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Abstract/Summary25 

26 

Feedback inhibition of humoral immunity by antibodies was first documented in 19091.27 

Subsequent work showed that, depending on the context, antibodies can enhance or inhibit 28 

immune responses2,3. However, little is known about how pre-existing antibodies influence 29 

the development of memory B cells. Here we examined the memory B cell response in 30 

individuals who received two high-affinity anti-SARS-CoV-2 monoclonal antibodies, and 31 

subsequently two doses of an mRNA vaccine4-8. We found that monoclonal antibody 32 

recipients produced antigen binding and neutralizing titers that were only fractionally lower 33 

than controls. In contrast, their memory B cells differed from controls in that they 34 

predominantly expressed low-affinity IgM antibodies that carried small numbers of somatic 35 

mutations and showed altered RBD target specificity consistent with epitope masking. 36 

Moreover, only 1 out of 77 anti-RBD memory antibodies tested neutralized the virus. The 37 

mechanism underlying these findings was examined in experiments in mice that showed that 38 

germinal centers (GCs) formed in the presence of the same antibodies were dominated by 39 

low-affinity B cells. Our results indicate that pre-existing high-affinity antibodies bias GC 40 

and memory B cell selection by two distinct mechanisms: (1) by lowering the activation 41 

threshold for B cells thereby permitting abundant lower-affinity clones to participate in the 42 

immune response, and (2) through direct masking of their cognate epitopes. This may in part 43 

explain the shifting target profile of memory antibodies elicited by booster vaccinations9.44 

45 

Main46 

To examine how passive administration of monoclonal antibodies (mAbs) might influence 47 

subsequent humoral responses to vaccination in humans, we studied a group of 18 healthy 48 

volunteers who received a single dose of the combination of two long-acting monoclonal 49 

antibodies to SARS-CoV-2 and subsequently received 2 doses of a SARS-CoV-2 mRNA vaccine 50 

(Fig. 1a). The 2 antibodies, C144-LS and C135-LS, bind Class 2 and 3 epitopes on the receptor 51 

binding domain (RBD) of the SARS-CoV-2 spike (S) protein with high affinity (KD =18 nM and 52 

KD = 6 nM, respectively) and neutralize the virus with IC50s of 2.55 and 2.98 ng/ml, 53 

respectively5,8.  54 
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Between January 13 and March 3, 2021, 23 SARS-CoV-2-naïve individuals received C144-LS 56 

and C135-LS (n = 21) or placebo (n =2), in a first-in-human, phase 1 clinical trial at the Rockefeller 57 

University Hospital (NCT04700163). The antibodies were modified to extend their half-life by 58 

introducing the M428L and N343S mutations into their Fc domains10 (LS). Individuals received a 59 

single dose of C144-LS and C135-LS IgG1 antibodies at a 1:1 ratio, starting with 100 mg of each 60 

subcutaneously (s.c.) in the lowest- and up to 15 mg/kg intravenously (i.v.) in the highest-dose 61 

group. Participants were followed longitudinally to assess the safety and tolerability of the infused 62 

mAbs and determine their pharmacokinetic properties. 63 

 64 

Eighteen of the 21 phase 1 study participants who had received the monoclonal antibodies elected 65 

to receive SARS-CoV-2 mRNA vaccination and volunteered to enroll in a parallel observational 66 

study assessing their immune responses to SARS-CoV-2 vaccination (Supplementary Tables 1 and 67 

2). The first and second vaccine doses were administered a median of 82 (range 42-110) and 103 68 

(range 70-131) days after antibody administration (Supplementary Tables 1 and 2). At the time of 69 

vaccination, the plasma levels of C144-LS and C135-LS were between 5 and 100 μg/ml depending 70 

on the dosing group (Fig. 1b). The estimated half-lives of C144-LS and C135-LS were 69-99 days 71 

and 73-95 days, respectively. 72 

 73 

The 18 vaccinated antibody recipients were compared to a cohort of 31 randomly selected mRNA 74 

vaccine recipients with no prior history of infection (Fig. 1a and Supplementary Tables 1, also 75 

see9,11). Both groups were sampled between 13-28 (median 19) and 15-91 (median 29) days after 76 

their first and second vaccine doses, respectively. The two cohorts were relatively matched for 77 

demographic characteristics and vaccine formulation (for details see Supplementary Tables 1 and 78 

2), and none of the individuals included in the study seroconverted to nucleocapsid (N) at any time 79 

during observation period suggesting that they remained infection naïve. 80 

 81 

Plasma antibody reactivity 82 

Plasma IgM and IgG antibody binding activity against RBD were measured by ELISA using 83 

Wuhan-Hu-1 (WT) and mutant forms of RBD (R346S/E484K and N440K/E484K) that eliminate 84 

binding by C144 and C135 but not Class 1 or 4, or some affinity-matured Class 2 or 3 antibodies 85 

(Ext. Data Fig. 1a-f, also see9,12). When measured for WT RBD binding after one or two vaccine 86 ACCELE
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doses, the IgM titers in mAb recipients were not significantly different from controls (Fig. 1c). In 87 

contrast, IgG anti-WT-RBD titers were significantly higher in mAb recipients than in controls after 88 

one vaccine dose but equalized following the second dose (Fig. 1d, p<0.0001 and p=0.93, 89 

respectively). The initial difference was attributed to the infused monoclonals because when the 90 

same samples were tested against either R346S/E484K or N440K/E484K mutant RBDs that 91 

interfere with C144 and C135 binding, plasma IgG antibody levels in the mAb recipient samples 92 

were slightly but not significantly lower than the controls (Fig. 1e). Conversely, the relative 93 

contribution of endogenous anti-RBD antibodies increased over time, as illustrated by a decrease 94 

in the correlation between the monoclonal antibody serum levels and plasma binding (Ext. Data 95 

Fig. 1g-h). 96 

 97 

To determine whether the pre-existing antibodies to RBD interfered with humoral immunity to 98 

independent domains of the SARS-CoV-2 S protein, the same plasma samples were tested for 99 

binding to the N-terminal domain (NTD).  IgG titers to NTD were similar in mAb recipients and 100 

controls (Fig. 1f). We conclude that high circulating levels of C144-LS and C135-LS do not 101 

interfere with IgM anti-RBD antibody responses and have only a small effect on IgG responses. 102 

Thus, the infused antibodies do not clear the vaccine antigen or measurably interfere with its 103 

overall ability to produce an immune response13. 104 

 105 

Neutralization 106 

To assess plasma neutralizing activity, we used HIV-1 pseudotyped with WT or mutant S proteins 107 

that carry a furin-cleavage site mutation (R683G)14. As expected, based on the amount of C144-108 

LS and C135-LS in circulation, neutralizing titers against WT were significantly higher in mAb 109 

recipients than in controls at both timepoints (Fig. 1g, p<0.0001). To determine the contribution 110 

of the endogenous neutralizing response to epitopes outside of the C144-LS and C135-LS target 111 

sites, we used viruses pseudotyped with S proteins containing the R346S/Q493K and 112 

R346S/N440K/E484K mutations that abolish the neutralizing activity of the 2 infused mAbs (Ext. 113 

Data Fig. 2a-d). Despite the initial dominance of Class 1-2 epitopes among neutralizing antibodies 114 

elicited by mRNA vaccination6, the neutralizing titers of the control plasmas against the 2 mutant 115 

pseudoviruses were comparable to those against WT (Fig. 1h-i), suggesting that a significant 116 

proportion of circulating endogenous neutralizing antibodies are unaffected by the R346S/Q493K 117 ACCELE
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and R346S/N440K/E484K mutations. After the first vaccine dose, mAb recipients showed 118 

significantly lower neutralizing titers against the mutant pseudoviruses than controls (2.7- and 3.5-119 

fold for R346S/Q493K and R346S/N440K/E484K; Fig. 1h and i, p=0.0015 and p=0.014, 120 

respectively). Consistent with a recent report13, neutralizing activity improved and was no longer 121 

significantly different from controls after the second vaccine dose (Fig. 1h and i). Similarly, we 122 

saw no discernible difference in plasma neutralization of the antigenically divergent BA.4/5 123 

variant, which showed equal levels of immune evasion to the plasma antibodies in both groups 124 

(Ext. Data Fig. 2e). In conclusion, recipients of C144-LS and C135-LS had high initial levels of 125 

serum neutralizing activity due to the passively administered antibodies and they developed their 126 

own neutralizing antibodies that were not sensitive to RBD mutations in the C144/C135 target 127 

sites after mRNA vaccination.  128 

 129 

Memory B cells 130 

In addition to the plasma cells that produce circulating antibodies, vaccination also elicits memory 131 

B cells that contribute to protection upon re-exposure to the pathogen. These two cell types are 132 

selected by different mechanisms and, as a result, the antibodies they produce show differing levels 133 

of affinity to the immunogen15-17. Although the feedback effects of antibodies on humoral 134 

responses have been investigated extensively beginning in 19091,2, little is known about their 135 

effects on the development of memory B cells. To investigate the effects of passive mAb 136 

administration on B cell memory responses in humans, we used flow cytometry to enumerate and 137 

purify circulating memory B cells binding to phycoerythrin (PE) and Alexa-Fluor-647 (AF647) 138 

labeled RBDs (Ext. Data Fig. 3a-c)5. mRNA vaccination elicited robust RBD-specific memory B 139 

cell responses in mAb recipients that were approximately 4- and 3-fold higher than in controls 140 

after the first and second vaccine doses, respectively (Fig. 2a; p<0.0001 and p<0.0001, 141 

respectively). Thus, C144-LS and C135-LS administration increases the magnitude of the anti-142 

RBD memory B cell response when compared to controls. 143 

 144 

Human memory B cells represent a diverse pool of cells that can develop in germinal centers 145 

(GCs) or through an extrafollicular GC-independent pathway18-20. Memory B cells expressing 146 

class-switched and highly somatically mutated antibodies are primarily of germinal center 147 

origin19,21. IgM-expressing memory B cells, that express antibodies that carry only small 148 ACCELE
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numbers of mutations typically develop by a germinal center independent pathway22-25. In 149 

control individuals, IgG-expressing RBD-specific memory cells comprised the majority of the 150 

memory B cell pool at both time points assayed. In line with the overall increase in anti-RBD 151 

memory cells, the absolute number of IgG-expressing cells was fractionally increased in mAb 152 

recipients (Ext. Data Fig. 3d). However, their relative contribution was significantly reduced at 153 

both time points, making up only 30 and 45% of the RBD-specific cells in mAb recipients after 154 

one and two doses, respectively (Fig. 2b; p=0.0002 and p<0.0001).  Consistent with the relative 155 

decrease in IgG+ memory B cells, more than half (57%) of the RBD-specific memory B cells 156 

from mAb recipients were cell surface IgM+ after the first vaccine dose and this decreased only 157 

slightly to 49% after the second vaccine dose. In contrast, few such cells were found in the 158 

control group at that time (Fig. 2c and Ext. Data Fig. 3e; all p<0.0001). The skewed isotype ratio 159 

was correlated to the C144 serum concentration at the time of immunization (Ext. Data Fig. 3f-i). 160 

We conclude that pre-existing high-affinity anti-RBD antibodies alter the immune response to 161 

SARS-CoV-2 mRNA vaccination to favor the development of IgM-expressing memory B cells.  162 

 163 

Memory B cell antibodies 164 

To gain further insight into the effects of pre-existing antibodies on the human memory response 165 

to SARS-CoV-2 mRNA vaccination, we purified RBD-specific memory B cells from 5 166 

representative mAb recipients after the second vaccine dose (Ext. Data Fig. 4a-b). A total of 353 167 

and 856 paired antibody sequences from mAb recipients and previously characterized controls 168 

were examined, respectively (Fig. 2d, Ext. Data Fig. 4c-e and Supplementary Table 3, also see11). 169 

IgM transcripts accounted for 70-94% of sequences recovered from mAb recipients with an 170 

average of 9% belonging to expanded clones (Fig. 2d, upper panel and Fig. 2e). In contrast, IgG 171 

transcripts accounted for >90% of the immunoglobulin sequences isolated from controls (Fig. 2e 172 

and Ext. Data Fig. 4e). The relative IgM enrichment was more pronounced by the more sensitive 173 

PCR assay and may include cells that no longer express IgM on their surface. IgM memory cells 174 

originating from the extrafollicular non-GC pathway are generally less somatically mutated than 175 

IgG memory cells because they undergo fewer divisions19,25. Consistent with this idea, and the 176 

reversed ratio of IgM:IgG memory B cells in mAb recipients, the antibodies obtained from these 177 

individuals showed significantly fewer somatic mutations than controls (Fig. 2f, p<0.0001).  178 

However, when comparing IgM or IgG cells independently, the average mutational burden was 179 
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not significantly different between mAb recipients and controls (Fig. 2g, p>0.99 and p=0.40 for 180 

IgM and IgG, respectively).  Thus, IgM- and IgG-expressing B cells in vaccinated individuals who 181 

had received C144-LS and C135-LS carry normal numbers of somatic mutations, but the relative 182 

ratio of the two memory cell types is reversed, which accounts for the overall lower level of 183 

mutation in their memory compartment.  Finally, in contrast to controls there was no enrichment 184 

for VH3-53, VH1-69, VH1-46, and VH3-66 heavy chains, which often target Class 1 and 2 185 

epitopes. Instead, there was relative enrichment for VH3-9, VH5-51, VH4-39, and VH1-8 genes 186 

(Ext. Data Fig. 4f). The limited number of cells sequenced precludes definitive conclusions about 187 

the precise clonotype distribution in this population, but the relative change in VH gene usage 188 

frequency implies that B cell recruitment into the memory compartment of mAb recipients is 189 

altered. In summary, the data suggest that pre-existing antibodies can alter the cellular and 190 

molecular composition of the RBD-specific MBC compartment that develops in response to 191 

mRNA vaccination. 192 

 193 

To examine the binding and neutralizing activity of the memory antibodies elicited by mRNA 194 

vaccination in C144-LS and C135-LS recipients, we produced 178 representative monoclonals 195 

obtained from 5 individuals as IgGs and tested them for binding to the WT SARS-CoV-2 RBD by 196 

ELISA (Fig. 3a-c and Supplementary Table 4). In contrast to controls, where over 95% of the 197 

memory antibodies bound strongly to RBD, monoclonal antibodies isolated from volunteers that 198 

received C144-LS and C135-LS showed diverse levels of binding activity. Approximately one 199 

quarter (24%) of the antibodies displayed relatively poor binding with ELISA half-maximal 200 

effective concentrations (EC50s) that were only slightly above our limit of detection, and a little 201 

over one third (38%) showed no detectable binding above background (Fig. 3a-b). Accordingly, 202 

the median (EC50) of antibodies isolated from mAb recipients was significantly higher than in 203 

controls (Fig. 3b, p<0.0001). Notably, this difference remained significant when the monoclonals 204 

isolated from IgM and IgG memory cells were analyzed independently (Fig 3c, p=0.0005 and 205 

p<0.0001, respectively).   206 

 207 

Memory antibodies obtained from C144-LS and C135-LS recipients that bound to WT SARS-208 

CoV-2 RBD with EC50s <10 μg/ml were tested for neutralizing activity against viruses 209 

pseudotyped with WT spike. Whereas almost two thirds (63%) of the IgG and 17% of the IgM 210 ACCELE
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antibodies isolated from controls showed measurable neutralizing activity, only 1 out of 45 IgG- 211 

and none of the 32 IgM-derived antibodies obtained from C144-LS and C135-LS recipients 212 

neutralized SARS-CoV-2 (Fig. 3d-e). Thus, the antibodies isolated from the RBD-specific 213 

memory B cell compartment of vaccinated mAb recipients show significantly less neutralizing 214 

activity than controls. In circulation, IgM antibodies are pentamers which, in addition to their 215 

superior ability to fix complement, show increased apparent affinities. To test whether the binding 216 

and neutralizing properties of IgM antibodies would be improved when expressed as pentamers, 217 

we re-expressed 17 IgM memory antibodies (15 from mAb recipients and 2 from controls) as 218 

pentameric IgMs. Although the pentamers obtained from mAb recipients showed significantly 219 

improved binding to RBD by ELISA (Ext. Data Fig. 5a and Supplementary Table 4; p=0.0004), 220 

they remained unable to neutralize (Ext. Data Fig. 5b and Supplementary Table 4). In contrast, 221 

both control IgM antibodies showed improved neutralizing potency when expressed as pentamers 222 

(Ext. Data Fig. 5b).  223 

 224 

To examine the affinity of the antibodies, we performed biolayer interferometry experiments (BLI) 225 

in which monoclonal antibodies were immobilized on the biosensor chip and exposed to WT RBD 226 

monomers12 (Fig. 3f and g). In contrast to controls, where 96% of the antibodies tested displayed 227 

measurable affinities, only two thirds (67%) of the antibodies derived from mAb recipients did so 228 

(Fig. 3g, i and k, p<0.0001). When all antibodies were considered together, the median affinity 229 

(Kd) differed by nearly one order of magnitude between mAb recipients and controls (Fig. 3k, 230 

p<0.0001). Moreover, this difference remained significant when IgM and IgG monoclonals were 231 

considered independently (Fig 3l, p =0.0058 and p<0.0001, respectively), indicating that the lower 232 

affinities observed in the memory compartment of mAb recipients cannot solely be explained by 233 

the preponderance of IgM. 234 

 235 

C144-LS and C135-LS have the potential to form immune complexes with the vaccine antigen in236 

vivo and present it as a multimer that could increase the apparent affinity of a B cell for the 237 

multimerized antigen by avidity effects. To determine whether memory cell-derived antibodies 238 

from mAb recipients with no apparent affinity to monomeric antigen would show binding under 239 

higher valency conditions, we exposed the immobilized monoclonals to biotin-streptavidin 240 

tetramerized trimers of S (Fig. 3f, h and j). Of the 25 antibodies with no apparent monomeric 241 ACCELE
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binding tested, 23 (92%) bound to multimerized S (Fig. 3h and j). We conclude that most of the 242 

anti-RBD antibodies isolated from mAb recipients that failed to show detectable binding to RBD 243 

monomers bind to multimerized antigen. Thus, the absence of binding to monomeric antigen is a 244 

consequence of the relatively low affinity of the memory antibodies derived from mAb recipients 245 

and not due to altered specificity. 246 

 247 

To examine the epitopes targeted by the vaccine-elicited anti-RBD antibodies produced by 248 

memory B cells of C144-LS and C135-LS recipients, we performed BLI experiments in which a 249 

pre-formed antibody-RBD complex composed of one of 4 structurally characterized 250 

antibodies8,26,27 was exposed to a second monoclonal targeting an unknown epitope (Fig. 3m and 251 

Ext. Data Fig. 6). 49% of the anti-RBD memory antibodies obtained from vaccinated controls 252 

target Class 1, 2 or 3 epitopes or combinations thereof (Fig. 3n, Ext. Data Fig. 6a-f, and 9,11). In 253 

contrast, only 20% of the memory antibodies obtained from mAb recipients targeted Class 1 or 2 254 

epitopes, and none were Class 3-specific. Instead, we found that 78% of these antibodies targeted 255 

either Class 4-containing epitopes or epitopes that could not be classified by our method (Fig. 3n 256 

and Ext. Data Fig. 6a-f). Thus, there was a significant shift in the distribution of epitopes targeted 257 

by memory antibodies isolated from mAb recipients compared to controls (Fig. 3n, p=0.0089). In 258 

conclusion, C144-LS and C135-LS alter the development of memory B cells expressing anti-RBD 259 

antibodies and their epitope target preference.     260 

 261 

Germinal center (GC) B cell responses 262 

To examine the mechanism by which pre-existing antibodies alter memory B cell selection, we 263 

immunized wild-type C57BL/6 mice pre-infused with C135 and C144 or an irrelevant anti-HIV 264 

mAb cocktail with recombinant SARS-CoV-2 RBD (Fig. 4a). Mice pre-treated with control anti-265 

HIV antibodies developed GC responses in which an average of 27% of the B cells bound to RBD 266 

(Fig. 4b-c and Ext. Data Fig. 7a-d). Although GC size was not altered in mice that received C135 267 

and C144 (Fig. 4b and Ext. Data Fig. 7c), the fraction of RBD-binding cells was significantly 268 

reduced (Fig. 4c and Ext. Data Fig. 7b, d; p=0.041).  269 

 270 

To examine the molecular nature of the memory antibodies produced in the presence of pre-271 

existing high-affinity antibodies, we cloned and produced antibodies from GC B cells. A total of 272 ACCELE
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351 and 352 antibodies were obtained from the anti-RBD- and anti-HIV-treated control groups, 273 

respectively (Supplementary Table 5). B cells isolated from both groups showed similar levels of 274 

somatic mutation (Ext. Data Fig. 7e), and clonal expansion (Fig. 4d and Ext. Data Fig. 7f). 275 

However, in the C135 and C144 recipients clonally expanded and unique B cells were dominated 276 

by cells that failed to bind RBD by flow cytometry (Fig. 4d-e, p=0.046 and p=0.026, respectively).  277 

278 

106 monoclonal antibodies were expressed as Fabs (Supplementary Table 6) and tested for binding 279 

to SARS-CoV-2 RBD by biolayer interferometry (BLI, Fig. 4f). Under monomeric binding 280 

conditions 46% (22/47) of the Fabs derived from control mice bound to RBD (Fig. 4g). In contrast, 281 

only 21% (8/46) of the GC B cell antibodies from mice pre-treated with C135 and C144 showed 282 

measurable but demonstrably lower affinity under these conditions (Fig. 4g-i, p=0.0036 and Ext. 283 

Data Fig. 7g). Thus, our mouse immunization experiments show that pre-existing high affinity 284 

antibodies lower the affinity threshold for B cell participation in immune responses, and thereby 285 

provide a mechanistic explanation for the observation that the memory compartment in humans 286 

infused with C135 and C144 is dominated by low-affinity B cells.  287 

 288 

Discussion 289 

Our experiments show that pre-existing antibodies alter the development of memory B cells in 290 

response to SARS-CoV-2 mRNA vaccination in humans. Consistent with a recent report, C144-291 

LS and C-135-LS did not significantly interfere with the development of circulating antibodies 292 

that bind to epitopes outside of the target sites of the two monoclonal antibodies13. And while we 293 

found that endogenous neutralizing responses were reduced in mAb recipients after one dose, this 294 

difference was no longer significant after two doses of mRNA vaccination. In contrast, anti-RBD-295 

specific memory B cell development was profoundly altered. Specifically, the affinity threshold 296 

for entry into the memory and GC B cell compartment in humans and mice was lowered, and there 297 

was a change in the epitopes targeted in the presence of pre-existing antibodies.  298 

 299 

Memory cells expressing IgG antibodies specific to Class 1, 2 or 3 epitopes normally dominate the 300 

anti-RBD response after 2 doses of mRNA vaccination4-8. In contrast, we found that mAb 301 

recipients develop increased numbers of IgM anti-RBD memory cells that express antibodies with 302 

altered epitope specificity consistent with epitope masking. This may also explain the shift in 303 ACCELE
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memory B cell specificity away from Class 1 and 2 after the 3rd dose of the SARS-CoV-2 mRNA 304 

vaccines that increases the breadth of the neutralizing response9.  305 

 306 

Beginning with experiments on anti-Diptheria toxin antibodies in the early part of the 20th century, 307 

extensive work in experimental animals showed that passive transfer of polyclonal immune serum 308 

or monoclonal antibodies can alter subsequent humoral immune responses in an epitope-specific 309 

manner1,2. More recently, epitope masking by pre-existing antibodies was shown to interfere with 310 

the epitope-specific plasmablast response to Malaria vaccination28,29. In Malaria vaccine trials a 311 

3rd vaccine dose produced a smaller fraction of high-affinity antibody producing plasmablasts than 312 

the 2nd, and this was attributed to epitope masking. The masking effect of pre-existing high-affinity 313 

antibodies was confirmed in transgenic mice that showed high-affinity antibodies block B cell 314 

entry into GCs in an epitope-specific manner29-31. However, these results were obtained in the 315 

context of a restricted transgenic B cell repertoire and the effect of pre-existing antibodies on the 316 

development of memory B cells in polyclonal responses was not examined29 . The results of our 317 

clinical trial and mouse experiments agree with the observation that pre-existing antibodies block 318 

the development of epitope-specific B cells32,33. Our experiments extend prior observations 319 

because we also examined the specificity and antigen binding affinity of the antibodies produced 320 

by B cells that do respond to antigen in the presence of pre-existing antibody. An unexpected 321 

finding was that pre-existing high-affinity antibodies lower the affinity threshold for B cell 322 

participation in the immune response. As a result, the anti-SARS-CoV2 antibodies expressed by 323 

memory B cells developing in humans that received monoclonal antibody infusions prior to 324 

vaccination are dominantly of low affinity. In contrast, low-affinity polyclonal antibodies 325 

emerging after a vaccine prime may enhance vaccine booster responses by mechanisms that remain 326 

to be fully elucidated2,3,31. 327 

 328 

Memory B cells can develop by 2 different pathways18,19. Class-switched memory B cells that 329 

carry relatively higher-affinity antibodies with large numbers of somatic mutations develop in 330 

germinal centers (GCs). In contrast, IgM-expressing memory B cells that carry lower-affinity 331 

antibodies and only small numbers of mutations develop by a GC-independent pathway18,20. Our 332 

human data suggest that the passive transfer of C144-LS and C135-LS may favor the GC-333 

independent pathway by creating immune complexes (reviewed in 34). Immune complexes trap 334 ACCELE
RATED ARTIC

LE
 PREVIEW



and sequester antigen in lymphoid organs and thereby increase local antigen concentration. In 335 

addition, they contain multiple copies of the antigen in a form that increases apparent affinity by 336 

avidity effects, thereby enabling the recruitment of B cells with very low-affinity receptors into 337 

the immune response34. Together, the increased antigen concentration and avidity effects combine 338 

to reduce selection stringency and help explain the increase in low-affinity RBD-binding B cells 339 

found in human mAb recipients, as this allows for the activation of greater numbers of abundant 340 

lower-affinity clones which would otherwise fail to be recruited to the immune response. Thus, 341 

the combination of epitope masking and lowered affinity thresholds diversify the ensuing B cell 342 

responses. 343 

 344 

In conclusion, the composition of germinal centers and the development of memory in response to 345 

vaccination are influenced by pre-existing antibodies that can alter the antibody target profile, 346 

affinity, and isotype of the responding cells. Diversification of the antibody response by this 347 

mechanism may help increase the breadth of vaccines like the SARS-CoV-2 vaccine but interfere 348 

with the development of breadth and potency in others, like HIV-1 or influenza, by diverting 349 

immunity away from broadly neutralizing to strain-specific epitopes and by allowing increasing 350 

numbers of low-affinity precursors expressing off-target antibodies to participate in the immune 351 

response. 352 

  353 
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Main figures 454 

455 

Fig. 1: Study design and plasma antibody activity.  456 
a, Schematic overview of the study design with markers (w) denoting weeks relative to the time of the first 457 
vaccine dose. b, Serum levels of C135-LS (upper panel, in blue) and C144-LS (lower panel, in red) over 458 
time are shown. The thick colored dashed lines indicate the median serum concentrations among 459 
monoclonal antibody (mAb) recipients (n=18), while the thin dotted black lines represent individual 460 
participants. The two solid vertical lines indicate the median and the grey shaded areas the range of time 461 
from mAb administration. c-f, Half-maximal plasma binding titers (BT50) to RBD after one (vax1) and 462 
two doses (vax2) of mRNA vaccination for mAb recipients (n=18, in green) and controls (n=26, in blue). 463 
Each dot represents one individual. Dashed horizontal lines represent the median binding activity of healthy 464 
pre-pandemic plasma samples, which served as negative controls. c,d, IgM (c) and IgG (d) binding titers 465 
to WT RBD. e, IgG binding to R346S/E484K (left panel) and N440K/E484K RBDs (also Ext. Data Fig. 466 
1). f, IgG binding to the NTD. g-i, Plasma half-maximal neutralizing titers (NT50s) for mAb recipients 467 
(n=18, in green) and controls (n=26, in blue) against HIV-1 pseudotyped with g, SARS-CoV-2 WT S. h, 468 
R346S/Q493K mutant S. i, R346S/N440K/E484K mutant S (also Ext. Data Fig. 2). The S protein in the 469 
pseudoviruses in g-i contained an R683G substitution. Red horizontal bars in c-i and red numbers in g-i 470 
represent median values. Statistical significance in c-i was determined using the two-tailed Mann-Whitney 471 
test comparing differences between mAb recipients and controls for each time point independently. All 472 
experiments were performed at least in duplicate.  473 

474 
Fig. 2: Anti-SARS-CoV-2 RBD memory B cells from vaccinated mAb recipients. 475 
a-c, Flow-cytometric enumeration and surface immunoglobulin expression of SARS-CoV-2 RBD-specific 476 
memory B cells after vax1 and vax2 isolated from mAb recipients (green, n=18) and controls9,11 (blue, n=26 477 
for vax1 and n=31 for vax2 in panel a, and n=10 in panels b,c). Each dot represents one individual, red 478 
horizontal bars (and numbers in panel a) depict median values. a, Number of WT RBD-specific memory B 479 
cells per 10 million CD20+ B cells (also Ext. Data Fig 3a and b). b,c, Percentage of cells among WT RBD-480 
binding CD20+ B cells that express cell surface IgG (b) or IgM (c). d, Pie charts show distribution of 481 
antibody sequences derived from cells isolated from 5 vaccinated mAb recipients after vax2 (also Ext. Data 482 
Fig. 3d and e). Upper panel shows IgM, lower panel IgG. Numbers in the inner circles indicate the number 483 
of sequences analyzed for the respective individual. Green colored slices indicate clonally expanded cells 484 
(same IGHV and IGLV genes, with highly similar CDR3s) within an individual. Pie slice size is 485 
proportional to the number of clonally related sequences, with the fraction of clonally expanded sequences 486 
summarized in % (black outline). White pie areas indicate proportion of sequences isolated only once. e, 487 
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Fraction of cells harboring IgG (black) vs. IgM (white) transcripts per individual (also Ext. Data Fig. 3f and 488 
9,11). f,g, Somatic hypermutation (SHM) shown as combined heavy- and light-chain variable region 489 
nucleotide substitutions plus one (IGVH+IGVL+1), with each dot representing one sequence from mAb 490 
recipients (green) or controls (blue). Ring plots below show fraction of sequences with no (IGVH+IGVL+1 491 
= 1) vs. any (IGVH+IGVL+1 > 1) SHM, and encircled numbers indicate the number of sequences analyzed, 492 
for all cells irrespective of isotype (f), and IgM and IgG analyzed independently (g). Red horizontal bars 493 
and numbers in f and g indicate mean values. Statistical significance was determined using the two-tailed 494 
Mann-Whitney test for a-c and f, the Kruskal-Wallis test with subsequent Dunn’s correction for multiple 495 
comparisons for g, and the two-sided Fisher’s exact test to compare fractions in f and g.  496 
 497 
Fig. 3: Anti-SARS-CoV-2 RBD memory antibodies from vaccinated mAb recipients.  498 
a-c, Monoclonal antibody binding to WT RBD. a, Graph shows ELISA binding of monoclonal memory 499 
antibodies derived from mAb recipients. Each curve represents one antibody. Green curves show EC50s 500 
<10 μg/ml, grey dashed lines EC50s >10 μg/ml, solid black lines are antibodies that were below or equal 501 
to a negative control anti-HIV1 antibody 3BNC117 (thick, white-dashed line). C144 (thick, red-dashed 502 
line) is a positive control. b, Summary of EC50s derived from (a) mAb recipients (green), and controls 503 
(blue) for all antibodies irrespective of isotype. c, as in (b) but IgM and IgG analyzed independently. Grey 504 
shaded area between horizontal dotted lines indicates antibodies with EC50s >10 μg/ml (poor binding) and 505 
non-binding antibodies arbitrarily grouped at 10 and 20 μg/ml, respectively. Ring plots summarize the 506 
fraction of all antibodies tested for the respective groups (encircled number).  d, Plots show IC50s for all 507 
monoclonal antibodies isolated from vaccinated mAb recipients (green) or controls (blue). Ring plots 508 
illustrate the fraction of non-neutralizing (IC50 > 1000 ng/ml) antibodies (black slices) among all antibodies 509 
tested for the respective group (encircled number). e, as in (d) but IgM and IgG antibodies analyzed 510 
independently. f-l, Monoclonal antibody binding to monomeric and multimerized antigen by BLI. f, 511 
Schematic of monomeric binding measurements where IgG is immobilized on the biosensor chip and 512 
subsequently exposed to monomeric RBD (upper panel), and multimeric binding using 6P-stabilized WT 513 
SARS-CoV-2 S protein trimers that had been tetramerized using streptavidin (lower panel). g, Graphs show 514 
BLI traces obtained under monovalent conditions as illustrated in (f, upper panel). Each curve represents 515 
one antibody. Colored solid lines denote binding above background represented by polyreactive antibody 516 
ED3835 (dotted black line) and anti-HIV-1 antibody 3BNC117 (dashed black line). Grey lines show non-517 
binding antibodies. C144 (thick, red-dashed line) is a positive control. Colored and grey numbers in upper 518 
left of each panel indicate the number of binding and non-binding antibodies, respectively. h, As in (g) for 519 
antibodies that showed no measurable binding in (g) and were subsequently tested for binding under 520 
polyvalent conditions as illustrated in (f, lower panel). i, Bar charts show the percentage of binding 521 ACCELE
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antibodies under monovalent conditions for all antibodies and by isotype. Values below bars indicate the 522 
number of antibodies tested. j as in (i) for antibodies shown in (h). k, Graphs show affinity constants (Kd) 523 
derived under monomeric binding conditions (g) for mAb recipients (green) and controls (blue) irrespective 524 
of isotype. Ring plots illustrate the fraction of antibodies tested for the respective group (encircled number) 525 
that measurably bound to monomeric RBD (“binding”, in white) and those for which a Kd value could not 526 
be established (“no Kd”, black). l, as in (k) analyzed independently for IgM and IgG. m, Schematic 527 
representation of BLI competition experiment: (1) capture antibody of known epitope-specificity (class-528 
reference antibody) is bound to the biosensor chip, (2) exposed to antigen, and (3) the antibody of interested 529 
is added to the chip. n, Pie charts show the distribution of epitopes targeted. The number in the center is the 530 
number of antibodies tested. Slices colored in shades of red and blue represent Class 1, 2 and 3 or combined 531 
epitopes, shades of grey represent Class 4-containing epitopes or epitopes that could not be classified. For 532 
panels b-e, k and l red horizontal bars and numbers represent median values (N/D, not determined). 533 
Statistical significance was determined using the two-tailed Mann-Whitney test for b, d and k, the Kruskal-534 
Wallis test with subsequent Dunn’s correction for multiple comparisons for c, e and l,, the two-sided 535 
Fisher’s exact test for d, e, k and l, and the two-sided Chi-squared contingency statistic for panels b, c and 536 
n.  537 
 538 
Fig. 4: Germinal center (GC) responses in mAb pre-treated mice.  539 
a, Schematic of the experimental setup. Pooled popliteal lymph nodes (dLN) were analyzed by flow-540 
cytometry (also Ext. Data Fig. 7 and methods). In panels b-i, control mice pre-treated with irrelevant anti-541 
HIV mAbs (3BNC117 and 10-1074, n=6) are in blue, and mice that received the combination of C135 542 
and C144 (n=6) are in green. b-c, Enumeration of germinal center (GC) B cells (CD38- Fas+ GL7+) as a 543 
fraction of all B220+ B cells (b) and RBD-binding cells as a fraction of GC B cells (c). d-e, Antibody 544 
sequences from single GC B cells. d, Pie charts show distribution of antibody sequences. Encircled 545 
numbers indicate the number of sequences analyzed per animal. Solid pie slices indicate clonally 546 
expanded sequences, with slices colored in shades of blue (controls) or green (anti-RBD mAb group) 547 
indicating binding clones (as in Ext. Data Fig. 7b and Supplementary Table 5). Grey slices denote non-548 
binding clones. Sequences appearing only once are stippled (binding) or white (non-binding). e, Relative 549 
contribution of binding clones and singlets in (d). f-i, Binding of monoclonal GC B cell-derived Fabs to 550 
monomeric RBD by biolayer interferometry (BLI). f, illustrates BLI setup. g-h, Graphs show traces of 551 
Fabs derived from controls (g) and anti-RBD treated mice (h). Each curve represents one Fab. Colored 552 
solid lines denote binding above background represented by polyreactive antibody ED3835 (dashed black 553 
line) and negative control antibody mGO53 (dotted black line). Grey lines show non-binding antibodies. 554 
C144 (thick, red-dashed line) is a positive control. Colored and grey numbers in the upper left of each 555 ACCELE
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panel indicate the number of binding and non-binding antibodies, respectively. i, Bar charts show the 556 
percentage of binding Fabs, with the total number of Fabs tested from the control (n=47) and anti-RBD 557 
mAb group (n=46) denoted below. In panels b, c and e, colored dots represent individual mice and red 558 
horizontal lines in indicate median values. Statistical significance was determined using the two-tailed 559 
Mann-Whitney test for b, c and e, and two-sided Fisher’s exact test for i.560 
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Methods561 

562 

Study participants.  563 

Participants in the “monoclonal antibody recipient” group were healthy SARS-CoV-2-naïve 564 

volunteers who were enrolled in a first-in-human phase 1 study at the Rockefeller University 565 

Hospital in New York and received single doses of two anti-SARS-CoV-2 RBD monoclonal 566 

antibodies (mAbs), C144-LS and C135-LS, between January 13 and March 3, 2021 567 

(NCT04700163). The phase 1 clinical trial had a dose escalation design and evaluated the safety 568 

and tolerability, and pharmacokinetics of the two mAbs. The mAb cocktail (1:1 ratio of C144-LS 569 

and C135-LS) was administered to 21 out of the 23 enrolled individuals (n=2 receiving placebo), 570 

allowing for multiple interim safety analyses. The mAbs were administered at 100 or 200 mg each, 571 

subcutaneously, or at 1, 5 or 15 mg/kg each, intravenously (see Supplementary Table 2).  Eligible 572 

participants for the phase 1 study were healthy adults with no history of SARS-CoV-2 infection or 573 

vaccination, or prior receipt of any SARS-CoV-2 therapeutics, including other monoclonal 574 

antibodies or convalescent plasma. Further details on inclusion and exclusion criteria, study design 575 

and endpoints of the phase 1 study can be found on clinicaltrials.gov (NCT04700163). Of the 21 576 

individuals who received the mAbs in the phase 1 study, 18 co-enrolled in a parallel observational 577 

study to assess their immune responses to subsequent SARS-CoV-2 mRNA vaccination. One 578 

individual chose to receive the Janssen (Ad26.COV2.S) vaccine, and another individual (a placebo 579 

recipient) displayed Nucleocapsid (N) titer changes prior to enrollment in the observational study 580 

that were compatible with a recent SARS-CoV-2 infection, making them ineligible for inclusion 581 

in this study. The remaining phase 1 study participant chose not to enroll in the parallel study of 582 

immune responses. The 18 mAb-recipients included in this observational study received either the 583 

Moderna (Spikevax, mRNA-1273) or Pfizer-BioNTech (Comirnaty, BNT162b2) mRNA vaccines 584 

against the wildtype (Wuhan-Hu-1) strain of the severe acute respiratory syndrome coronavirus 2 585 

(SARS-CoV-2). Participants in the “vaccinated control” group were healthy SARS-CoV-2-naïve 586 

volunteers who had received two doses of one of the two currently approved SARS-CoV-2 mRNA 587 

vaccines, Moderna (Spikevax, mRNA-1273) or Pfizer-BioNTech (Comirnaty, BNT162b2) mRNA 588 

vaccines. These control individuals had been recruited to the Rockefeller University Hospital for 589 

serial blood donations to longitudinally assess their immune responses to SARS-CoV-2 mRNA 590 

vaccination9,11. We previously reported the findings obtained from this group and refer to Cho et 591 ACCELE
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al.11 and Muecksch et al.9 for further details on participant recruitment, inclusion and exclusion 592 

criteria, and demographic characteristics (also see Supplementary Tables 1 and 2). At each sample 593 

collection visit, participants of either group presented to the Rockefeller University Hospital for 594 

blood sample collection and were asked to provide details of their vaccination regimen, possible 595 

side effects, comorbidities, and possible COVID-19 history. Vaccinations were administered 596 

outside of the study, at the discretion of the individual and their health care provider consistent 597 

with existing guidelines and, as such, not influenced by their participation in our study. Baseline 598 

and longitudinal plasma samples were tested for binding activity toward the nucleocapsid protein 599 

(N; Sino Biological, 40588-V08B) of SARS-CoV-2. Absence of seroconversion toward N during 600 

the study interval was used to exclude SARS-CoV-2 infection, in addition to participants’ reported 601 

history. Clinical data collection and management were carried out using the software iRIS by 602 

iMedRIS (v. 11.02). All participants provided written informed consent before participation in the 603 

study, which was conducted in accordance with Good Clinical Practice. The study was performed 604 

in compliance with all relevant ethical regulations, and the clinical protocols (CGA-1015 and 605 

DRO-1006) for studies with human participants were approved by the Institutional Review Board 606 

of the Rockefeller University. For detailed participant characteristics see Supplementary Tables 1 607 

and 2, and 9,11 608 

 609 

Blood samples processing and storage.  610 

Peripheral Blood Mononuclear Cells (PBMCs) obtained from samples collected at Rockefeller 611 

University were purified as previously reported by gradient centrifugation and stored in liquid 612 

nitrogen in the presence of Fetal Calf Serum (FCS) and Dimethylsulfoxide (DMSO)5.  Heparinized 613 

plasma and serum samples were aliquoted and stored at -20°C or less. Prior to experiments, 614 

aliquots of plasma samples were heat-inactivated (56°C for 1 hour) and then stored at 4°C. 615 

 616 

Pharmacokinetics of C144-LS and C135-LS 617 

To evaluate the pharmacokinetic (PK) properties of the passively administered antibodies, C144-618 

LS and C135-LS, their serum antibody levels were measured on the day of antibody 619 

administration (day 0) at 1, 3,6, 9 and 12 hours after infusion, and on days 1, 3, 7, 14, 21, 28, 56, 620 

84, 126, 168, 252, and 336. C144-LS and C135-LS levels in serum were measured by mass-621 

spectrometry (MS/MS). Briefly, analytes were isolated from serum samples through 622 ACCELE
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immunocapture using streptavidin beads and biotinylated RBD protein. The isolated proteins 623 

were denatured with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin. The 624 

final extract was analyzed via high-performance liquid chromatography (HPLC) with column-625 

switching and MS/MS detection using positive ion electrospray. A linear, 1/concentration² 626 

weighted, least-squares regression algorithm was used for quantification. Noncompartmental 627 

analysis (NCA) was used to estimate PK parameters from measured serum levels of C144-LS 628 

and C135-LS. Phoenix WinNonlin® (v8.2) was used for the NCA. Actual sample time post 629 

administration of each mAb was used for the estimation of serum PK parameters instead of 630 

nominal time. Half-life estimates were similar between administration routes for both C144-LS 631 

and C135-LS, indicating a half-life of 2-3 months for both mAbs by either administration route 632 

(C144-LS: 68.9 to 99.3 days for s.c. groups and 86.9 to 92.3 days for i.v. groups; C135-LS: 72.7 633 

to 77.9 days for s.c. groups and 70.5 to 94.7 days for i.v. groups). Visualization of the PK data 634 

was performed in GraphPad Prism, using the three-phase decay model.  635 

 636 

Mouse immunizations 637 

C57BL/6J mice were purchased from Jackson. All mice used were females aged 6-12 weeks at the 638 

start of the experiments. Mice were housed at a temperature of 72 °F and humidity of 30–70% in 639 

a 12-h light/dark cycle with ad libitum access to food and water. Footpad immunizations were 640 

performed using 25 μL of 1x PBS containing 5 μg of recombinant RBD and 8.5 μl of 2% 641 

Alhydrogel (Invivogen 21645-51-2). 3BNC117/10-1074 and C135/C144 antibody cocktails were 642 

prepared with 100 ug of each antibody and delivered in 1x PBS via i.v. injection. All animal 643 

procedures and experiments were performed without blinding or randomization, and according to 644 

protocols approved by the Rockefeller University Institutional Animal Care and Use Committee 645 

(IACUC).646 

 647 

ELISAs648 

Enzyme-Linked Immunosorbent Assays (ELISAs)36,37 to evaluate antibodies binding to SARS-649 

CoV-2 Wuhan-Hu-1 RBD, NTD or S were performed by coating of high-binding 96-half-well 650 

plates (Corning 3690) with 50 l per well of a 1 g/ml protein solution in Phosphate-buffered 651 

Saline (PBS) overnight at 4°C. Plates were washed 6 times with washing buffer (1× PBS with 652 

0.05% Tween-20 (Sigma-Aldrich)) and incubated with 170 l per well blocking buffer (1× PBS 653 ACCELE
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with 2% BSA and 0.05% Tween-20 (Sigma)) for 1 hour at room temperature. Immediately after 654 

blocking, monoclonal antibodies or plasma samples were added in PBS and incubated for 1 hour 655 

at room temperature. Plasma samples were assayed at a 1:66 starting dilution and serially diluted 656 

by either three- or fourfold. Monoclonal antibodies were tested at 10 g/ml starting concentration 657 

and 11 additional threefold serial dilutions. Plates were washed 6 times with washing buffer and 658 

then incubated with anti-human IgG or IgM secondary antibody conjugated to horseradish 659 

peroxidase (HRP) (Jackson Immuno Research 109-036-088 and 109-035-129) in blocking buffer 660 

at a 1:5,000 dilution (IgM and IgG). Plates were developed by addition of the HRP substrate, 661 

3,3’,5,5’-Tetramethylbenzidine (TMB) (ThermoFisher) for 6 minutes. The developing reaction 662 

was stopped by adding 50 l of 1 M H2SO4 and absorbance was measured at 450 nm with an 663 

ELISA microplate reader (FluoStar Omega, BMG Labtech) with Omega and Omega MARS 664 

software for analysis. Normalizer control samples were included on each plate. For plasma samples 665 

and monoclonal antibodies half-maximal binding titers (BT50s) and half-maximal effective 666 

concentrations (EC50s), respectively, were calculated using four-parameter nonlinear regression 667 

(GraphPad Prism V9.3, with the following settings: [Agonist] vs. response -- Variable slope (four 668 

parameters), bottom=0, Hillslope>0, Top=plate/experiment-specific upper plateau of the 669 

normalizer control antibody/plasma reaching saturation for at least 3-consecutive dilution steps. 670 

The curve-fit was constrained to an upper limit that corresponds to the maximal optical density 671 

achieved by the known normalizer control to limit inter-plate-/experiment variability (batch 672 

effects). Pentameric IgM BT50s were established using previously measured IgG antibodies as 673 

normalizer controls. Pre-pandemic plasma samples from healthy donors and isotype control 674 

monoclonal antibodies served as negative controls as indicated and were used for validation (for 675 

more details see 5). All reported EC50 and BT50 values are the average of at least 2 independent 676 

experiments. 677 

 678 

Proteins  679 

The mammalian expression vector encoding the Receptor Binding-Domain (RBD) of SARS-CoV-680 

2 (GenBank MN985325.1; Spike (S) protein residues 319-539) was previously described26. 681 

Plasmids encoding the R346S/E484K and N440K/E484K substitutions, were generated using site-682 

directed mutagenesis kit according to the manufacturer’s instructions (New England Biolabs 683 

(NEB), E0554S). All constructs were confirmed by Sanger sequencing and used to express soluble 684 ACCELE
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proteins by transiently transfecting Expi293F cells (GIBCO/Thermo Fisher, A14527)). 685 

Supernatants were harvested after four days, and RBD proteins were purified by nickel affinity 686 

chromatography. S 6P proteins were purified by nickel affinity following with size-exclusion 687 

chromatography. Peak fractions from size-exclusion chromatography were identified by native gel 688 

electrophoresis, and peak fractions corresponding to monomeric RBDs or spike trimers were 689 

pooled and stored at 4 C. 690 

 691 

692 

SARS-CoV-2 pseudotyped reporter virus  693 

A plasmid expressing SARS-CoV-2 spike (S) in the context of pSARS-CoV-2-S 19 (Wuhan-Hu-694 

1) has been described6, and a derivative of pSARS-CoV-2-S 19 with disrupted furin cleavage site 695 

was generated by introducing the R683G substitution6. Disruption of the furin cleavage site results 696 

in increased particle infectivity. A plasmid expressing SARS-CoV-2 Omicron BA.4/5 spike 697 

carrying the R683G substitution has been described earlier38. Two plasmids containing C135/C144 698 

antibody escape mutations were constructed based on pSARS-CoV-2-S 19 R683G by overlap 699 

extension PCR-mediated mutagenesis and Gibson assembly. Specifically, the substitutions 700 

introduced were: R346S/Q493K and R346S/N440K/E484K. Importantly, as those substitutions 701 

were incorporated into the pSARS-CoV-2-S 19 R683G background, neutralizing activity against 702 

all mutant and variant pseudoviruses were compared to a wildtype (WT) SARS-CoV-2 spike 703 

sequence (NC_045512) also carrying R683G (pSARS-CoV-2-S 19 R683G ) where appropriate, as 704 

indicated. SARS-CoV-2 pseudotyped particles were generated as previously described5,14. Briefly, 705 

293T cells were transfected with pNL4-3ΔEnv-nanoluc and pSARS-CoV-2-S 19, particles were 706 

harvested 48 hours post-transfection, filtered and stored at -80°C.  707 

 708 

Pseudotyped virus neutralization assay  709 

Fivefold serially diluted pre-pandemic negative control plasma from healthy donors (technical 710 

negative controls, data not shown), plasma from vaccinated mAb recipients and mRNA vaccinated 711 

controls, or monoclonal antibodies were incubated with SARS-CoV-2 pseudotyped virus for 1 712 

hour at 37 °C. The mixture was subsequently incubated with 293TAce2 cells5 (for all monoclonal 713 

antibody WT neutralization assays) or HT1080Ace2 cl14 cells6 (for all plasma neutralization 714 

assays) for 48 hours after which cells were washed with PBS and lysed with Luciferase Cell 715 ACCELE
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Culture Lysis 5× reagent (Promega). Nanoluc Luciferase activity in lysates was measured using 716 

the Nano-Glo Luciferase Assay System (Promega) with the ClarioStar Multimode reader (BMG, 717 

software version 5.70.R3). The relative luminescence units were normalized to those derived from 718 

cells infected with SARS-CoV-2 pseudotyped virus in the absence of plasma or monoclonal 719 

antibodies. The half-maximal neutralization titers for plasma (NT50) or half-maximal and 90% 720 

inhibitory concentrations for monoclonal antibodies (IC50 and IC90) were determined using four-721 

parameter nonlinear regression (least squares regression method without weighting; constraints: 722 

top=1, bottom=0; in GraphPad Prism). 723 

724 

Biotinylation of viral protein for use in flow cytometry and biolayer interferometry 725 

Purified and Avi-tagged SARS-CoV-2 Wuhan-Hu-1 RBD or S were biotinylated using the Biotin-726 

Protein Ligase-BIRA kit according to manufacturer’s instructions (Avidity) as described before5. 727 

Ovalbumin (Sigma, A5503-1G) was biotinylated using the EZ-Link Sulfo-NHS-LC-Biotinylation 728 

kit according to the manufacturer’s instructions (Thermo Scientific). Biotinylated ovalbumin was 729 

conjugated to streptavidin-BV711 for human single-cell sorts (BD biosciences, 563262) or to 730 

streptavidin-BB515 for phenotyping (BD biosciences, 564453). For all human and mouse 731 

experiments, RBD was conjugated to streptavidin-PE (BD Biosciences, 554061) and streptavidin-732 

AF647 (Biolegend, 405237)5,9. 733 

734 

Human flow cytometry and single cell sorting 735 

Single-cell sorting by flow cytometry was described previously5. Briefly, peripheral blood 736 

mononuclear cells were enriched for B cells by negative selection using a pan-B-cell isolation kit 737 

according to the manufacturer’s instructions (Miltenyi Biotec, 130-101-638). Prior to staining, the 738 

enriched B cells were incubated with an FcR-blocking antibody (BD 564220) at a 1:200 dilution 739 

in Flourescence-Activated Cell-sorting (FACS) buffer (1× PBS, 2% FCS, 1 mM 740 

ethylenediaminetetraacetic acid (EDTA)) for 20 min on ice.  Subsequently, cells were incubated 741 

in FACS buffer with the following anti-human antibodies (all at 1:200 dilution): anti-CD20-PECy7 742 

(BD Biosciences, 335793), anti-CD3-APC-eFluro 780 (Invitrogen, 47-0037-41), anti-CD8-APC-743 

eFluor 780 (Invitrogen, 47-0086-42), anti-CD16-APC-eFluor 780 (Invitrogen, 47-0168-41), anti-744 

CD14-APC-eFluor 780 (Invitrogen, 47-0149-42), as well as Zombie NIR (BioLegend, 423105) 745 

and fluorophore-labeled RBD and ovalbumin (Ova) for 30 min on ice. AccuCheck Counting Beads 746 ACCELE
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(Life Technologies, PCB100) were added as indicated to each sample according to manufacturer’s 747 

instructions. Single CD3-CD8-CD14-CD16 CD20+Ova RBD-PE+RBD-AF647+ B cells were 748 

sorted into individual wells of 96-well plates containing 4 l of lysis buffer (0.5× PBS, 10 mM 749 

Dithiothreitol (DTT), 3,000 units/ml RNasin Ribonuclease Inhibitors (Promega, N2615) per well 750 

using a FACS Aria III and FACSDiva software (Becton Dickinson) for acquisition and FlowJo for 751 

analysis. The sorted cells were frozen on dry ice, and then stored at 80 °C for subsequent RNA 752 

reverse transcription. For B cell phenotype analysis, in addition to above antibodies, B cells were 753 

also stained with following anti-human antibodies (all at 1:200 dilution): anti-CD19-BV605 754 

(Biolegend, 302244), anti- IgG-PECF594 (BD, 562538), anti-IgM-AF700 (Biolegend, 314538), 755 

and anti-CD38-BV421 (Biolegend, 303526).  756 

 757 

Mouse flow cytometry and single cell sorting 758 

Popliteal lymph nodes from mice were collected in FACS buffer (1x PBS, 2% FBS, 2 mM EDTA), 759 

mechanically disrupted and filtered through a 35μM strainer (Corning, 352235). Cells then 760 

underwent iterative rounds of staining each for 20 minutes on ice (all antibodies diluted at 1:200 761 

unless stated otherwise): 1) anti-mouse CD16/32 (Mouse BD FC Block ,  BD Biosciences, 762 

553142); 2) fluorophore-conjugated RBD (see above); 3) anti-T and -B cell activation antigen-763 

FITC (BD Biosciences, 553666), anti-CD38-PB (Biolegend, 102720; 1:100 dilution), anti-764 

CD45R/B220-BV605 (Biolegend, 103244), anti-CD4-APC-eFluor780 (Invitrogen, 47-0042-82), 765 

anti-CD8a-APC-eFluor780 (Invitrogen, 47-0081-82), anti-NK1.1-APC-eFluor780 (Invitrogen, 766 

47-5941-82), anti-F4/80-APC-eFluor780 (Invitrogen, 47-4801-82), anti-CD95-PE-Cy7 (BD 767 

Biosciences, 557653) and Zombie NIR (Biolegend, 423105, 1:1000 dilution). AccuCheck 768 

Counting Beads (Life Technologies, PCB100) were added to samples according to the 769 

manufacturer’s instructions. Single CD4-CD8a-NK1.1-F4/80-B220+CD38-GL7+CD95+ cells 770 

were sorted on a BD FACSymphony S6 into 96 well plates containing 1% 2-β-mercaptoethanol 771 

(Sigma) in TCL Buffer (Qiagen, 1031576) and subsequently frozen on dry ice and stored at 80 °C 772 

for RNA reverse transcription.  773 

774 

Antibody sequencing, cloning and expression775 

Human antibodies were identified and sequenced as described previously5,39. In brief, RNA from 776 

single cells was reverse-transcribed (SuperScript III Reverse Transcriptase, Invitrogen, 18080-777 ACCELE
RATED ARTIC

LE
 PREVIEW



044) and the cDNA was stored at 20 °C or used for subsequent amplification of the variable IGH, 778 

IGL and IGK genes by nested PCR and Sanger sequencing. Sequence analysis was performed 779 

using MacVector (version 17.5.4) and Geneious Prime (versions 2020.1.2 and 2022.1.1). 780 

Amplicons from the first PCR reaction were used as templates for sequence- and ligation-781 

independent cloning into antibody expression vectors. Mouse monoclonal antibodies were 782 

sequenced and cloned from single FACS-sorted B cells as previously described40,41 with the 783 

following modifications. In brief, RNA from single cells in 96-well plates was purified using 784 

magnetic beads (RNAClean XP, Beckman Coulter, Cat # A63987). Single-cell RNA was eluted 785 

from magnetic beads with 11 L of solution containing 14.4 ng/ L of random primers (Invitrogen, 786 

Cat #48190011), 0.5% of IGEPAL CA-630 (10% in dH2O, Sigma-Aldrich, Cat I8896-50ML) and 787 

0.6 U/ L of RNase inhibitor (Promega, Cat# N2615) in nuclease-free water (Qiagen, Cat# 788 

129115), followed by incubation at 65 °C for 3 min. cDNA was synthesized by reverse 789 

transcription (SuperScript III Reverse Transcriptase 10,000 U, Invitrogen, Cat# 18080-044) and 790 

stored at 20 °C after addition of 10 L nuclease-free water. Subsequent amplification of the 791 

variable IGH and IGK antibody genes was achieved by nested polymerase chain reaction (PCR) 792 

using HotstarTaq DNA polymerase (Qiagen Cat # 203209), using previously published primers41 793 

and the following thermocycler conditions for annealing (°C)/elongation (s)/number of cycles: 794 

PCR1 (IgG, IgM and IgK): 46/55/50; PCR2 (IgG and IgM): 55/55/50; PCR2 (IgK): 46/55/50. 795 

After purification, HC and LC PCR products were Sanger sequenced, and subsequently analyzed 796 

using MacVector and Geneious Prime (version 2022.1.1), as well as the bioinformatics pipeline 797 

detailed below. Mouse Ig sequences were ordered as eBlocks (IDT) with short homologies for 798 

Sequence and Ligation Independent Cloning (SLIC) and cloned into human IGHG1 Fab and IGLK 799 

expression vectors as previously described41. All plasmid sequences were verified by Sanger 800 

sequencing, and all recombinant monoclonal antibodies (human memory B cell derived full-length 801 

IgG and His6-tagged mouse-derived human IgG1 Fabs) were thereafter produced and purified as 802 

previously described5,41. To produce pentameric IgMs, cloning from PCR products was performed 803 

by sequencing and ligation-independent cloning (SLIC) as above, except that the IGH variable 804 

gene was cloned into an Igμ expression vector (InvivoGen, cat# pfusess-hchm3). Pentameric IgMs 805 

were then expressed via transient transfection of HEK293-6E cells with vectors encoding the 806 

appropriate J chain, light chain, and heavy chain at a ratio of 1:1.5:1.5. Secreted IgMs were 807 

collected from cell supernatants after 6 days and purified with the POROS CaptureSelect IgM 808 ACCELE
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Affinity Matrix kit (Thermo Scientific Cat#1952890500). Affinity-purified IgMs were further 809 

purified via size exclusion chromatography.  Peak fractions of pentameric IgMs were analyzed by 810 

SDS-PAGE, pooled, and buffer exchanged into phosphate buffered saline using an Amicon Ultra 811 

100kDa (Millipore) centrifugal filter unit. 812 

 813 

Biolayer interferometry 814 

Biolayer interferometry assays were performed as previously described5,15,41 with minor 815 

modifications as below. Briefly, we used the ForteBio Octet Red instrument (ForteBio Data 816 

Acquisition software version 11.1.3.25) at 30 °C with shaking at 1,000 r.p.m.. Monomeric 817 

affinities of anti-SARS-CoV-2 RBD IgG and Fabs to RBD were derived by subtracting the signal 818 

obtained from traces performed with the same IgG/Fab in the absence of WT RBD. Kinetic 819 

analysis using protein A biosensor (ForteBio, 18-5010) for human IgGs was performed as follows: 820 

(1) baseline: immersion for 60 s in buffer (1X Octet Kinetic buffer, Sartorius 18-1105); (2) loading: 821 

immersion for 200 s in a solution with IgGs at 10 g ml–1; (3) baseline: immersion for 200 s in 822 

buffer; (4) association: immersion for 300 s in solution with WT RBD at three different 823 

concentrations ranging from 200 to 5 g ml–1; (5) dissociation: immersion for 600 s in buffer. 824 

Curve fitting was performed using a fast 1:1 binding model and the data analysis software from 825 

ForteBio. Mean equilibrium dissociation constants (Kd) were determined by averaging all binding 826 

curves that matched the theoretical fit with an R2 value 0.8. To establish binding of low-affinity 827 

antibodies to multimerized antigen, 6P-stabilized and biotinylated S trimers were incubated with 828 

recombinant Streptavidin (ACROBiosystems, cat# STN-N5116) for 30 min at RT, resulting in up 829 

to 12 RBD-binding moieties per molecule and assayed on the Octet Red instrument (ForteBio) as 830 

above, with the following modification: Association step (4) was performed with the S-multimer 831 

at 430 g ml–1. Epitope mapping assays were performed with protein A biosensor (ForteBio 18-832 

5010), following the manufacturer’s protocol “classical sandwich assay” as follows: (1) Sensor 833 

check: sensors immersed 30 sec in buffer alone (buffer ForteBio 18-1105), (2) Capture 1st Ab: 834 

sensors immersed 10 min with Ab1 at 10 g ml–1, (3) Baseline: sensors immersed 30 sec in buffer 835 

alone, (4) Blocking: sensors immersed 5 min with IgG isotype control (3BNC117) at 20 g ml–1. 836 

(5) Baseline: sensors immersed 30 sec in buffer alone, (6) Antigen association: sensors immersed 837 

5 min with RBD at 20 g ml–1. (7) Baseline: sensors immersed 30 sec in buffer alone. (8) 838 

Association Ab2: sensors immersed 5 min with Ab2 at 10 g ml–1. Affinity testing of mouse GC 839 ACCELE
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B cell-derived human IgG1 Fabs was performed using the same steps and Octet Red instrument 840 

(ForteBio) settings as for the human memory-derived full-length IgG antibodies (see above) with 841 

the following modifications: Monoclonal Fabs at 50 g ml–1 were captured on FAB2G biosensors 842 

(Sartorius 18-5125) for step (2); monovalent RBD was added at concentrations ranging from 30 843 

to 120 g ml–1 in step (4). Binding Fabs with measurable affinities were defined as having 844 

biologically plausible association and dissociation kinetics (i.e., being able to associate to 845 

saturation on the biosensor in step (2) and showing a discernible association and dissociation of 846 

antigen upon steps (4) and (5)) as well as a computed Kd value that matched the theoretical fit 847 

with an R2 value of 0.75. Affinities of Fabs that did not get captured on the biosensor to saturation 848 

at the concentration tested could not be resolved and were excluded from further analysis (marked 849 

as N/D in Supplementary Table 6).  In all cases, curve fitting was performed using the ForteBio 850 

Octet Data analysis software (ForteBio Data Analysis HT version 11.1.3.50). 851 

 852 

853 

Computational analyses of antibody sequences  854 

Antibody sequences were trimmed based on quality and annotated using Igblastn v.1.14. with 855 

IMGT domain delineation system. Annotation was performed systematically using Change-O 856 

toolkit v.0.4.54042. Clonality of heavy and light chain was determined using DefineClones.py 857 

implemented by Change-O v0.4.542.  The script calculates the Hamming distance between each 858 

sequence in the data set and its nearest neighbor. Distances are subsequently normalized and to 859 

account for differences in junction sequence length, and clonality is determined based on a cut-off 860 

threshold of 0.15. Heavy and light chains derived from the same cell were subsequently paired, 861 

and clonotypes were assigned based on their V and J genes using in-house R and Perl scripts. All 862 

scripts and the data used to process antibody sequences are publicly available on GitHub 863 

(https://github.com/stratust/igpipeline/tree/igpipeline2_timepoint_v2). The frequency distribution 864 

of human V genes in anti-SARS-CoV-2 antibodies from this study (Ext. Data Fig. 4f-h) was 865 

compared to 131,284,220 IgH and IgL sequences generated by Soto et al.43 and downloaded from 866 

cAb-Rep44, a database of human shared BCR clonotypes available at https://cab-867 

rep.c2b2.columbia.edu/. Based on the 108 distinct V genes that make up the 417 analyzed 868 

sequences from the Ig repertoire of the individuals described in this study (353 sequences isolated 869 

form 5 monoclonal antibody recipients and 65 IgM sequences isolated from 9 vaccinated control 870 ACCELE
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individuals (for IgG sequences isolated from controls see 9,11), we selected the IgH and IgL 871 

sequences from the database that are partially coded by the same V genes and counted them 872 

according to the constant region. The frequencies shown in Ext. Data Fig. 4f-h are relative to the 873 

source and isotype analyzed. We used the two-sided binomial test to check whether the number of 874 

sequences belonging to a specific IGHV or IGLV gene in the repertoire is different according to 875 

the frequency of the same IgV gene in the database. Adjusted p-values were calculated using the 876 

false discovery rate (FDR) correction. Significant differences are denoted with stars. Nucleotide 877 

somatic mutations and Complementarity-Determining Region (CDR3) length were determined 878 

using in-house R and Perl scripts. For quantification of somatic mutations, IGHV and IGLV 879 

nucleotide sequences were aligned against their closest germlines using Igblastn and the number 880 

of differences were considered nucleotide mutations.  881 

882 

Data presentation 883 

Figures arranged in Adobe Illustrator 2022. 884 

 885 

Data availability statement:  886 

Data are provided in Supplementary Tables 1-6. The raw sequencing data and computer scripts 887 

associated with Figs. 2 and 4, and Ext. Data Figs. 3 and 7 have been deposited at Github 888 

(https://github.com/stratust/igpipeline/tree/igpipeline2_timepoint_v2). This study also uses data 889 

from “A Public Database of Memory and Naive B-Cell Receptor Sequences” 890 

(https://doi.org/10.5061/dryad.35ks2), PDB (6VYB and 6NB6), cAb-Rep (https://cab-891 

rep.c2b2.columbia.edu/), Sequence Read Archive (accession SRP010970), and from “High 892 

frequency of shared clonotypes in human B cell receptor repertoires” 893 

(https://doi.org/10.1038/s41586-019-0934-8).  894 

 895 

Code availability statement:  896 

Computer code to process the antibody sequences is available at GitHub 897 

(https://github.com/stratust/igpipeline/tree/igpipeline2_timepoint_v2). 898 
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Extended Data Figures 959 

960 
Extended Data Fig. 1: C135 and C144 – selectively abrogated binding to mutant RBDs and 961 
correlations with plasma reactivity.  962 
a-f, Monoclonal antibody binding to mutant forms of RBD. a-c, Graphs show concentration-dependent 963 
antibody binding to (a) WT, (b) R436S/E484K, and (c) N440K/E484K RBDs by C144, C135, and Class 1 964 
(C105), Class 2 (C952), Class 3 (C881), and Class 4 (C149)5,6,8,26. d-f, Graphs show concentration 965 
dependent pre-pandemic healthy donor plasma binding to (d) WT, (e) R436S/E484K, and (e) 966 
N440K/E484K RBDs in the presence (purple) or absence (dotted lines) of 100mg/ml of C135 and C144. 967 
Addition of C144 and C135 to plasma increases the binding activity of plasma against the WT but not the 968 
2 mutant RBDs. g-h, Panels show the correlation of C135-LS (g) and C144-LS (h) serum levels at day 84 969 
post-administration (around the times of vaccination as seen in Fig. 1b) with the total anti-WT RBD IgG 970 
antibody titers of mAb recipients (n=18) after one (empty green circles) and two doses (solid green dots) 971 
of mRNA vaccination. Statistical significance in g (r= 0.9097 and r=0.5891 with p<0.0001 and p=0.0101 972 
for vax1 and vax2, respectively) and h (r= 0.8772 and r=0.5483 with p<0.0001 and p=0.0185 for vax1 and 973 
vax2, respectively) was determined using the two-tailed Pearson correlation statistic. All experiments were 974 
performed at least in duplicate. 975 

976 
Extended Data Fig. 2: SARS-CoV-2 R346S/Q493K and R346S/N440K/E484K pseudotype virus 977 
neutralization by C135-LS and C144-LS, and BA.4/5 pseudotype neutralization by plasma.  978 
a, Graphs show concentration-dependent neutralization curves for SARS-CoV-2 pseudoviruses by 979 
monoclonal antibodies. C144 (red), C135 (blue), and their equimolar combination (purple). b, Pre-980 
pandemic plasma (squares) neutralization of WT or R346S/Q493K or R346S/N440K/E484K pseudoviruses 981 
in the absence or presence of 5 (purple dashed circles) or 100μg/ml (purple solid circles) of C135 and 982 
C14414. c-d, As in (b) but for convalescent plasma with intermediate (c, COV157) 12 or strong (d, COV31)12   983 
neutralizing activity. The horizontal lines in all panels indicate half-maximal neutralization. e, Plasma half-984 
maximal neutralizing titers (NT50s) against HIV-1 pseudotyped with the BA.4/5 S38. Each dot represents 985 
one individual from the control group (n=31, blue) or from the mAb recipient group (n=18, green). Red 986 
horizontal bars and red numbers represent median values. Statistical significance was determined using the 987 
two-tailed Mann-Whitney. For a-d, individual symbols represent the mean of two independent experiments 988 
and error bars the standard deviation. All experiments were performed at least in duplicate.  989 
 990 
Extended Data Fig. 3: Flow-cytometry of human anti-RBD memory B cells.  991 ACCELE
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a, Gating strategy for flow-cytometry phenotyping. Gating was on single lymphocytes that were CD19+ 992 
and CD20+, and CD3- CD8- CD16- Ova- without uptake of live-dead dye (L/D). Antigen-specific cells were 993 
those with dual binding to Wuhan-Hu1 RBD-PE and RBD-AF647. Anti-IgG, -IgM were used to phenotype 994 
dual RBD-labelled B cells. b,c, Representative flow-cytometry plots of Wuhan Hu-1 RBD-binding memory 995 
B cells from mAb recipients after one and two doses of vaccination (b) and pre-pandemic health donors (c) 996 
serving as negative controls. Numbers in RBD-gate denote percentage of RBD dual-labelled cells of parent 997 
gate (see a). Corresponding flow-cytometry plots and gating strategy for vaccinated controls can be found 998 
in 11. d-e, Number of IgG- (d) and IgM-expressing (e) WT RBD-specific memory B cells per 10 million 999 
CD20+ B cells. Each dot represents one individual from the mAb recipient (green, n=18) and control group 1000 
(blue, n=10)9,11. Horizontal red bars denote median values. f-i, Panels show the correlation of C135-LS (f, 1001 
g) and C144-LS (h,i) serum levels at day 84 post-administration (around the times of vaccination as seen 1002 
in Fig. 1b) with the percentage of WT RBD-specific memory B cells expressing either  IgG (f, h) or IgM 1003 
(g, i) after two vaccine doses as assessed by flow-cytometry. Green dots represent individual mAb recipients 1004 
(n=18). Statistical significance was determined using the two-tailed Mann-Whitney for d and e, and the 1005 
Pearson r correlation statistic was used for f-i. 1006 

1007 
Extended Data Fig. 4: Fluorescence-activated cell sorting (FACS) of human anti-RBD memory B 1008 
cells and subsequent BCR sequencing.  1009 
a-b, Panels showing IgG (a) and IgM (b) surface expression of anti-RBD memory cells exactly as in Fig. 1010 
2b and c, but with the 5 representative individuals from whom cells were subsequently sorted highlighted 1011 
in yellow. c, Gating strategy for single-cell sorting of RBD-specific memory B cells. Dual-labelled (RBD-1012 
PE+/-AF647+) CD20+ CD3- CD8- CD16- Ova- cells were sorted. d, Representative flow cytometry plots 1013 
show RBD-binding cells that were sorted from the 5 mAb recipients. e, Pie charts show the distribution of 1014 
antibody sequences derived from cells isolated from 10 vaccinated control individual after vax2. The 1015 
upper panel shows IgM, and the lower panel depicts IgG sequences9,11. The number in the inner circle 1016 
indicates the number of sequences analyzed for the individual denoted above the circle. Slices colored in 1017 
shades of blue indicate cells that are clonally expanded (same IGHV and IGLV genes, with highly similar 1018 
CDR3s). Pie slice size is proportional to the number of clonally related sequences. The black outline and 1019 
% value indicate the frequency of clonally expanded sequences detected within an individual. White pie 1020 
areas indicate the proportion of sequences isolated only once. For C005, there were no IgM transcripts 1021 
amplified at the timepoint assayed. f-h, Comparison of the frequency distribution of V gene usage for the 1022 
IgH and IgL among antibodies isolated from mRNA-vaccinated mAb recipients (this study) and 1023 
controls9,11, after vax2, and from database of shared clonotypes of human antibodies from Soto et al43. 1024 
Graphs show relative abundance of human IGHV (f), IGKV (g), and IGLV (h) genes within the human V 1025 ACCELE
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gene database (in grey, Sequence Read Archive accession SRP010970), antibodies isolated from mAb 1026 
recipients (in green) or vaccinated controls (in blue). Colors of stars indicate levels of statistical 1027 
significance for the following frequency comparisons: black – vaccinated controls vs. database; red – 1028 
mAb recipients vs. database; blue – mAb recipients vs. vaccinated controls. 1029 
 1030 
 1031 
Extended Data Fig. 5: WT RBD binding and WT SARS-Cov-2 neutralization by monoclonal 1032 
pentameric IgM antibodies.  1033 
a-b, Panels depict WT RBD binding and WT SARS-CoV-2 S pseudotype neutralizing activity of a 1034 
representative panels of monoclonal antibodies derived from IgM-expressing RBD-specific memory B cells 1035 
expressed either as human IgG1 (IgG, as in Fig. 3a-c) or pentameric IgM (IgM5). a, Panel shows WT RBD 1036 
EC50s of 15 monoclonal antibodies isolated from vaccinated mAb recipients (also see Supplementary Table 1037 
4). Grey shaded area between horizontal dotted lines indicates antibodies with EC50s >10 μg/ml (poor 1038 
binding) and non-binding antibodies arbitrarily grouped at 10 and 20 μg/ml, respectively. b, Plots show 1039 
IC50s of 2 IgM-derived control antibodies (covering a wide range of neutralizing activity) in blue and 15 1040 
IgM-derived monoclonal antibodies from mAb recipients (as in a) in green, expressed as human IgG1 (IgG) 1041 
or pentameric IgM (IgM5). For both panels (a, b), ring plots summarize the fraction of antibodies in the 1042 
indicated category among all tested (encircled number). Red horizontal bars and numbers indicate median 1043 
values. For panel a, statistical significance was determined using the two-tailed Wilcoxon matched-pairs 1044 
rank test to compare differences between the same monoclonal antibodies expressed as IgG or pentameric 1045 
IgM, and the Chi-squared contingency statistic was used to compare categorical distributions from ring 1046 
plots. 1047 
 1048 
Extended Data Fig. 6: Competition BLI. 1049 
a-d, BLI traces of antibodies assayed for competition with class-reference antibodies. Traces show initial 1050 
association curve (antigen capture phase of the primary antibody) and subsequent addition of secondary 1051 
antibodies of unknown class. Thin solid black lines represent antibodies isolated from mAb recipients or 1052 
vaccinated controls. Thick dashed lines are self-competition traces of C105 (green in a), C144 (red in b), 1053 
C135 (blue in c) and C2172 (purple in d) for classes 1-4, respectively. e, Heat-map of relative inhibition of 1054 
secondary antibody binding to the preformed capture antibody-RBD complexes (grey=no binding, 1055 
red=unimpaired binding, orange=indeterminate). The left panel shows antibodies from mAb recipients, 1056 
while the right panel shows IgM antibodies from vaccinated controls isolated in this study (both after vax2). 1057 
Details on IgG antibodies isolated from vaccinated controls can be found in 9,11. f, BLI traces defining 1058 
C2172 as Class 4. C2172 is the primary/capture antibody (in dashed purple). The addition of known class-1059 ACCELE
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defining antibodies C105 (in green, Class 18), C144 (in red, Class 28), C135 (in blue, Class 38), and C118 1060 
(in orange, Class 1/427) establish C2172 as a bona fide Class 4 antibody. 1061 

 1062 

Extended Data Fig. 7: Flow-cytometry of germinal center (GC) responses in mAb pre-treated mice 1063 
and molecular characterization of GC-derived monoclonal antibodies.  1064 
a, Gating strategy for flow-cytometry phenotyping of germinal center (GC) B cells isolated from the 1065 
draining (popliteal) lymph nodes of wildtype C57BL/6 mice immunized with recombinant SARS-Cov-2 1066 
RBD 11 days prior (as illustrated in Fig. 4a). Gating was on single lymphocytes that were B220+ and CD4- 1067 
CD8a- NK1.1- F4/80- (lineage-negative) without uptake of live-dead dye (L/D). GC B cells were those that 1068 
were CD38- GL7+ CD95 (Fas)+. Antigen-specific cells were those with dual binding to Wuhan-Hu1 RBD-1069 
PE and RBD-AF647. b, Representative flow-cytometry plots of Wuhan Hu-1 RBD-binding GC B cells 1070 
from mice that had either received the combination of C135 and C144 (anti-RBD mAb group) or the 1071 
irrelevant anti-HIV control antibodies 3BNC117 and 10-1074 (anti-HIV mAb controls) one day prior to 1072 
immunization, with the percentage of binding cells denoted within the respective gate. c-d, Panels show the 1073 
total number of CD38- GL7+ CD95 (Fas)+ GC B cells (c) and RBD-binding GC B cells (d) isolated from 1074 
anti-RBD mAb pre-treated (n=6, green) and control mice (n=6, blue), with each dot corresponding to an 1075 
individual mouse. e, Somatic hypermutation (SHM) levels of GC B cell-derived monoclonal antibodies 1076 
shown as combined heavy- and light-chain variable region nucleotide substitutions plus one 1077 
(IGVH+IGVL+1), with each dot representing one sequence from anti-RBD mAb pre-treated mice (green) 1078 
or controls (blue). Ring plots below each column show the fraction of sequences with no (IGVH+IGVL+1 1079 
= 1) vs. any (IGVH+IGVL+1  > 1) SHM among all sequences analyzed (encircled number) for the 1080 
respective group. f, Percentage of sequences belonging to clones, defined as 2 or more sequences with the 1081 
same IGHV and IGLV genes and with highly similar CDR3s, among all sequences obtained from the 1082 
respective animal (as in Fig. 4d). Each dot represents one individual mouse from the anti-RBD mAb (n=6, 1083 
green) or control group (n=6, blue). g, Affinity constants (Kd) of GC B cell-derived Fabs for WT SARS-1084 
CoV-2 RBD, as established from the monovalent interaction of Fabs with RBD monomers by biolayer 1085 
interferometry (BLI, also see Fig. 4f-i, Supplementary Table 6 and methods). Each dot represents a single 1086 
Fab from the anti-RBD mAb (n=8, green) or control group (n=22, blue). Red horizontal bars (c-g) and 1087 
numbers (e, g) indicate median (c, d, f, g) and mean (e) values. Statistical significance was determined 1088 
using the two-tailed Mann-Whitney test for c-g d, and the two-sided Fisher’s exact test was used to test the 1089 
relative contribution of mutated and unmutated sequences in e. 1090 
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Extended Data Fig.1
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Extended Data Fig.2

ACCELE
RATED ARTIC

LE
 PREVIEW



Extended Data Fig.3
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Extended Data Fig.4
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a 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)

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

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 IRIS by iMedRIS version 11.01 for clinical data collection and management; BD FACSDiva Software Version 8.0.2 for flow sorting; ClarioStar 
Multimode reader by BMG Labtech (software version 5.70.R3) for neutralization assays; Omega 5.11 by BMG Labtech was used for ELISA 
Assays; Forte Bio Octet Data Acquisition software (version 11.1.3.25) for biolayer interferometry (BLI).

Data analysis FlowJo 10.6.2 for FACS analysis; GraphPad Prism 9.3; Microsoft Excel 16.5.7; MacVector 17.5.4 for sequence analysis;  Omega MARS V2.10 by 
BMG Labtech for luminometer/ELISA; Adobe Illustrator 2022; Geneious Prime (Versions 2020.1.2 and 2022.1.1); BBDuk (v38.93) for 
sequencing read processing, scripts and the data used to process antibody sequences are available on GitHub (https://github.com/stratust/
igpipeline); Forte Bio Data Analysis HT (version 11.1.3.50) for BLI curve fitting. 

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 and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio 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 description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data are provided in Supplementary Tables 1-6. The raw sequencing data associated with Figs. 2 and 4 have been deposited at Github (https://github.com/stratust/
igpipeline/tree/igpipeline2_timepoint_v2). This study also uses data from “A Public Database of Memory and Naive B-Cell Receptor Sequences” (https://
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doi.org/10.5061/dryad.35ks2), PDB (6VYB and 6NB6), cAb-Rep (https://cab-rep.c2b2.columbia.edu/), Sequence Read Archive (accession SRP010970), and from 
“High frequency of shared clonotypes in human B cell receptor repertoires” (https://doi.org/10.1038/s41586-019-0934-8). 

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.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No a priori sample size calculations were performed. The sample size of 18 individuals (mAb recipients) derives from practical reasons in that 
it is purely based on how many study participants of the phase 1 study (NCT04700163) elected to subsequently receive mRNA vaccination, 
remained SARS-CoV-2 infection-naive throughout the study observation period, and could be recruited for serial blood donations at the 
Rockefeller University Hospital in New York City.  Individuals from the vaccinated controls (n=31) were not de novo recruited and have 
previously been reported on extensively (Cho et al., 2021 and Muecksch et al., 2022). Previous studies, such as the aforementioned Cho et al. 
and Muecksch et al. have also shown that a sample size of 10-30 individuals can yield representative biological insights as pertains to plasma 
antibody measurements and detailed molecular assays of memory B cells, thereby empirically validating our sample size selection. For further 
details about the human study subjects see Supplementary Tables 1 and 2. 
 
For mouse experiments (related to Fig. 4 and Ext. Data Fig. 7), the sample size of 6 individual animals per group was also not predetermined 
by statistical sample size calculations. Rather, it corresponds to a sample size that is generally accepted in the field, as it allows for rigorous 
hypothesis testing, simultaneously keeping the number of animals as small as possible while still being able to meet the scientific objectives 
(as per the 3R and ARRIVE guidelines).

Data exclusions No data were excluded from the analysis.

Replication All experiments successfully performed at least twice.

Randomization This is not relevant as this is an observational study.

Blinding This is not relevant as this is an observational study.

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
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used 1. Mouse anti-human CD20-PECy7 (BD Biosciences, 335793), clone L27 

2. Mouse anti-human CD3-APC-eFluro 780 (Invitrogen, 47-0037-41), clone OKT3 
3. Mouse anti-human CD8-APC-421eFluro 780 (Invitrogen, 47-0086-42), clone OKT8 
4. Mouse anti-human CD16-APC-eFluro 780 (Invitrogen, 47-0168-41), clone eBioCB16 
5. Mouse anti-human CD14-APC-eFluro 780 (Invitrogen, 47-0149-4), clone 61D3 
6. Zombie NIR (BioLegend, 423105)  
7. Mouse anti-human CD19-BV605 (Biolegend, 302244), clone HIB19 
8. Mouse anti-human IgG-PECF594 (BD Bioscience, 562538), clone G18-145 
9. Mouse anti-human IgM-AF700 (Biolegend, 314538), clone MHM-88 
10. Peroxidase Goat anti-Human IgG Jackson Immuno Research 109-036-088 
11. Peroxidase Goat anti-Human IgM Jackson Immuno Research 109-035-129 
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12. Rat anti-mouse T and -B cell activation antigen-FITC (BD Biosciences, 553666), clone GL7 
13. Rat anti-CD38-PB (Biolegend, 102720), clone 90  
14. Rat anti-mouse/human CD45R/B220-BV605 (Biolegend, 103244), clone RA3-6B2 
15. Rat anti-mouse CD4-APC-eFluor780 (Invitrogen, 47-0042-82), clone RM4-5 
16. Rat anti-mouse CD8a-APC-eFluor780 (Invitrogen, 47-0081-82), clone 53-6.7 
17. Anti-mouse NK1.1-APC-eFluor780 (Invitrogen, 47-5941-82), clone PK136 
18. Rat anti-mouse F4/80-APC-eFluor780 (Invitrogen, 47-4801-82), clone BM8 
19. Armenian hamster anti-mouse CD95-PE-Cy7 (BD Biosciences, 557653), clone Jo2  
20. Mouse anti-human CD38-BV421 (Biolegend, 303526), clone HIT2

Validation All antibodies are commercially available and validated by manufacturers. Additional information can be found on the respective 
product websites listed below:  
1. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/pe-cy-7-mouse-anti-human-cd20.335793 
2. https://https://www.biolegend.com/en-us/products/zombie-nir-fixable-viability-kit-8657www.thermofisher.com/antibody/
product/CD3-Antibody-clone-OKT3-Monoclonal/47-0037-42 
3. https://www.thermofisher.com/antibody/product/CD8a-Antibody-clone-OKT8-OKT-8-Monoclonal/47-0086-42 
4. https://www.thermofisher.com/antibody/product/CD16-Antibody-clone-eBioCB16-CB16-Monoclonal/47-0168-42 
5. https://www.thermofisher.com/antibody/product/CD14-Antibody-clone-61D3-Monoclonal/47-0149-42 
6. https://www.biolegend.com/en-us/products/zombie-nir-fixable-viability-kit-8657 
7. https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-cd19-antibody-8483?GroupID=BLG5913 
8. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/pe-cf594-mouse-anti-human-igg.562538 
9. https://www.biolegend.com/fr-lu/products/alexa-fluor-700-anti-human-igm-antibody-12507 
10. https://www.jacksonimmuno.com/catalog/products/109-036-088 
11. https://www.jacksonimmuno.com/catalog/products/109-035-129 
12. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/fitc-rat-anti-mouse-t-and-b-cell-activation-antigen.553666 
13. https://www.biolegend.com/de-at/products/pacific-blue-anti-mouse-cd38-antibody-6652 
14. https://www.biolegend.com/fr-fr/products/brilliant-violet-605-anti-mouse-human-cd45r-b220-antibody-7870 
15. https://www.thermofisher.com/antibody/product/CD4-Antibody-clone-RM4-5-Monoclonal/47-0042-82 
16. https://www.thermofisher.com/antibody/product/CD8a-Antibody-clone-53-6-7-Monoclonal/47-0081-82 
17. https://www.thermofisher.com/antibody/product/NK1-1-Antibody-clone-PK136-Monoclonal/47-5941-82 
18. https://www.thermofisher.com/antibody/product/F4-80-Antibody-clone-BM8-Monoclonal/47-4801-82 
19. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/pe-cy-7-hamster-anti-mouse-cd95.557653 
20. https://www.biolegend.com/it-it/products/brilliant-violet-421-anti-human-cd38-antibody-7145 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) 293T (ATCC CRL-11268) 
293T/ACE2* (generated in-house for Robbiani, D. et al. Nature 584, doi.org/10.1038/s41586-020-2456-9, and maintained 
since) 
HT1080/ACE2.cl14 (generated in-house for Schmidt, F. et al.  J Exp Med 217, doi:10.1084/jem.20201181, and maintained 
since)  
Expi293F (GIBCO/Thermo Fisher, A14527)

Authentication Not authenticated after purchase from ATCC and GIBCO/Thermo Fisher, respectively.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination by Hoechst staining.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used. 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6 mice purchased from Jackson laboratory were used. All mice used were females between 6-12 weeks of age. Mice were 
housed at a temperature of 72 °F and humidity of 30–70% in a 12-h light/dark cycle with ad libitum access to food and water. 

Wild animals no usage of wild animals

Field-collected samples none

Ethics oversight All animal procedures and experiments were performed according to protocols approved by the Rockefeller University Institutional 
Animal Care and Use Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Human research participants
Policy information about studies involving human research participants

Population characteristics Participants in the monoclonal recipient group were healthy volunteers who had previously received a single dose of a 
combination of C144-LS and C135-LS, two human IgG1 neutralizing anti-RBD monoclonal antibodies (first characterized in 
Robbiani et al., 2020), in a phase 1, first-in-humans  study to assess the safety and tolerability as well as the pharmacokinetics 
of the two antibodies (NCT04700163), and who subsequently got vaccinated with the  initial two-dose regimen of either the 
Moderna (mRNA-1273) or Pfizer-BioNTech (BNT162b2) mRNA vaccines against the wildtype (Wuhan-Hu-1) strain of the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Of note, vaccinations were at the discretion of each 
individual participant and their health care providers and not part of our study design, which was purely observational in 
nature. Particpants were 43 (24-64) years old (median (range)), 5 out of 18 participants were female. 6 participants received 
the Moderna (mRNA-1273) and 12 received the Pfizer-BioNTech (BNT162b2) vaccine.  Participants in the vaccinated controls 
group were not de novo recruited for this study and we defer to Supplementary Information Tables S1 and S2, as well as  Cho 
et al., 2021 and Muecksch et al., 2022 for more details.

Recruitment Recruitment of individuals into the antibody recipient group of this study was pragmatic, in that all eligible participants (no 
history of SARS-CoV-2 infection, having received active agent C135-LS and C144-LS and not placebo, subsequent vaccination 
with 2 doses of either the Moderna (Spikevax, mRNA-1273) or Pfizer-BioNTech (Comirnaty, BNT162b2) mRNA vaccines 
against the wildtype (Wuhan-Hu-1) strain) of the phase 1 clinical trial (NCT04700163) were offered enrollment in the 
observational study reported on herein.  As with all human subjects research based on healthy volunteers, the study cohort 
composition may be biased toward individuals with more access to health- and science-related resources. However, due to 
the direct linkage of this observational study to the phase 1 trial (NCT04700163), additional biases, such as self-selection bias, 
are unlikely. 
 
No further recruitment efforts were undertaken, as the control group was not de novo recruited for this study. A detailed 
description of their recruitment can be found in  Cho et al., 2021 and Muecksch et al., 2022.

Ethics oversight The study was performed in compliance with all relevant ethical regulations and the protocols (CGA-1015 and DRO-1006) for 
studies with human participants were approved by the Institutional Review Board of the Rockefeller University. 

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

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT04700163

Study protocol The study protocol can be accessed under clinicaltrials.gov (https://clinicaltrials.gov/ct2/show/NCT04700163)

Data collection The study "A Phase 1, Open Label, Dose-escalation Study of the Safety and Pharmacokinetics of a Combination of Two Anti-SARS-
CoV-2 mAbs (C144-LS and C135-LS) in Healthy Volunteers" (NCT04700163) was conducted at The Rockefeller University between 
January 11, 2021 and February 2, 2022.

Outcomes NCT04700163 was conducted to assess the safety and tolerability, as well as the pharmacokinetics of C144-LS and C135-LS, with 
adverse events and phamacokinetic properties of the infused antibodies as its primary and secondary outcomes. 
 
However, the study presented here explicitly does not report on the pre-defined endpoints of NCT04700163. Instead, the data 
presented in this manuscript merely represents an observational study of the immune response to vaccination in participants of 
NCT04700163, which does not constitute a pre-specified outcome of NCT04700163.

Flow Cytometry

Plots
Confirm that:

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

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).

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 For human samples, whole blood samples were obtained from study participants recruited through Rockefeller University 
Hospital. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll gradient centrifugation. Prior to sorting, 
PBMCs were enriched for B cells using a Miltenyi Biotech pan B cell isolation kit (cat. no. 130-101-638) and LS columns (cat. 
no. 130-042-401). 
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For mouse experiments, popliteal lymph nodes from mice 11 days after immunization were isolated and collected in FACS 
buffer (1x PBS, 2% FBS, 2 mM EDTA). Single cell suspensions of the pooled popliteal lymph node samples from each 
respective mouse were subsequently processed as described.

Instrument FACS Aria III (Becton Dickinson), BD FACSymphony S6 (Becton Dickinson)

Software BD FACSDiva Software Version 8.0.2 and FlowJo 10.6.2

Cell population abundance For the human experiments, sorting efficiency ranged from 40% to 80%. This is calculated based on the number of antibody 
sequences that could be successfully PCR-amplified from single-sorted cells from each donor using either IgM or IgG heavy 
chain-specific primers (see Robbiani et al., 2020 and Wang et al., 2020) in conjunction with IgK and IgL-specific light chain 
primers. 
 
For the mouse experiments, GC B cell abundance was not a limiting factor for cell sorting. Sorting efficiencies (based on the 
same calculation as above) were slightly lower (between 30 to 80%), with the notable difference that only IgK-specific light 
chain primers were used.

Gating strategy For human experiments, cells were first gated for single cells in FSC-A versus FSC-H, and then for lymphocytes in FSC-A (x-
axis) versus SSC-A (y-axis). We then selected for either CD20+ (cell sorting) or CD19+CD20+ (flow-cytometric phenotyping) 
and Dump- B Cells in dump (anti-CD3-eFluro 780, anti-CD16-eFluro 780, anti-CD8-eFluro 780, anti-CD14-eFluro 780, Zombie 
NIR) versus CD20 (anti-CD20-PE-Cy7) or versus CD19 (anti-CD19-BV605); dump-negative was considered to be signal less 
than 1200, CD19-positive was taken to be signal greater than 1000, and CD20-positive was taken to be signal greater than 
500. We then gated for Ova- B cells in CD20 versus Ova-BV711; Ova-negative was considered to be all cells with signal less 
than 1200 (flow-cytometry) or 300 (cell sorting). We selected for Sars-CoV-2 RBD double-positive cells in RBD-PE versus RBD-
AlexaFluor 647; this gate was made along the 45° diagonal, above 1000 (flow-cytometry) or 500 (cell-sorting) on both axes. 
IgG+ (IgG-PECF594) versus IgM+ (IgM-AF700) cells among RBD dual-labelled cells were gated using mutually exclusive gates 
with signals above 1000 for each. 
 
For mouse experiments, gating was as detailed in Ext. Data Fig. 7a. Briefly, single live cells were gated to only include cells 
negative for staining with anti-CD4-APC-eFluor780, anti-CD8a-APC-eFluor780, anti-NK1.1-APC-eFluor780, anti-F4/80-APC-
eFluor780 and and Zombie NIR to exclude dead and irrelevant cell populations. Next, cells positive for staining with anti-
CD45R/B220-BV605 were considered B cells. B cells with MFIs <1000 for staining with anti-CD38-PB/BV421 and positive for 
staining with anti-GL7-FITC and anti-CD95-PE-Cy7 were considered GC B cells. Among those, cells with MFIs higher than 500 
for RBD-A647 and 1000 for RBD-PE were deemed RBD-binding. Cell sorting was done on cells in the GC B cell gate agnostic of 
binding to RBD. RBD-binding status of single-sorted cells was established post-factum through index sorting data, using the 
same gating as in Ext. Data Fig 7a and b.

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