such as N or —) positions; and
carry a CDR3 with no N and a nucleotide length that is a multiple of 3.
Individualized genotypes were inferred using TIgGER v.1.0.0 (ref. ¥)
and used to finalize V(D)) annotations. Sequences annotated as
non-productively rearranged by IgBLAST were removed from further
analysis.

Clonal lineage analysis

B cell clonal lineages were inferred on the basis of productively rear-
ranged heavy chainsequences using hierarchical clustering with single
linkage®®*. Sequences were first partitioned based on commonVand)
gene annotations and CDR3 lengths. Within each partition, sequences
with CDR3s that were within 0.15 normalized Hamming distance from
eachotherwere clustered as clones. This distance threshold was deter-
mined by manual inspection in conjunction with kernel density esti-
mates to identify the local minimum between the two modes of the
within-participant bimodal distance-to-nearest distribution (Extended
DataFig. 3a). Following clonal clustering, full-length clonal consensus
germline sequences werereconstructed for each clone with D-segment
and N/Pregions masked with Ns, resolving any ambiguous gene assign-
ments by majority rule. Within each clone, duplicate IMGT-aligned V(D)
J sequences from bulk sequencing were collapsed with the exception
of duplicates derived from different B cell compartments orisotypes.
Clones were visualized as networks®° usingigraph v.1.2.5 (ref. ). First, a
full network was calculated for each clone, inwhich an edge was drawn
between every pair of sequences with CDR3s that were within 0.15
normalized Hamming distance from each other. Then, a minimum
spanning tree was derived from the full network, in which only edges
essential forensuring that all sequences connectedin the full network
remain connected in the minimum spanning tree either directly or
indirectly were retained. The minimum spanning tree was thenvisual-
ized foreach clone.

Calculation of somatic hypermutation frequency

Mutation frequency was calculated by counting the number of nucleo-
tide mismatches from the germline sequence in the observed heavy
chain variable segment leading up to the CDR3, while excluding the
first 18 positions that could be error-prone owing to the primers used
for generating the monoclonal antibody sequences. Calculation was
performed using the calcObservedMutations function from SHazaM
v.1.0.2 (ref.>).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Dataavailability

Antibody sequences are deposited on GenBank under the following
accession numbers: MW926396-MW926407, MW926409-MW926430,
MW926432-MW926441and MZ292481-MZ7292510, available from Gen-
Bank/EMBL/DDBJ. Bulk sequencing reads are deposited on Sequence
Read Archive under BioProject PRINA731610. Processed B cell receptor
dataare deposited at https://doi.org/10.5281/zenod0.5042252. The
IMGT/V-QUEST database is accessible at http://www.imgt.org/IMGT_
vquest/. Other relevant data are available from the corresponding
authors uponrequest.
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Extended DataFig.1| Antibody response to SARS-CoV-2 immunization.

a, PlasmalgA (left) and IgM (right) titres against SARS-CoV-2 Smeasured by
ELISAin participants without (red) and with (black) a history of SARS-CoV-2
infection at baseline, and 3, 4, 5,7 and 15 weeks afterimmunization. b,
Neutralizing activity of serum against WA1/2020 D614G (left), B.1.1.7 (middle)
andachimericvirus expressing B.1.351S (right) in Vero-TMPRSS2 cells at

(log,, reciprocal dilution)

S

I

w

D614G B.1.1.7 B.1.351
P<0.0001 P<0.0001 O SARS-Cov-2-
= P<0.0001 O SARS-CoV-2+
PeoLO Kgg - % p<0,0001 P<:0001
@ (o] o] ° o
® £ %

looo
©
fhereo
o
2 o
8
o HHoo
o
R %
Q
o

b
m
Yodo
Vel
o

Time (weeks after immunization)

baseline,3,and 5or 7 weeks afterimmunization in participants without (red)
andwith (black) a history of SARS-CoV-2 infection. Pvalues from two-sided
Mann-Whitney tests. Dotted lines indicate limits of detection. Horizontal lines
indicate thegeometric mean. Symbols at each time point represent one sample
(n=41).Results are from one experiment performedinduplicate.
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Extended DataFig.2|Gating strategies for analysis of germinal centre response to SARS-CoV-2immunization. a, ¢, Sorting gating strategies for S-binding
germinal centre B cells from FNAs (a) and total plasmablasts from PBMCs (c). b, Representative plot of germinal centre B cellsin tonsil.
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Extended DataFig. 3| Clonal analysis of germinal centreresponse to
SARS-CoV-2immunization. a, Distance-to-nearest-neighbour plots for
choosingadistancethreshold forinferring clones via hierarchical clustering.
After partitioning sequences based oncommonV and ] genes and CDR3 length,
the nucleotide Hamming distance of a CDR3 toits nearest nonidentical
neighbour from the same participant withinits partition was calculated and
normalized by CDR3 length (blue histogram). For reference, the distance to the
nearest nonidentical neighbour from other participants was calculated (green
histogram). A clustering threshold of 0.15 (dashed black line) was chosen via
manual inspection and kernel density estimate (dashed purple line) to separate

the two modes of the within-participant distance distribution representing,
respectively, sequences that were probably clonally related and unrelated.

b, Clonalrelationship of sequences from S-binding germinal centre-derived
monoclonal antibodies (cyan) to sequences frombulk repertoire analysis of
plasmablasts sorted from PBMCs (red) and germinal centre B cells (blue)

4 weeks afterimmunization. Each cloneis visualized asanetwork in whicheach
noderepresentsasequence and sequences are linked as aminimum spanning
tree of the network. Symbolshapeindicates sequenceisotype:IgG (circle), IgA
(star) and IgM (square); symbolsize corresponds to sequence count.
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Extended DataFig.4|Lymphnodeplasmablastresponse to SARS-CoV-2
immunization. a, ¢, Representative flow cytometry plots showing gating of
CD20"°*CD38' CD71'BLIMP1'S* plasmablasts from IgD'**CD19*CD3" live singlet
lymphocytes (a) and IgA and IgM stainingon S* plasmablasts (c) in FNA
samples. b, Kinetics of S* plasmablasts gated asina from FNA of draininglymph

nodes. Symbols ateach time pointrepresent one FNA sample; square symbols
denote second lymph node sampled (n =14). Horizontal linesindicate the
median.d, Percentages of IgM* (teal), IgA* (yellow) or igM IgA™ (purple)
S*plasmablasts gated asin cin FNA of draining lymph nodes 4 weeks after
primaryimmunization. Eachbar represents onesample (n=14).
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Extended Data Table 1| Participant demographics

. Total N=41 Lymph node N=14
Variable N (%) N (%)
Age (median [range]) 37 (28-73) 37 (28-52)
Sex

Female 18 (43.9) 8 (57.1)

Male 23 (56.1) 6 (42.9)
Race

White 30 (73.2) 11 (78.6)

Asian 9 (22) 2(14.3)

Black 1(2.4) 1(7.1)

Other 1(2.4) 0(0)
Ethnicity

Not of Hispanic, Latinx, or Spanish origin 39 (95.1) 13 (92.9)

Hispanic, Latinx, Spanish origin 2(4.9) 1(7.1)
BMI (median [range]) 25.4 (21.4-40) 23.9 (21.4-40)
Comorbidities

Lung disease 2(4.9) 1(7.1)

Diabetes mellitus 0(0) 0(0)

Hypertension 7(17.1) 2(14.3)

Cardiovascular 0(0) 0(0)

Liver disease 0 (0) 0(0)

Chronic kidney disease 0(0) 0(0)

Cancer on chemotherapy 0 (0) 0(0)

Hematological malignancy 0(0) 0(0)

Pregnancy 0 (0) 0(0)

Neurological 0 (0) 0(0)

HIV 0(0) 0(0)

Solid organ transplant recipient 0 (0) 0(0)

Bone marrow transplant recipient 0(0) 0(0)

Hyperlipidemia 1(2.4) 0(0)
Confirmed SARS-CoV-2 infection 8 (19.5)

Time from SARS-CoV-2 infection to baseline visit in
days (median [range])

122 (50-307)

0(0)




Extended Data Table 2 | Vaccine side effects

Variable Total N=41 Total N=41
N (%) N (%)

First dose Second dose
None 3(7.3) None 1(2.4)
Chills 5(12.2) Chills 15 (36.6)
Fever 2(4.9) Fever 6 (14.6)
Headache 6 (14.6) Headache 11 (26.8)
Injection site pain 33 (80.5) Injection site pain 36 (87.8)
Muscle or joint pain 9(21.9) Muscle or joint pain 32 (78)
Fatigue 8 (19.5) Fatigue 23 (56.1)
Sweating 0 (0) Sweating 2(4.8)

Duration of side effects in hours (median [range])

Chills 48 (6-72) Chills 24 (4-48)
Fever 9 (6-12) Fever 24 (1-48)
Headache 9 (3-48) Headache 24 (4-48)
Injection site pain 36 (2-120) Injection site pain 36 (2-120)
Muscle or joint pain 36 (1-48) Muscle or joint pain 24 (1-48)
Fatigue 30 (3-48) Fatigue 24 (3-144)
Sweating 0 (0) Sweating 18 (18)
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Extended Data Table 3 | Lymph node population frequencies

Participant Week post immunization LN # Total GC (%CD19) S+ GC (%CD19) S+ PB (%CD19) CD14 (%live singlet)

01 3 1 15.1744 3.2617 0.0718 0.2134
01 4 1 13.7195 5.4700 0.8436 0.0588
01 5 1 11.1280 4.0445 1.1611 0.1461
01 7 1 31.1819 13.5866 1.6436 0.1469
01 15 1 29.0930 18.1334 2.0446 0.1628
02 3 1 8.2782 1.3827 0.0132 0.1590
02 4 1 34.1504 9.7890 0.2102 0.1705
02 4 2 14.0743 4.7121 0.2521 0.1371
02 5 1 44.6608 11.6465 0.4086 0.0743
02 5 2 13.5353 3.8936 0.2893 0.1361
02 7 1 21.8959 6.0492 0.3725 0.2486
02 7 2 23.1123 9.3883 0.5557 0.7063
02 15 1 7.1063 0.0197 0.0020 0.1649
04 3 1 4.6727 0.5706 0.0538 0.1934
04 4 1 13.9308 2.8621 0.0885 0.3733
04 5 1 11.3856 5.9721 0.4296 0.7237
04 7 1 43.8266 6.4556 0.2019 0.1436
04 15 1 3.7193 0.7127 0.0025 0.9901
07 3 1 21.0403 4.6411 0.0697 0.1927
07 4 1 19.6634 4.9771 0.2599 0.1507
07 5 1 11.3504 3.8557 0.2576 0.4177
07 7 1 39.2049 14.7032 0.6765 0.6582
07 15 1 28.9957 20.1221 0.3248 0.0349
08 3 1 9.9010 1.2181 0.0651 0.2738
08 4 1 1.3233 0.4150 0.0904 0.1670
08 5 1 3.9913 0.9238 0.1507 0.3377
08 7 1 12.1411 4.2393 0.7559 0.8097
10 3 1 7.7130 1.1146 0.0399 0.2216
10 4 1 5.9172 1.4892 0.3494 0.0676
10 4 2 5.7036 1.3733 0.1867 0.0860
10 5 1 2.8213 0.9125 0.3428 0.0772
10 5 2 3.4006 1.0486 0.4156 0.0517
10 7 1 7.3456 3.1376 0.8776 0.2061
10 7 2 4.2626 1.0628 0.1663 0.1314
10 15 1 19.2991 14.2480 1.0759 0.0340
10 15 2 7.0114 2.7615 0.1849 0.0292
13 3 1 14.8994 3.5681 0.0199 0.5633
13 4 1 8.5564 3.0085 0.2116 0.3352
13 5 1 7.1981 2.1647 0.3036 0.4254
13 7 1 15.9621 3.7382 0.6532 0.3253
13 15 1 20.1410 10.1032 0.4304 1.6315
15 3 1 13.0526 2.9882 0.0838 0.0715
15 4 1 26.8834 8.1055 0.1196 0.1948
15 4 2 0.3157 0.0169 0.1039 0.1379
15 5 1 44.5687 9.7412 0.3016 0.0786
15 5 2 0.6237 0.0247 0.0098 0.2388
16 3 1 5.1983 0.7456 0.0195 0.2619
16 4 1 7.6114 1.5173 0.0510 0.1431
16 4 2 1.2226 0.2419 0.0190 0.1142
16 5 1 17.0381 3.3806 0.1261 0.0570
16 5 2 7.4397 1.8530 0.1101 0.1405
20 3 1 0.4058 0.0257 0.0076 0.2140
20 4 1 7.4714 3.0853 0.0115 0.1478
20 4 2 7.8030 1.2875 0.0505 0.1149
20 5 1 2.0994 0.3146 0.0000 0.2934
20 5 2 3.3579 0.7320 0.0811 0.1607
20 7 1 0.5222 0.0378 0.0000 0.4082
20 7 2 13.6571 4.4611 0.2402 0.1100
20 15 1 0.4687 0.0391 0.0033 0.8360
20 15 2 16.9158 11.1431 0.4222 0.2930
21 4 1 20.1451 5.9981 0.3831 0.1274
21 7 1 14.4498 5.2617 1.7381 0.1088
22 3 1 24.7057 4.4770 0.0352 0.1818
22 4 1 20.6325 5.4021 0.1707 0.1613
22 5 1 19.6620 4.9759 0.3147 0.2005
22 7 1 25.8583 7.3746 0.7954 0.3576
22 15 1 22.0049 9.7484 0.8297 0.2798
28 3 1 6.3630 1.1301 0.0372 0.1303
28 4 1 6.2272 1.1718 0.1281 0.2226
28 15 1 12.7274 7.2239 1.1391 0.6584
43 3 1 29.0401 4.5319 0.0505 0.5172
43 4 1 29.3971 9.5485 0.6432 0.3236
43 5 1 26.0545 6.3729 0.5631 0.9658
43 7 1 29.4153 15.3730 24781 0.0902
43 15 1 35.1837 15.56455 0.9446 0.0106



Extended Data Table 4 | Inmunoglobulin gene usage of S-binding monoclonal antibodies

Heavy Chain Light Chain

Native Nucleotide AA Nucleotide AA
Name isotype Gene usage mutations* mutations HCDR3 Gene usage mutations* mutations LCDR3
07.1A11 IgM VH3-15 DH1-7 JH4 4/283=0.0141 4 TTGWFTGTYGDYFDY VK1-33 JK4 1/267=0.0037 1 QQYDNLPPT
07.1A12 1gA1 VH3-49 D2-15 JH4 3/281=0.0107 3 TRVKYCSGGSCYGYHFDH VK3-15 JK3 4/262=0/0.0153 3 QOYNNWET
07.1E10 1gG1 VH4-34 D6-19 JH6 5/272=0.0184 5 ARVVIAVAGTYPIQVYYYYGMDV VK1-27 JK1 2/266=0.0075 2 OKYNSAPRT
07.1E11 1gA1 VH3-30 D3-22 JH6 1/278=0.0036 1 AKEEMIEDWGMDV VL3-1 JL2 2/265=0.0075 2 QAWDRSTVV
07.1H09 IgG1 VH3-66 DH3-10 JH3 3/275=0.0109 3 ARDFREGAFDI VK1-9 JK4 0/266= 0 QQLNSYPPT
07.2A07 1gG1 VH3-21 DH2-21 JH4 6/277=0.0217 6 ARAGFVPKRAYCGGDCWYYFDY VK3-11 JK4 0/263=0 0 QORSNWLT
07.2A08 IgG1 VH4-4 DH6-19 JH4 2/275=0.0073 2 ATDGGWYTFDH VL3-1JL2 3/265=0.0113 3 QAWGSSTVV
07.2A10 1gG1 VH4-31 DH3-16 JH3 1/278=0.0036 1 ARYPVWGAFDI VK1-33 JK3 .0112 3 QHYDNLPPT
07.2C08 1gG1 VH1-58 DH2-15 JH3 2/275=0.0073 2 AAAYCSGGSCSDGFDI VK3-20 JK1 .0188 5 QQYGSSPWT
07.2C12 1gG1 VH3-30-3 DH1-26 JH3  3/277=0.0108 3 ARARGGSYSGAFDI VK3-20 JK2 .0037 1 QQYGSSPMYT
07.3D07 IgG1 VH3-30-3 DH5-18 JH4 ~ 3/277=0.0108 3 ARVLWLRGMFDY VL6-57 JL3 .0072 1 QOSYDISNHWV
07.4A07 1gG1 VH3-30-3 DH3-10 JH4 ~ 3/277=0.0108 2 ARGDYYGSGSYPGKTFDY VK1-33 JK4 .0038 1 QQYDNLPLT
07.4B05 1gG1 VH1-69 DH1-26 JH5 1/277=0.0036 1 ARGRLDSYSGSYYSWEFDP VK4-1 JK2 .0071 2 QOYYSTPYT
07.4C10 1gG1 VH3-23 DH3-22 JH4 1/276=0.0036 1 AKNEMAMIVVVITLEDY VL1-51 JL3 .0072 2 GTWDRSLSAWV
07.4D09 1gG1 VH4-4 DH2-15 JH4 1/274=0.0036 1 ATKYCSGGSCSYFGY VL2-23 JL3 0 CSYAGSSTWV
20.1A12 IgG1 VH3-30 DH1-26 JH4 2/277=0.0072 2 AKGHSGSYRAPFDY VK3-20 JK2 0 QQYGSSYT
20.2A03 IgM VH3-33 DH3-10 JH4 1/278=0.0036 1 AREAYFGSGSSPDY VL3-10 JL2 .0074 2 YSTDSSDNHRRV
20.3C08 1gG1 VH3-7 DH3-22 JH4 1/278=0.0036 1 AREGTYYYDSSAYYNGGLDY VL3-10 JL2 .0075 2 YSTDSGGNPQGV
20.3D12 1gG1 VH3-33 DH1-1 JH4 7/278=0.0252 7 ATEPVQLEPEVRLDY VL3-10 JL1 .0037 1 YSTDSSGNHRRL
20.3F12 1gG1 VH3-7 DH4-11 JH4 0/278=0 0 ARDQGVTTGPFDY VL3-1 JL2 .0038 1 QAWDSSTVV
22.1A11 1gG3 VH3-30-3 DH3-16 JH4  0/278=0 0 ARDLVVWEELAGGY VL3-10 JL3 .0074 2 YSTDSSGNHGV
22.1B04 IgG1 VH3-30 DH2-15 JH4 4/279=0.0143 3 AKQGGGTYCGGGSCYRGYFDY VK1-33 JK4 .0075 2 QOYDNLPLT
22.1B08 1gA1 VH1-46 DH4-17 JH3 16/278=0.0576 15 ARDPRVPAVTNVNDAFDL VK3-11 JK2 .0187 5 QORSNRPPRWT
22.1B12 1gG1 VH3-53 DH3-10 JH4 8/273=0.0293 5 ARSHLEVRGVFDN VK4-1 JK2 .0035 1 QQYYSTPCS
22.1C02 1gG1 VH3-20 DH7-27 JH4 5/275=0.0182 4 ARGTGAADY VK3-20 JK2 .0226 6 QQYGRSPYT
22.1E07 IgA1 VH3-33 DH4-17 JH4 3/278=0.0108 3 AREGVYGDIGGAGLDY VL3-10 JL1 .0147 2 YSTDSSVNGRV
22.1E11 IgG1 VH3-30 DH2-15 JH4 2/274=0.0073 2 AKMGGVYCSAGNCYSGRLEY VK1-33 JK3 0 QQYDNLLT
22.1G10 IgG1 VH4-59 DH2-21 JH5 12/275=0.0436 1 ARETVNNWVDP VK4-1 JK1 10/282=0.0355 8 QQYFTTPWT
22.2A06 1gG3 VH5-51 DH3-3 JH4 1/277=0.0036 1 ARREWGGSLGHIDY VL6-57 JL2 .0145 4 QSFDSSNVV
22.2A08 1gG1 VH4-59 DH2-2 JH6 4/274=0.0146 4 ARGQGVPAALYGMDV VL1-40 JL2 .0107 3 QSYDGSLSGSV
22.2B06 IgM VH3-53 DH1-1 JH6 2/275=0.0073 2 ARDLQLYGMDV VL3-21 JL2 .0075 2 QVWDSSSDPVV
22.2F03 IgM VH1-18 DH6-13 JH6 1/277=0.0036 1 ARVPGLVGYSSSWYDNEKNYYYYYYGMDV VL3-25 JL1 .0037 1 QSADSSGTYV
22.3A06 IgG1 VH3-23 DH5-18 JH5 2 AKADTAMAWYNWEDP VK3-11 JK4 .0114 3 QHRSNWPLT
22.3A11 IgG1 VH4-34 DH7-27 JH2 . 1 ARVWVRWWYFDL VL3-21 JL1 .0147 4 QVWDNSSDQPNYV
22.3A12 1gG1 VH1-46 DH2-21 JH4 4/275=0.0145 4 ASSLPARGGVPGRLNY VL0L1-51 JL2 .0108 3 GTWDSSLSVVV
22.3D11 1gG1 VH5-51 D4-17 JH5 1/278=0.0036 1 ARHHLDYDDYVGHWFDP VL1-40 JL3 0 QSYDSSLSGSGV
22.3F08 19G1 VH1-18 DH2-2 JH6 4/275=0.0145 4 ASCPRRPAAIGDYYGMDV VL3-21JL7 1/271=0.0037 1 QVWDSSSYHAV

*V-region nonsynonymous nucleotide substitutions
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Extended Data Table 5 | Template switch sequences, constant region primers and isotype-specific internal constant region
sequences for bulk BCR sequencing and processing

Template switch sequences

TS-shift0 TACGGG
TS-shift1 ATACGGG
TS-shift2 TCTACGGG
TS-shift3 CGATACGGG
TS-shift4 GATCTACGGG

Constant region primers

Human-IGHM GAATTCTCACAGGAGACGAGG
Human-IGHD TGTCTGCACCCTGATATGATGG
Human-IGHA GGGTGCTGYMGAGGCTCAG
Human-IGHE TTGCAGCAGCGGGTCAAGG
Human-IGHG CCAGGGGGAAGACSGATG
Human-IGK GACAGATGGTGCAGCCACAG
Human-IGL AGGGYGGGAACAGAGTGAC
Isotype-specific internal constant region sequences

Human-IGHA-InternalC GGCTGGTCGGGGATGC
Human-IGHD-InternalC GAGCCTTGGTGGGTGC
Human-IGHE-InternalC GGCTCTGTGTGGAGGC
Human-IGHG-InternalC GGCCCTTGGTGGARGC
Human-IGHM-InternalC GGGCGGATGCACTCCC
Human-IGKC-IGKJ-InternalC TTCGTTTRATHTCCAS
Human-IGLC-1-InternalC TGGGGTTGGCCTTGGG
Human-IGLC-2-InternalC AGGGGGCAGCCTTGGG
Human-IGLC-3-InternalC YRGCCTTGGGCTGACC
Human-IGLC-4-InternalC GCTGCCAAACATGTGC




Extended Data Table 6 | Processing of bulk sequencing BCR reads

Sequence Count

Participant  Sample Cell Post-QC Unique
Count Input Preprocessed Productive Heavy Chain

Heavy Chains VDJs

07 d28 blood plasmablast 8361 2307288 8294 6031 3014

20 d28 blood plasmablast 6136 2068139 2320 1453 951

22 d28 blood plasmablast 15496 1801330 16126 13733 6266

07 d28 lymph node germinal centre 25754 1104539 2429 1700 1211

22 d28 lymph node germinal centre 10236 2117620 552 364 268
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in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Flow cytometry data were acquired using SpectroFlo software v2.2.

Data analysis Flow cytometry data were analyzed using FlowJo v10 and Prism v8. ELISA, ELISpot, and neutralization data were analyzed using Prism v8.
Sequence data were analyzed using blastn v2.11.0, pRESTO v0.6.2, cd-hit-est v4.8.1, IgBLAST v1.17.1, IMGT/GENE-DB release 202113-2,
Change-O v1.0.2, TIgGER v1.0.0, igraph v1.2.5, and SHazaM v1.0.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Antibody sequences are deposited on GenBank under the following accession numbers: MW926396-MW926407, MW926409-MW926430, MW926432—
MW926441, MZ292481-MZ7292510, available from GenBank/EMBL/DDBJ. Bulk sequencing reads are deposited on Sequence Read Archive under BioProject
PRINA731610. The IMGT/V-QUEST database is accessible at http://www.imgt.org/IMGT_vquest/. Other relevant data are available from the corresponding author
upon request.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. 41 total participants were enrolled based on recruitment, of whom 14 provided
axillary LN samples
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Data exclusions  No data were excluded

Replication Human samples were collected from 41 participants. For ELISA, ELISpot, and neutralization assays, results were from one experiment
performed in duplicate. Flow cytometry experiments were performed once

Randomization  Different experimental groups were not used.

Blinding No blinding was done for convenience; subjective measurements were not made.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ ]I[X] Antibodies X[ ] chip-seq

[ JI[X] Eukaryotic cell lines [ JIX Flow cytometry

XI|[ ] Palaeontology XI|[ ] MRI-based neuroimaging

XI|[ ] Animals and other organisms

D X] Human research participants

X|[ ] clinical data

Antibodies

Antibodies used total Ig (goat polyclonal, Jackson ImmunoResearch 109-005-064), IgG-HRP (goat polyclonal, Jackson ImmuoResearch
109-035-088), IgA-HRP (goat polyclonal, Jackson ImmuoResearch 109-035-011), IgM-HRP (goat polyclonal, Caltag H15007),
mouse IgG-HRP (goat polyclonal, Sigma 12-349), murine anti-S mAbs: SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38,
SARS2-57, and SARS2-71 (Diamond laboratory, Washington University School of Medicine), 1IgG-BV480 (goat polyclonal, Jackson
Immunoresearch 109-685-098), PD-1-BB515 (EH12.1, BD Horizon 564494), IgA-FITC (M24A, Millipore CBL114F), CD45-A532
(HI30, Thermo 58-0459-42), Bcl6-PE (K112-91, 561522, BD Pharmingen), CD38-BB700 (HIT2, 566445, BD Horizon), Blimp1-A700
(646702, IC36081N, R&D), CD19-BV421 (HIB19, 302234), FoxP3-BV421 (206D, 320124), CD20-Pacific Blue (2H7, 302320), CD27-
BV510 (0323, 302836), CD8-BV570 (RPA-T8, 301038), IgM-BV-605 (MHM-88, 314524), HLA-DR-BV650 (L243, 307650), Ki-67-
BV711 (Ki-67, 350516), CD19-BV750 (HIB19, 302262), Thet-BV785 (4B10, 644835), CD3-FITC (HIT3a, 300306), CD71-FITC (CY1G4,
334104), IgD-PE (1A6-2, 348204), CD71-PE (CY1G4, 334106), CXCR5-PE-Dazzle 594 (J252D4, 356928), IgD-PE-Cy5 (IA6-2, 348250),
CDA4-PerCP (OKT4, 317432), CD14-PerCP (HCD14, 325632), IgD-PerCP-Cy5.5 (IA6-2, 348208), CD38-PE-Cy7 (HIT2, 303516), CD71-
PE-Cy7 (CY1G4, 334112), CD19-APC (HIB19, 302212), CD4-Spark 685 (SK3, 344658), CD20-APC-Fire750 (2H7, 302358), CD3-APC-
Fire810 (SK7, 344858); all Biolegend.

Validation All commercial antibodies were validated by their manufacturers as detailed in their product information and titrated in the lab

for the indicated assay by serial dilution. We validated mAbs generated in our lab in preliminary ELISAs to SARS-CoV-2 spike,
bovine serum albumin, and anti-Ig.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Expi293F (Thermo), Vero E6 (CRL-1586, American Type Culture Collection), Vero-TMPRSS2 (Ding laboratory, Washington
University School of Medicine), Vero-hACE2-TMPRSS2 (Graham laboratory, VRC/NIH)

Authentication All cell lines grew and performed as expected. Expression of TMPRSS2 on Vero-TMPRSS2 was validated by flow cytometry
[ref. 17]. No additional specific authentication was performed.

Mycoplasma contamination Vero lines were tested monthly for mycoplasma and were negative. Expi293F lines were not tested.

Commonly misidentified lines  No commonly misidentified cell lines were used
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics Study participants demographics are detailed in Extended Data Table 1

Recruitment Study participants were recruited from the St. Louis metropolitan area by the Washington University Clinical Trials Unit. Potential
self-selection and recruiting biases are unlikely to affect the parameters we measured.

Ethics oversight The study was approved by the Washington University IRB

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
X All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Fine needle aspirates of axillary LNs were flushed from needles with 3 mL of RPMI supplemented with 10% FBS and 100 U/mL
penicillin/streptomycin, followed by three 1 mL rinses. Red blood cells were lysed with ammonium chloride buffer, washed twice
with PBS supplemented with 2% FBS, 2mM EDTA and immediately used or cryopreserved in 10% DMSO in FBS.

Blood samples were collected in EDTA tubes, and peripheral blood mononuclear cells (PBMCs) were enriched by density gradient
centrifugation over Ficoll 1077 (GE) or Lymphopure (BioLegend). The residual red blood cells were lysed with ammonium
chloride lysis buffer, and cells were immediately used or cryopreserved in 10% dimethylsulfoxide in FBS.

Instrument Cytek Aurora
Software Flow cytometry data was acquired using Cytek SpectroFlo and analyzed using FlowJo (Treestar) v10.
Cell population abundance  Single cell sorts and bulk sorts directly into lysis buffer were not amenable to post-sort purity analysis.

Gating strategy Gating strategies are shown in Extended Data Figure 2

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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