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Summary 

The COVID-19 pandemic urgently needs therapeutic and prophylactic interventions. Here we 

report the rapid identification of SARS-CoV-2 neutralizing antibodies by high-throughput 

single-cell RNA and VDJ sequencing of antigen-enriched B cells from 60 convalescent 

patients. From 8,558 antigen-binding IgG1+ clonotypes, 14 potent neutralizing antibodies 

were identified with the most potent one, BD-368-2, exhibiting an IC50 of 1.2 ng/mL and 15 

ng/mL against pseudotyped and authentic SARS-CoV-2, respectively. BD-368-2 also 

displayed strong therapeutic and prophylactic efficacy in SARS-CoV-2-infected 

hACE2-transgenic mice. Additionally, the 3.8Å Cryo-EM structure of a neutralizing antibody 

in complex with the spike-ectodomain trimer revealed the antibody’s epitope overlaps with 

the ACE2 binding site. Moreover, we demonstrated that SARS-CoV-2 neutralizing antibodies 

could be directly selected based on similarities of their predicted CDR3H structures to those 

of SARS-CoV neutralizing antibodies. Altogether, we showed that human neutralizing 

antibodies could be efficiently discovered by high-throughput single B-cell sequencing in 

response to pandemic infectious diseases. 

Introduction 

Coronavirus Disease 2019 (COVID-19) caused by a novel coronavirus named Severe Acute 

Respiratory Syndrome coronavirus 2 (SARS-CoV-2) has spread globally as a severe 

pandemic (Callaway et al., 2020). Both SARS-CoV-2 and SARS-CoV belong to lineage B of 

the betacoronavirus genus (Zhou et al., 2020; Wu et al., 2020), and their RNA genomes share 

around 82% identity (Chan et al., 2020). The mechanisms by which SARS-CoV-2 infects 

target cells have been well studied and recently reported (Hoffmann et al., 2020; Walls et al., 

2020). Similar to SARS-CoV, the spike (S) glycoprotein on the surface of SARS-CoV-2 

mediates membrane fusion and receptor recognition of the virus (Wrapp et al., 2020). The S1 

subunit at the N-terminal region is responsible for virus attachment and contains the 

receptor-binding domain (RBD), which directly binds to the ACE2 receptor on the host cell. 

Currently, no validated therapeutics against virus-target interactions are available for 

COVID-19. 

  

Convalescent patients’ plasma, which contains neutralizing antibodies produced by the 

adaptive immune response, has led to a clear clinical improvement of both mild and severe 

COVID-19 patients when used as a therapeutic modality (Chen et al., 2020; Shen et al., 2020; 

Cao, 2020). However, therapeutic use is limited since plasma can not be produced on a 

large-scale. On the other hand, neutralizing monoclonal antibodies (mAbs) isolated from 



convalescent patient’s memory B cells may serve as a promising intervention to 

SARS-CoV-2 due to their scalability and therapeutic effectiveness. Human-sourced mAbs 

targeting viral surface proteins have increasingly shown their therapeutic and prophylactic 

efficacy against infectious diseases such as HIV, Ebola, and MERS (Corti et al., 2016; Wang 

et al., 2018; Scheid et al., 2009). Their safety and potency in patients have been demonstrated 

in multiple clinical trials (Xu et al., 2019; Caskey et al., 2017). Despite their advantages, 

screening for potent neutralizing mAbs from human memory B cells is often a slow and 

laborious process, which is not ideal when responding to a global health emergency. A rapid 

and efficient method for screening SARS-CoV-2 neutralizing mAbs is urgently needed. 

 

Due to VDJ recombination and somatic hypermutation, B cells exhibit diverse B-cell 

repertoires, necessitating the analysis of one B cell at a time (Bassing et al., 2002). 

Techniques, such as single-cell clonal amplification of memory B cells, are usually utilized to 

obtain paired immunoglobulin heavy-light chain RNA sequences from the heterogeneous B 

cell population to produce mAbs (Debs et al., 2012; Niu et al., 2019). Clonal amplification of 

(Epstein-Barr virus) EBV-immortalised memory B cells from convalescent patients has 

proved successful in isolating neutralizing mAbs against viral infections such as HIV, Dengue, 

and MERS (Scheid et al., 2009; Burton et al., 2009; Corti et al., 2015). Yet, due to the 

time-consuming incubation and screening steps, the technique takes several months at least to 

complete a successful screen.  

 

On the other hand, single-cell RT-PCR combined with fluorescence-activated cell sorting 

(FACS) or optofluidics platform, such as Beacon (Berkley Light), could obtain antibody 

sequences in several days by performing nested PCR on single antigen-binding memory B 

cells after single-cell sorting (Tiller et al., 2008; Wardemann et al., 2003; Wrammert et al., 

2008; Liao et al., 2009). The method has led to efficient isolation of neutralizing mAbs in 

various infectious diseases, including HIV and MERS (Scheid et al., 2009; Wang et al., 2018). 

Nevertheless, the recent development of high-throughput single-cell RNA and VDJ 

sequencing of B-cell receptor repertoires using 10X Chromium has outperformed single-cell 

RT-PCR in terms of B cell screening throughput (Goldstein et al., 2019; Horns et al., 2020). 

The microfluidic-based technique could obtain auto-paired heavy- and light-chain sequences 

from tens of thousands single B cells in one run and has successfully been used for the 

isolation of human neutralizing mAbs against HIV (Setliff et al., 2019). 

 

Here we report the rapid and efficient identification of SARS-CoV-2 neutralizing antibodies 

achieved by high-throughput single-cell RNA and VDJ sequencing of antigen-binding B cells 



from convalescent COVID-19 patients. Over 8,500 antigen-binding B cell clonotypes 

expressing IgG1 antibodies were identified from 60 convalescent patients. In total, we 

identified 14 potent neutralizing mAbs, among which the most potent mAb, BD-368-2, 

exhibited an IC50 of 1.2 ng/mL and 15 ng/mL against pseudotyped and authentic 

SARS-CoV-2. Additionally, in vivo experiments confirmed that BD-368-2 could provide strong 

therapeutic efficacy and prophylactic protection against SARS-CoV-2, using the hACE2 

transgenic mice model (Bao et al., 2020; Yang et al., 2007; McCray et al., 2007).  

 

Further, we solved the Cryo-EM structure of one neutralizing mAb, BD-23, in complex with 

the SARS-CoV-2 spike ectodomain trimer and showed that its epitope overlaps with the 

RBD/ACE2 binding motif. Moreover, based on the high conservation between SARS-CoV-2 

and SARS-CoV, we demonstrated that potent neutralizing mAbs against SARS-CoV-2 could 

be directly chosen from the large antigen-binding clonotype library, utilizing the CDR3H 

structure’s similarity to that of SARS-CoV neutralizing antibody m396 (Prabakaran et al., 

2006; Zhu et al., 2007). Overall, we showed that high-throughput single-cell sequencing 

could lead to the identification of highly potent neutralizing mAbs that have strong 

therapeutic  and prophylactic efficacy, which could greatly assist in the intervention of 

prevailing and emerging infectious diseases, such as COVID-19. 

Results 

High-throughput sequencing of single B cells from convalescent patients 

Unlike traditional methodologies, large-scale data obtained from high-throughput scVDJ-seq 

enabled us to examine B cell clonotype enrichment prior to in vitro antibody expression 

(Goldstein et al., 2019; Croote et al., 2018). B cells that share an identical CDR3 region for 

both heavy- and light chains were grouped into the same clonotypes, and their enrichment 

was calculated based on the number of cells observed for the clonotype. Since 

antigen-activated B cells would go through clonal selection and expansion from pre-existing 

naive and memory B cells (Murugan et al., 2018; Seifert and Kuppers, 2016), we 

hypothesized that enriched B cell clonotypes would more likely yield high-affinity 

SARS-CoV-2 binding and neutralizing antibodies. 

 

To exploit this hypothesis, we first collected peripheral blood mononuclear cells (PBMCs) 

and isolated the B cells from 12 COVID-19 convalescent patients from Beijing Youan 

Hospital (Table S1). We performed scRNA and scVDJ sequencing on the freshly isolated B 

cells or CD27+ memory B cell subsets using 10X Chromium 5’ mRNA and VDJ sequencing 



(Figure 1A and S1A). The scVDJ data indeed revealed enriched IgG1 clonotypes (Figure S1F 

and S1H), and the CD27+ memory B cell selection largely improved the number of memory 

B cells sequenced (Figure S1D and S1E) as well as the IgG1 clonotypes discovered (Figure 

S1G and S1I). However, from the 130 in vitro expressed mAbs selected from memory B cells 

containing enriched IgG1+ clonotypes (Table S2), only one out of the two RBD-binding 

mAbs, named BD-23, showed a weak virus neutralization ability against pseudotyped and 

authentic SARS-CoV-2 (Figure S1B and S1C). The low efficiency in terms of RBD-binding 

mAbs and neutralizing mAbs identification necessitates an antigen-affinity based selection, 

which could greatly enrich for spike/RBD binding B cells.  

 

Efficient identification of neutralizing mAbs by high-throughput sequencing of 

antigen-binding single B cells   

To enrich for RBD-binding B cells, we utilized both biotinylated RBD and S protein to select 

for antigen-binding B cells through magnetic beads separation (Figure 1A). Since the 

selection introduces a large reduction in the number of B cells, we combined the PBMCs 

from different patients for sufficient 10X loading. In total, we analyzed 60 convalescent 

patients’ antigen-binding B cells in 6 different batches (Table S1). Since the goal was to 

produce neutralizing mAbs, we filtered out all B cells that failed to have productive V-J 

spanning heavy-light chain pairs. A total of 8,558 distinct IgG1-presenting antigen-binding 

clonotypes were detected (Table 1). Furthermore, the scRNA-seq data enabled us to perform 

cell-typing based on mRNA expression for memory B cell identifications (Figure 1B and S2). 

We observed sufficient separation between naive B cells and memory B cells, as well as 

non-B cells versus memory B cells. However, a clear separation between 

switched/non-switched memory B cells and exhausted memory B cells may not be observed 

in some batches, mostly due to the relatively low sequencing depth and the low number of 

genes detected per cell of the scRNA sequencing (Table S3).  

 

To increase the efficiency of neutralizing mAbs identification, we developed a set of criteria 

to filter out the clonotypes that have low chances to produce neutralizing mAbs (Figure 1D). 

First, only enriched clonotypes containing IgG1-expressing B cells were selected (Figure 1C 

and S3A), since IgG1-expressing B cells respond strongly to viral stimuli (Vidarsson et al., 

2014). Secondly, IgG2-expressing B cells normally respond weakly to viral pathogens, and 

thus, IgG2-presenting clonotypes were not included as ideal candidates (Irani et al., 2015). 

Next, clonotypes that did not contain any B cells with a somatic hypermutation rate (SHM) 

higher than 2% indicate insufficient affinity maturation and were excluded (Croote et al., 

2018; Methor et al., 2017). Lastly, as exhausted B cells and naive B cells respond less 



effective to antigen stimuli (Moir and Fauci, 2014), clonotypes that contained only exhausted 

memory B cells or naive B cells were not considered as ideal candidates (Figure 1B and S2). 

Together, a total of 169 ideal candidates were selected from enriched clonotypes and were 

expressed in HEK293 cells through transfection (Table S2). Meanwhile, 47 non-ideal 

candidates were also expressed in vitro as a reference to validate the effectiveness of our 

selection criteria (Table S2).  

 

The purified mAbs were tested for SARS-CoV-2 RBD/spike reactivity by ELISA and surface 

plasmon resonance (SPR), and 149 S-binding mAbs were identified, among which over half 

of the mAbs bind to the RBD. We further screened all ELISA-positive mAbs for neutralizing 

ability using a SARS-CoV-2 pseudovirus system. We found that only RBD-binding mAbs 

showed pseudovirus neutralization effects (Figure 1E), and only mAbs bound to the RBD 

with a Kd smaller or close to the dissociation constant of ACE2/RBD (15.9 nM) (Figure S5B), 

would have significant neutralization effects (IC50<3 µg/mL) on SARS-CoV-2 pseudovirus 

(Figure S4A and S4B). Both full-length S protein and the RBD protein could enrich for 

RBD-binding mAbs, but with distinct efficiency (Figure 1F). Using the RBD protein as the 

enrichment antigen resulted in an RBD ELISA-positive rate three-fold higher than using S 

protein. Most importantly, mAbs selected from ideal candidates showed an efficiency of 46% 

and 25% in identifying strong RBD-binding mAbs (Kd<20 nM) and SARS-CoV-2 

neutralizing mAbs, respectively (Figure S3D), which is significantly higher compared to the 

non-ideal mAbs candidates (Figure S3B and S3C). 

 

High neutralizing potency against SARS-CoV-2 among mAbs from enriched clonotypes  

Among all the neutralizing mAbs isolated from enriched clonotypes, seven of them showed 

potent neutralization ability with an IC50 lower than 0.05 µg/mL against SARS-CoV-2  

pseudovirus (Figure 2A and 2C). The most potent mAb BD-368-2, which was selected from 

the same clonotype as BD-368 (Figure 1C), exhibited an IC50 of 1.2 ng/mL. All seven mAbs 

bind strongly to the RBD with nM or sub-nM Kd, revealed by surface plasmon resonance 

(SPR) (Figure S5A), and could competitively inhibit the ACE2 binding with the RBD (Figure 

5C and 5D). To evaluate their neutralization potential against the authentic virus, we 

performed the plaque reduction neutralization test (PRNT) using authentic SARS-CoV-2 

isolated from COVID-19 patients. Among all mAbs tested, BD-368-2 displayed the highest 

potency against the authentic virus with an IC50 of 15 ng/mL (Figure 2B and 2C). To further 

validate the authentic virus neutralization shown by PRNT, we performed the cytopathic 

effect (CPE) inhibition assay using BD-218 on authentic SARS-CoV-2. BD-218 showed 

complete viral inhibition across all three replicates, at the concentration of 1.2 µg/mL (Figure 



S6A and S6B), consistent with the PRNT results. Together, our data have shown that highly 

potent neutralizing mAbs could be identified from convalescent patients by high-throughput 

single-cell sequencing of antigen-binding B cells. 

 

BD-368-2 showed high therapeutic and prophylactic efficacy in hACE2 mice  

To evaluate whether the identified neutralizing mAbs could serve as therapeutic interventions 

and prophylactic protection against SARS-COV-2 in vivo, we tested the neutralization 

efficacy of BD-368-2 on hACE2 transgenic mice infected with SARS-CoV-2 (Bao et al., 

2020). BD-368-2 was chosen since it exhibits the highest potency against both pseudotyped 

and authentic SARS-CoV-2. A total of 9 hACE2 transgenic mice were used in this study, and 

were equally split into three groups (N=3). The prophylactic efficacy was examined 

by intraperitoneally injecting 20 mg/kg (of mice body weight) BD-368-2 into hACE2 

transgenic mice 24 h before viral infection (Figure 3A). For the therapeutic group, 20 mg/kg 

BD-368-2 was injected 2 h after infection. As a negative control, 20 mg/kg HG1K, an IgG1 

antibody against the H7N9 virus, was injected 2 h after infection. We recorded the body 

weight for each mice daily after infection for 5 days (Figure 3A), and found that the 

therapeutic and prophylactic treatment groups maintained their body weight, whereas the 

negative control group significantly lost weight (Figure 3B). This indicates that BD-368-2 

applied both before and after the infection could greatly improve the physiological condition 

of the SARS-CoV-2-infected mice. Moreover, we analyzed the viral load by qRT-PCR of the 

lungs at 5 dpi (Yang et al.,2007), and found that injections of BD-368-2 before the viral 

challenge could completely inhibit SARS-CoV-2 (Figure 3C). Furthermore, applying 

BD-368-2 2 h after infection could result in a 3-4 log decrease in virus copies in mice lung, 

indicating an effective reduction of SARS-CoV-2 replication (Figure 3C). Together, 

BD-368-2 exhibits high therapeutic and prophylactic efficacy in vivo. 

 

Cryo-EM structure of the neutralizing mAb bound to the trimeric spike protein 

Neutralizing mAbs against SARS-CoV-2 were identified efficiently after analyzing enriched 

clonotypes. However, due to the shallow sampling of B cells for each patient, the majority of 

the clonotypes did not show any enrichment. Nevertheless, the non-enriched antigen-binding 

clonotypes still remain as a valuable library for future identification of neutralizing mAbs. A 

new antibody selection criterion for non-enriched clonotypes is needed, since arbitrary 

selection may lead to a high percentage of weak antigen-binding mAbs, and is also prone to 

non-specific binding during the antigen pull-down. Previously, people have used antibody 

structure prediction to annotate Ig-seq data for better mAbs selection (DeKosky et al., 2016). 

By selecting the mAbs that share similar CDR3H structures with reference neutralizing mAbs, 



the structural annotation approach has proven to be successful in improving the performance 

of Ig-seq as well as in vitro antibody maturation (Kovaltsuk et al., 2017; Krawczyk et al., 

2014; Sela-Culang et al., 2014). Inspired by these results, we hypothesized that CDR3H-based 

structure prediction could also help to annotate the scVDJ-seq data from convalescent 

patients, which may serve to improve the efficiency in identifying neutralizing mAbs against 

SARS-CoV-2.  

 

The main difficulty, however, lies in the selection of the reference antibody structure. To date, 

no SARS-CoV-2 neutralizing mAb structures are recorded in the Protein Database (PDB), 

which could serve as a reference. To address this, we solved the cryo-EM structure of 

BD23-Fab in complex with the S ectodomain trimer at an overall resolution of 3.8 Å (Figure 

4A and S7; Table S4). The S ectodomain here adopts an asymmetric conformation as 

previously reported (Wrapp et al., 2020), with the RBD in one protomer (mol A) adopting an 

“up” position, whereas the other two RBDs (mol B and C) adopt “down” positions. In this 3D 

reconstruction, a single BD23-Fab is observed per S trimer, and it binds the “down” RBD in 

protomer B. Only the heavy chain variable domain of BD-23 is involved in binding to the 

RBD (Figure 4B). Interestingly, the binding is also facilitated by an N-linked glycan on 

Asn165 of protomer C. Although the current resolution does not support further analysis of 

the molecular interactions between BD23-Fab and RBD, it is evident that BD23’s epitope 

overlaps with the motif recognized by ACE2. In fact, a comparison with the RBD-ACE2 

complex structure demonstrates that BD23-Fab competes with ACE2 for binding to RBD 

(Figure 4C). This observation suggests that the SARS-CoV-2 neutralization ability of BD-23 

comes from the disruption of the ACE2-RBD binding, which is highly similar to previously 

identified neutralizing mAbs against SARS-CoV (Prabakaran et al., 2006; Yuan et al., 2020). 

Indeed, several studies have suggested that SARS-CoV neutralizing mAbs could 

cross-neutralize SARS-CoV-2 (Wanga et al., 2020; Tian et al., 2020; Lv et al., 2020), which 

further highlights the resemblance between the RBDs of SARS-CoV and SARS-CoV-2. 

Altogether, the structural observations and the high conservation between SARS-CoV and 

SARS-COV-2 suggest that it may also be feasible to use SARS-CoV neutralizing mAbs’ 

crystal structures as a reference, to screen for SARS-CoV-2 antigen-binding clonotypes that 

share similar CDR3H structures to identify neutralizing mAbs.  

  

Selecting potent neutralizing mAbs based on the structural similarity of CDR3 H  

We compared every IgG1-presenting clonotype’s predicted structure based on CDR3H using 

FREAD to the available SARS-CoV neutralizing mAbs’ crystal structure in the PDB database 

as well as the structure of BD-23. Unfortunately, no IgG1-presenting clonotypes showed high 

CDR3H structural similarity with BD-23. However, a total of 12 IgG1 clonotypes showed 



high structure similarity with PDB ID 2dd8 and 2ghw (Table S2; Figure 5C), which 

corresponds to previously isolated SARS-CoV neutralizing mAbs m396 and 80R, 

respectively (Prabakaran et al., 2006; Hwang et al., 2006). The CDR3H sequence of the 

identified mAbs shared high homology with m396 (2dd8) (Figure 5A), which neutralizes 

SARS-CoV by disrupting ACE2/RBD binding (Figure 5D).  

Surprisingly, we found that 7 out of the 12 mAbs exhibited a strong RBD-binding affinity and 

a potent neutralizing ability against pseudotyped SARS-CoV-2 (Figure 5B and 5C). The 

neutralization abilities of three representative mAbs, BD-503, BD-508, and BD-515, were 

also verified in the PRNT against authentic SARS-CoV-2 and showed high potencies (Figure 

5E and 5F). Moreover, these mAbs were mostly encoded by VH3-66/JH6 or VH3-53/JH6 

gene segments for the heavy chain, and VLK1-9 or VLK1D-33/39 for the light chain (Figure 

5C). Due to the similarity of amino acid sequences and VDJ combinations, we questioned 

whether these mAbs came from the same lineage. After RNA mutation analysis, we found 

that none of the mAbs was from the same lineage nor the same patients. Together, these 

observations suggest that stereotypic B-cell receptors that bind to a particular SARS-CoV-2 

epitope may exist in different individuals, similar to what has been observed in HIV, 

Influenza, and hepatitis C (Gorny et al., 2009; Ekiert et al., 2009; Marasca et al., 2001). 

Indeed, epitope binning experiments using a double-antibodies sandwich ELISA has shown 

that BD-503, BD-508, and BD-515 likely share an overlapping epitope (Figure 6). However, 

more structural analysis is needed to obtain the exact epitopes to confirm whether they are 

largely conserved.  

Discussion 

To improve the efficiency of discovering new neutralizing mAbs, we applied a systematic 

analysis of antibody-presenting B cells before performing in vitro expression. Large-scale, 

single-cell resolution data obtained from scRNA and scVDJ sequencing provided the chance 

to perform lineage analysis, which can not easily be accomplished using hybridoma and 

single-cell RT-PCR-based techniques. The ability to calculate the enrichment frequency for 

each clonotype not only enables priority selection of natural clonally-expanded B cell 

lineages, but also reduces the false-positive rates of non-specific antigen-binding during the 

antigen-enrichment step (Figure 1A). The simultaneous measurement of mRNA expression at 

the single-cell level further enables cell typing of individual B cells, which is crucial for the 

removal of the exhausted and naive B cell subsets. However, our current shallow scRNA 

sequencing barely enables the accurate separation of exhausted memory B cells from 

non-exhausted memory B cells. Therefore, deeper sequencing of the scRNA libraries is 

needed to further evaluate the effectiveness of removing exhausted memory B cells to 

improve the identification of neutralizing mAbs. 



Besides the clonally enriched B cell clonotypes, the vast majority of the sequenced B cells 

were not utilized in this study but remained as a valuable library of potential neutralizing 

mAbs. Nevertheless, due to the lack of enrichment, mAbs selection from the large pool of 

unenriched B cells continued to be a problem. We, therefore, utilized bioinformatic-based 

selection approaches, such as CDR3H structure prediction. MAbs that shared a highly similar 

CDR3H structure with SARS-CoV neutralizing antibody m396 showed a surprisingly high 

percentage of high neutralization potency for SARS-CoV-2. The largely conserved 

combination of the VDJ gene segment and likely overlapping epitopes of those mAbs 

suggests the existence of stereotyped B cell receptors against SARS-CoV-2. Preliminary 

studies of mAbs selected based on VH3-66/JH6 or VH3-53/JH6 encoded heavy chains from 

different individuals indeed revealed a high proportion of SARS-CoV-2 neutralization mAbs 

with high potency (data not shown), and supports the existence of stereotyped B cell 

receptors for SARS-CoV-2.  

Although 72 S1/S2 (non-RBD) binding mAbs were identified, none of them exhibited 

pseudovirus neutralizing ability. This was an interesting result since non-RBD binding 

neutralizing mAbs were observed for MERS-CoV (Xu et al., 2019). More antibodies from the 

remaining pool of antigen-binding B cell clonotypes that target different regions of the 

antigens would be screened for neutralization ability, to further confirm the observation. 

Additionally, more strains of pseudoviruses could be utilized to examine potential risks of 

neutralization escape after virus mutation, especially at the RBD region (Wang et al., 2018). 

A possible solution to the virus mutation could be to combine two potent mAbs targeting two 

different epitopes. Epitope binning results (Figure 6) suggested that BD-368, which shares 

the same epitope with BD-368-2, exhibited non-overlapping epitopes with most of the potent 

neutralizing mAbs. An antibody cocktail combining BD-368-2 with another neutralizing 

mAb could greatly boost SARS-CoV-2 neutralization potency compare to any individual 

mAbs and could largely prevent mutation escape, since the possibility of mutations appearing 

on both epitopes is unlikely. 

The continual dissemination of COVID-19 as a global pandemic demands effective 

interventions against SARS-CoV-2 infections. The potent neutralizing antibodies we 

identified may provide an effective therapeutic and prophylactic solution, evidenced by the 

results on hACE2 transgenic mice. Clinical trials using BD-368-2 are underway. The 

application of high-throughput single-cell sequencing methodology in this study could also 

be expanded to infectious diseases other than COVID-19, and serve as a technical reserve for 

rapid neutralizing mAbs discovery during future pandemics. 
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Figure legends 

Figure 1. Efficient neutralizing antibody identification through antigen-enriched 

high-throughput single-cell RNA sequencing.  

A) Schematic overview of the neutralizing antibody identification process. The sequence of 

the mAbs could be obtained within two days using 10X Genomics 5’ VDJ sequencing. B) 

Cell-type identification of the single B cells binding RBD (Batch 5) based on gene expression. 

Only productive heavy-light chain-paired single cells are analyzed. See also Figure S1 and S2. 

C) Ideal clonotype selection for in vitro expression showing clonotype’s enrichment 

frequency, immunoglobin class, cell type, and variable region mutation rate (Batch 5). Ideal 

clonotypes are on the right side of the dashed line with four potent neutralizing mAbs 

selected for further characterization are labeled. D) Ideal clonotype selection criteria. E) 

Characteristics of RBD-binding and spike-protein binding (RBD-) antibodies. Only 

RBD-binding antibodies showed neutralizing ability in pseudovirus neutralization assays. An 

antibody was determined as ELISA positive if it showed saturated absorption at 1 µg/mL 

antigen and 1 µg/mL antibody concentration. Kd was measured by using SPR with a 1:1 

binding model. F) Characteristics of the antibodies selected based on different antigen 

enrichment methods. See also Figure S3. 

 

Figure 2. Affinity specificity and neutralizing abilities of the potent neutralizing mAbs. 

A) Neutralization potency measured by using a pseudotyped virus neutralization assay. Data 

for each mAb were obtained from a representative neutralization experiment, which contains 

three replicates. Data are represented as mean ± SD. See also Figure S4. B) Neutralization 

potency measured by an authentic SARS-CoV-2 plaque reduction neutralizing test (PRNT) 

assay. Data for each mAb were obtained from a representative neutralization experiment, 

which contains three replicates. Data are represented as mean ± SD. See also Figure S6. C) 

Characteristics of the neutralizing mAbs. IC50 and IC80 were calculated by using a 



four-parameter logistic curve-fitting. Kd targeting RBD was measured by using SPR with a 

1:1 binding model. The somatic hypermutation rate (SHM) was calculated by comparing 

DNA sequences of the heavy-chain variable regions (V, D, and J regions) to germline 

sequences using Igblast. See also Figure S5. 

 

Figure 3. BD-368-2 showed high therapeutic and prophylactic efficacy in 

SARS-CoV-2-infected hACE2 transgenic mice. 

A) Experimental design for therapeutic and prophylactic testing of BD-368-2 in hACE2 

transgenic mice. BD-368-2 or unrelated antibody HG1K (20 mg/kg of body weight) was 

intraperitoneally injected into the transgenic mice before or after SAR-CoV-2 infection. B) 

Body weight change (%) of the hACE2 transgenic mice recorded over 5 days (one-sided 

permutation test, *p<0.05). Each group contains 3 mice. Data are represented as mean ± SD. 

C) Virus titers of lung tissue at 5 dpi. The viral loads of the lung were determined by 

qRT-PCR (one-tailed t-test, ***p<0.001). Data are represented as mean ± SD.  

 

Figure 4. Cryo-EM structure of BD23-Fab in complex with the Spike trimer.  

A) Cryo-EM structure of the S trimer in complex with BD23-Fab reconstructed at 3.8 Å 

resolution. The three protomers in the S trimer are depicted in cyan, green, and yellow, 

respectively. BD23-Fab is depicted in magenta (heavy chain) and blue (light chain). B) N165 

glycan in the NTD of protomer C facilitates the interaction between BD23-Fab and the RBD 

of protomer B. C) The crystal structure of the RBD/ACE2 complex is overlaid onto the 

RBD/BD23-Fab structure. BD23-Fab would collide with ACE2 and therefore block the 

interaction between RBD and ACE2. RBD is shown in green and white, whereas ACE2 in 

orange. See also Figure S7. 

 

Figure 5. Characteristics of the neutralizing mAbs identified based on CDR3H 

structural similarity to SARS-CoV neutralizing mAbs.  

A) The CDR3 sequence comparison between SARS-CoV neutralizing mAb m396 and the 

SARS-CoV-2 neutralizing mAbs identified based on CDR3H structure similarity. B) 

Neutralization potency measured by using a pseudotyped virus neutralization assay. Data for 

each mAb were obtained from a representative neutralization experiment, which contains 

three replicates. Data are represented as mean ± SD. C) Characteristics of the neutralizing 

mAbs identified based on structure similarity. IC50 and IC80 were calculated by using a 

four-parameter logistic curve-fitting. Kd targeting RBD was measured by using SPR with a 

1:1 binding model. VDJ alignment is determined by Igblast. The CDR3H structure prediction 



was performed using FREAD. D) The crystal structure of m396-Fab/SARS-CoV-RBD. The 

regions corresponding to the RBD, m396-H, and m396-L domain are shown in purple, green, 

and orange, respectively. The structure is from PDB ID 2dd8. E) Authentic SARS-CoV-2 

plaque reduction neutralizing test (PRNT) assay on the three selected mAbs, BD-503, 

BD-508, and BD-515. Data for each mAb were obtained from a representative neutralization 

experiment, which contains three replicates. Data are represented as mean ± SD. F) 

Neutralization potency on authentic SARS-CoV-2 of the three selected mAbs. IC50 and IC80 

were calculated by fitting a four-parameter logistic curve. 

 

Figure 6. Epitope-binning of the potent neutralizing mAbs using competitive ELISA. 

Competition tolerance was shown for each pair of neutralizing mAbs measured by 

double-antibody sandwich ELISA (RBD). The column indicates the primary antibody, and 

the row indicates the secondary antibody. Competition tolerance larger than 50% indicates a 

high possibility of no overlapping epitope. 

 

Table 1. Summary of the 10X scRNA and scVDJ sequencing of antigen-binding B cells 

The experimental details for each sequencing batch. Enrichment antigen refers to the antigen 

used for the MACS pull-down. Batch 4 was performed on samples that have filtered 

RBD-binding B cells. PBMC status refers to whether the PBMC used were previously frozen. 

VJ paired cells refer to cells that both full-length heavy- and light-chain variable regions were 

detected. Cells are assigned to the same clonotype if they have identical heavy- and 

light-chain CDR3 DNA sequences. See also Figure S2. 

 

Figure S1. Summary of the 10X scRNA and scVDJ sequencing of 12 convalescent 

patients’ B cells. Related to Figure 1. 

A) Summary of the 10X scRNA and scVDJ sequencing of 12 convalescent patients’ B cells. 

Patient 1-9 used a MACS-based negative selection for B cell enrichment from PBMC. Patient 

10-12 used a MACS-based CD27+ selection for memory B cell enrichment from PBMC. 

Cells are assigned to the same clonotype if they have identical heavy and light chain CDR3 

DNA sequences. B) Characteristics of the selected mAbs identified from the 12 patients. 

mAbs are selected from clonotypes that contain IgG1-presenting memory B cells. C) 

Characteristics of the neutralizing mAb BD-23. D) t-SNE plot of patient 4’s scRNA-seq 

result. Only productive Heavy-Light chain paired cells were shown. Cells are colored based 

on cell types. E) t-SNE plot of patient 11’s scRNA-seq result. F) Top 25 most enriched 

clonotypes of patient 4. The clonotype containing BD-23 is labeled. G) Ig class distribution 

of patient 4’s clonotypes. H) Top 25 most enriched clonotypes of patient 11. I)  Ig class 

distribution of patient 11’s clonotypes. 



 

Figure S2. Summary of the 10X scRNA and scVDJ sequencing of antigen-binding B 

cells. Related to Table 1. 

A) – E) t-SNE plot of productive heavy-light chain paired single cells in each batch. Cells are 

colored based on cell types. 

 

Figure S3. Ideal antibody selection from enriched IgG1+ clonotypes for in vitro 

expression. Related to Figure 1. 

A) Ideal antibody selection based on clonotype enrichment frequency, Ig class, cell type, and 

VDJ region mutation rate. Ideal antibodies are on the right side of the dashed line. B) 

Non-ideal candidates showed less strong binding and neutralizing mAbs. C) The comparison 

of the proportion of strong binding and neutralizing mAbs identified from ideal candidates 

and non-ideal candidates (Fisher’s exact test, ***p<0.001). D) The comparison of the 

proportion of strong binding and neutralizing mAbs identified from RBD-enriched ideal 

candidates and non-ideal candidates (Fisher’s exact test, **p<0.01, ***p<0.001). 

 

Figure S4. Binding specificity and neutralizing abilities of the non-potent neutralizing 

mAbs. Related to Figure 2. 

A) Neutralization potency measured by a SARS-CoV-2 spike-pseudotyped VSV 

neutralization assay. Data for each mAb were obtained from a representative neutralization 

experiment, which contains three replicates. Data are represented as mean ± SD. IC50 and 

IC80 were calculated by fitting a four-parameter logistic curve. B) Characteristics of the 

neutralizing mAbs. Kd is measured using SPR with a 1:1 binding model targeting biotinylated 

RBD protein. The somatic hypermutation rate (SHM) is calculated from mutated DNA 

sequences of the heavy- chain variable regions (V, D, and J regions) using Igblast.  

 

Figure S5. Kd measurement and ACE2/RBD binding inhibition for the potent 

neutralizing mAbs. Related to Figure 2. 

A) Dissociation constant measurement of the representing mAbs against RBD. Kd is 

calculated using a 1:1 binding model. All measurements are performed by using a serial 

2-fold dilution of biotinylated RBD, starting from 50 nM (Yellow) to 1.56 nM (Black). B) 

Dissociation constant measurement of ACE2 against RBD. C) ACE2/RBD binding inhibition 

rate determined by ACE2 competition ELISA assay. The data were obtained from a single 

representative experiment with three replicates. Data are represented as mean ± SD. D) IC50 



and IC80 calculated from ACE2 competence ELISA assays by fitting a four-parameter logistic 

regression model. 

 

Figure S6. Authentic SARS-CoV-2 neutralization potency measured by cytopathic effect 

(CPE) assay showed high consistency with PRNT. Related to Figure 2. 

A) A serial dilution of each mAbs is tested against the authentic SARS-CoV-2 on Vero-E6 

cells examined by CPE B) Phase-contract image of Vero-E6 cells examining CPE. BD-218 

shows no CPE at 1.2 µg/mL, which is consistent with the PRNT results of BD-218. 

 

Figure S7. Workflow for BD-23 Cryo-EM 3D reconstructions. Related to Figure 4. 

A) A representative raw image collected using a Titan Krios 300 kV microscope with a K2 

detector. B) Representative 2D classes. C) Flow chart of image processing. D) Gold standard 

Fourier shell correlation (FSC) curve with estimated resolution. E) Local resolution 

estimation of the EM map analyzed by ResMap. 

 

STAR METHODS 

RESOURCE AVAILABILITY  

Lead Contact   

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, X. Sunney Xie (sunneyxie@biopic.pku.edu.cn) 

 

Material Availability 

There are restrictions on the availability of antibodies due to limited stock and continued 

consumption. We are glad to share remaining antibodies with reasonable compensation for 

processing and shipping upon completion of a Material/Data Transfer Agreement for non- 

commercial usage. 

 

Data and Code Availability 

Human antibody sequences are available on the European Genome-Phenome Archive 



(EGAS00001004412) upon publication in press. Material/Data Transfer Agreements, which 

allow the use of the antibody sequences for non-commercial purposes but not their disclosure 

to third parties, are needed to obtain the sequences by contacting the Data Access Committee. 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Convalescent patients 

A total of 64 confirmed COVID-19 patients discharged from Beijing Youan Hospital, China, 

from February 01 to February 28, 2020, were enrolled in this study (Table S1). Patients 1-12 

were enrolled in the prelinamery study without antigen-enrichment. Patients 13-64, as well as 

8 patents from ID 1-12, enrolled in the study corresponding to sequence batch 1-6 (Table S1). 

Discharged COVID-19 patients were isolated and observed continually for 28 days. 

Follow-ups and SARS-CoV-2 RNA detection were performed weekly. The throat swabs from 

the upper respiratory tract, and whole blood was collected from patients at various 

time-points after hospitalization and during followed-up. Sample collection, processing, and 

laboratory testing were performed as recommended by China CDC and complied with WHO 

guidance. All COVID-19 patients were confirmed infected according to positive respiratory 

RT-PCR tests. The discharge criteria were listed as follows. First, body temperature returns to 

normal for more than three days. Second, absence of respiratory tract symptoms. Third, two 

consecutively SARS-CoV-2 RT-PCR assays of sputum with a one-day sampling interval turn 

negative. None of the study participants was co-infected with HIV, hepatitis B virus/hepatitis 

C virus, or influenza viruses. All participants did not have a comorbid condition, tuberculosis, 

autoimmune diseases, or related drug usage. This study and all the relevant experiments were 

approved by the Beijing Youan Hospital Research Ethics Committee, and written informed 

consent was obtained from each participant in accordance with the Declaration of Helsinki. 

All participants provided written informed consent for the collection of information, and their 

clinical samples were stored and used for research. Data generated from the research were 

agreed to be published.  

 

PBMCs from blood 

All human blood samples were collected for laboratory assessments according to the doctor’s 

instruction from Beijing Youan Hospital, China. Peripheral blood mononuclear cells (PBMCs) 

were isolated immediately from fresh blood. Primary human B lymphocytes were obtained 

by purification of human blood CD19+ B cells or memory CD19+ CD27+ B cells, by 

immunomagnetic bead isolation (Catalog #19054 and #17864, STEMCELL), after 

Ficoll-Hypaque sedimentation according to standard density-gradient centrifugation methods 

(GE Healthcare). For each sample, the cell viability exceeded 85%. Several patients’ PBMCs 



were stored frozen and thawed before use. Cryopreserved PBMCs were thawed in RPMI 

1640 medium supplemented with 20% fetal bovine serum. 

 

Recombinant RBD and full-length Spike protein from SARS-CoV-2 

Spike/RBD recombinant proteins were purchased from Sino Biological Inc. with >95% purity. 

Full-length Spike/RBD protein was expressed in the Baculovirus-Insect cell system using the 

DNA sequence encoding the SARS-CoV-2 spike protein (S1+S2 ECD) or RBD protein. The 

protein is expressed with a polyhistidine tag at the C-terminus and purified in sterile 20 mM 

Tris, 300 mM NaCl, 10 % glycerol, pH 8.0. 

 

SARS-CoV-2 pseudovirus 

The SARS-CoV-2 pseudovirus is a gift from the Division of HIV/AIDS and Sex-transmitted 

Virus Vaccines, National Institutes for Food and Drug Control (NIFDC). The pseudovirus 

was constructed as previously described using the spike genes from strain Wuhan-Hu-1 

(GenBank: MN908947)(Nie et al., 2020). Briefly, the SARS-CoV-2 spike gene was 

codon-optimized and cloned into a eukaryotic expression plasmid. 293T cells were 

transfected by the plasmid and later infected with a VSV pseudotyped virus (G*∆G-VSV), 

which substituted the VSV-G gene with luciferase expression cassettes. The culture 

supernatants were harvested and filtered 24 h post-infection. The SARS-CoV-2 pseudovirus 

could not be neutralized by VSV-G antibodies, and no G*∆G-VSV was mixed with the 

SARS-CoV-2 pseudovirus stock (Nie et al., 2020). 

 

Authentic SARS-CoV-2 virus 

The authentic SARS-CoV-2 virus (2019-nCoV BetaCoV/Wuhan/AMMS01/2020) was 

isolated from a COVID-19 patient from Beijing. The RNA sequence of the isolated virus was 

verified by Sanger sequencing. All experiments associated with the authentic virus were 

conducted in Biosafety Level 3 laboratory with standard operating procedures. 

 

hACE2 transgenic mice 

Pathogen-free, male, and female human ACE2 transgenic mice (6 - 8 wo) were obtained from 

the Institute of Laboratory Animal Science, Peking Union Medical College, China. The 

hACE2 transgenic mice have been demonstrated to be a feasible model for the SARS-CoV-2 

infection study (Bao et al., 2020). hACE2 mice were generated as previously described (Yang 

et al., 2007), by microinjecting DNA fragments of mouse ACE2 promoter driving hACE2 



coding sequence into the pronuclei of ICR mice’s fertilized ova. The zygotes were then 

transplanted into the oviducts of pseudopregnant mice. These mice were bred to produce 

offspring for the experiment. 

 

METHOD DETAILS 

MACS enrichment of B cells from PBMC 

B cells were isolated from fresh or previously frozen PBMCs by immunomagnetic negative 

selection according to the manufacturer’s protocol (EasySep™ Human B Cell Enrichment Kit, 

STEMCELL). Non-B cells are labeled with magnetic beads and separated using an 

EasySep™ magnet. Purified B cells were eluted and washed in PBS containing 2% (v/v) fetal 

bovine serum (FBS) and 1 mM EDTA. Purified B cells were counted by using 0.4% (w/v) 

trypan blue stain and Countess Automated Cell Counter according to the manufacturer’s 

protocol (Thermofisher).  

 

CD27+ memory B cell enrichment 

CD27+ memory B cells were isolated from purified B cells by immunomagnetic positive 

selection according to the manufacturer’s protocol (EasySep™ Human Memory B Cell 

Isolation Kit, STEMCELL). Briefly, CD27+ B cells are labeled with magnetic beads 

combined with CD27 antibodies and separated using an EasySep™ magnet. Purified CD27+ 

B cells were eluted and washed in PBS containing 2% (v/v) fetal bovine serum (FBS) and 1 

mM EDTA. CD27+ B cells were counted by using 0.4% (w/v) trypan blue stain and Countess 

Automated Cell Counter according to the manufacturer’s protocol.  

 

Antigen-binding B cells enrichment 

Biotinylated Spike/RBD recombinant proteins were purchased from Sino Biological Inc. 

Fresh antigen/streptavidin M-280 Dynabeads (Thermofisher) complex was made every time 

before B cell enrichment. Briefly, 100 µL of M-280 beads containing 6.5 x 107 beads were 

vortexed for 30 s and brought to room temperature before use. Beads were washed with 1 mL 

1x PBS twice on a magnetic rack, and eluted in 100 µL 1x PBS. Beads (100 µL) were mixed 

with 20 µg of biotinylated spike/RBD protein and incubated at room temperature for 30 mins. 

After incubation, the complex was washed three times using 500 µL 1x PBS on a magnetic 

rack. The washed complex was eluted in 100 µL 1x PBS and stored on ice until use.  

Before antigen-enrichment, the complex was equilibrated at room temperature. The amount 



of beads complex used was calculated based on a 1:1 ratio with the number of purified B 

cells. The spike/RBD magnetic beads complex was added directly into the B cell mixture, 

mixed and incubated at 4℃ on a thermomixer for 30 mins. After the incubation, the mixture 

was put on a magnetic rack, and the supernatant was removed. The beads were washed times 

by mixing off the magnet four times in total. The final antigen-enrichment B cells were eluted 

in 1x PBS containing 2% (v/v) fetal bovine serum (FBS) and 1 mM EDTA. Enriched B cells 

were counted by using 0.4% (w/v) trypan blue stain and Countess Automated Cell Counter 

according to the manufacturer’s protocol.  

 

Single-cell 5’ mRNA and VDJ sequencing  

After CD27+ memory B cell enrichment or antigen-specific enrichment, all B cells were 

loaded on a 10X Chromium A Chip. If the total cell number exceeded 20,000, two individual 

runs would be performed. Since SARS-CoV-2 may still appear in convalescent patients’ 

blood (An et al., 2020; Zhang et al., 2020), we performed all the experimental processes 

before library preparation in a P3-level laboratory. Single-cell lysis and RNA first-strand 

synthesis were performed using 10X Chromium Single Cell 5’ Library & Gel Bead Kit 

according to the manufacturer’s protocol. After RNA first-strand synthesis, all viruses should 

be denatured since all samples were heated to 85℃ for 5 mins. RNA samples were wiped 

with 80% EtOH for three times and sealed in a plastic box for sample transportation.  

The following RNA and VDJ library preparation is performed according to the 

manufacturer’s protocol (Chromium Single Cell V(D)J Reagent Kits, 10X Genomics) in a P2 

laboratory. All libraries were quantified by using Qubit 3.0 (ThermoFisher), Fragment 

Analyzer, and qPCR. Sequencing was performed on a Hiseq 2500 platform running Rapid 

SBS Kit V2 2x100bp kit (Illumina), with a 26x91 pair-end reading mode. Sequencing results 

were obtained within two days. Average sequencing depth aimed for the mRNA library is 

10,000 read pairs per cell and 5,000 read pairs per cell for the VDJ libraries (Table S3). 

 

In Vitro expression of mAbs 

The selected paired heavy- and light-chain’s cDNA was codon-optimized and cloned into 

expression vectors containing the IgG1 constant regions of human. IgG mAbs were expressed 

by transfecting HEK293 cells with equal amounts of heavy- and light-chain plasmids. The 

mAbs were resuspended into PBS and analyzed by SDS-PAGE.  

The numbering of mAbs is based on the order of DNA synthesis submission. BD 1-175 were 

mAbs produced from the experiments without using antigen enrichment (Table S2). BD 176 

– 425 were mAbs produced from the Batch 1-6 with antigen enrichment, and were all 



selected from clonotypes that have an enrichment frequency larger than 1 (Table S2). BD 492 

– 515 were mAbs selected based on CDR3H structural similarity to SARS-CoV neutralizing 

antibodies (Table S2). BD 426 – 491, which were not shown, were attempts trying to 

substitute rare DNA mutations in the FR region of the verified neutralizing mAbs, aiming for 

higher neutralization potency. None of the mAbs showed improvements in terms of 

neutralization potency, and the results were not shown. Also, the antibodies in each group 

may have discontinuous numbering. The excluded mAbs were the antibodies selected from 

clonotypes that consist of only IgM- or IgG3-presenting B cells. None of mAbs showed 

neutralizing ability and thus were excluded from the results. 

 

ELISA quantification 

ELISA plates were coated with SARS-CoV-2 RBD or S protein at 0.01 µg/mL and 1 µg/mL 

in PBS at 4°C overnight. After standard washing and blocking, 100 µL 1µg/mL antibodies 

was added to each well. After a 2 h incubation at room temperature, plates were washed and 

incubated with 0.08 µg/mL goat anti-human IgG (H+L)/HRP (JACKSON) for 1 h incubation 

at room temperature. Chromogen solution was used as the substrate, and absorbance at 

450nm was measured by a microplate reader. A mAb is defined as ELISA-positive when the 

OD450 is saturated using 1 µg/mL RBD/S protein. 

 

mAbs binding affinity measurement 

The dissociation coefficient is measured by using surface plasmon resonance (SPR). 

Biotinylated RBD/S (Sino Biological Inc.) was immobilized to a SA sensor chip (GE 

Healthcare) at a level of ~100 response units (RUs) using a Biacore T200 (GE Healthcare). 

Running buffer is composed of PBS pH 7.4 and 0.005% (v/v) P20. Serial dilutions of purified 

antibody were injected, ranging in concentration from 50 to 0.78 nM. The resulting data were 

fit to a 1:1 binding model using Biacore Evaluation Software. 

 

ACE2 competition assay 

Biotinylated RBD (0.3 µg/mL, Sino Biological Inc.) was immobilized to an ELISA plate. 

After standard washing, 0.05 µg/mL His-tagged hACE2 protein was added to the wells, and 

then the diluted mAbs were added and mixed immediately. After 2 h of incubation at room 

temperature, plates were washed, and 0.08 µg/mL anti-His/HRP was added. After 1 h of 

incubation at room temperature, the chromogen solution was used as the substrate, and 

absorbance at 450 nm was measured by a microplate reader. The ACE2/RBD-binding 

inhibition rate was calculated by comparing to the mAbs negative control well. 



 

Protein expression and purification for cryo-EM 

The SARS-CoV-2 S gene was synthesized by Sino Biological Inc. The DNA fragment 

encoding the ectodomain of S (residues 1-1208) was cloned into a pcDNA vector. Two 

stabilizing proline substitutions at residues 986-987 and a “GSAS” substitution at the furin 

cleavage site (residues 682–685) were introduced as previously described to improve protein 

expression (Wrapp et al., 2020). A C-terminal T4 fibritin trimerization motif and an 8×His tag 

were also engineered to stabilize trimer formation and facilitate protein purification.  

 

HEK293F cells were cultured in SMM 293T-I medium (Sino Biological Inc.) at 37 °C, with 5% 

CO2 and 55% humidity. The plasmid was transfected into the cells using polyethylenimine 

(Polysciences) when the cell density reached 1 × 106 cells per mL. Four days after 

transfection, the conditioned media were collected by centrifugation at 500 × g, concentrated 

using a Hydrosart Ultrafilter (Sartorius), and exchanged into the binding buffer (25 mM 

Tris-HCl, pH 8.0, 200 mM NaCl). The S protein was subsequently isolated using the Ni-NTA 

resin, and purified using a Superose 6 10/300 gel filtration column (GE Life Sciences). The 

final buffer used for the gel filtration step is 20 mM HEPES, pH 7.2, 100 mM NaCl. 

 

To obtain BD23-Fab, BD-23 (2 mg/mL) was digested with papain (0.1 mg/mL) at 37 °C for 2 

h in 50 mM phosphate buffer saline, pH 7.0, 2 mM EDTA, and 5.5 mM cysteine. The 

reaction was terminated using 30 mM iodoacetamide at room temperature for 20 minutes. 

The Fc region was removed by protein A chromatography, and BD23-Fab was further 

purified using a Superdex 200 Increase 10/300 gel filtration column (GE Life Sciences) and 

eluted using the final buffer. Ab23-Fab was incubated with the purified S protein in a 1.5:1 

molar ratio overnight on ice. After that, the complex was purified using the Superose 6 

10/300 column and eluted with the final buffer. 

 

Cryo-EM data collection and processing 

Holy-carbon gold grids (Quantifoil, R1.2/1.3) were glow-discharged with a Solarus 950 

plasma cleaner (Gatan) for 30 s. Four-microliter aliquots of the S/BD23-Fab complex (0.6 

mg/mL) were applied to the grids, blotted with filter paper at 4 °C and 100% humidity, and 

plunged into the liquid ethane using a Vitrobot Mark IV (FEI). The grids were first screened 

on a 200 kV Talos Arctica microscope equipped with Ceta camera (FEI). Data were collected 

using a Titan Krios electron microscope (FEI) operated at 300 kV. Movies were recorded 

with a K2 Summit direct electron detector (Gatan) in the super-resolution mode using the 



SerialEM software (Mastronarde et al., 2005). Statistics for data collection are summarized in 

(Table S4).  

 

The workflow of data processing was illustrated in Figure S7. Raw movie frames were 

aligned and averaged into motion-corrected summed images using MotionCor2 (Zheng et al., 

2017). The Gctf program (v1.06) was used to estimate the contrast transfer function (CTF) 

parameters of the motion-corrected images (Zhang et al., 2016). Relion (v3.07) was used for 

all the following data processing (Zivanov et al., 2018). The S trimer (PDB ID: 6VSB) was 

used as a reference for the 3D classifications. The local resolution map was analyzed using 

ResMap (Kucukelbir et al., 2014) and displayed using UCSF Chimera (Pettersen et al., 2004).  

 

A structural model of BD23-Fab was generated using the Phyre2 server (Mezulis et al., 2015). 

This BD23-Fab model and the S trimer structure (PDB ID: 6VSB) were docked into the 

cryo-EM density using UCSF Chimera. One round of rigid-body refinement was performed 

using the real-space refinement in Phenix (Liebschner et al., 2019). Further structure 

refinement of BD23-Fab was not performed due to limited resolution in this region. 

Nevertheless, it is evident that BD23-Fab engages an epitope on RBD that predominantly 

overlaps with the ACE2-binding site.  

 

Pseudovirus neutralization assay 

The pseudovirus neutralization assays were performed using Huh-7 cell lines. Huh-7 are 

human hepatocellular carcinoma cells that express both ACE2 and TMPRSS2 (Matsuyama et 

al., 2018). Various concentrations of mAbs (3-fold serial dilution using DMEM, 50 µL 

aliquots) were mixed with the same volume of SARS-CoV-2 pseudovirus with a TCID50 of 

1.3 x 104 in a 96 well-plate. The mixture was incubated for 1 h at 37℃, supplied with 5% 

CO2. Negative control wells were supplied with 100 µl DMEM (1% (v/v) antibiotics, 25 nM 

HEPES, 10% (v/v) FBS). Positive control wells were supplied with 100 µL DMEM.  

Pre-mixed Huh-7 cells (100 µL, 2 x 105 in DMEM) were added to all wells, and the 96-well 

plates were incubated for 24 h at 37℃ supplied with 5% CO2. After the incubation, 150 µL 

of supernatants were removed, and 100 µL D-luciferin reagent (Invitrogen) was added to each 

well and incubated for 2 mins. After the incubation, every well is mixed 10 times by pipetting, 

and 150 µL of the mixture was used to measure luciferase activity using a microplate 

spectrophotometer (Perkinelmer EnSight). The inhibition rate is calculated by comparing the 

OD value to the negative and positive control wells. IC50 and IC80 were determined by a 

four-parameter logistic regression using GraphPad Prism 8.0 (GraphPad Software Inc.). The 

raw data of a representative neutralization assay on BD-368-2 is described in Table S5. 



 

Authentic SARS-CoV-2 PRNT 

Plaque reduction neutralization test (PRNT) was performed using a clinical isolate of 

SARS-CoV-2 (BetaCoV/Wuhan/AMMS01/2020). Briefly, 5-fold serial dilutions of mAbs 

were added to the same volume of approximately 100 PFU of SARS-CoV-2 and incubated 

for 1 h at 37℃. The mixture was added to a monolayer of Vero cells in a 24-well plate and 

incubated for 1 h at 37℃. The mixture was removed, 0.5 mL of 1.0% (w/v) LMP agarose 

(Promega) in 2×DMEM supplied with 4% (v/v) FBS was added onto the infected cells. 

After further incubation at 37℃ supplied with 5% CO2 for 2 days, the wells were stained 

with 1% (w/v) crystal violet dissolved in 4% (v/v) formaldehyde to visualize the plaques. 

IC50 values were determined using four-parameter logistic regression analysis by using 

GraphPad Prism 8.0 (GraphPad Software Inc.). All experiments were performed in a 

Biosafety Level 3 facility. 

 

Authentic SARS-CoV-2 neutralization CPE assay 

A neutralization assay of authentic SARS-CoV-2 was performed using a cytopathic effect 

(CPE) assay. Briefly, various concentrations (3-fold serial dilution using DMEM) of mAbs 

were mixed with the same volume of 100 PFU of authentic SARS-CoV-2 and incubated at 

37°C for 1 h. The mixture was added to a monolayer of Vero-E6 cells (5x103 cell per well) in 

a 96-well plate and incubated for 1 h at 37℃. The supernatant was removed, and 200 µL of 

DMEM supplied with 2% (v/v) FBS was added onto the infected cells. After incubation at 37℃ 

supplied with 5% CO2 for 5 days, all wells examine for the CPE effect. All experiments were 

performed in a Biosafety Level 3 facility. 

 

hACE2 in vivo SARS-CoV-2 neutralization assay 

A total of 9 hACE2 transgenic mice were used in this study. The mice were equally split into 

three groups for prophylactic and therapeutic study, as well as the negative control. For the 

prophylactic group, BD-368-2 (20 mg/kg) was intraperitoneally injected one day before 

infection. For the therapeutic group, BD-368-2 (20 mg/kg) was intraperitoneally injected 2 h 

after infection. For the negative control group, HG1K (20 mg/kg, Sino Biology), which is an 

anti-influenza antibody, was intraperitoneally injected 2 h after infection. The hACE2 mice 

were inoculated intranasally with the SARS-CoV-2 stock virus with a dosage of 105 TCID50. 

Body weights were recorded daily for all infected mice for 5 continuous days. The mice were 

sacrificed at 5 dpi, and the lungs were collected for viral load analysis. 

Viral load detection was performed by qRT-PCR on RNA extracted from lung homogenate 



supernatants, as described previously (Bao et al., 2020). Briefly, lung homogenates were 

prepared by homogenizing perfused whole lung using an electric homogenizer. The 

supernatant was collected, and total RNA was extracted. A quantitative real-time reverse 

transcription-PCR (qRT-PCR) reactions were performed using the previously described 

primers and protocol. qRT-PCR was performed on each mouse with two replicates. All 

experiments were performed in a Biosafety Level 3 facility. 

 

Epitope Binning  

Double-antibody sandwich ELISA was used to categorize the epitope of the identified potent 

neutralizing mAbs. Briefly, SARS-CoV-2 RBD-His Recombinant Protein (Biotinylated, Sino 

Biological Inc.) was diluted with PBST buffer to 3 µg/mL, and was captured by streptavidin 

probes. The neutralizing mAbs were diluted with PBST buffer to 133.3 nM each, and the 

primary antibody was first incubated with the RBD proteins. After 1 h incubation, the 

response value was measured by OCTET RED. After the measurement, the secondary 

antibody was added, and the response value was again measured after 30 mins incubation. 

Competition tolerance was calculated by the percentage increase of response after the 

secondary antibody was added, as shown in Figure 6. The column indicates the primary 

antibody, and the row indicates secondary antibodies. Competition tolerance larger than 50% 

indicates a high possibility of no overlapping epitope. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

B cell scRNA-seq data analysis 

The raw fastq files were processed using the 10X Genomics CellRanger (3.1.0) pipeline. 

Reads produced from the 5’ gene expression profiling were aligned to the GRCh38 genome, 

and feature-barcode matrices were generated using “cellranger count” with default 

parameters. To filter out low-quality genes and cells, genes expressed in over 10 cells were 

retained, and cells were filtered based on the number of genes and the mitochondrial gene 

percentage to remove possible doublets. Cell types were identified using SingleR (Aran et al., 

2019) against a human immune reference dataset (Monaco et al., 2019). Clusters of cells 

were visualized using T-distributed stochastic neighbor embedding (t-SNE) in Seurat (Satija 

et al., 2015). 

 



B cell scVDJ data analysis 

The raw fastq files were processed using 10X Genomics CellRanger (3.1.0) pipeline. 3’ ends 

of bases with quality scores lower than 30 were trimmed using cutadapt (Martin, 2011). 

Contig assembly, annotation, and clonotype analysis were performed using “cellranger vdj” 

with the Cell Ranger V(D)J compatible reference:  

(refdata-cellranger-vdj-GRCh38-alts-ensembl-3.1.0).  

 

Structural annotation of BCR repertoires 

Structures of the three CDR regions in heavy- and light chains were annotated using the 

SAAB+ pipeline (Kovaltsuk et al., 2020) with default parameters. SAAB+ utilizes SCALOP 

(Wong et al., 2018) to identify the canonical classes of CDR1 and CDR2 sequences. 

Structural annotations of CDR3 sequences were made by FREAD (Choi and Deane, 2009) 

integrated in the SAAB+ pipeline. 

 

Somatic hypermutation rate determination 

The mapping of V(D)J sequencing reads was performed by IgBlast-1.15.0 (Ye et al., 2013) 

against the germline reference (202007-1 release) downloaded from the international 

ImMunoGeneTics information system (IMGT) (Giudicelli et al., 2006). The hypermutation 

rate was calculated as 
����������	
���

��

��	��	���	�����	�����
��
, in which the gaps were calculated as the 

number of base pairs in the insertion or deletion regions.  

 

Ideal antibody selection 

All B cells belonging to enriched clonotypes that contain IgG1 were extracted and their 

corresponding cell type, somatic hypermutation (SHM) rate, and Ig class were recorded. The 

ideal antibody selection process strictly followed the criteria listed in Figure 1D. The lineage 

within each clonotype was determined by the DNA mutation pattern as well as the Ig class. 

The lineage relationship would not interfere with ideal antibody selection, and only helps 

when selecting the mAbs sequences from a particular clonotype. When the B cells in the 

same clonotype did not share identical VDJ sequences, the DNA sequence of the most mature 

B cell in the lineage was usually selected for in vitro expression. The lineage plot was drawn 

by igraph (Csardi and Nepusz, 2006). The position of the cells on the graph has no physical 

meaning and was arbitrarily adjusted to group all ideal clonotypes on one side. 

 



Table S1. Clinical information of the COVID-19 convalescent patients. Related to STAR 

METHOD - Convalescent patients. 

 

Table S2. Characteristics for the expressed mAbs. Related to STAR METHOD - In 

Vitro expression of mAbs 
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Ideal clonotype selection criteria 

Selection criteria  Rationale
i) Enrichment frequency > 1 Higher chance of clonal expansion

ii) Contain IgG1-expressing B cells Strong response to viral infection

iii) No IgG2-expressing B cells Weak response to viral infection

iv) Variable region mutation rate > 2% Sufficient affinity maturation

v) Contain memory B cells Correct functional cell type
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Characterization of potent SARS-COV-2 neutralizing mAbs identified from enriched clonotypes

mAbs Batch Enrichment
antigen

Kd (RBD)
(nM)

IC50 (μg/mL) IC80 (μg/mL) IC50 (μg/mL) IC80 (μg/mL) SHM (%) Clonotype
enrichment

BD-217 1 Spike 0.29 0.031 0.13 0.84 2.3 6.0 2

BD-218 1 Spike 0.039 0.011 0.062 0.29 0.96 6.0 2

BD-236 2 Spike 2.8 0.037 0.16 0.52 1.6 3.1 2

BD-361 5 RBD 1.3 0.020 0.18 0.78 5.2 8.9 5

BD-368 5 RBD 1.2 0.035 0.074 1.6 5.8 8.0 4

BD-368-2 5 RBD 0.82 0.0012 0.0044 0.015 0.033 9.3 4

BD-395 5 RBD 0.36 0.020 0.074 0.27 0.59 4.9 2

Viral protein binding Pseudovirus neutralization Authentic virus PRNT Maturation and enrichment
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Authentic virus PRNT

mAbs Batch IC50 (μg/mL) IC80 (μg/mL)

BD-503 5 0.14 0.39

BD-508 6 0.29 0.74

BD-515 3 0.20 0.64
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m396-Fab/RBDCharacterization of the mAbs identified by CDR3H structure similarity

CDR3H similair
structure

mAbs Batch Enrichment
antigen

Kd (RBD)
(nM)

IC50 (μg/mL) IC80 (μg/mL) VH JH VL JL PDB ID

BD-494 1 Spike 0.69 0.024 0.12 IGHV3-53 IGHJ6 IGKV1-9 IGKJ3 2dd8H

BD-495 1 Spike > 50 18 > 30 IGHV3-66 IGHJ6 IGKV1D-33 IGKJ1 2dd8H

BD-498 2 Spike 2.5 0.092 0.32 IGHV3-66 IGHJ6 IGKV1-9 IGKJ5 2dd8H

BD-500 3 RBD 2.3 0.018 0.13 IGHV3-53 IGHJ6 IGKV1D-39 IGKJ5 2dd8H

BD-501 3 RBD > 50 > 30 > 30 IGHV3-53 IGHJ6 IGKV1D-33 IGKJ5 2dd8H

BD-503 5 RBD 0.24 0.016 0.12 IGHV3-53 IGHJ6 IGKV1D-39 IGKJ3 2dd8H

BD-504 5 RBD 0.32 0.033 0.27 IGHV3-66 IGHJ6 IGKV1-9 IGKJ3 2dd8H

BD-505 5 RBD 1.2 0.012 0.10 IGHV3-53 IGHJ6 IGKV1D-33 IGKJ5 2dd8H

BD-506 6 RBD 2.7 0.55 3.4 IGHV3-53 IGHJ6 IGKV1-9 IGKJ4 2dd8H

BD-507 6 RBD 1.3 0.070 0.18 IGHV3-53 IGHJ6 IGKV1-9 IGKJ3 2dd8H

BD-508 6 RBD 1.9 0.015 0.069 IGHV3-53 IGHJ6 IGKV1D-39 IGKJ2 2dd8H

BD-515 3 RBD 0.041 0.022 0.15 IGHV3-66 IGHJ4 IGKV1D-33 IGKJ5 2ghwD

Viral protein binding Pseudovirus neutralizition VDJ combination
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Pseudovirus neutralization
Ab Name Batch

m396 / A R D T V M G G M D V Q V W D S S S D Y V
BD-494 1 A R D L V V Y G M D V Q Q L N S Y P F T
BD-495 1 A R D P I R N G M D V Q Q Y D N L P R T
BD-498 2 A R D L V V Y G M D V Q Q L N S Y P L T
BD-500 3 A R D A M S Y G M D V Q Q S Y S T P P D T
BD-501 3 A R D R V V Y G M D V Q Q Y D N L P P T
BD-503 5 A R D A A V Y G I D V Q Q S Y T T P L F T
BD-504 5 A R D L I S R G M D V Q Q S Y T T P L F T
BD-505 5 A R D R V V Y G M D V H Q Y D N L P P T
BD-506 6 A R D L V S Y G M D V Q Q L N S Y P L T
BD-507 6 A R D L V V Y G M D V Q Q L N S N P P I T
BD-508 6 A R D A Q N Y G M D V Q Q S Y S T P P Y T
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BD-217 BD-218 BD-515 BD-508 BD-503 BD-236 BD-395 BD-361 BD-368

BD-217 17.7% 15.1% 19.0% 15.6% 19.8% 16.9% 20.2% 47.6%

BD-218 12.1% 16.8% 13.9% 12.8% 16.3% 8.7% 13.2% 49.7%

BD-515 19.3% 12.3% 6.8% 17.6% 24.5% 13.1% 45.1% 57.9% < 25%

BD-508 31.3% 28.4% 25.1% 22.2% 29.2% 20.1% 33.9% 43.7%

BD-503 7.7% 15.0% 11.7% 2.5% 17.2% 10.3% 26.8% 47.1% 25% - 50%

BD-236 27.2% 25.2% 36.6% 33.2% 27.2% 3.8% 32.6% 69.6%

BD-395 19.1% 17.8% 16.0% 15.7% 18.7% 14.5% 20.9% 60.9% > 50%

BD-361 0.4% 3.7% 4.4% -0.6% 4.8% 12.9% 2.9% 4.8%

BD-368 42.3% 32.6% 58.8% 40.1% 39.4% 66.3% 50.2% 11.0%



Summary of the 10X scRNA and scVDJ sequencing of antigen-binding B cells 

 

 Enrichment 
antigen 

PBMC 
status 

VJ paired 
cells 

Naive B 
cells 

Memory B 
cells 

Exhausted B 
cells 

Non-B cells IgG1 
clonotypes 

Batch 1 S protein Fresh 14,895 5,417 6,333 1,680 1,465 2,598 

Batch 2 S protein Frozen 6,962 1,051 1,161 362 4,388 883 

Batch 3 RBD protein Fresh 6,000 1,668 2,603 498 1,231 812 

Batch 4 S1 (RBD-) Fresh 11,536 3,202 6,413 1,710 211 3,093 

Batch 5 RBD protein Fresh 8,020 3,532 3,302 823 363 916 

Batch 6 RBD protein Fresh 2,925 1,177 1,353 260 135 256 

Total   50,338 16,047 21,165 5,333 7,793 8,558 

 

The experimental details for each sequencing batch. Enrichment antigen refers to the antigen used for MACS pull-down. 
Batch 4 was performed on samples that have filtered RBD-binding B cells. PBMC status refers to whether the PBMC used 
were previously frozen. VJ paired cells refer to cells that both full-length heavy- and light-chain variable regions were 
detected. Cells are assigned to the same clonotype if they have identical heavy- and light-chain CDR3 DNA sequences. 
See also Figure S2. 

 


