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ABSTRACT 25 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) messenger RNA 26 

(mRNA)-based vaccines are ~95% effective in preventing coronavirus disease 20191–5. However, 27 

the dynamics of antibody secreting plasmablasts (PBs) and germinal centre (GC) B cells induced 28 

by these vaccines in SARS-CoV-2 naïve and antigen-experienced humans remains unclear. Here 29 

we examined peripheral blood and/or lymph node (LN) antigen-specific B cell responses in 32 30 

individuals who received two doses of BNT162b2, an mRNA-based vaccine encoding the full-31 

length SARS-CoV-2 spike (S) gene1. Circulating IgG- and IgA-secreting PBs targeting the S 32 

protein peaked one week after the second immunization then declined and were undetectable 33 

three weeks later. PB responses coincided with maximal levels of serum anti-S binding and 34 

neutralizing antibodies to a historical strain as well as emerging variants, especially in individuals 35 

previously infected with SARS-CoV-2, who produced the most robust serological responses. Fine 36 

needle aspirates of draining axillary LNs identified GC B cells that bind S protein in all participants 37 

sampled after primary immunization. GC responses increased after boosting and were detectable 38 

in two distinct LNs in several participants. Remarkably, high frequencies of S-binding GC B cells 39 

and PBs were maintained in draining LNs for up to seven weeks after first immunization, with a 40 

substantial fraction of the PB pool class-switched to IgA. GC B cell-derived monoclonal antibodies 41 

predominantly targeted the RBD, with fewer clones binding to the N-terminal domain or shared 42 

epitopes within the S proteins of human betacoronaviruses OC43 and HKU1. Our studies 43 

demonstrate that SARS-CoV-2 mRNA-based vaccination of humans induces a robust and 44 

persistent GC B cell response that engages pre-existing as well as new B cell clones, which 45 

enables generation of high-affinity, broad, and durable humoral immunity.  46 
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MAIN TEXT 47 

The concept of using mRNAs as vaccines was first introduced over 30 years ago6,7. Key 48 

refinements that improved the biological stability and translation capacity of exogenous mRNA 49 

enabled development of these molecules as vaccines8,9. The emergence of SARS-CoV-2 in 50 

December, 2019 and the ensuing pandemic has unveiled the potential of this platform9–11. In the 51 

United States, more than 80 million people have received one of the two SARS-CoV-2 mRNA-52 

based vaccines that were granted emergency use authorization by the FDA in December, 2020. 53 

Both vaccines demonstrated remarkable immunogenicity in phase 1/2 studies and effectiveness 54 

in phase 3 studies1–4,12–14. Whether these vaccines induce germinal center (GC) reactions that are 55 

critical for high-affinity and durable antibody responses has not been examined in humans. To 56 

address this question, we conducted an observational study of 32 healthy adults (7 with history 57 

of prior SARS-CoV-2 infection) who received the Pfizer-BioNTech SARS-CoV-2 mRNA vaccine 58 

(BNT162b2) (Extended Data Table 1). The two vaccine doses were injected in the deltoid muscle 59 

three weeks apart. Blood samples were collected at baseline and at weeks 3 (pre-boost), 4, 5, 60 

and 7 after the first immunization (Fig. 1a). Fine needle aspirates (FNAs) of the draining axillary 61 

lymph nodes were collected from 12 participants (none with history of SARS-CoV-2 infection) at 62 

weeks 3 (pre-boost), 4, 5, and 7 after the first immunization (Fig. 1a).  63 

 Antibody-secreting plasmablasts (PBs) that bound SARS-CoV-2 S protein were measured 64 

in blood using an enzyme-linked immune absorbent spot (ELISpot) assay. SARS-CoV-2-S-65 

specfic IgG- and IgA-secreting PBs were detected in blood three weeks after primary 66 

immunization in 19 of 25 participants with no history of SARS-CoV-2 infection but 0 of 7 67 

participants previously infected with SARS-CoV-2. PBs peaked in blood during the first week after 68 

boosting (week 4) in all participants, with frequencies varying widely from 3 to 4,100 S-binding 69 

PBs per 106 PBMC (Fig. 1b, c). Plasma IgG antibody titers against S measured by ELISA 70 

increased in all participants over time, reaching peak geometric mean half-maximal binding 71 

dilutions of 5,239 and 14,924 among participants without and with history of SARS-CoV-2 72 
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infection, respectively, and then declining slightly by seven weeks after immunization. IgG titers 73 

against the receptor binding domain (RBD) of S showed similar kinetics, reaching peak geometric 74 

mean half-maximal binding dilutions of 4,511 and 8,034 among participants without and with 75 

history of SARS-CoV-2 infection, respectively before declining (Fig. 1d). The functional quality of 76 

serum antibody titers was measured using high-throughput focus reduction neutralization tests 77 

(FRNTs)15 on Vero-TMPRSS2 cells against three authentic infectious SARS-CoV-2 strains with 78 

sequence variations in the S gene16,17: (a) a Washington strain (2019n-CoV/USA) with a prevailing 79 

D614G substitution (WA1/2020 D614G); (b) a B.1.1.7 isolate with signature changes in the spike 80 

gene18, including the 69–70 and 144–145 deletions and N501Y, A570D, D614G and P681H 81 

substitutions; and (c) a chimeric SARS-CoV-2 with a B.1.351 spike gene in the Washington strain 82 

background (Wash SA-B.1.351) that contained the following changes: D80A, 242-244 deletion, 83 

R246I, K417N, E484K, N501Y, D614G and A701V. Serum neutralizing titers increased markedly 84 

in participants without history of SARS-CoV-2 infection following boosting, with geometric mean 85 

neutralization titers (GMTs) against D614G of 58.1 three weeks and 571.5 five or seven weeks 86 

after primary immunization. Neutralizing titers against B.1.1.7 and B.1.351 variants were lower, 87 

with GMTs of 48.9 and 373.2 against B.1.1.7 and 35.6 and 136.7 against B.1.351 after primary 88 

and secondary immunization, respectively. In participants with a history of prior SARS-CoV-2 89 

infection, neutralizing titers against all three viruses were detected at baseline (GMTs of 241.8, 90 

201.8, and 136.7 against D614G, B.1.1.7, and B.1.351 respectively). In these participants, 91 

neutralizing titers increased more rapidly after immunization, with GMTs of 4,544.1, 3,584.1, and 92 

1,897.1 against D614G, B.1.1.7, and B.1.351, respectively after primary immunization, and 93 

9,381.2, 9,351.4, and 2,748.6 against D614G, B.1.1.7, and B.1.351 respectively after secondary 94 

immunization. These GMTs were 78-, 73-, and 53-fold higher after primary immunization and 16-95 

, 25-, and 20-fold higher after boosting against D614G, B.1.1.7, and B.1.351, respectively than 96 

participants without history of SARS-CoV-2 infection. (Fig. 1e). 97 
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 The BNT162b2 vaccine is injected into the deltoid muscle, which drains primarily to the lateral 98 

axillary lymph nodes. Ultrasound was used to identify and guide FNA of accessible axillary nodes 99 

on the side of immunization approximately 3 weeks after primary immunization. In 5 of the 12 100 

participants, a second draining LN was identified and sampled following secondary immunization 101 

(Fig. 2a). GC B cells, defined as CD19+ CD3– IgDlo Bcl6+ CD38int lymphocytes, were detected in 102 

all LNs (Fig. 2b, c, Extended Data Fig. 1a). FNA samples were co-stained with two fluorescently 103 

labeled S probes to detect S-binding GC B cells. A control tonsillectomy sample with a high 104 

frequency of GC B cells collected prior to the SARS-CoV-2 pandemic from an unrelated donor 105 

was stained as a negative control. S-binding GC B cells were detected in FNAs from all 12 106 

participants following primary immunization. Kinetics of the GC response varied among 107 

participants, but S-binding GC B cell frequencies increased at least transiently in all participants 108 

after boosting and persisted at high frequency in most individuals for at least 7 weeks (Fig. 2d, e, 109 

Extended Data Fig. 1b). 110 

 To evaluate the domains targeted by the S protein-specific GC response after vaccination, we 111 

generated recombinant monoclonal antibodies (mAbs) from single-cell sorted S-binding GC B 112 

cells (defined by the surface marker phenotype CD19+ CD3– IgDlo CD20hi CD38int CD71+ CXCR5+ 113 

lymphocytes) from three of the participants one week after boosting (Extended Data Fig. 1a). 114 

Nine, three, and eleven S-binding, clonally distinct mAbs were generated from participants 07, 115 

20, and 22, respectively. Clonal relatives of 1, 3, and 4 of the mAbs were identified among 21, 46, 116 

and 55 heavy chain Ig sequences from participants 07, 20, and 22, respectively, indicating clonal 117 

expansion of B cells encoding these mAbs (Extended Data Table 3). Of the 23 mAbs, 14 bound 118 

RBD, 3 recognized the N-terminal domain, and 2 were cross-reactive with spike proteins from 119 

seasonal betacoronavirus OC43; one of these mAbs also bound spike from seasonal 120 

betacoronavirus HKU1 (Fig. 2f). 121 

 In addition to GC B cells, robust PB responses were detected in the draining LNs of all 12 122 

participants sampled. S-binding PBs, defined as CD19+ CD3– IgDlo CD20lo CD38+ CD71+ Blimp1+ 123 
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lymphocytes, were detected in all LNs sampled and increased in frequency after boosting (Fig. 124 

3a, b). The detected lymph node PBs were unlikely a contaminant of blood because CD14+ 125 

monocyte/granulocyte frequencies were below 1% in all FNA samples, well below the 10% 126 

threshold we previously established19. Moreover, S-binding PBs were detected in FNA samples 127 

5 and 7 weeks after primary immunization, when they had become undetectable in blood from all 128 

participants in the cohort. The vast majority of S-binding LN PBs were isotype-switched 5 weeks 129 

after primary immunization, and IgA-switched cells accounted for 25% or more of the PBs in 6 of 130 

12 participants (Fig. 3c, d). 131 

 This study evaluated whether SARS-CoV-2 mRNA-based vaccines induce antigen-specific 132 

GC cell responses in humans. The vaccine induced a strong IgG-dominated PB response in blood 133 

that peaked one week after the booster immunization. In the draining lymph nodes, we detected 134 

robust SARS-CoV-2 S-binding GC and PB responses in aspirates from 12 of 12 participants. 135 

These responses were detectable after the first immunization and increased after the second. 136 

Notably, S-binding GC B cells and PBs persisted for up to seven weeks after the first 137 

immunization. These results with mRNA vaccines are superior to those seen after seasonal 138 

influenza virus vaccination in humans19, where hemagglutinin-binding GC B cells were detected 139 

in only three of eight participants. More robust GC responses are consistent with antigen 140 

dissemination to multiple LNs and the self-adjuvating characteristics of the mRNA/lipid 141 

nanoparticle vaccine platform compared to nonadjuvanted protein subunit vaccines used for 142 

seasonal influenza virus vaccination7,20,21. Our data in humans corroborate reports demonstrating 143 

the induction of potent GC responses by SARS-CoV-2 mRNA-based vaccines in mice22,23.  144 

 Apart from the PB response in blood, the S-specific PB pool that persists in the draining lymph 145 

nodes contained a substantial fraction of IgA+ cells. This observation is intriguing because it 146 

occurred after intramuscular rather than mucosal vaccination24. Although none of the lymph node 147 

aspirates we collected came from subjects with a prior history of SARS-CoV-2 infection, it remains 148 

possible that the IgA+ PBs originated from pre-existing IgA+ memory B cells induced by previous 149 
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upper respiratory infection with a seasonal human coronavirus. The precise contribution of IgA+ 150 

PBs to the total antigen-specific serum IgA response and efficacy of mRNA vaccines in humans 151 

requires further study and analysis. It also remains to be elucidated how related the PB clones 152 

detected in the draining LNs are to those within the GC and to those that become long-lived 153 

plasma cells in the bone marrow. 154 

 Although comparing the dynamics of B cell responses to SARS-CoV-2 vaccination in 155 

individuals with and without history of confirmed SARS-CoV-2 infection was not one of the original 156 

study objectives, differences in the kinetics of circulating S-specific plasmablast and serum 157 

antibody responses were apparent. S-specific IgG-secreting plasmablasts were detectable at the 158 

3-week time point after the first immunization only in the group with no prior history of SARS-CoV-159 

2 infection. This is consistent with the expected extended kinetics of a primary PB response. PBs 160 

responding to the first immunization in the individuals primed by SARS-CoV-2 infection most likely 161 

disappear from blood by two weeks after vaccination, consistent with the dynamics of recall 162 

responses observed after seasonal influenza virus vaccination19,25,26. This finding is consistent 163 

with the sharp increase of S-binding and neutralizing antibodies in serum after primary 164 

immunization in the virus-experienced group27. Notably, serum neutralizing antibody titers against 165 

the predominant circulating SARS-CoV-2 strain and recent variants were substantially higher in 166 

the previously infected group. This result was likely driven by the engagement of affinity matured 167 

S-specific memory B cell clones generated before vaccination28. These findings indicate that 168 

individuals infected early during the pandemic then vaccinated may have a higher likelihood of 169 

protection against infection with the more recent isolates, including those containing the E484K 170 

mutation. 171 

 A preliminary finding from our study is the dominance of RBD-targeting clones among 172 

responding GC B cells. For the most part, these clones harbored few (<3) non-synonymous 173 

nucleotide substitutions in the immunoglobulin heavy chain variable genes, indicating that they 174 

originated from recently engaged naïve B cells. This contrasts with the two cross-reactive GC B 175 
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cell clones that recognized conserved epitopes within the spike proteins of betacoronaviruses. 176 

The cross-reactive clones accumulated 12 or more non-synonymous nucleotide substitutions, 177 

indicating a memory B cell origin. These data are consistent with previous findings from seasonal 178 

influenza virus vaccination in humans showing that the GC reaction can engage pre-existing 179 

memory B cells directed against conserved epitopes as well as naïve clones targeting novel 180 

epitopes19. These observations are important in the context of the emergence of multiple SARS-181 

CoV-2 variants that can partially evade pre-existing serum neutralizing antibody responses17. This 182 

concern has prompted the design of SARS-CoV-2 variant-based vaccine candidates. Our data 183 

suggest these variant vaccines might engage pre-existing as well as new B cell clones specific to 184 

the variant S proteins even when given to people previously immunized with one of the original 185 

SARS-CoV-2 vaccine formulations.  186 

 Limitations of the study. Our study provides direct evidence for the induction of antigen 187 

specific GC B cell responses after mRNA vaccination in humans. Nonetheless, we acknowledge 188 

several limitations. We analyzed B cell responses over a relatively brief period (seven weeks) 189 

after the first SARS-CoV-2 mRNA immunization. While this allowed for interrogation of the acute 190 

vaccine-induced immune response, the durability of such responses remains unclear. A majority 191 

of the serum antibody response we analyzed likely originated from short lived PBs. Indeed, S-192 

binding antibody titers declined beginning five weeks after primary immunization. Longer-term 193 

analyses are required to determine the decay rates of antibody responses induced by the mRNA 194 

vaccine platforms. As part of such studies, it will also be important to examine whether mRNA 195 

vaccination induces an S-specific long-lived plasma cell compartment in the bone marrow. The 196 

persistence of S-binding GC B cells and PBs in draining lymph nodes is a positive indicator for 197 

induction of long-lived plasma cell responses29. Another limitation is the relatively small number 198 

of GC B cell-derived mAbs generated from only three individuals. A comprehensive set of mAbs 199 

derived from PBs and GC B cells of more individuals will help to define the breadth of the antibody 200 

response elicited by this vaccine. None of the 12 participants in our study who underwent biopsy 201 
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of draining lymph nodes had a history of prior SARS-CoV-2 infection. Thus, further comparison 202 

of vaccine-induced GC responses from naïve and previously infected individuals will be 203 

informative. Finally, the work presented here focuses on the B cell component of the GC 204 

response. A robust T follicular helper response sustains the GC reaction30. As such, studies are 205 

planned interrogate the magnitude, specificity, and durability of the T follicular helper response 206 

after SARS-CoV-2 mRNA vaccination in humans.  207 

 Overall, our data demonstrate a remarkable capacity of SARS-CoV-2 mRNA-based vaccines 208 

to induce robust GC reactions. Importantly, the GC response was maintained for an extended 209 

period following vaccination. The induced GC reaction recruited pre-existing cross-reactive 210 

memory B cell clones as well as newly engaged ones that target unique epitopes within SARS-211 

CoV-2 S protein. Elicitation of high affinity and durable protective antibody responses is a hallmark 212 

of a successful humoral immune response to vaccination. By inducing robust GC reactions, 213 

SARS-CoV-2 mRNA-based vaccines are on track for achieving this outcome. 214 

 215 
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Main Text Figure Legends 306 

Figure 1. Plasmablast and antibody response to SARS-CoV-2 immunization. 307 

a, Study design. Thirty-two healthy adult volunteers (ages 28–73, 7 with history of SARS-CoV-2 308 

infection) were enrolled and received BNT162b2 mRNA SARS-CoV-2 vaccine. Blood was 309 

collected pre-immunization, and 3, 4, 5, and 7 weeks after immunization. For 12 participants (ages 310 

28–52, none with history of SARS-CoV-2 infection), fine needle aspirates (FNAs) of ipsilateral 311 

axillary lymph nodes were collected 3, 4, 5, and 7 weeks after immunization. b-c, ELISpot 312 

quantification of S-binding IgG- (b) and IgA- (c) secreting plasmablasts (PBs) in blood at baseline, 313 

3, 4, 5, and 7 weeks post-immunization in participants without (red) and with (black) history of 314 

SARS-CoV-2 infection. d, Plasma IgG titers against SARS-CoV-2 spike protein (S) (left) and the 315 

receptor binding domain (RBD) of S (right) measured by ELISA in participants without (red) and 316 

with (black) history of SARS-CoV-2 infection at baseline, 3, 4, 5, and 7 weeks post-immunization. 317 

e, Neutralizing activity of serum against WA1/2020 D614G (left), B.1.1.7 (middle), and a chimeric 318 

virus expressing B.1.351 spike (right) in Vero-TMPRSS2 cells at baseline, 3, and 5 or 7 weeks 319 

post-immunization in participants without (red) and with (black) history of SARS-CoV-2 infection. 320 

P-values from two-sided Mann-Whitney tests. Dotted lines indicate limits of detection. 321 

Horizontal lines indicate geometric mean. Symbols at each timepoint in b–e represent one sample 322 

(n=32). Results are from one experiment performed in duplicate. 323 

 324 

Figure 2. Germinal center B cell response to SARS-CoV-2 immunization.  325 

a, Representative Doppler ultrasound image of two draining LNs “1”, and “2” proximal to the 326 

axillary vein “LAX V” 5 weeks after immunization. b and d, Representative flow cytometry plots 327 

of Bcl6 and CD38 staining on IgDlo CD19+ CD3– live singlet lymphocytes in FNA samples (b) and 328 

S staining on Bcl6+CD38int GC B cells in tonsil and FNA samples (d) at the indicated times after 329 

immunization. c and e, Kinetics of total (c) and S+ (e) GC B cells as gated in b and d, respectively 330 
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from FNA of draining lymph nodes. Symbols at each timepoint represent one FNA sample (n = 331 

12). f, Binding of mAbs generated from GC B cells to SARS-CoV-2 S, N-terminal domain of S, 332 

RBD, or spike proteins of betacoronavirus OC43 or HKU1 measured by ELISA. Bars indicate 333 

mean ±SE. Baseline for area under the curve was set to the mean + three times the standard 334 

deviation of background binding to bovine serum albumin. 335 

 336 

Figure 3. Lymph node plasmablast response to SARS-CoV-2 immunization.  337 

a and c, Representative flow cytometry plots showing gating of CD20lo CD38+ CD71+ Blimp1+ S+ 338 

PBs from IgDlo CD19+ CD3– live singlet lymphocytes (a) and IgA and IgM staining on S+ PBs (d) 339 

in FNA samples. b, Kinetics of S+ PBs as gated in a from FNA of draining lymph nodes. Symbols 340 

at each timepoint represent one FNA sample (n = 12). d, Percentages of IgM+ (teal), IgA+ (yellow), 341 

or IgM–IgA– (purple) S+ PBs as gated in c from in FNA of draining lymph nodes 5 weeks after 342 

primary immunization. Each bar represents one FNA sample (n = 12).  343 
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Methods 344 

Sample collection, preparation, and storage. All studies were approved by the 345 

Institutional Review Board of Washington University in St. Louis. Written consent was obtained 346 

from all participants. Thirty-two healthy volunteers were enrolled, of whom 12 provided axillary LN 347 

samples (Extended Data Table 1). Blood samples were collected in EDTA tubes, and peripheral 348 

blood mononuclear cells (PBMCs) were enriched by density gradient centrifugation over Ficoll 349 

1077 (GE) or Lymphopure (BioLegend). The residual red blood cells were lysed with ammonium 350 

chloride lysis buffer, and cells were immediately used or cryopreserved in 10% dimethylsulfoxide 351 

in FBS. Ultrasound guided fine-needle aspiration (FNA) of axillary lymph nodes was performed 352 

by a radiologist or a qualified physician’s assistant under the supervision of a radiologist. Lymph 353 

node dimensions and cortical thickness were measured, and the presence and degree of cortical 354 

vascularity and location of the lymph node relative to the axillary vein were determined prior to 355 

each FNA. For each FNA sample, six passes were made under continuous real-time ultrasound 356 

guidance using 25-gauge needles, each of which was flushed with 3 mL of RPMI 1640 357 

supplemented with 10% FBS and 100 U/mL penicillin/streptomycin, followed by three 1-mL rinses. 358 

Red blood cells were lysed with ammonium chloride buffer (Lonza), washed with PBS 359 

supplemented with 2% FBS and 2 mM EDTA, and immediately used or cryopreserved in 10% 360 

dimethylsulfoxide in FBS. Participants reported no adverse effects from phlebotomies or serial 361 

FNAs.  362 

 Cell lines. Expi293F cells were cultured in Expi293 Expression Medium (Gibco). Vero-363 

TMPRSS2 cells (a gift from Siyuan Ding, Washington University School of Medicine) were 364 

cultured at 37°C in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal 365 

bovine serum (FBS), 10 mM HEPES pH 7.3, 1 mM sodium pyruvate, 1× non-essential amino 366 

acids, and 100 U/ml of penicillin–streptomycin. 367 

Viruses. The 2019n-CoV/USA_WA1/2020 isolate of SARS-CoV-2 was obtained from the 368 

US Centers for Disease Control. The UK B.1.1.7 isolate was obtained from an infected individual. 369 
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The point mutation D614G in the spike gene was introduced into an infectious complementary 370 

DNA clone of the 2019n-CoV/USA_WA1/2020 strain as described previously31. Nucleotide 371 

substitutions were introduced into a subclone puc57-CoV-2-F5-7 containing the spike gene of the 372 

SARS-CoV-2 wild-type infectious clone32.The South African variant spike gene (B.1.351) was 373 

produced synthetically by Gibson assembly. The full-length infectious cDNA clones of the variant 374 

SARS-CoV-2 viruses were assembled by in vitro ligation of seven contiguous cDNA fragments 375 

following the previously described protocol32. In vitro transcription was then performed to 376 

synthesize full-length genomic RNA. To recover the mutant viruses, the RNA transcripts were 377 

electroporated into Vero E6 cells. The viruses from the supernatant of cells were collected 40-h 378 

later and served as p0 stocks. All viruses were passaged once in Vero-hACE2-TMPRSS2 cells 379 

and subjected to deep sequencing after RNA extraction to confirm the introduction and stability 380 

of substitutions18. All virus preparation and experiments were performed in an approved Biosafety 381 

level 3 (BSL-3) facility.  382 

Antigens. Recombinant soluble SARS-CoV-2 spike (S) protein, recombinant receptor 383 

binding domain of S (RBD), human coronavirus OC43 spike, and human coronavirus HKU1 spike 384 

were expressed as previously described33. Briefly, mammalian cell codon-optimized nucleotide 385 

sequences coding for the soluble ectodomain of the spike protein of SARS-CoV-2 (GenBank: 386 

MN908947.3, amino acids 1-1213) including a C-terminal thrombin cleavage site, T4 foldon 387 

trimerization domain, and hexahistidine tag and for the receptor binding domain (RBD, amino 388 

acids 319-541) along with the signal peptide (amino acids 1-14) plus a hexahistidine tag were 389 

cloned into mammalian expression vector pCAGGS. The spike protein sequence was modified to 390 

remove the polybasic cleavage site (RRAR to A), and two pre-fusion stabilizing proline mutations 391 

were introduced (K986P and V987P, wild type numbering). Expression plasmids encoding for the 392 

spike of common human coronaviruses OC43 and HKU1 were provided by Barney Graham (NIH, 393 

Bethesda, MD)34. Recombinant proteins were produced in Expi293F cells (ThermoFisher) by 394 

transfection with purified DNA using the ExpiFectamine 293 Transfection Kit (ThermoFisher). 395 
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Supernatants from transfected cells were harvested 3 days post-transfection, and recombinant 396 

proteins were purified using Ni-NTA agarose (ThermoFisher), then buffer exchanged into 397 

phosphate buffered saline (PBS) and concentrated using Amicon Ultracel centrifugal filters (EMD 398 

Millipore). For flow cytometry staining, recombinant S was labeled with Alexa Fluor 647-NHS ester 399 

or biotinylated using the EZ-Link Micro NHS-PEG4-Biotinylation Kit (Thermo Fisher); excess 400 

Alexa Fluor 647 and biotin were removed using 7-kDa Zeba desalting columns (Pierce). 401 

 ELISpot. Plates were coated with Flucelvax Quadrivalent 2019/2020 seasonal influenza 402 

virus vaccine (Sequiris), S, or RBD. A direct ex-vivo ELISpot was performed to determine the 403 

number of total, vaccine-binding, or recombinant S-binding IgG- and IgA-secreting cells present 404 

in PBMC samples using IgG/IgA double-color ELISpot Kits (Cellular Technologies, Ltd.) according 405 

to the manufacturer’s instructions. ELISpot plates were analyzed using an ELISpot counter 406 

(Cellular Technologies Ltd.). 407 

 ELISA. Assays were performed in 96-well plates (MaxiSorp; Thermo) coated with 100 µL 408 

of recombinant S, RBD, N-terminal domain of S (SinoBiological), OC43 spike, HKU1 spike, or 409 

bovine serum albumin diluted to 1 μg/mL in PBS, and plates were incubated at 4°C overnight. 410 

Plates then were blocked with 10% FBS and 0.05% Tween 20 in PBS. Plasma or purified mAbs 411 

were serially diluted in blocking buffer and added to the plates. Plates were incubated for 90 min 412 

at room temperature and then washed 3 times with 0.05% Tween 20 in PBS. Goat anti-human 413 

IgG-HRP (Jackson ImmunoResearch, 1:2,500) was diluted in blocking buffer before adding to 414 

wells and incubating for 60 min at room temperature. Plates were washed 3 times with 0.05% 415 

Tween 20 in PBS and 3 times with PBS before the addition of peroxidase substrate (SigmaFAST 416 

o-phenylenediamine dihydrochloride, Sigma-Aldrich). Reactions were stopped by the addition of 417 

1 M hydrochloric acid. Optical density measurements were taken at 490 nm. The area under the 418 

curve for each mAb and half-maximal binding dilution for each plasma sample were calculated 419 

using Graphpad Prism v8.  420 
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 Focus reduction neutralization test. Plasma samples were declotted by diluting 1:10 in 421 

DMEM supplemented with 2% FBS, 10 mM HEPES, and 100 U/mL penicillin/streptomycin and 422 

incubating for 3 h at 37°C. Serial dilutions of resulting serum were incubated with 102 focus-423 

forming units (FFU) of different strains or variants of SARS-CoV-2 for 1 h at 37°C. Antibody-virus 424 

complexes were added to Vero-TMPRSS2 cell monolayers in 96-well plates and incubated at 425 

37°C for 1 h. Subsequently, cells were overlaid with 1% (w/v) methylcellulose in MEM 426 

supplemented with 2% FBS. Plates were harvested 24 h later by removing overlays and fixed 427 

with 4% PFA in PBS for 20 min at room temperature. Plates were washed and sequentially 428 

incubated with an oligoclonal pool of SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38, 429 

SARS2-57, and SARS2-71 anti-S antibodies35 and HRP-conjugated goat anti-mouse IgG in PBS 430 

supplemented with 0.1% saponin and 0.1% bovine serum albumin. SARS-CoV-2-infected cell foci 431 

were visualized using TrueBlue peroxidase substrate (KPL) and quantitated on an ImmunoSpot 432 

microanalyzer (Cellular Technologies).  433 

 Cell sorting and flow cytometry. Staining for flow cytometry analysis and sorting was 434 

performed using freshly isolated or cryo-preserved FNA or tonsil samples. For analysis, cells were 435 

incubated for 30 min on ice with biotinylated and Alexa Fluor 647 conjugated recombinant soluble 436 

S and PD-1-BB515 (EH12.1, BD Horizon, 1:100) in 2% FBS and 2 mM EDTA in PBS (P2), washed 437 

twice, then stained for 30 min on ice with IgG-BV480 (goat polyclonal, Jackson ImmunoResearch, 438 

1:100), IgA-FITC (M24A, Millipore, 1:500), CD45-A532 (HI30, Thermo, 1:50), CD38-BB700 (HIT2, 439 

BD Horizon, 1:500), CD20-Pacific Blue (2H7, 1:400), CD8-BV570 (RPA-T8, 1:200), IgM-BV605 440 

(MHM-88, 1:100), HLA-DR-BV650 (L243, 1:100), CD19-BV750 (HIB19, 1:100), CXCR5-PE-441 

Dazzle 594 (J252D4, 1:50), IgD-PE-Cy5 (IA6-2, 1:200), CD14-PerCP (HCD14, 1:50), CD71-PE-442 

Cy7 (CY1G4, 1:400), CD4-Spark685 (SK3, 1:200), streptavidin-APC-Fire750, CD3-APC-Fire810 443 

(SK7, 1:50), and Zombie NIR (all BioLegend) diluted in Brilliant Staining buffer (BD Horizon). Cells 444 

were washed twice with P2, fixed for 1 h at 25°C using the True Nuclear fixation kit (BioLegend), 445 

washed twice with True Nuclear Permeabilization/Wash buffer, stained with FoxP3-BV421 (206D, 446 
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BioLegend, 1:15), Ki-67-BV711 (Ki-67, BioLegend, 1:200), Tbet-BV785 (4B10, BioLegend, 447 

1:400), Bcl6-PE (K112-91, BD Pharmingen, 1:25), and Blimp1-A700 (646702, R&D, 1:50) for 1h 448 

at 25°C, washed twice with True Nuclear Permeabilization/Wash buffer, and acquired on an 449 

Aurora using SpectroFlo v2.2 (Cytek). Flow cytometry data were analyzed using FlowJo v10 450 

(Treestar).  451 

For sorting, cells were stained for 30 min on ice with CD19-BV421 (HIB19, 1:100), CD3-452 

FITC (HIT3a, 1:200), IgD-PerCP-Cy5.5 (IA6-2, 1:200), CD71-PE (CY1G4, 1:400), CXCR5-PE-453 

Dazzle 594 (J252D4, 1:50), CD38-PE-Cy7 (HIT2, 1:200), CD20-APC-Fire750 (2H7, 1:100), 454 

Zombie Aqua (all BioLegend), and Alexa Fluor 647 conjugated recombinant soluble S. Cells were 455 

washed twice, and single S-binding GC B cells (live singlet CD3- CD19+ IgDlo CD38int CD20hi 456 

CD71+ CXCR5+ S+) were sorted using a FACSAria II into 96-well plates containing 2 µL Lysis 457 

Buffer (Clontech) supplemented with 1 U/µL RNase inhibitor (NEB) and immediately frozen on 458 

dry ice. 459 

 Monoclonal antibody (mAb) generation. Antibodies were cloned as described 460 

previously36. Briefly, VH, V, and V genes were amplified by reverse transcription-PCR and 461 

nested PCR reactions from singly-sorted GC B cells using primer combinations specific for IgG, 462 

IgM/A, Ig, and Ig from previously described primer sets37 and then sequenced. To generate 463 

recombinant antibodies, restriction sites were incorporated via PCR with primers to the 464 

corresponding heavy and light chain V and J genes. The amplified VH, V, and V genes were 465 

cloned into IgG1 and Ig or Ig expression vectors, respectively, as described previously25,37,38. 466 

Heavy and light chain plasmids were co-transfected into Expi293F cells (Gibco) for expression, 467 

and antibody was purified using protein A agarose chromatography (Goldbio). Sequences were 468 

obtained from PCR reaction products and annotated using the ImMunoGeneTics (IMGT)/V-469 

QUEST database (http://www.imgt.org/IMGT_vquest/)39,40. Sequences were determined to be 470 

clonally related if they shared Vh and Jh genes, had identical complementarity determining region 471 
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(CDR) lengths, and no more than 3 amino acid differences in the CDR3. Mutation frequency was 472 

calculated by counting the number of nonsynonymous nucleotide mismatches from the germline 473 

sequence in the heavy chain variable segment leading up to the CDR3, while excluding the 5’ 474 

primer sequences that could be error-prone.   475 
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Extended Data Figure Legends 532 

Extended Data Figure 1. Gating strategy for S-binding germinal center B cells 533 

a, Sorting gating strategy for S-binding GC B cells in FNA samples. b, Representative plot of GC 534 

B cells in tonsil.  535 

 536 

Extended Data Table Titles and Footnotes 537 

 538 

Extended Data Table 1. Participant demographics 539 

Extended Data Table 2. Vaccine side effects 540 

Extended Data Table 3. Immunoglobulin gene usage of S-binding mAbs 541 

*Denominator is number of Vh sequences extending into CDR3 per participant 542 

**V-region nonsynonymous nucleotide substitutions   543 



Figure 1. Plasmablast and antibody response to SARS-CoV-2 immunization. 

a, Study design. Thirty-two healthy adult volunteers (ages 28–73, 7 with history of SARS-CoV-2 

infection) were enrolled and received BNT162b2 mRNA SARS-CoV-2 vaccine. Blood was 

collected pre-immunization, and 3, 4, 5, and 7 weeks after immunization. For 12 participants (ages 

28–52, none with history of SARS-CoV-2 infection), fine needle aspirates (FNAs) of ipsilateral 

axillary lymph nodes were collected 3, 4, 5, and 7 weeks after immunization. b-c, ELISpot 

quantification of S-binding IgG- (b) and IgA- (c) secreting plasmablasts (PBs) in blood at baseline, 

3, 4, 5, and 7 weeks post-immunization in participants without (red) and with (black) history of 

SARS-CoV-2 infection. d, Plasma IgG titers against SARS-CoV-2 spike protein (S) (left) and the 

receptor binding domain (RBD) of S (right) measured by ELISA in participants without (red) and 

with (black) history of SARS-CoV-2 infection at baseline, 3, 4, 5, and 7 weeks post-immunization. 

e, Neutralizing activity of serum against WA1/2020 D614G (left), B.1.1.7 (middle), and a chimeric 

virus expressing B.1.351 spike (right) in Vero-TMPRSS2 cells at baseline, 3, and 5 or 7 weeks 

post-immunization in participants without (red) and with (black) history of SARS-CoV-2 infection. 

P-values from two-sided Mann-Whitney tests. Dotted lines indicate limits of detection. 

Horizontal lines indicate geometric mean. Symbols at each timepoint in b–e represent one sample 

(n=32). Results are from one experiment performed in duplicate. 
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Figure 2. Germinal center B cell response to SARS-CoV-2 immunization.  

a, Representative Doppler ultrasound image of two draining LNs “1”, and “2” proximal to the 

axillary vein “LAX V” 5 weeks after immunization. b and d, Representative flow cytometry plots 

of Bcl6 and CD38 staining on IgDlo CD19+ CD3– live singlet lymphocytes in FNA samples (b) and 

S staining on Bcl6+CD38int GC B cells in tonsil and FNA samples (d) at the indicated times after 

immunization. c and e, Kinetics of total (c) and S+ (e) GC B cells as gated in b and d, respectively 

from FNA of draining lymph nodes. Symbols at each timepoint represent one FNA sample (n = 

12). f, Binding of mAbs generated from GC B cells to SARS-CoV-2 S, N-terminal domain of S, 

RBD, or spike proteins of betacoronavirus OC43 or HKU1 measured by ELISA. Bars indicate 

mean ±SE. Baseline for area under the curve was set to the mean + three times the standard 

deviation of background binding to bovine serum albumin. 
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Figure 3. Lymph node plasmablast response to SARS-CoV-2 immunization.  

a and c, Representative flow cytometry plots showing gating of CD20lo CD38+ CD71+ Blimp1+ 

S+ PBs from IgDlo CD19+ CD3– live singlet lymphocytes (a) and IgA and IgM staining on S+ PBs 

(d) in FNA samples. b, Kinetics of S+ PBs as gated in a from FNA of draining lymph nodes. 

Symbols at each timepoint represent one FNA sample (n = 12). d, Percentages of IgM+ (teal), 

IgA+ (yellow), or IgM–IgA– (purple) S+ PBs as gated in c from in FNA of draining lymph nodes 5 

weeks after primary immunization. Each bar represents one FNA sample (n = 12). 
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Extended Data Figure 1. Gating strategy for S-binding germinal center B cells 

a, Sorting gating strategy for S-binding GC B cells in FNA samples. b, Representative plot of GC B cells in tonsil. 
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Extended Data Table 1. Participant demographics  544 

Variable 
Total N=32 

N (%) 

Lymph node N=12  

N (%) 

Age (median [range]) 37 (28-73) 36.5 (28-52) 

Sex   

Female 16 (50) 7 (58.3) 

Male 16 (50) 5 (41.7) 

Race   

White 25 (78.1) 10 (83.3) 

Asian 5 (15.6) 1 (8.3) 

Black 1 (3.1) 1 (8.3) 

Other 1 (3.1) 0 (0) 

Ethnicity   

Not of Hispanic, Latinx, or Spanish 

origin 

30 (93.8) 11 (91.7) 

Hispanic, Latinx, Spanish origin 2 (6.3) 1 (8.3) 

BMI (median [range]) 25.3 (21.4-40) 23.5 (21.4-40) 

Comorbidities   

Lung disease 2 (6.3) 1 (8.3) 

Diabetes mellitus 0 (0) 0 (0) 

Hypertension 5 (15.6) 2 (16.7) 

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 (3.1) 0 (0) 

Confirmed SARS-CoV-2 infection 7 (21.9) 0 (0) 

Time from SARS-CoV-2 infection to 

baseline visit in days (median [range]) 

106 (50-230) -- 
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Extended Data Table 2. Vaccine side-effects 545 

 546 

Variable 
Total N=32 

N (%) 

 Total N=32 

N (%) 

First dose  Second dose  

None 4 (12.5) None 2 (6.2) 

Chills 5 (15.6) Chills 10 (31.3) 

Fever 2 (6.3) Fever 5 (15.6) 

Headache 5 (15.6) Headache 9 (28.1) 

Injection site pain 25 (78.1) Injection site pain 27 (84.4) 

Muscle or joint pain 7 (21.9) Muscle or joint pain 16 (50) 

Fatigue 7 (21.9) Fatigue 14 (43.8) 

Sweating 0 (0) Sweating 2 (6.3) 

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

Chills 48 (6-72) Chills 21 (4-48) 

Fever 9 (6-12) Fever 24 (1-48) 

Headache 12 (5-48) Headache 24 (4-48) 

Injection site pain 36 (2-120) Injection site pain 36 (2-96) 

Muscle or joint pain 36 (0-48) Muscle or joint pain 31.5 (1-48) 

Fatigue 36 (5-48) Fatigue 25.5 (2-144) 

Sweating 0 (0) Sweating 18 (18) 
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Extended Data Table 3. Immunoglobulin gene usage of S-binding mAbs 
 

 

Name 

  

Native 

Isotype 

  Heavy chain                                                                                                    Light chain 

Clone 

Size* 
Gene usage Mutations** HCDR3 AA sequence Gene usage Mutations** LCDR3 AA sequence 

07.1A11 1/21 IgM VH3-15 DH1-7 JH4 4/283=0.0141 CTTGWFTGTYGDYFDYW VK1-33 JK4 1/267=0.0037 CQQYDNLPPTF 

07.1H09 1/21 IgG1 VH3-66 DH3-10 JH3 3/275=0.0109 CARDFREGAFDIW VK1-9 JK4 0/266=0 CQQLNSYPPTF 

07.2A08 1/21 IgG1 VH4-4 DH6-19 JH4 2/275=0.0073 CATDGGWYTFDHW VL3-1 JL2 3/265=0.0113 CQAWGSSTVVF 

07.2A10 1/21 IgG1 VH4-31 DH3-16 JH3 1/278=0.0036 CARYPVWGAFDIW VK1-33 JK3 3/267=0.0112 CQHYDNLPPTF 

07.2C08 1/21 IgG1 VH1-58 DH2-15 JH3 2/275=0.0073 CAAAYCSGGSCSDGFDIW VK3-20 JK1 5/266=0.0188 CQQYGSSPWTF 

07.3D07 2/21 IgG1 VH3-30 DH5-18 JH4 3/277=0.0108 CARVLWLRGMFDYW VL6-57 JL3 2/278=0.0072 CQSYDISNHWVF 

07.4A07 1/21 IgG1 VH3-30 DH3-10 JH4 3/277=0.0108 CARGDYYGSGSYPGKTFDYW VK1-33 JK4 1/266=0.0038 CQQYDNLPLTF 

07.4B05 1/21 IgG1 VH1-69 DH1-26 JH5 1/277=0.0036 CARGRLDSYSGSYYSWFDPW VK4-1 JK2 2/283=0.0071 CQQYYSTPYTF 

07.4D09 1/21 IgG1 VH4-4 DH2-15 JH4 1/274=0.0036 CATKYCSGGSCSYFGYW VL2-23 JL3 0/277=0 CCSYAGSSTWVF 

20.1A12 23/46 IgG1 VH3-30 DH1-26 JH4 2/277=0.0072 CAKGHSGSYRAPFDYW VK3-20 JK2 0/263=0 CQQYGSSYTF 

20.2A03 5/46 IgM VH3-33 DH3-10 JH4 1/278=0.0036 CAREAYFGSGSSPDYW VL3-10 JL2 2/272=0.0074 CYSTDSSDNHRRVF 

20.3C08 2/46 IgG1 VH3-7 DH3-22 JH4 1/278=0.0036 CAREGTYYYDSSAYYNGGLDYW VL3-10 JL1 1/272=0.0037 CYSTDSSGNHRRLF 

22.1A12 3/55 IgG1 VH3-30 DH2-15 JH4 4/274=0.0146 CAKQGGGTYCGGGSCYRGYFDYW VK1-33 JK4 2/264=0.0076 CQQYDNIPLTF 

22.1B08 1/55 IgA1 VH1-46 DH4-17 JH3 16/278=0.0576 CARDPRVPAVTNVNDAFDLW VK3-11 JK2 5/267=0.0187 CQQRSNRPPRWTF 

22.1B12 1/55 IgG1 VH3-53 DH3-10 JH4 8/273=0.0293 CARSHLEVRGVFDNW VK4-1 JK2 1/282=0.0035 CQQYYSTPCSF 

22.1E07 1/55 IgA1 VH3-33 DH4-17 JH4 3/278=0.0108 CAREGVYGDIGGAGLDYW VL3-10 JL1 4/272=0.0147 CYSTDSSVNGRVF 

22.1E11 1/55 IgG1 VH3-30 DH2-15 JH4 2/274=0.0073 CAKMGGVYCSAGNCYSGRLEYW VK1-33 JK3 0/263=0 CQQYDNLLTF 

22.1G10 2/55 IgG1 VH4-59 DH2-21 JH5 12/275=0.0436 CARETVNNWVDPW VK4-1 JK1 10/282=0.0355 CQQYFTTPWTF 

22.2A06 6/55 IgG3 VH5-51 DH3-3 JH4 1/277=0.0036 CARREWGGSLGHIDYW VL6-57 JL2 4/276=0.0145 CQSFDSSNVVF 

22.2B06 2/55 IgM VH3-53 DH1-1 JH6 2/275=0.0073 CARDLQLYGMDVW VL3-21 JL2 2/268=0.0075 CQVWDSSSDPVVF 

22.2F03 1/55 IgM VH1-18 DH6-13 JH6 1/277=0.0036 CARVPGLVGYSSSWYDNEKNYYYYYYGMDVW VL3-25 JL1 1/270=0.0037 CQSADSSGTYVF 

22.3A06 1/55 IgG1 VH3-23 DH5-18 JH5 2/277=0.0072 CAKADTAMAWYNWFDPW VK3-11 JK4 3/264=0.0114 CQHRSNWPLTF 

22.3A11 1/55 IgG1 VH4-34 DH7-27 JH2 1/270=0.0037 CARVWVRWWYFDLW VL3-21 JL1 4/272=0.0147 CQVWDNSSDQPNYVF 
*Denominator is number of Vh sequences extending into CDR3 per participant 
**V-region nonsynonymous nucleotide substitutions  


