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Abstract 

The rapid spread of SARS-CoV-2 has a significant impact on global health, travel and 

economy. Therefore, preventative and therapeutic measures are urgently needed. Here, we 

isolated neutralizing antibodies from convalescent COVID-19 patients using a SARS-CoV-2 

stabilized prefusion spike protein. Several of these antibodies were able to potently inhibit live 

SARS-CoV-2 infection at concentrations as low as 0.007 µg/mL, making them the most potent 

human SARS-CoV-2 antibodies described to date. Mapping studies revealed that the SARS-

CoV-2 spike protein contained multiple distinct antigenic sites, including several receptor-

binding domain (RBD) epitopes as well as previously undefined non-RBD epitopes. In addition 

to providing guidance for vaccine design, these mAbs are promising candidates for treatment 

and prevention of COVID-19. 

 

Main Text 

The rapid emergence of three novel pathogenic human coronaviruses in the past two decades 

has caused significant concerns, with the latest severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) being responsible for over three million infections and 230.000 

deaths worldwide as of May 1, 2020 (1). The coronavirus disease 2019 (COVID-19), caused 

by SARS-CoV-2, is characterized by mild flu-like symptoms in the majority of patients. 

However, severe cases can present with bilateral pneumonia which may rapidly deteriorate 

into acute respiratory distress syndrome (2). With such a high number of people being infected 

worldwide and no proven curative treatment available, health care systems are under severe 

pressure. Safe and effective treatment and prevention measures for COVID-19 are therefore 

urgently needed. 

During the outbreak of SARS-CoV and Middle Eastern respiratory syndrome coronavirus 

(MERS-CoV), plasma of recovered patients containing neutralizing antibodies (NAbs) was 

used as a safe and effective treatment option to decrease viral load and reduce mortality in 

severe cases (3, 4). Recently, a small number of COVID-19 patients treated with convalescent 

plasma, showed clinical improvement and a decrease in viral load within the following days 

(5). An alternative treatment strategy is offered by administering purified monoclonal 

antibodies (mAbs) with neutralizing capacity. mAbs can be thoroughly characterized in vitro 

and easily expressed in large quantities. In addition, due to the ability to control dosing and 

composition, mAb therapy improves the efficacy over convalescent plasma treatment and 

prevents the potential risks of antibody-dependent enhancement (ADE) from non- or poorly 

NAbs present in plasma which consists of a polyclonal mixture (6). Recent studies with 
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patients infected with the Ebola virus highlight the superiority of mAb treatment over 

convalescent plasma treatment (7, 8). Moreover, mAb therapy has been proven safe and 

effective against influenza virus, rabies virus, and respiratory syncytial virus (RSV) (9-11). 

The main target for NAbs on coronaviruses is the spike (S) protein, a homotrimeric 

glycoprotein that is anchored in the viral membrane. Recent studies have shown that the S 

protein of SARS-CoV-2 bears considerable structural homology to SARS-CoV, with the S 

protein consisting of two subdomains: the N-terminal S1 domain, which contains the receptor-

binding domain (RBD) for the host cell receptor angiotensin converting enzyme-2 (ACE2) and 

the S2 domain, which contains the fusion peptide (12, 13). Similar to other viruses containing 

class-1 fusion proteins (e.g. HIV-1, RSV and Lassa virus), the S protein undergoes a 

conformational change upon host cell receptor binding from a prefusion to postfusion state, 

enabling merging of viral and target cell membranes (14, 15). When expressed as recombinant 

soluble proteins, class-1 fusion proteins generally have the propensity to switch to a postfusion 

state. However, most NAb epitopes are presented on the prefusion conformation (16-18). The 

recent successes of isolating potent NAbs against HIV-1 and RSV using stabilized prefusion 

glycoproteins reflect the importance of using the prefusion conformation for isolation and 

mapping of mAbs against SARS-CoV-2 (19, 20). 

So far, the number of identified mAbs that neutralize SARS-CoV-2 has been limited. Early 

efforts in obtaining NAbs focused on re-evaluating SARS-CoV-specific mAbs isolated after the 

2003 outbreak, that might cross-neutralize SARS-CoV-2 (21, 22). Although two mAbs were 

described to cross-neutralize SARS-CoV-2, the majority of SARS-CoV NAbs did not bind 

SARS-CoV-2 S protein or neutralize SARS-CoV-2 virus (12, 21-23). More recently, the focus 

has shifted from cross-neutralizing SARS-CoV NAbs to the isolation of novel SARS-CoV-2 

NAbs from recovered COVID-19 patients (24, 25). S protein fragments containing the RBD 

have yielded multiple RBD-targeting NAbs that can neutralize SARS-CoV-2 (24, 25). In light 

of the rapid emergence of escape mutants in the RBD of SARS-CoV and MERS, monoclonal 

NAbs targeting other epitopes than the RBD are a welcome component of any therapeutic 

antibody cocktail (26, 27). Indeed, therapeutic antibody cocktails with a variety of specificities 

have been used successfully against Ebola virus disease (7) and are being tested widely in 

clinical trials for HIV-1 (28). NAbs targeting non-RBD epitopes have been identified for SARS-

CoV and MERS, supporting the rationale to sort mAbs using the entire ectodomain of the 

SARS-CoV-2 S protein (29). In addition, considering the high sequence homology between 

the S2 subdomain of SARS-CoV-2 and SARS-CoV, using the complete S protein ectodomain 

instead of only the RBD may allow the isolation of mAbs that cross-neutralize different β-

coronaviruses (30). In an attempt to obtain mAbs that target both RBD and non-RBD epitopes, 
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we set out to isolate mAbs using the complete prefusion S protein ectodomain of SARS-CoV-

2. 

We collected cross-sectional blood samples from three PCR-confirmed SARS-CoV-2-infected 

individuals (COSCA1-3) approximately four weeks after symptom onset. COSCA1 (47-year-

old male) and COSCA2 (44-year-old female) showed symptoms of an upper respiratory tract 

infection and mild pneumonia, respectively (Table 1). Both remained in home-isolation during 

the course of COVID-19 symptoms. COSCA3, a 69-year-old male, developed a severe 

pneumonia and became respiratory-insufficient one and a half weeks after symptom onset, 

requiring admission to the intensive care unit for mechanical ventilation. To identify S protein-

specific antibodies in serum, we generated soluble prefusion-stabilized S proteins of SARS-

CoV-2 using stabilization strategies as previously described for S proteins of SARS-CoV-2 

and other β-coronaviruses (Fig. 1A) (12, 31). As demonstrated by the size-exclusion 

chromatography (SEC) trace, SDS- and blue-native PAGE, the resulting trimeric SARS-CoV-

2 S proteins were of high purity (Fig. S1, A and B). Sera from all patients showed strong 

binding to the S protein of SARS-CoV-2 in ELISA with endpoint titers of 13637, 6133, and 

48120 for COSCA1, COSCA2 and COSCA3, respectively (Fig. 1B) and had varying 

neutralizing potencies against SARS-CoV-2 pseudovirus with reciprocal serum dilutions giving 

50% inhibition of virus infection (ID50) of 383, 626 and 7645 for COSCA1-3, respectively (Fig. 

1C). In addition, all sera showed cross-reactivity to the S protein of SARS-CoV and neutralized 

SARS-CoV pseudovirus, albeit with lower potency (Fig. S1, C and D). The potent S protein-

specific binding and neutralizing responses observed for COSCA3 are in line with earlier 

findings that severe disease is associated with a strong humoral response (32). These strong 

serum binding and neutralization titers prompted subsequent sorting of SARS-CoV-2 S 

protein-specific B cells for mAb isolation from COSCA1-3. 

Peripheral blood mononuclear cells (PBMCs) were stained with dually fluorescently labelled 

prefusion SARS-CoV-2 S proteins and analyzed for the frequency and phenotype of specific 

B cells by flow cytometry (Fig. 2A, fig S2). The analysis revealed a high frequency of S protein-

specific B cells (S-AF647+, S-BV421+) among the total pool of B cells (CD19+Via-CD3-CD14-

CD16-), ranging from 0.68-1.74% (Fig. 2B). These SARS-CoV-2 S-specific B cells showed a 

predominant memory (CD20+CD27+) and plasmablasts/plasma cell (PB/PC) (CD20-

CD27+CD38+) phenotype with an average 3-fold significant enrichment of specific B cells in 

the PB/PC compartment (Fig. 2C). COSCA3, who experienced severe symptoms, showed the 

highest frequency of PB/PC in both total (34%) and specific (60%) B-cell compartments (Fig. 

2C, fig. S2). As expected, the SARS-CoV-2 S protein-specific B cells were enriched in the 
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IgG+ and IgM-/IgG- (most likely representing IgA+) B cell populations, although a substantial 

portion of the specific B cells were IgM+, particularly for COSCA3 (Fig. 2D). 

SARS-CoV-2 S-specific B cells were subsequently single cell sorted for mAb isolation. In total, 

409 paired heavy chain (HC) and light chain (LC) were obtained from the sorted B cells of the 

three patients (137, 165, and 107 from COSCA1-3, respectively), of which 323 were unique 

clonotypes. Clonal expansion occurred in all three patients (Fig. 3A), but was strongest in 

COSCA3 where it was dominated by HC variable (VH) regions VH3-7 and VH4-39 (34% and 

32% of SARS-CoV-2 S-specific sequences, respectively). Even though substantial clonal 

expansion occurred in COSCA3, the median somatic hypermutation (SHM) was 1.4%, with 

similar SHM in COSCA1 and COSCA2 (2.1% and 1.4%) (Fig. 3B). These SHM levels are 

similar to those observed in response to infection with other respiratory viruses (33). 

A hallmark of antibody diversity is the heavy chain complementarity determining region 3 

(CDRH3). Since the CDRH3 is composed of V, D and J gene segments, it is the most variable 

region of an antibody in terms of both amino acid composition and length. The average length 

of CDRH3 in the naive human repertoire is 15 amino acids (34), but for a subset of influenza 

virus and HIV-1 broadly neutralizing antibodies, long CDRH3 regions of 20-35 amino acids 

are crucial for high affinity antigen-antibody interactions (35, 36). Even though the mean 

CDRH3 length of isolated SARS-CoV-2 S protein-specific B cells did not differ substantially 

from that of a naive population (34), we observed a significant difference in the distribution of 

CDRH3 length (two sample Kolmogorov-Smirnov test, p = 0.006) (Fig. 3C). This difference in 

CDRH3 distribution can largely be attributed to an enrichment of longer (~20 amino acid) 

CDRH3s, leading to a bimodal distribution as opposed to a bell-shaped distribution that was 

observed in the naive repertoire (Fig. 3C and fig. S3). 

Next, to determine SARS-CoV-2-specific signatures in B cell receptor (BCR) repertoire usage, 

we compared Immunogenetics (IMGT)-assigned unique germline V regions from the sorted 

SARS-CoV-2 S-specific B cells to the well-defined extensive germline repertoire mentioned 

above (Fig. 3D) (34). In particular VH1-69 and VH3-33 were strongly enriched in COSCA1-3 

patients compared to the naive repertoire (by 41 and 14-fold, respectively; Fig. 3D). The 

enrichment of VH1-69 has been shown in response to a number of other viral infections, 

including influenza virus, hepatitis C virus and rotavirus (37), but the enrichment of VH3-33, 

apparent in all three patients, appears to be specific for COVID-19. In contrast, VH4-34 and 

VH3-23 were substantially underrepresented in SARS-CoV-2-specific sequences compared 

to the naive repertoire (8-fold and 4-fold decrease in frequency, respectively). While the usage 

of most VH genes was consistent between COVID-19 patients, particularly VH3-30-3 and 

VH4-39 showed considerable variance. Thus, upon SARS-CoV-2 infection the S protein 
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recruits a subset of B cells from the naive repertoire enriched in specific VH segments and 

CDRH3 domains. 

Subsequently, all HC and LC pairs were transiently expressed in HEK 293T cells and 

screened for binding by ELISA to SARS-CoV-2 S protein. 84 mAbs that showed potent binding 

were selected for small-scale expression in HEK 293F cells and purified. We obtained few S 

protein-reactive mAbs from COSCA3, possibly because the majority of B cells from this 

individual were IgM+. Surface plasmon resonance (SPR) assays showed binding of 77 mAbs 

to S protein with binding affinities in the nano- to picomolar range (Table S1). To gain insight 

in the immunodominance of the RBD as well as the ability to cross-react with SARS-CoV, we 

assessed the binding capacity of these mAbs to the prefusion S proteins and the RBDs of 

SARS-CoV-2 and SARS-CoV by ELISA. Of the 84 mAbs that were tested, 32 (38%) bound to 

the SARS-CoV-2 RBD (Fig. 4, A and B) with 7 mAbs (22%) showing cross-binding to SARS-

CoV RBD (Fig. S4A). Interestingly, we also observed 33 mAbs (39%) that bound strongly to 

SARS-CoV-2 S but did not bind the RBD, of which 10 mAbs (30%) also bound to the S protein 

of SARS-CoV (Fig. 4, A and B). Notably, some mAbs that bound very weakly to soluble SARS-

CoV-2 S protein in ELISA showed strong binding to membrane-bound S protein, implying that 

their epitopes are presented poorly on the stabilized soluble S protein (Table S1). 

All 84 mAbs were subsequently tested for their ability to block infection. 19 mAbs (23%) 

inhibited SARS-CoV-2 pseudovirus infection with varying potencies (Fig. 4C) of which 14 

(74%) bind the RBD. Nine mAbs could be categorized as potent neutralizers (IC50 < 0.1 

µg/mL), three as moderate (IC50 of 0.1-1 µg/mL) and seven as weak neutralizers (IC50 of 1-10 

µg/mL). With IC50s of 0.008 µg/mL the RBD-targeting antibodies COVA1-18 and COVA2-15, 

in particular, were remarkably potent while being quite different in other aspects such as their 

heavy chain V gene usage (VH3-66 vs. VH3-23), light chain usage (VL7-46 vs. VK2-30), HC 

sequence identity (77%) and CDRH3 length (12 vs. 22 amino acids). Furthermore, two of the 

17 mAbs that also interacted with the SARS-CoV S and RBD proteins cross-neutralized the 

SARS-CoV pseudovirus (IC50 of 2.5 µg/mL for COVA1-16 and 0.61 µg/mL for COVA2-02; fig. 

S4B), with COVA2-02 being more potent against SARS-CoV than against SARS-CoV-2. Next, 

we assessed the ability of the 19 mAbs to block infection of live SARS-CoV-2 virus. While 

previous reports suggest a decrease in neutralization sensitivity of primary SARS-CoV-2 in 

comparison to pseudovirus (25), we observed very similar potencies for the most potent mAbs 

(IC50s of 0.007 and 0.010 µg/mL for COVA2-15 and COVA1-18, respectively, fig. 4C), making 

them the most potent mAbs against SARS-CoV-2 described to date. NAbs COVA1-18, 

COVA2-04, COVA2-07, COVA2-15, and COVA2-39 also showed strong competition with 

ACE2 binding, further supporting that blocking ACE2 binding is their mechanism of 
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neutralization (Fig. S4C). The RBD-targeting mAb COVA2-17, however, did not show 

competition as strong as other RBD-targeting mAbs. This corroborates previous observations 

that the RBD encompasses multiple distinct antigenic sites of which some do not block ACE2 

binding (23). Interestingly, the non-RBD NAbs all bear substantially longer CDRH3s compared 

to RBD NAbs (Fig. S4D), suggesting a convergent CDRH3-dependent contact between 

antibody and epitope. 

A major concern with convalescent serum treatment is ADE. We observed a low level of 

concentration-dependent enhancement of infection (<2-fold) for a small number of mAbs, 

which could indicate a possible role of the antibodies in ADE (Fig. S4E). Although, we did not 

observe ADE for the polyclonal sera, the observation that some mAbs have this property 

should induce caution when using poorly characterized convalescent plasma for therapy and 

supports the search for mAbs, which can be specifically selected for the desired properties of 

strong neutralization potency and absence of ADE. 

To identify and characterize the antigenic sites on the S protein and their interrelationships we 

performed SPR-based cross-competition assays followed by clustering analysis. We note that 

competition clusters do not necessarily equal epitope clusters, but the analysis can provide 

clues on the relation of mAb epitopes. We identified 11 competition clusters of which nine 

contained more than one mAb while two contained only one mAb (clusters X and XI; Fig. 5). 

All nine multiple-mAb clusters included mAbs from at least two of the three patients, 

emphasizing that these clusters represent common epitopes targeted by the human humoral 

immune response during SARS-CoV-2 infection. Three clusters included predominantly RBD-

binding mAbs (clusters I, III, VII), with cluster I forming two subclusters. Four clusters (V, VI, 

XIII and IX) included predominantly mAbs that did not interact with RBD, and clusters II, IV, X 

and XI consisted exclusively of non-RBD mAbs. mAbs with diverse phenotypes (e.g. RBD and 

non-RBD binding mAbs) clustered together in multiple clusters, suggesting that these mAbs 

might target epitopes bridging the RBD and non-RBD sites or that they sterically interfere with 

each other’s binding as opposed to binding to overlapping epitopes. While clusters II, V and 

VIII contained only mAbs incapable of neutralizing SARS-CoV-2, clusters I, III, IV, VI and VII 

included both non-NAbs and NAbs. Interestingly, cluster V was formed mostly by non-RBD 

targeting mAbs cross-binding to SARS-CoV. However, these mAbs were not able to neutralize 

either SARS-CoV-2 or SARS-CoV, suggesting that these mAbs target a conserved non-

neutralizing epitope on the S protein. Finally, the two non-RBD mAbs COVA1-03 and COVA1-

21 formed unique single-mAb competition clusters (cluster X and XI, respectively) and showed 

an unusual competition pattern, as binding of either mAb blocked binding by majority of the 

other mAbs. We hypothesize that these two mAbs allosterically interfere with mAb binding by 
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causing conformational changes in the S protein that shield or impair the majority of other mAb 

epitopes. COVA1-21 also efficiently blocked virus infection, suggesting an alternative 

mechanism of neutralization than blocking ACE2 engagement. Overall, our data are 

consistent with the previous identification of multiple antigenic RBD sites for SARS-CoV-2 and 

additional non-RBD sites on the S protein as described for SARS-CoV and MERS-CoV (29, 

38). Here, our discovery of non-RBD-targeting mAbs provides additional depth to the definition 

of antibody epitopes on the SARS-CoV-2 S protein. 

To visualize how selected NAbs bound to their respective epitopes, we generated Fab-SARS-

CoV-2 S complexes that were imaged by single particle negative-stain electron microscopy 

(NS-EM; Fig. 5, B and C, and fig. S5). We obtained low-resolution reconstruction with six Fabs, 

including five RBD-binding Fabs. COVA1-12 is highly overlapping with the epitope of COVA2-

39, while COVA2-04 approaches the RBD at a unique angle that is somewhat similar to the 

cross-binding SARS-CoV-specific mAb CR3022 (39). The EM reconstructions confirmed the 

RBD as the target of these NAbs, but revealed a diversity in approach angles (Fig. 5B). 

Furthermore, while four RBD NAbs interacted with a stoichiometry of one Fab per trimer, 

consistent with one RBD being exposed in the “up state” and two in the less accessible “down 

state” (13, 40), COVA2-15 bound with a stoichiometry of three per trimer (Fig. S5). Strikingly, 

COVA2-15 is able to latch onto RBD domains in both the up or down state (Fig. 5D). In either 

conformation the COVA2-15 epitope partially overlaps with the ACE2 binding site and 

therefore the mAb blocks receptor engagement. The higher stoichiometry of this mAb may 

explain its unusually strong neutralization potency. The epitopes of none of the five RBD Fabs 

overlapped with that of CR3022 which is unable to neutralize SARS-CoV-2 (39), although 

COVA2-04 does approach the RBD from a similar angle as CR3022. The sixth Fab for which 

we generated a 3D reconstruction was from the non-RBD mAb COVA1-22, placed in 

competition cluster IX. The EM demonstrated that this mAb bound to the N-terminal domain 

(NTD) of S1. COVA1-22 represents the first NTD-targeting NAb for SARS-CoV-2, although 

such NTD NAbs have been found for MERS-CoV (41). 

In conclusion, convalescent COVID-19 patients showed strong anti-SARS-CoV-2 S protein 

specific B cell responses and developed memory and antibody producing B cells that may 

have participated in the control of infection and the establishment of humoral immunity. We 

isolated 19 NAbs that target a diverse range of antigenic sites on the S protein, of which two 

showed picomolar neutralizing activities (IC50s of 0.007 and 0.010 µg/mL or 47 and 67 pM) 

against live SARS-CoV-2 virus. This illustrates that SARS-CoV-2 infection elicits high-affinity 

and cross-reactive mAbs targeting the RBD as well as other sites on the S protein. Several of 

the potent NAbs had VH segments virtually identical to their germline origin, which holds 
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promise for the induction of similar NAbs by vaccination as extensive affinity maturation does 

not appear to be a requirement for potent neutralization. Interestingly, the most potent NAbs 

both target the RBD on the S protein and fall within the same competition cluster, but are 

isolated from two different individuals and bear little resemblance genotypically. Although 

direct comparisons are difficult, the neutralization potency of these and several other mAbs 

exceeds the potencies of the most advanced HIV-1 and Ebola mAbs under clinical evaluation 

as well as approved anti-RSV mAb palivizumab (42). Through large-scale SPR-based 

competition assays, we defined NAbs that target multiple sites of vulnerability on the RBD as 

well as additional previously undefined non-RBD epitopes on SARS-CoV-2. This is consistent 

with the identification of multiple antigenic RBD sites for SARS-CoV-2 and the presence of 

additional non-RBD sites on the S protein of SARS-CoV and MERS-CoV (29). Subsequent 

structural characterization of these potent NAbs will guide vaccine design, while simultaneous 

targeting of multiple non-RBD and RBD epitopes with mAb cocktails paves the way for safe 

and effective COVID-19 prevention and treatment. 
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Table 1. COVID-19 patient specifics // Patient characteristics, symptoms of COVID-19, 
treatment modalities and sampling time point of three SARS-CoV-2 infected patients. 
The numbers indicate the day of symptom onset-relief, treatment period and sampling time 

point in days following symptom onset. ICU: Intensive Care Unit. NSAIDs: Non-Steroidal Anti-

Inflammatory Drugs. 

 
Patient characteristics  COSCA1 COSCA2 COSCA3 
Age (years) 47 44 69 
Gender  Male Female Male 
Co-morbidities  None None None 
Symptoms  
Fever (>38 °C)  4-10 1-4 6-18 
Coughing  2-35 3-17 1-20 
Sputum production  2-35 No 1-20 
Dyspnoea  4-24 No No  
Sore throat  1-5 5-17 No 
Rhinorrhoea    2-34 5-17 No 
Anosmia  No 5-17 No 
Myalgia   No 1-4 6-18 
Headache  No No 1-18 
Other No No Delirium 
Treatment modalities  
Hospital admission  No No 8-24 
ICU admission  No No 11-18 
Oxygen therapy  No No 8-24 
 Intubation No No 11-16 
Dialysis  No No No 
Drug therapy     
 Antiviral No No No 

 Antibiotic No No 
Cefotaxime 8-12 

Ciprofloxacin 8-11 
 Immunomodulatory  No No No 
 NSAIDs No No No 
Sampling time point  27 28 23 
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Fig. 1. Design of SARS-CoV-2 S protein and serology of COSCA1-3. (A) Schematic 

overview of the wild-type SARS-CoV-2 S protein with the signal peptide shown in blue and the 

S1 (red) and S2 (yellow) domain separated by a furin-cleavage site (RRAR; top). Schematic 

overview of the stabilized prefusion SARS-CoV-2 S ectodomain, where the furin cleavage site 

is replaced for a glycine linker (GGGG), two proline mutations are introduced (K986P and 

V987P) and a trimerization domain (cyan), preceded by a linker (GSGG) is attached (bottom). 

(B) Binding of heat-inactivated COSCA1-3 sera to prefusion SARS-CoV-2 S protein as 

determined by ELISA. The mean values and standard deviations of two technical replicates 

are shown. (C) Neutralization of SARS-CoV-2 pseudovirus by heat-inactivated COSCA1-3 

sera. The mean with SEM of at least three technical replicates are shown. The dotted line 

indicates 50% neutralization. 

Fig. 2. Characterization of SARS-CoV-2 S-specific B cells derived from COSCA1-3. (A) 

Representative gates of SARS-CoV-2 S-specific B cells, shown for a naive donor (left panel) 

or COSCA1 (middle left panel). Each dot represents a B cell. The gating strategy to identify B 

cells is shown in fig. S2. From the total pool of SARS-CoV-2 S-specific B cells, CD27+CD38- 

(memory B cells (Mem B cells; blue gate)) and CD27+CD38+ B cells were identified (middle 

panel). From the latter gate, plasmablasts/plasma cells (PB/PC; CD20-; red gate) could be 

identified (middle right panel). SARS-CoV-2 S-specific B cells were also analyzed on their IgG 

or IgM isotype (right panel). (B) Frequency of SARS-CoV-2 S-specific B cells in total B cells, 

Mem B cells and PB/PC. Symbols represent individual patients as shown in panel 2D. (C) 

Comparison of the frequency of Mem B cells (CD27+CD38-) and PB/PC cells 

(CD27+CD38+CD20-) between the specific (SARS-CoV2 S++) and non-specific compartment 

(all B cells; gating strategy shown in fig. S2). Symbols represent individual patients as shown 

in panel 2D. Significance: *, p = 0.034. (D) Comparison of the frequency of IgM+, IgG+, IgM-

IgG- B cells in specific and non-specific compartments. Bars represent means, symbols 

represent individual patients. 

Fig. 3. Genotypic characterization of SARS-CoV-2 S-specific B cell receptors. (A) 

Maximum-likelihood phylogenetic tree of 409 isolated paired B cell receptor heavy chains. 

Each color represents sequences isolated from different patients (COSCA1-3). (B) Violin plot 

showing somatic hypermutation (SHM) levels (%) per patient. The dot represents the median 

SHM percentage. (C) The distribution of CDRH3 lengths in B cells from COSCA1-3 (purple, n 

= 323) versus a representative naive population (cyan, n = 9.791.115)(34). (D) Bar graphs 

showing the mean (± SEM) VH gene usage (%) in COSCA1-3 (purple, n = 323) versus a 

representative naive population (cyan, n = 9.791.115). The error bars represent the variation 

between different patients (COSCA1-3) or naive donors (34). 
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Fig. 4. Phenotypic characterization of SARS-CoV-2 S-specific mAbs. (A) Bar graph 

depicting the binding of mAbs from COSCA1 (blue), COSCA2 (red) and COSCA3 (yellow) to 

SARS-CoV-2 S protein (dark shading) and SARS-CoV-2 RBD (light shading) as determined 

by ELISA. Each bar indicates the representative area under the curve (AUC) of the mAb 

indicated below from two experiments. The grey area represents the cutoff for binding 

(AUC=1). The maximum concentration of mAb tested was 10 µg/mL. (B) Scatter plot depicting 

the binding of mAbs from COSCA1-3 (see panel 4C for color coding) to SARS-CoV-2 S protein 

and SARS-CoV-2 RBD as determined by ELISA. Each dot indicates the representative AUC 

of a mAb from two experiments. (C) Midpoint neutralization concentrations (IC50) of SARS-

CoV-2 pseudovirus (left) or live SARS-CoV-2 virus (right). Each symbol represents the IC50 of 

a single mAb. The IC50s for pseudotyped and live SARS-CoV-2 virus of a selection of potently 

neutralizing RBD and non-RBD-specific mAbs (with asterisk) are shown in the adjacent table. 

Colored shading indicates the most potent mAbs from COSCA1-2. 

Fig. 5. Antigenic clustering of SARS-CoV-2 specific mAbs. (A) Dendrogram showing 

hierarchical clustering of the SPR-based cross-competition heat map (Table S2). Clusters are 

numbers I-XI and depicted with color shading. ELISA binding to SARS-CoV-2 S, SARS-CoV 

S and SARS-CoV-2 RBD as represented by AUC and neutralization IC50 (µg/mL) of SARS-

CoV-2 are shown in the columns on the left. ELISA AUCs are shown in grey (AUC<1) or blue 

(AUC>1) and neutralization IC50 is shown in grey (>10 µg/mL) blue (1-10 µg/mL), violet (0.1-1 

µg/mL) or purple (0.001-0.1 µg/mL). Asterisks indicate antibodies that cross-neutralize SARS-

CoV pseudovirus. (B) Composite figure demonstrating binding of NTD-mAb COVA1-22 (blue) 

and RBD mAbs COVA2-07 (green), COVA2-39 (orange), COVA1-12 (yellow), COVA2-15 

(salmon) and COVA2-04 (purple) to SARS-CoV-2 spike (grey). The spike model (PDB 6VYB) 

is fit into the density. (C) Zoom in of SARS-CoV-2 spike comparing epitopes of RBD mAbs to 

the ACE2 binding site (red) and the epitope of mAb CR3022 (blue). (D) Side (left) and top 

(right) views of 3D reconstruction of COVA2-15 bound to SARS-CoV-2 S protein. COVA2-15 

binds to both the down (magenta) and up (salmon) conformations of the RBD. The RBDs are 

colored blue in the down conformation and black in the up conformation. The angle of 

approach for COVA2-15 enables this broader recognition of the RBD while also partially 

overlapping with the ACE2 binding site and therefore blocking receptor engagement.  
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Materials and Methods 
 
Patient samples 
Sera and PBMCs were collected through the COVID-19 Specific Antibodies (COSCA) study. 
Both outpatients and clinical patients aged between 18 and 75 years, with at least one 
nasopharyngeal swab positive for SARS-CoV-2 as determined by qRT-PCR (Roche 
LightCycler480, targeting the Envelope-gene 113bp), were included in this observational study 
with interventional measures after signing written informed consent. Patients were excluded 
when using immunosuppressive medication (equivalent of >7.5 mg prednisolone). The 
COSCA study was conducted at the Amsterdam University Medical Centre, location AMC, the 
Netherlands and approved by the local ethical committee of the AMC (NL 73281.018.20). 
Approximately four weeks after onset of COVID-19 symptoms, patient demographics and a 
medical history were obtained and a venipuncture was performed for the collection of blood in 
Acid Citrate Dextrose tubes for the isolation of PBMCs and for the collection of serum.  
 
Construct design 
To create the prefusion S ectodomain of SARS-CoV-2, a gene encoding residues 1-1138 
(WuhanHu-1; GenBank: MN908947.3) with proline substitutions at amino acid positions 986 
and 987 (31) and a “GGGG” substitution at the furin cleavage site (amino acids 682-685) was 
ordered (Genscript). The gene was then cloned by PstI-BamHI digestion and ligation into 
pPPI4 plasmids (16) containing a T4 trimerization domain followed by a Strep-tag II or 
hexahistidine (his) tag. For the prefusion S ectodomain of SARS-CoV, a gene encoding 
residues 1-1120 (Frankfurt-1 strain; GenBank: AAP33697.1) with proline substitutions at 
amino acid positions 968 and 969 was ordered and cloned into the same pPPI4 plasmid 
(Genscript). To generate proteins for B cell sorting the prefusion S ectodomain of SARS-CoV-
2 was cloned by PstI-BamHI digestion and ligation into a pPPI4 plasmid containing a 
trimerization domain followed by an Avi- and hexahistidine tag. A gene encoding amino acids 
319-541 (SARS-CoV-2) and 306-527 (SARS-CoV) were ordered to generate the receptor 
binding domains (RBD) of SARS-CoV-2 and SARS-CoV, respectively (40), and cloned directly 
downstream of a TPA leader signal into a pPPI4 plasmid containing a his tag. Soluble ACE2 
was generated in the same way after ordering a gene encoding amino acids 18-740 of ACE2. 
 
Protein expression and purification 
All constructs were expressed transiently in HEK293F (Invitrogen, cat no. R79009) cells 
maintained in Freestyle medium (Life Technologies). Cells were transfected at a density of 
0.8- 1.2 million cells/mL by addition of a mix of PEImax (1 mg/L, Polysciences) with expression 
plasmids (312.5 µg/l) in a 3:1 ratio in OptiMEM. Supernatants of glycoproteins were harvested 
six days post transfection, centrifuged for 30 min at 4000 rpm and filtered using 0.22 µm 
Steritop filters (Merck Millipore). Constructs with a Strep-tag II were purified by affinity 
purification using StrepTactinXT Superflow high capacity 50% suspension according to the 
manufacturer's protocol for gravity flow (IBA Life Sciences). Biolock solution and a 10X buffer 
W (1 M Tris/HCl, 1.5 M NaCl, 10 mM EDTA, pH 8.0) were diluted 1:1000 and 1:10, 
respectively, in the filtered supernatant prior to column loading. Constructs with a his-tag were 
purified by affinity purification using Ni-NTA agarose beads. Protein eluates were concentrated 
and buffer exchanged to phosphate-buffered saline (PBS) using Vivaspin filters with the 
appropriate molecular weight cutoff (GE Healthcare). Protein concentrations were determined 
by the Nanodrop method using the proteins peptidic molecular weight and extinction 
coefficient as determined by the online ExPASy software (ProtParam).  



SDS-PAGE and BN-PAGE analysis 
SDS-PAGE and BN-PAGE were performed as described previously (43). Briefly, for SDS-
PAGE 2.5 µg of denatured S protein was run on a 4-12% Tris-Glyine gel (Invitrogen). For BN-
PAGE, 2.5  
µg of S protein was run on a 4-12% Bis-Tris NuPAGE gel (Invitrogen). 
 
B cell sorting 
Biotinylated recombinant SARS-CoV-2 S proteins were conjugated with a streptavidin 
fluorophore resulting in fluorescent labelled-probes. In short, the recombinant proteins were 
conjugated in a 7:1 ratio to the streptavidin-conjugates AF647 (0.5 mg/mL, BioLegend) and 
BV421 (0.1 mg/mL BioLegend). The conjugation incubation took place at 4°C, for at least 1 h. 
Cryopreserved PBMCs from a naive donor were thawed to serve as a control sample. Both 
PBMCs from the naive donor and from the convalescent patients were stained for 30 min at 
4°C with the conjugated proteins, a live/dead marker (viability-eF780, eBiosciences) and the 
following surface markers: CD19-AF700 (HIB19, BioLegend), CD20-PE-CF594 (2H7, BD 
Biosciences), CD27-PE (L128, BD Biosciences), CD38-BB515 (HIT2, BD Biosciences), IgM-
BV605 (MHM-88, BioLegend), IgG-PE-Cy7 (G18-145, BD Biosciences), and various surface 
markers with the same fluorophore APC-eF780 to eliminate all non-B cells, the “dump” 
channel, including T cell markers CD3 (UCHT1, eBiosciences ) and CD4 (OKT4, 
eBiosciences), monocyte and macrophage marker CD14 (C1D3, eBiosciences), and NK-cell 
marker CD16 (CB16, eBiosciences). Following three washes in PBS (Dulbecco’s Phosphate-
Buffered Saline, eBiosciences) supplemented with 1 mM EDTA and 2% fetal calf serum, flow 
cytometry was performed on a 4-laser FACS ARIA (BD Biosciences). Live B cells that were 
double positive for the SARS-CoV-2 S protein (AF647 and BV421) were single cell sorted 
using index sorting into a 96-well plate containing lysis buffer to maintain the RNA. The lysis 
buffer consisted of 20 U RNAse inhibitor (Invitrogen), first strand SuperScript III buffer 
(Invitrogen), 1.25 µl of 0.1 M DTT (Invitrogen), in a total volume of 20 µl. The plates with the 
sorted single cells were stored at -80°C for at least 1 h before performing the reverse 
transcriptase (RT)-PCR to transcribe the mRNA to cDNA. The analysis of the surface markers 
of the SARS-CoV-2 positive cells was performed on FlowJo (version 10.6). 
 
Antibody cloning 
The mRNA of the lysed SARS-CoV-2 S protein specific single B cells was converted into cDNA 
by performing an RT-PCR. Briefly, 50 U SuperScript III RTase (Invitrogen), 2 µl of 6 mM 
dNTPs (Invitrogen), and 200 ng random hexamer primers (Thermo Scientific) in a total volume 
of 6 µl was added to the plate containing sorted cells and lysis buffer. The RT program was 
set as followed: 10 min at 42°C, 10 min 25°C, 60 min at 50°C, 5 min at 95°C, and infinity 4°C. 
The cDNA was stored at -20°C until further analysis. The V(D)J variable regions of the 
antibodies are amplified from the SARS-CoV-2-specific single cell sorted B cells, as previously 
described (44). Briefly, for both kappa and lambda chain PCR 1 was performed with 0.5 U 
MyTaq polymerase (BioLine), 0.1 µM of both forward and reverse multiplex primers (44), 
MyTaq PCR reaction buffer 4 (BioLine), and 2 µl of cDNA in a total volume of 20 µl for 1 min 
95°C, 50 cycles of 15 s at 95°C, 15 s at 58°C, 45 s at 72°C, followed by 10 min at 72°C. The 
nested PCR was performed with 0.375 U HotStarTaq Plus polymerase (Qiagen), 0.2 mM 
dNTPs, 0.034 µM of both forward and reverse multiplex primers (44), Hotstar Taq Plus PCR 
buffer (Qiagen), and 2 µl of PCR 1 product in a total volume of 14.5 µl for 5 min at 95°C, 50 
cycles of 30 s at 94°C, 30 s at 60°C, 1 min at 72°C, followed by 10 min at 72°C. For the heavy 
chain a primary and two nested PCR reactions were performed. Briefly, the primary PCR was 



performed with 0.375 U HotStarTaq Plus polymerase (Qiagen), 0.2 mM dNTPs, 0.069 µM of 
both forward and reverse multiplex primers (44), Hotstar Taq Plus PCR buffer (Qiagen), and 
2 µl of cDNA in a total volume of 14.5 µl for 5 min at 95°C, 50 cycles of 30 s at 94°C, 30 c at 
52°C, 1 min at 72°C, followed by 10 min at 72°C. The first nested PCR was performed with 
0.5 U MyTaq polymerase (Bioline), 0.05 µM of both forward and reverse multiplex primers 
(39), MyTaq PCR reaction buffer (BioLine), and 2 µl of primary PCR product in a total volume 
of 20 µl for 1 min 95°C, 30 cycles of 15 s at 95°C, 15 s at 58°C, 45 s at 72°C, followed by 10 
min at 72°C. The final PCR, was performed with 0.375 U HotStarTaq Plus polymerase 
(Qiagen), 0.2 mM dNTPs, 0.034 µM of both forward and reverse multiplex primers with vector 
overhang, Hotstar Taq Plus PCR buffer (Qiagen), and 2 µl of nested PCR product in a total 
volume of 14.5 µL for 5 min at 95°C, 50 cycles of 30 s at 94°C, 30 s at 60°C, 1 min at 72°C, 
followed by 10 minutes at 72°C. 
 
Genetic analyses of BCR repertoire 
Heavy chain and light chain germline assignment, framework region annotation, determination 
of somatic hypermutation (SHM) levels and CDR loop lengths was performed with the aid of 
IMGT/HighV-QUEST (www.imgt.org/HighV-QUEST). Sequences were aligned using MAFFT 
(v.7, www.mafft.cbrc.jp/alignment/software/). Maximum likelihood phylogenetic analysis was 
performed with MEGA X (Molecular Evolutionary Genetics Analysis). For comparison, the 
naive repertoire of three representative donors was used (34). Antibody clonotypes were 
defined as a set of sequences that share genetic V and J regions as well as an identical 
CDRH3. To determine whether CDRH3 lengths between a naive repertoire and isolated mAbs 
were significantly different, a two-sample Kolgomorov-Smirnov (K-S) test was used. Analysis 
and handling of datasets was performed using RStudio 1.2.1335 (R 3.6.1).  
 
Antibody cloning and small-scale expression 
All recombinant antibodies were expressed in a mammalian cell expression system as 
described previously (16, 40). Briefly, the variable V(D)J-region of the heavy and light chain of 
the antibody were cloned into corresponding expression vectors containing the constant 
regions of the human IgG1 for the heavy or light chain using Gibson Assembly (45). The 
Gibson Assembly was carried out with a home-made Gibson mix consisting of 2x Gibson mix 
(0.2 U T5 exonuclease (Epibio), 12.5 U Phusion polymerase (New England Biolabs), Gibson 
reaction buffer (0.5 g PEG-8000 (Sigma Life Sciences), 1 M Tris/HCl pH 7.5, 1 M MgCl2, 1 M 
DTT, 100 mM dNTPs, 50 mM NAS (New England Biolabs), MQ)) and performed for 60 min at 
50°C. The sequence integrity of the plasmids was verified by Sanger sequencing. For small-
scale transfection, adherent HEK293T cells (ATCC, CRL-11268) were maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal calf serum (FCS), 
penicillin (100 U/mL), and streptomycin (100 µg/mL) and transfected as described previously 
(38). The transfection mix consisted of a 1:1 (w:w) HC/LC ratio using a 1:2.5 ratio with 1 mg/L 
PEImax (Polysciences) in 200 µL Opti-MEM. After 15 min incubation at RT, the transfection 
mix was added onto the cells. Supernatants were harvested 48 h post-transfection and 
clarified supernatants were tested by enzyme-linked immunosorbent assay (ELISA).  
 
ELISA screening of mAbs 
Strep II-tagged SARS-CoV-2 S proteins were diluted to a concentration of 2.0 µg/mL in casein 
(ThermoFisher) and immobilized on streptavidin-coated 96-well plates (ThermoFisher) for 2 h 
at RT. Next, undiluted supernatants were added to the wells and binding was allowed for 2 h 
at RT. Then, a 1:3000 dilution of horseradish peroxidase (HRP)-labeled goat anti-human IgG 



(Jackson Immunoresearch) in casein was added for 1 h at RT. Up to this point, in between 
each step, the plates were washed three times with Tris-buffered saline (TBS). Finally, after 
washing the plates five times with TBS/0.05% Tween-20, developing solution (1% 3,3’,5,5’-
tetramethylbenzidine (Sigma-Aldrich), 0.01% hydrogen peroxide, 100 mM sodium acetate and 
100 mM citric acid) was added. Development of the colorimetric endpoint proceeded for 4 min 
before termination by adding 0.8 M sulfuric acid. Optical density (OD) at 450 nm was 
measured using a spectrophotometer. 
 
Larger-scale antibody expression and purification 
For larger-scale expression of selected mAbs, suspension HEK293F cells were cultured in 
FreeStyle medium and co-transfected with the two IgG plasmids expressing the corresponding 
HC and LC in a 1:1 ratio at a density of 0.8-1.2 million cells/mL in a 1:3 ratio with 1 mg/L 
PEImax as described above. The recombinant IgG antibodies were isolated from the cell 
supernatant after five days as described previously (20, 46). In short, the cell suspension was 
centrifuged 25 min at 4000 rpm, and the supernatant was filtered using 0.22 µm pore size 
Steritop filters. The filtered supernatant was run over a 10 mL protein A/G column (Pierce) 
followed by two column volumes of PBS wash. The antibodies were eluted with 0.1 M glycine 
pH 2.5, into the neutralization buffer 1 M Tris pH 8.7 in a 1:9 ratio. The purified antibodies were 
buffer exchanged to PBS using 100 kDa Vivaspin20 columns (GE Healthcare). The IgG 
concentration was determined on the NanoDrop 2000 and the antibodies were stored at 4°C 
until further analyses. 
 
Sensor preparation for surface plasmon resonance (SPR)  
mAbs were diluted in 10 mM sodium acetate buffer pH 4.5 with 0.075% Tween-80 to a 
concentration of 50 nM. Continuous flow microspotting was used to deposit an array of mAbs 
on the SPR sensor (Ssens). The first 48 mAbs were spotted in the lower half of the sensing 
area for 5 min, while the second 48 mAbs were spotted in the upper half of the sensing area 
for 10 min to account for decrease in activity of sensor surface chemistry. For kinetic 
screening, a P-Easy-2-Spot SPR sensor was used, for epitope binning, a G-Easy-2-Spot SPR 
sensor was used. After creating the array, the sensor was installed in the IBIS MX96 SPR 
Imager (IBIS Technologies) and deactivated for 7 minutes with 100 mM ethanolamine pH 8.5.  
 
ACE2 competition by bio-layer interferometry 
A concentration of 6 µg/mL Strep-tagged prefusion SARS-CoV-2 S protein in running buffer 
(PBS, 0.02% Tween20, 0.1% BSA) was loaded on Streptavidin biosensors using an Octet K2 
(ForteBio). After dipping the chip in running buffer to remove excess protein, the chip was 
dipped for 600 s in a well containing 10 µg/mL mAb in running buffer to measure association. 
Next, the chip was dipped for 600 s in 10 µg/mL of ACE2 in running buffer to measure 
association.  
 
SPR measurements and data processing 
Kinetic screening of the mAb panel was performed in the IBIS MX96 by injecting the S protein 
in a 2-fold dilution series from 128 to 1 nM in running buffer (PBS with 0.075% Tween80). After 
each antigen injection, the sensor surface was regenerated twice with 20 mM H3PO4 pH 2.0 
for 16 s. IBIS SPRintX software was used to process the data. Scrubber2 software (BioLogic 
Software) was used to analyze the data and obtain kinetic information. Epitope binning of the 
mAb panel was performed in the IBIS MX96 by injection of cycles of premixed S-protein and 
mAb followed by regeneration. Premixing was done for 30 min at 30 nM for S-protein and 150 



nM for mAb. Antigen and mAbs were premixed prior to injection over the antibody array to 
allow complete occupation of identical binding sites on the S protein. Interspersed injections 
of S protein antigen were used during the measurement to account for drift and/or loss of 
antigen-binding capacity of the sensor. The data from the binning run was processed using 
IBIS SPRintX software and analyzed by IBIS using Binning Tool Software (Carterra Inc, USA). 
Briefly, the antigen-only injections were used to normalize all responses to a value of 1. An 
analysis window was placed at the end of the association phase (300 s) where binding or 
blocking of the mAb1 sensor-(Ag-mAb2 injection) complex could be investigated. Heatmaps, 
node plots and dendrograms were generated using the Binning Tool Software.  
 
Fab preparation 
To generate Fab fragments, mAbs were incubated for 5 h at 37℃ with papain resin (50 µL 
settled resin/mg of mAb) in PBS, 10 mM EDTA, 20 mM cysteine, pH 7.4. Next, Fc and non-
digested mAbs were removed from the flow-through by a 2 h incubation at RT with 200 uL of 
protein A resin per mg of initial mAb (Thermo Scientific). Finally, the flow-through containing 
Fab fragments was buffer exchanged to TBS using Vivaspin filters with a 10 kDa molecular 
weight cutoff (GE Healthcare). Alternatively, his-tagged Fab constructs were expressed in 
HEK 293F cells after transfecting a his-tagged HC Fab construct with the corresponding LC 
in a 1:2 ratio. After 4 days of incubation, Fabs were purified by gravity flow over a Ni-NTA 
column (Qiagen) followed by SEC over a Superdex200 10/300 GL increase column.  
 
Serum ELISA 
His-tagged SARS-CoV-2 S protein was immobilized at a concentration of 4 µg/mL in TBS on 
NiNTA plates (Qiagen) for 2 h at RT. Plates were subsequently blocked for 30 min in TBS/2% 
skimmed milk, and three-fold serial dilutions of human sera, starting from a 1:50 dilution, were 
added in TBS/2% milk/20% sheep serum for a 2 h incubation at RT. Next, a 1:3000 dilution of 
HRP-labeled goat anti-human IgG in TBS/2% skimmed milk was added for 1 h at RT. ELISA 
plates were washed and colorimetric detection was performed as described above with a 
development time of 2 min.  
 
Ni-NTA-capture ELISA  
His-tagged S proteins and RBDs of SARS-CoV and SARS-CoV-2 were loaded in casein on 
96-well Ni-NTA plates for 2 h at RT. After the plates were washed with TBS, three-fold serial 
dilutions of mAbs in casein, starting from a 10 µg/mL concentration, were added. Following 
three washes with TBS, a 1:3000 dilution of HRP-labeled goat anti-human IgG in casein was 
added for 1 h at RT. Colorimetric detection was performed as described above with a 
development time of 3.5 min.  
 
Pseudovirus neutralization assays 
Neutralization assays were based on the use of SARS-CoV and SARS-CoV-2 S-pseudotyped 
HIV-1 viruses and human Huh7 liver cells and performed as described previously (25). Briefly, 
SARS-CoV and SARS-CoV-2 S protein expression plasmids were co-transfected in HEK 293T 
cells with an HIV-1 backbone expressing firefly luciferase (pNL4-3.Luc.R-E-) (47). Cell culture 
supernatants containing the pseudovirus were harvested after 3 days and stored at -80C. To 
determine the neutralization capacity of sera and monoclonal antibodies, 20-fold diluted sera 
or mAbs at a starting concentration of 10 µg/mL or 1 µg/mL were serially diluted in 3-fold steps 
and mixed with pseudotyped virus and incubated for 1 h at 37℃. The pseudovirus serum/mAb 
combinations were then added to Huh7 cells which were seeded 1 day before the experiment 



at 10.000 cells/well. After 48 hours, the pseudovirus serum/mAb mix was removed and Bright 
Glo Luciferase (Promega) was added. Luciferase activity of cell lysate was measured using a 
Glomax ® plate reader. 
 
Plaque reduction neutralization test 
We tested mAbs for their neutralization capacity against SARS-CoV-2 (German isolate; 
GISAID ID EPI_ISL 406862; European Virus Archive Global #026V-03883) by using a plaque 
reduction neutralization test with some modifications (48). Samples were diluted in complete 
medium starting at a dilution of 40 μg/mL. Virus suspension (400 plaque-forming units) was 
added to each well and incubated at 37°C for 1 h before placing the mixtures on Vero-E6 cells. 
After incubation for 1 h, we washed cells, supplemented with medium, and incubated for 8 h. 
After incubation, cells were fixed with 4% formaldehyde/PBS and were stained with polyclonal 
rabbit anti-SARS-CoV antibody (Sino Biological) and a secondary peroxidase-labeled goat 
anti-rabbit IgG (Dako). Detection was performed by using a precipitate-forming 3,3′,5,5′-
tetramethylbenzidine substrate (True Blue; Kirkegaard and Perry Laboratories) and the 
number of infected cells per well were counted with an ImmunoSpot Image Analyzer (CTL 
Europe GmbH, https://www.immunospot.eu).  
 
Negative stain-EM sample preparation, data collection, and processing 
For each monoclonal antibody, 3 M excess of Fab was added to stabilized prefusion SARS-
CoV-2 S protein 30 s prior to direct deposition onto carbon-coated 400-mesh copper grids. 
The grids were stained with 2% (w/v) uranyl-formate for 90 s immediately following sample 
application. Grids were either imaged at 200 KeV on Tecnai F20 using a 4kx4k TemCam F416 
detector or on Tecnai T12 Spirit at 120 KeV using a 4kx4k Eagle CCD. Micrographs were 
collected using Leginon and the images were transferred to Appion for processing (49, 50). 
Particle stacks were generated in Appion with particles picked using a difference-of-Gaussians 
picker (DoG-picker) 8 (51). Particle stacks were then transferred to Relion for 2D classification 
followed by 3D classification to sort out good classes (52). Selected 3D classes were auto-
refined in Relion and used for making figures using UCSF Chimera (53).  
 
Statistical analysis 
Midpoint serum neutralization titers (ID50-values) and midpoint mAb inhibition concentrations 
(IC50-values) as well as unpaired t-tests were determined using GraphPad Prism software 
(version 8.3.0). The two-sample Kolmogorov-Smirnov test to compare CDRH3 distributions 
was performed in RStudio 1.2.1335 (R 3.6.1). 
  



Fig. S1. Biochemical and biophysical characterization of stabilized S proteins. (A) Size-
exclusion chromatograph (SEC) profile (blue line) of NiNTA-purified prefusion SARS-CoV-2 S 
protein. Yellow shading indicates the fractions that were collected, pooled and used. (B) SDS-
PAGE (left) and BN-PAGE (right) of NiNTA/SEC-purified SARS-CoV-2 S and SARS-CoV S 
protein. (C) Binding of COSCA1-3 sera to prefusion SARS-CoV S protein as determined by 
ELISA. The mean values and standard deviations of two technical replicates are shown. The 
dotted line denotes the initial serum dilution of 1:50. (D) Neutralization of SARS-CoV 
pseudovirus by inactivated COSCA1-3 sera. The mean with SEM of at least three technical 
replicates are shown. The dotted line indicates 50% neutralization. 
 
Fig. S2. Gating strategy of SARS-CoV-2 S-specific B cells. B cells were analyzed by gating 
the singlet viable CD3- CD4- CD14- CD16- CD19+ lymphocyte population (top row). From 
viable B cells, memory B cells (Mem B cells; CD27+CD38-; bottom left) and 
plasmablasts/plasma cells (PB/PC; CD27+CD38+CD20-; bottom middle) were gated. Total B 
cells were then analyzed in relation to IgM versus IgG (bottom right). SSC-A, side scatter area; 
FSC-H, forward scatter height; FSC-A, forward scatter area. 
 
Fig. S3. CDRH3 length analysis per patient. The distribution of CDHR3 lengths visualized 
per patient for COSCA1 (top left panel), COSCA2 (top right panel) and COSCA3 (bottom left 
panel) and naive donors (bottom right panel) {Briney, 2019 #132}. The number of samples (n) 
and mean and median of the distribution are listed. 
 
Fig. S4. Phenotypic characteristics of a subset of NAbs isolated from COSCA1-3. (A) 
Scatter plot depicting the binding of mAbs to SARS-CoV S protein and/or SARS-CoV RBD as 
determined by ELISA. Each dot indicates the representative AUC of a mAb from two 
experiments. (B) Infectivity curves of SARS-CoV pseudovirus assayed against COVA1-16 and 
COVA2-02. Maximum concentration tested was 10 µg/mL. (C) Association over time (s) of 
ACE2 to SARS-CoV-2 spike after association of mAbs COVA1-18, COVA2-04, COVA2-07, 
COVA2-15, COVA2-39, color coded as shown on the right, or running buffer (no competitor). 
(D) Bar graph comparing the CDRH3 length of mAbs specific for RBD and non-RBD epitopes 
of all mAbs (left panel) and NAbs (right panel). (E) Infectivity curves of mAbs showing 1-2x 
antibody dependent enhancement (ADE) of infection.  
 
Fig. S5. Reconstruction from NS-EM analysis of SARS-CoV-2 S protein complexed with 
several mAbs. Representative 2D class averages and 3D reconstructions from NS-EM 
analysis of SARS-CoV-2 S protein complexed with mAbs COVA1-12, COVA1-22, COVA2-04, 
COVA2-07, COVA2-15 and COVA2-39.  
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Table S1. Summary of genotypical and phenotypical characterization of isolated mAbs from COSCA1-3.

MFI KD (nM) V region CDRH3

SARS-
CoV-2 S

SARS-
CoV S

SARS-
CoV-2 
RBD

SARS-
CoV 
RBD

SARS-CoV-2 
S full length

SARS-
CoV-2 S

SARS-
CoV-2 
RBD 

specific

SARS-CoV-2 
pseudovirus 
(Huh7 cells) 

SARS-CoV 
pseudovirus 
(Huh7 cells) 

live virus 
(Vero E6 

cells)
HC length HC LC

COVA1-01 5,62 0,89 0,52 0,47 48024 8,3 no >10 N.D. N.D. VH4-39 14 19,2 1,1
COVA1-02 4,02 0,59 0,54 0,55 35317 1,2 no >10 N.D. N.D. VH3-30-3 14 2,8 3,1
COVA1-03 0,76 0,52 0,53 0,53 74670 N.D. N.A. 0,520 >10 >20 VH3-30 28 0,3 0,7
COVA1-04 0,69 0,81 0,46 0,45 38707 1,2 N.A. >10 N.D. N.D. VH1-69 16 0,3 1,8
COVA1-05 0,58 0,49 0,49 0,48 3614 6,7 N.A. >10 N.D. N.D. VH1-24 14 0,0 0,3
COVA1-06 2,49 0,46 0,46 0,49 9338 5,5 no >10 N.D. N.D. VH3-9 17 2,4 4,3
COVA1-07 9,54 3,29 1,30 0,51 N.D. 0,5 yes >10 N.D. N.D. VH1-69 15 1,4 2,2
COVA1-08 3,22 0,55 11,31 0,61 6952 N.D. yes >10 N.D. N.D. VH3-30-3 14 1,0 1,4
COVA1-09 6,53 0,49 0,47 0,89 9000 10,6 no >10 N.D. N.D. VH4-59 16 1,8 1,1
COVA1-10 0,72 0,68 5,22 0,48 428 3,1 yes >10 N.D. N.D. VH3-66 21 8,4 10,8
COVA1-11 0,54 0,55 0,56 0,50 13062 2,7 N.A. >10 N.D. N.D. VH3-30-3 14 0,0 2,2
COVA1-12 4,14 0,80 12,99 0,57 15788 2,7 yes 1,261 >10 0,250 VH1-2 15 6,8 3,8
COVA1-13 0,48 0,43 0,44 0,45 15218 14,3 N.A. >10 N.D. N.D. VH3-7 22 0,7 0,7
COVA1-14 0,54 0,44 0,47 0,45 20793 2,8 N.A. >10 N.D. N.D. VH4-59 15 1,4 1,8
COVA1-15 0,47 0,43 0,47 0,51 14613 4,5 N.A. >10 N.D. N.D. VH3-30-3 14 5,6 1,7
COVA1-16 7,64 1,38 12,68 6,19 6437 0,3 yes 0,097 2,51 0,755 VH1-46 22 1,0 1,1
COVA1-17 0,53 0,51 0,56 0,53 28078 N.D. N.A. >10 N.D. N.D. VH1-2 14 2,1 1,1
COVA1-18 10,22 0,50 15,74 0,46 20874 0,03 yes 0,008 >10 0,010 VH3-66 12 0,0 2,1
COVA1-19 11,09 0,45 0,45 0,45 22488 N.D. no >10 N.D. N.D. VH3-21 20 0,7 0,0
COVA1-20 4,91 0,47 0,47 0,71 N.D. 0,6 no >10 N.D. N.D. VH3-21 22 1,0 2,2
COVA1-21 1,29 0,44 0,47 0,49 67515 34 no 0,034 >10 0,174 VH3-30-3 26 1,4 0,4
COVA1-22 7,32 0,44 0,46 0,48 24456 0,4 no 0,021 >10 >20 VH1-18 20 1,7 0,7
COVA1-23 0,93 0,54 0,53 0,42 17194 4,6 N.A. >10 N.D. N.D. VH5-51 15 3,8 0,7
COVA1-24 0,58 0,45 0,51 0,44 28906 79 N.A. >10 N.D. N.D. VH3-33 19 0,3 3,9
COVA1-25 3,09 0,58 0,48 0,45 13280 N.D. no 0,180 >10 N.D. VH4-39 21 2,4 0,4
COVA1-26 1,85 0,43 0,43 0,42 33962 0,9 no >10 N.D. N.D. VH4-31 16 1,4 1,4
COVA1-27 5,89 2,29 0,46 0,44 60660 0,7 no >10 N.D. N.D. VH3-30-3 13 2,1 1,8

COVA2-01 0,95 0,51 9,65 2,38 5076 76,2 yes >10 N.D. N.D. VH3-13 14 1,4 1,1
COVA2-02 8,45 9,82 13,63 13,67 21472 0,3 yes 4,397 0,61 N.D. VH4-39 15 3,1 2,2
COVA2-03 6,53 0,54 0,57 0,49 42919 0,3 no >10 N.D. N.D. VH3-48 18 0,3 1,1
COVA2-04 8,52 0,47 13,54 0,52 22127 2,3 yes 0,31 >10 2,823 VH3-53 12 1,1 0,7
COVA2-05 7,42 0,50 12,86 2,52 16616 0,3 yes 1,330 >10 >20 VH5-51 20 0,7 0,0
COVA2-06 0,67 0,51 0,49 0,53 10243 18,2 N.A. >10 N.D. N.D. VH4-59 9 5,3 5,0
COVA2-07 8,56 0,73 13,58 0,51 17387 0,6 yes 0,029 >10 0,04 VH3-53 9 1,4 1,1
COVA2-08 0,70 0,45 0,71 0,55 10627 21,2 N.A. >10 N.D. N.D. VH3-30-3 14 0,7 2,9
COVA2-09 0,78 0,46 0,52 0,48 24504 8,3 N.A. >10 N.D. N.D. VH4-34 22 2,8 2,7
COVA2-10 6,27 0,45 0,47 0,48 27057 0,3 no >10 N.D. N.D. VH3-23 18 1,0 1,8
COVA2-11 3,94 0,45 12,35 0,45 7907 0,3 yes 3,716 >10 N.D. VH3-21 19 1,4 1,8
COVA2-12 6,42 0,43 0,49 0,46 8776 1,3 no >10 N.D. N.D. VH3-53 20 2,8 1,4
COVA2-13 1,94 0,44 10,03 0,51 10172 0,9 yes 3,160 >10 N.D. VH1-69 12 0,3 0,7
COVA2-14 3,05 3,59 0,57 0,42 57010 0,5 no >10 N.D. N.D. VH1-69 15 0,7 0,7
COVA2-15 9,43 0,48 14,74 0,47 32154 0,6 yes 0,008 >10 0,007 VH3-23 22 1,4 1,7
COVA2-16 1,46 0,60 4,08 0,61 14759 0,9 yes >10 N.D. N.D. VH1-69-2 16 1,4 0,4
COVA2-17 11,61 0,41 12,54 0,42 43251 7,7 yes 0,053 >10 >20 VH1-69 13 1,7 1,1
COVA2-18 2,36 4,74 0,44 0,44 51914 1,6 no >10 N.D. N.D. VH1-69 15 1,0 0,0
COVA2-19 0,46 0,54 0,61 0,47 6644 21,2 N.A. >10 N.D. N.D. VH1-18 16 0,7 0,0
COVA2-20 8,27 0,36 13,14 0,43 30887 0,3 yes 1,810 >10 N.D. VH3-53 17 0,3 6,8
COVA2-21 0,55 0,46 0,54 0,50 28336 24,6 N.A. >10 N.D. N.D. VH4-4 11 1,1 0,7
COVA2-22 1,51 0,64 0,49 1,12 10189 2,7 no >10 N.D. N.D. VH1-69 20 1,0 0,7
COVA2-23 5,27 0,76 14,99 0,52 12538 0,2 yes >10 N.D. N.D. VH1-2 20 0,7 0,7
COVA2-24 4,19 0,58 16,21 0,53 8830 0,4 yes >10 N.D. N.D. VH5-10-1 20 0,3 0,7
COVA2-25 7,75 0,39 0,40 0,40 39075 1,0 no >10 N.D. N.D. VH1-24 16 2,8 2,4
COVA2-26 5,94 0,43 0,64 0,41 20529 1,9 no >10 N.D. N.D. VH3-15 16 0,3 2,2
COVA2-27 1,16 1,59 1,28 1,22 16028 12,7 yes >10 N.D. N.D. VH1-8 16 0,3 1,7
COVA2-28 10,34 0,61 0,43 0,47 18995 0,6 no >10 N.D. N.D. VH3-30 17 2,1 0,7
COVA2-29 10,91 0,58 13,49 0,55 20240 0,2 yes 0,072 >10 N.D. VH4-30-4 20 1,0 1,8
COVA2-30 3,74 0,48 0,47 0,52 29899 0,4 no >10 N.D. N.D. VH3-30 18 1,0 1,1
COVA2-31 9,62 0,45 16,89 0,44 24952 0,3 yes >10 N.D. N.D. VH1-2 18 3,8 0,3
COVA2-32 2,32 4,00 1,01 0,57 52920 1,9 yes >10 N.D. N.D. VH1-69 15 2,1 1,8
COVA2-33 8,16 0,46 0,52 0,48 15864 0,2 no >10 N.D. N.D. VH5-10-1 20 1,4 1,7
COVA2-34 2,60 0,46 0,35 0,40 41156 1,5 no >10 N.D. N.D. VH3-30-3 14 0,0 2,1
COVA2-35 0,59 0,45 0,46 0,44 13311 63,9 N.A. >10 N.D. N.D. VH3-33 17 3,1 4,3
COVA2-36 0,53 0,51 5,56 0,50 3041 2,2 yes >10 N.D. N.D. VH5-51 16 0,7 0,7
COVA2-37 10,42 1,05 0,90 0,53 14445 0,5 no 3,986 >10 N.D. VH1-24 14 2,8 1,4
COVA2-38 10,22 0,60 0,63 0,57 49071 3,7 no >10 N.D. N.D. VH4-39 15 2,4 0,4
COVA2-39 11,57 0,56 15,52 0,54 15648 0,1 yes 0,036 >10 0,048 VH3-53 17 1,1 0,3
COVA2-40 6,79 0,38 0,36 0,39 N.D. 1,6 no >10 N.D. N.D. VH4-4 15 0,7 2,1
COVA2-41 9,72 0,42 0,51 0,50 24502 0,5 no >10 N.D. N.D. VH3-21 24 2,1 2,2
COVA2-42 0,98 0,48 0,50 0,49 6231 42,4 N.A. >10 N.D. N.D. VH4-31 15 6,2 2,5
COVA2-43 10,20 0,37 0,46 0,41 76459 1,7 no >10 N.D. N.D. VH1-18 19 2,1 0,7
COVA2-44 6,58 9,12 12,07 12,58 19757 5,7 yes >10 N.D. N.D. VH3-30 15 1,0 1,1
COVA2-45 1,81 0,45 11,82 0,49 11835 0,6 yes >10 N.D. N.D. VH1-2 24 1,4 1,1
COVA2-46 5,92 0,47 11,90 0,45 11337 0,3 yes >10 N.D. N.D. VH4-39 12 0,7 1,4
COVA2-47 1,53 0,51 0,50 0,49 9022 26,3 no >10 N.D. N.D. VH3-9 21 0,3 1,7

COVA3-01 1,12 2,52 0,54 0,50 N.D. 1,2 no >10 N.D. N.D. VH4-59 14 1,1 2,5
COVA3-02 0,65 0,40 0,50 0,54 N.D. 17,5 N.A. >10 N.D. N.D. VH3-7 14 0,3 0,0
COVA3-03 3,06 1,31 0,88 0,94 N.D. 22,2 no >10 N.D. N.D. VH3-23 12 1,0 3,2
COVA3-04 1,51 0,57 0,57 0,44 N.D. 150 no >10 N.D. N.D. VH3-33 22 0,3 1,8
COVA3-05 2,98 0,37 2,04 0,46 N.D. 12,8 yes >10 N.D. N.D. VH1-24 16 0,0 1,4
COVA3-06 2,74 0,77 12,18 0,53 N.D. 0,5 yes >10 N.D. N.D. VH1-69 18 1,0 1,3
COVA3-07 10,50 0,59 0,83 0,47 N.D. 10 no >10 N.D. N.D. VH3-9 20 0,3 0,7
COVA3-08 0,93 2,18 0,72 0,50 N.D. 2 N.A. >10 N.D. N.D. VH3-9 16 0,7 1,1
COVA3-09 6,72 0,74 12,57 0,59 N.D. N.D. yes >10 N.D. N.D. VH4-59 14 1,4 1,4
COVA3-10 2,43 1,37 1,68 0,48 N.D. N.D. yes >10 N.D. N.D. VH5-51 16 3,8 0,7

AUC, area under the cuve; MFI, mean fluorescence intensity; KD, dissociation contant; N.A., not applicable; N.D., not determined; AA, amino acid; HC, heavy chain; LC, light chain; SHM, somatic hypermutation.

AUC

Binding Genotype
% SHM (vs IMGT-
assigned V gene)

IC50 (µg/mL)

Neutralization
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