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INTRODUCTION 

Stereotypic antibodies (Abs), which share similar se-

quences across multiple individuals, can be produced in re-

sponse to immunological stimulation upon infection. A 

subset of stereotypic neutralizing Abs (nAbs) encoded by na-

ïve B cells that have not undergone somatic hypermutation 

and class switching from IgM or IgD isotypes are of great in-

terest (1, 2) because their origin effectively excludes the pos-

sibility that these nAbs evolved from pre-existing clonotypes 

that are reactive to similar viruses. This phenomenon is re-

ferred to as original antigenic sin (OAS) and has been linked 

to antibody-dependent enhancement (ADE) of viral 

infections, which can be potentially fatal, as observed during 

the development of experimental dengue virus vaccines (3–

6). Several groups have identified nAbs for severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) (7–11), and 

one report suggests that stereotypic nAbs using germline im-

munoglobulin heavy variable (IGHV)3-53 and IGHV3-66 

genes may exist among convalescent COVID-19 patients (7). 

The structural basis of the stereotypic nAb reaction to SARS-

CoV-2 has been clarified with the cocrystal structure of two 

IGHV3-53 nAbs in complex with the SARS-CoV-2 receptor-

binding domain (RBD), which defines the critical germline-

encoded residues in the binding site of angiotensin-
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for the RBD can neutralize SARS-CoV-2 by inhibiting entry into host cells. We observed that one of these 
stereotypic neutralizing antibodies could inhibit viral replication in vitro using a clinical isolate of SARS-
CoV-2. We also found that these VH clonotypes existed in six out of 10 healthy individuals, with IgM isotypes 
predominating. These findings suggest that stereotypic clonotypes can develop de novo from naïve B cells 
and not from memory B cells established from prior exposure to similar viruses. The expeditious and 
stereotypic expansion of these clonotypes may have occurred in patients infected with SARS-CoV-2 
because they were already present. 
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converting enzyme II (ACE2), the functional receptor of 

SARS-CoV-2 (12). The prevalence of these stereotypic nAb 

clonotypes among SARS-CoV-2 patients and their character-

istics, such as frequency within immunoglobulin (Ig) reper-

toires, somatic mutations, isotypes, and chronological 

changes remain to be elucidated. 

Here, we report stereotypic nAb clonotypes for SARS-CoV-

2, which were identified by mapping nAbs onto deep Ig rep-

ertoires that were profiled from infected patients. The stere-

otypic-naïve nAb clonotypes encoded by the IGHV3-

53/IGHV3-66 and immunoglobulin heavy joining (IGHJ)6 

genes existed in the majority of convalescent COVID-19 pa-

tients and showed little evidence of somatic mutations along 

with swift isotype class switching to IgG1, IgA1, and even IgA2 

subtypes. Subsequently, we found that these same variable 

heavy chain (VH) clonotypes pre-exist predominantly as an 

IgM isotype in healthy individuals, possibly encoded by naïve 

B cells, which suggests that these stereotypic nAbs are not 

originated from clonotypes developed by previous infection 

with similar viruses. Individuals with these VH clonotypes are 

may be able to rapidly produce potent nAbs and potentially 

afford partial protection against SARS-CoV-2. 

RESULTS 

Isolation and characterization of human nAbs 

To obtain monoclonal nAbs against SARS-CoV-2, we col-

lected blood samples from 17 SARS-CoV-2-infected patients 

(Patients A–Q), which were used to generate human antibody 

libraries. SARS-CoV-2 also uses spike (S) protein for receptor 

binding and membrane fusion in a mechanism similar to 

SARS-CoV (13) and requires binding with cellular receptor 

ACE2 to gain entry into the host cell (14, 15). A previous re-

port suggests that a human monoclonal antibody (mAb) that 

reacts with the RBD within the S1 region of the S protein can 

hinder the initial binding interaction between the virus and 

the cell, effectively neutralizing SARS-CoV-2 (11). We con-

firmed the reactivity of convalescent patient sera with recom-

binant SARS-CoV-2 S and RBD proteins. Patients A and E, 

who presented with extensive pneumonic infiltrates, also 

showed high plasma IgG titers against recombinant SARS-

CoV-2 nucleocapsid (N), S, S1, S2, and RBD proteins, which 

was detected 11, 17, and 45 days after symptom onset in Pa-

tient A and 23, 44, and 99 days after symptom onset in Pa-

tient E (Table S1 and Fig. 1). Sera samples from Middle East 

respiratory syndrome coronavirus (MERS-CoV) patients 

crossreacted with the SARS-CoV-2 S protein, showed a higher 

titer against the S2 domain and crossreactivity to MERS-CoV 

S2 was detected in SARS-CoV-2 sera samples (Figs. 1 and S1), 

suggesting the potential risk for ADE. We generated four hu-

man Ab libraries using a phage-display system, based on the 

blood samples from Patient A, which were collected on days 

17 and 45 (A_d17 and A_d45), and Patient E, which were col-

lected on days 23 and 44 (E_d23 and E_d44). We isolated 38 

single-chain variable fragment (scFv) clones that were reac-

tive against recombinant SARS-CoV-2 RBD as measured with 

SARS-CoV-2 RBD-specific enzyme-linked immunosorbent as-

say (ELISA) (Figure S2 and Table S2). The half-maximal bind-

ing of scFv-human kappa light chain fragment (hCκ) to 

SARS-CoV-2 RBD occurred at concentrations ranging from 

0.32 to 364 nM, which was comparable to findings in previ-

ous reports that have described human mAbs against the 

same protein (8, 11). We tested whether these antibody clones 

could inhibit the binding between recombinant SARS-CoV-2 

S protein and Vero E6 cells expressing the ACE2 receptor. A 

recombinant polyhistidine (HIS)-tagged SARS-CoV-2 S pro-

tein showed binding saturation at 200 nM when incubated 

with 1.5 × 105 Vero E6 cells, as measured using flow cytometry 

analysis with a fluorescein isothiocyanate (FITC)-labeled 

anti-HIS antibody. For the analysis of different scFv clones, 

recombinant S protein (200 nM) was mixed with scFv-hFc fu-

sion proteins, at a final concentration of either 200 nM 

(equimolar) or 600 nM (molar ratio of 1:3). Eleven clones (A-

1A1, A-1H4, A-1H12, A-2F1, A-2H4, A-2G3, E-3A12, E-3B1, E-

3G9, E-3H31, and E-4D12) almost completely inhibited bind-

ing between recombinant S protein and Vero E6 cells at 600 

nM, and some showed inhibitory activity at 200 nM (Figure 

S3). We used an in vitro viral neutralization assay in which 

Vero cells were infected with a clinical isolate of SARS-CoV-2 

(BetaCoV/Korea/SNU01/2020) encoding D614 in the viral S 

protein at a medium tissue culture infectious dose (TCID50) 

of 2,500 and in the presence of one of the 11 scFv-hCκ fusion 

proteins, at concentrations of 0.5, 5, or 50 μg/mL. Viral RNA 

concentrations in the culture supernatant were determined 

0, 24, 48, and 72 hours after infection. Nine scFv-hCκ fusion 

proteins exhibited complete neutralizing activity at 50 μg/mL 

(Figure S4), and two antibodies (A-1H4 and E-3G9) showed 

potent neutralization even at 5 μg/mL (Figure S4). Five nAbs 

with IgG2/4 isotypes (E-3B1, A-1H4, A-2H4, A-2F1, and E-

3G9) exhibited potent neutralizing activity against authentic 

SARS-CoV-2, with half-maximal inhibitory concentration 

(IC50) ranging from 0.137 to 0.713 μg/mL (Fig. 2A). 

Identification of stereotypic clonotypes from IGH rep-

ertoire of SARS-CoV-2-infected patients 

We performed deep profiling of the Ig repertoire in three 

chronological blood samples each from Patients A and E, two 

chronological samples each from Patients B, C, D, F, and G, 

and a single time point sample from the remaining ten pa-

tients (H-Q). We searched for nAb clonotypes that possessed 

identical variable (V) and joining (J) gene combinations and 

perfectly matched heavy chain complementarity-determining 

region 3 (HCDR3) amino acid sequences among the immuno-

globulin heavy chain (IGH) repertoires of Patients A and E. 

One and five nAb clonotypes that met these criteria were 

identified in Patients A and E, respectively (Fig. 2B), and 

three nAbs (A-2F1, E-3A12, and E-3B1) were encoded by 
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IGHV3-53/IGHV3-66 and IGHJ6 (Fig. 2B). These two VH 

genes, IGHV3-53*01 and IGHV3-66*01 share an identical 

amino acid sequence, except for the H12 residue (isoleucine 

in IGHV3-53 and valine in IGHV3-66), and only five nucleo-

tides differ between their sequences. Four clonotypes were 

IgG1, and two clonotypes were class-switched to IgA1 and IgA2, 

when examined 44 days after symptom onset (Fig. 2B). These 

clonotypes had a very low frequency of somatic mutations 

(1.03% ± 0.51%), which was compatible with findings about 

other nAbs in previous reports (7, 8). We evaluated all VH se-

quences from the 17 patients and searched the clonotypes of 

11 nAbs that were encoded by the same VJ genes and showed 

66.6% or higher identity in the amino acid sequence for 

HCDR3 (Figure S5). Clonotypes that were highly homologous 

to the E-3B1 nAb were found among 13 out of 17 patients, with 

a total of 126 clonotypes having the isotype of IgG3 (Patients 

I, K, and P), IgG1 (Patients A, B, D-I, K, M, O, and P), IgA1 

(Patients E, G, I, and J), IgG2 (Patients I-K) and IgA2 (Patient 

E) (Table S3). These clonotypes shared nearly identical VH se-

quences (92.45% ± 3.04% identity between amino acid se-

quences), with E-3B1 displaying an extremely low frequency 

of somatic mutations (0.98% ± 1.48%). Among these 126 

clonotypes, 43 unique HCDR3s were identified by amino acid 

sequence, and 12 unique HCDR3s were present in more than 

one patient (Table 1). 

Light chain plasticity of the stereotypic VH clonotypes 

for binding to SARS-CoV-2 RBD 

To test the reactivity of clonotypes homologous to E-3B1 

against the SARS-CoV-2 S protein, we arbitrarily sampled 12 

IGH clonotypes (Fig. 2C), containing five different HCDR3s, 

from the IGH repertoires of 13 patients. The genes encoding 

these IGH clonotypes were chemically synthesized and used 

to construct scFv genes with the variable lambda chain (Vλ) 
gene from the E-3B1 clone. The reactivity of these scFv clones 

to recombinant S and RBD was tested using a phage ELISA, 

and three clones (E-12, A-32, and B-33) reacted against recom-

binant S and RBD proteins (Fig. 2C). scFv libraries were con-

structed, using the A-11, A-31, E-34, A,B,G-42, G-44, D-51, F-

53, E-52, and A-54 genes, and the variable kappa chain 

(Vκ)/Vλ genes amplified from Patients A, E, and G, and all 12 

IGH clonotypes were reactive against both recombinant S 

and RBD proteins when paired with eight different Vκ and Vλ 
genes (Figs. 2C and 2D). All seven light chain-profiled pa-

tients (A–G) possessed these Vκ/Vλ clonotypes with identical 

VJ gene usage and perfectly matching light chain CDR3 

(LCDR3) amino acid sequences (Figure S6). Immunoglobulin 

lambda variable (IGLV)2-14/immunoglobulin lambda joining 

(IGLJ)3, IGLV3-19/IGLJ2, and IGLV3-21/IGLJ2 were fre-

quently used across all seven patients (Figures S7 and S8). 

Because E-3B1 effectively inhibited the replication of SARS-

CoV-2 (Fig. 2A), these 126 clonotypes are likely to neutralize 

SARS-CoV-2 when paired with an optimal light chain. 

Stereotypic-naïve IGH clonotype against SARS-CoV-2 

pre-exist in the healthy population 

Among IGH clonotypes, A,B,G-42 was unique, presenting 

little to no evidence of somatic mutations (0.6% ± 0.8%) and 

containing an HCDR3 (DLYYYGMDV) formed by the simple 

joining of IGHV3-53 and IGHJ6. This naïve VH sequence ex-

isted in the IGH repertoire of five patients (Patients A, B, G, 

I, and K), as IgM and IgG1, IgM and IgG1, IgG1 and IgA1, IgM, 

or IgG1 subtypes, respectively (Table 1). The IGH clonotypes 

encoded by IGHV3-53/IGHV3-66 and IGHJ6 that possessed 

an HCDR3 (DLYYYGMDV) with zero to one somatic mutation 

could be identified within the IGH repertoire of six of 10 

healthy individuals, predominantly as an IgM isotype (16), 

based on publicly available IGH repertoires (Table 1). The 

A,B,G-42 clonotype showed light chain plasticity and could 

pair with five Vκ /Vλ genes to achieve RBD binding. In partic-

ular, the Vκ gene (2J6H) accumulated only five somatic mu-

tations (1.4% divergence). None of the 12 clones, including 

A,B,G-42, reacted against the recombinant RBD proteins 

from either SARS-CoV or MERS-CoV (Figure S9). None of the 

37 identified MERS-RBD-binding human mAbs (from two pa-

tients) were encoded by IGHV3-53/IGHV3-66 and IGHJ6 (Ta-

ble S4) based on analysis of a prior study (17). Therefore, the 

presence of these stereotypic-naïve IGH clonotypes in the 

healthy population, and their light chain plasticity needed to 

achieve SARS-CoV-2 RBD binding, may be unique to SARS-

CoV-2, which might provide a rapid and effective humoral re-

sponse to the virus among patients who express these clono-

types. These findings suggest that a portion of the population 

possesses germline-precursor B cells, encoded by IGHV3-

53/IGHV3-66 and IGHJ6, which can actively initiate virus 

neutralization upon SARS-CoV-2 infection. 

Distinctive V and J gene usage of the SARS-CoV-2 RBD-

binding antibodies 

To further elucidate the preferential use of IGHV3-

53/IGHV3-66 and IGHJ6 genes during the generation of 

SARS-CoV-2 RBD-binding antibodies, we extracted 252 pre-

dicted RBD-binding clones from our biopanning data. We 

previously showed that antibody clones with binding proper-

ties can be predicted by employing next-generation sequenc-

ing (NGS) technology and analyzing the enrichment patterns 

of biopanned clones (18, 19). The IGHJ4 gene was more prom-

inent within the IGH repertoires of 17 patients, similar to 

healthy human samples (16, 20), but the predicted RBD-

binding clones primarily used the IGHJ6 gene (Fig. 2E). Fur-

thermore, the predicted RBD-binding clones showed the 

dominant usage of IGHV3-53/IGHJ6 and IGHV3-66/IGHJ6 

pairs, which was not observed in the whole IGH repertoires 

of patients (Fig. 2F). 

Chronological follow-up of IGH repertoire and the 

SARS-CoV-2 RBD-binding antibodies from patients 

Naïve B cells typically undergo somatic hypermutations, 
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clonal selection, and class-switching following antigen expo-

sure. We examined the chronological events that occurred in 

all IGH clonotypes identified in Patients A - G and those that 

were reactive against the SARS-CoV-2 RBD. In the entire pa-

tient IGH repertoire, naïve-derived IGH clonotypes with min-

imal somatic mutations (< 2.695% ± 0.700%) showed 

increased IgG3 and IgG1 subtypes, and the proportion of the 

IgG1 subtype was dramatically increased for a period (Fig. 3A 

and 3B and Figure S10). The naïve-derived IGH clonotypes 

were detected as minor populations of IgA1 and IgG2 subtypes 

in Patients A and E (Figs. 3A and 3B), and as an IgA2 subtype 

in Patient E (Fig. 3B). We categorized RBD-reactive clones 

into three groups: 1) neutralizing antibodies (neutralize), 2) 

binding-confirmed antibodies (bind), and 3) binding-pre-

dicted antibodies (predicted). In all three groups, these IGH 

clonotypes appeared and disappeared throughout the disease 

course, showed a low frequency of somatic mutations (Figs. 

3C and 3D), and displayed rapid class-switching, especially to 

IgG1, IgA1, and IgA2. These results suggest that RBD-reactive 

IGH clonotypes can emerge rapidly and undergo class-

switching to IgG1, IgA1, and IgA2, without accumulating many 

somatic mutations. This dramatic temporal surge of naïve 

IGH clonotypes, with rapid class-switching, occurred across 

the entire IGH repertoire of the patients and was not con-

fined to those reactive to the SARS-CoV-2 RBD. 

Selected nAbs retained its ability to bind to most current 

SARS-CoV-2 mutants 

Several mutations within the S1 domain of the SARS-CoV-

2 S protein have been identified during the 2019-20 global 

pandemic (21), thus we examined the probability of escape 

mutants emerging from the IGH repertoire induced by the 

wild-type virus infection. Our E-3B1, A-1H4, A-2F1, A-2H4, 

and E-3G9 nAbs successfully bound to different recombinant 

mutant S1 proteins (V341I, F342L, N354D, V367F, R408I, 

A435S, G476S, V483A, and D614G) in a dose-dependent man-

ner, with compatible reactivity against recombinant wild-

type S1 and RBD proteins (Fig. 4). Therefore, the human IGH 

immune repertoire may provide effective protection against 

an array of SARS-CoV-2 mutants. 

DISCUSSION 

In response to SARS-CoV-2 infection, some human IGH 

repertoires can efficiently generate clonotypes encoded by 

IGHV3-53/IGHV3-66 and IGHJ6, which can pair with diverse 

light chains, and form Abs with both RBD binding and virus 

neutralization properties. These clonotypes appear to have 

few to no somatic mutations and can undergo swift class-

switching to IgG1, IgA1, and even IgA2 subtypes. The expedi-

tious development of these IGH clonotypes is possible be-

cause the naïve-stereotypic IGHV3-53/IGHV3-66 and IGHJ6 

clonotypes pre-exist in a portion of the healthy population, 

predominantly as an IgM isotype. In line with our findings, 

several groups have reported potent human nAbs, composed 

of either IGHV3-53 or IGHV3-66 and IGHJ6 genes, using sin-

gle B cell sequencing technology (7–11). The crystal structures 

of two IGHV3-53 nAbs has been determined, which has 

shown that two key motifs within HCDR1 and HCDR2 that 

are encoded in the IGHV3-53 germline can bind to SARS-

CoV-2 S protein RBD (12). Therefore, the preferential use of 

IGHV3-53/IGHV3-66 and IGHJ6 in the development of nAbs 

to SARS-CoV-2 appears promising, especially given evidence 

that IGHV3-53/IGHV3-66 and IGHJ6 are able to pair with di-

verse light chains in order to form nAbs that can bind to the 

RBD. We found eight different light chains from our experi-

ments, and other groups have identified nine different light 

chains (12). It is expected that the extent of light chain plas-

ticity is broad enough for virus-exposed individuals to suc-

cessfully evolve nAbs given that class-switched IGHV3-

53/IGHV3-66 and IGHJ6 clonotypes were present in 13 of 17 

patients from our study. 

Currently, we do not know whether the stereotypic nAbs 

are polyreactive or autoreactive. Rather, our selected stereo-

typic nAbs, including A,B,G-42, do not appear to crossreact 

with recombinant RBD proteins of either SARS-CoV or 

MERS-CoV. Several reports have evaluated auto- or polyreac-

tivity of SARS-CoV-2 nAbs with minimal somatic mutations, 

and one report showed that 18 nAbs, including four antibod-

ies encoded by IGHV3-53/IGHJ4, IGHV3-53/IGHJ6, or 

IGHV3-66/IGHJ4, did not show evidence of being polyreac-

tive or autoreactive (22). Another group characterized 29 Abs, 

including three nAbs encoded by IGHV3-53, with limited so-

matic mutations (<1.4%) and a HCDR3 length of 10 or 16 

amino acids, and none of these Abs were polyreactive (9). In 

contrast, it was recently reported that one of three mAbs en-

coded by IGHV3-53, with limited somatic mutations (1.4%), 

reacted with the Ebola glycoprotein and HIV-1 gp140, and 

one of the four nAbs encoded by IGHV3-66 with limited so-

matic mutations (0.3%) showed moderate autoreactivity (23). 

Based on these observations, it is likely that auto- and polyre-

activity may depend on specific somatic mutations and 

HCDR3 sequences. 

We analyzed a possible correlation between clinical fea-

tures and antibody responses of 17 individuals who were in-

fected with SARS-CoV-2. Of 17 laboratory-confirmed patients, 

two patients (Patients M and O) had a severe respiratory ill-

ness that required mechanical ventilation and six patients 

(Patients A, H, I, K, L, and P) with moderate illness required 

supplemental oxygenation. These eight patients with rela-

tively severe clinical courses had high titers of IgG antibody 

against SARS-CoV-2. However, three patients (Patients E, J, 

and Q) with mild/moderate symptoms also showed elevated 

titers of IgG antibody. Therefore, it is not clear whether anti-

body titers correlate with the clinical progression of the pa-

tients. Several reports describe a positive correlation between 

clinical severity and antibody titers (24, 25), whereas a 
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contradictory report suggests that early seroconversion along 

with high antibody titers correlate with a less severe clinical 

course (26). In addition, there was a report claiming no asso-

ciation between comorbidity and antibody titer (27). 

SARS-CoV-2 can cause a severe respiratory infection, 

which suggests that patients will need to produce both sys-

temic and mucosal nAbs, including those of the IgA isotype, 

for protective immunity. Our results showed that IGHV3-

53/IGHV3-66 and IGHJ6 class-switched to IgA1 in Patients G, 

I, and J, and class-switched to IgA1 and IgA2 in Patient E (Ta-

ble S3). After 99 days from the onset of symptoms, we did not 

detect any RBD-reactive IGH clonotypes in the peripheral 

blood of Patient E; however, the antibody titer to RBD re-

mained high (Fig. 3D and Fig. 1). This observation is in line 

with the findings that nAb titers remain detectable among a 

fraction of SARS and MERS patients 1–2 years after infection 

(28, 29). Therefore, it can be inferred that nAb-producing 

plasmablasts may be mobilized from the peripheral blood to 

bone marrow niches and continue to produce nAbs in Patient 

E. In these niches, plasmablasts are able to differentiate into 

mature Ab-secreting plasma cells and can survive for decades 

(30). 

In the rhesus macaque model of SARS-CoV-2 infection, vi-

ral rechallenge generated a greater nAb titer than induced by 

primary infection and protected animals from reinfection 

(31). A single case of SARS-CoV-2 reinfection that has been 

reported suggests that it is possible for humans to become 

infected multiple times by SARS-CoV-2 (32). It is still unclear 

whether a SARS-CoV-2 vaccine would provide prolonged pro-

tective immunity to humans. The long-term production of 

nAbs, as seen in Patient E out to day 99 after symptom onset, 

suggests that nAb production by plasma cells in bone marrow 

niches may be a critical mechanism triggered by infection or 

vaccination that leads to protective immunity against SARS-

CoV-2. 

It has been reported that the frequency of RBD-reactive B 

cell clones is extremely low (0.07% to 0.005%) among circu-

lating B cells (24). In our study, the frequency of isolated nAb 

clonotypes in the IGH repertoire was also extremely low 

(0.0004%-0.0064%), and Patient A had only one out of six 

nAbs that mapped to the IGH repertoire (Fig. 2B). As the 

complexity of scFv phage-display libraries exceeded 3.8 × 108 

and 6.7 × 108 colony-forming units for Patient A, diverse RBD-

binding clones could be enriched by biopanning. Only 199,561 

unique IGH sequences were sampled by NGS in Patient A, 

whereas 515,994 IGH sequences were sampled in Patient E, 

when scFv phage-display libraries were constructed. This dif-

ference in NGS throughput might explain the discrepant al-

location of nAb clonotypes in the IGH repertoire of Patients 

A and E. Consistent with this hypothesis, only 38.3% and 

22.0% of “bind” and “predicted” clones were mapped for Pa-

tient A, respectively, whereas 77.8% and 32.1% of “bind” and 

“predicted” clones were individually mapped for Patient E. 

A major limitation of this study was the limited number 

of patients enrolled made it difficult to analyze whether these 

stereotypic nAb clonotypes affect the clinical course of 

COVID-19. We found that stereotypic nAb clonotypes pre-ex-

isted in the majority of the naïve population, were prevalent 

among the patients who displayed rapid class-switching to 

IgG and IgA isotypes, and exhibited light chain plasticity 

among the SARS-CoV-2 RBD-binding antibodies. These re-

sults suggest that stereotypic nAb clonotypes may contribute 

to a milder clinical course and lower mortality rate in SARS-

CoV-2 patients compared with SARS-CoV (9.5%) or MERS-

CoV (34.4%) patients (33), for which similar stereotypic nAb 

clonotypes have not yet been reported. Future chronological 

follow-ups of Ig repertoires in a larger population of SARS-

CoV-2 patients may provide insight into the effects of stereo-

typic nAb clonotypes on patient outcomes. Furthermore, 

studies assessing changes in the Ig repertoire among the na-

ïve populations after SARS-CoV-2 vaccination may provide 

details about the contribution of these stereotypic nAb clono-

types to protective immunity. 

MATERIALS AND METHODS 

Study design 

This study was designed to investigate stereotypic nAb 

clonotypes of SARS-CoV-2. 26 blood samples were collected 

from 17 SARS-CoV-2-positive patients and were subjected to 

NGS analysis of Ig sequences. Human antibody libraries were 

prepared and subjected to biopanning against recombinant 

SARS-CoV-2 RBD proteins. RBD-binders were selected using 

ELISA and their neutralization activity was tested using flow 

cytometry with ACE2-expressing Vero cells and recombinant 

SARS-CoV-2 S protein and microneutralization assay. NGS 

analysis of the enrichment patterns of clones through biopan-

ning was performed for in silico selection of RBD-binding 

clones. Ig repertoire analyses were conducted to identify and 

characterize nAb clonotypes, including their prevalence 

among patients, frequency in Ig repertoires, somatic muta-

tions, isotypes, chronological changes, and existence in a na-

ïve uninfected population. 

Clinical protocol and blood sample collection 

All patients were confirmed to be infected by SARS-CoV-

2 by a positive reverse transcriptase-quantitative polymerase 

chain reaction (RT-qPCR) result, and sample collection was 

performed at Seoul National University Hospital. The study 

involving human sample collection was approved by the In-

stitutional Ethics Review Board of Seoul National University 

Hospital (IRB approval number: 2004-230-1119). Three 

chronological peripheral blood samples were drawn from Pa-

tients A and E, and two chronological samples were obtained 

from Patients B, C, D, F, and G. A single blood sample was 

collected from Patients H-Q. PBMCs and plasma were iso-

lated using Lymphoprep (Stemcell Technologies, Vancouver, 
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BC, Canada), according to the manufacturer’s protocol. 

PBMCs were subjected to total RNA isolation, using the TRI 

Reagent (Invitrogen, Carlsbad, CA, USA), according to the 

manufacturer’s protocol. 

Next-generation sequencing (NGS) 

Genes encoding VH and part of the CH1 domain were am-

plified, using specific primers, as described previously (16, 

34). All primers used are listed in Table S8. Briefly, total RNA 

was used as a template to synthesize cDNA, using the Super-

script IV First-Strand Synthesis System (Invitrogen), with 

specific primers targeting the constant region (CH1 domain) 

of each isotype (IgM, IgD, IgG, IgA, and IgE) (34), according 

to the manufacturer’s protocol. Following cDNA synthesis, 1.8 

volumes of SPRI beads (AmpureXP, Beckman Coulter, Brea, 

CA, USA) were used to purify cDNA, which was eluted in 40 

μL water. The purified cDNA (18 μL) was subjected to second-

strand synthesis in a 25-μL reaction volume, using V gene-

specific primers (16) and KAPA Biosystems (KAPA HiFi Hot-

Start, Roche, Basel, Switzerland). The PCR conditions were as 

follows: 95°C for 3 min, 98°C for 1 min, 55°C for 1 min, and 

72°C for 5 min. Following the second-strand synthesis, dou-

ble-strand DNA (dsDNA) was purified, using SPRI beads, as 

described above. VH genes were amplified using 15 μL eluted 

dsDNA and 2.5 pmol of the primers listed in Table S8, in a 

50-μL total reaction volume (KAPA Biosystems), using the 

following thermal cycling program: 95°C for 3 min; 17 cycles 

of 98°C for 30 s, 65°C for 30 s, and 72°C for 1 min 10 s; and 

72°C for 5 min. The number of PCR cycles was increased, 

from 17 to 19, for samples from Patients B (d10 and 19), C (d6), 

E (d23), and G (d9 and 22). PCR products were purified using 

SPRI beads and eluted in 30 μL water. Genes encoding Vκ and 

Vλ were amplified using specific primers, as described previ-

ously (20, 35). Briefly, total RNA was used as a template to 

synthesize cDNA, using the Superscript IV First-Strand Syn-

thesis System (Invitrogen), with specific primers targeting 

the constant region, which are listed in Table S8, according 

to the manufacturer’s protocol. Following cDNA synthesis, 

SPRI beads were used to purify cDNA, which was eluted in 

40 μL water. Purified cDNA (18 μL) was used for the first am-

plification, in a 25-μL reaction volume, using VJ gene-specific 

primers, which are listed in Table S8, and KAPA Biosystems. 

The PCR conditions were as follows: 95°C for 3 min, 4 cycles 

of 98°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and 

72°C for 10 min. Subsequently, DNA was purified using SPRI 

beads, and the Vκ and Vλ genes were amplified using 15 μL 

eluted dsDNA and 2.5 pmol of the primers listed in Table S8, 

in a 50-μL total reaction volume (KAPA Biosystems). The PCR 

conditions were as follows: 95°C for 3 min; 17 cycles of 98°C 

for 30 s, 65°C for 30 s, and 72°C for 1 min 10 s; and 72°C for 

5 min. PCR products were purified using SPRI beads, as de-

scribed above. For the amplification of VH from each round 

of biopanning (rounds 0–4), gene fragments were amplified 

from phagemid DNA, using the primers listed in Table S8. 

SPRI-purified sequencing libraries were quantified with a 

4200 TapeStation System (Agilent Technologies), using a 

D1000 ScreenTape Assay, before performing sequencing on 

an Illumina MiSeq Platform. 

NGS data processing 

Pre-processing of the NGS data for the IG repertoire 

The raw NGS forward (R1) and reverse (R2) reads were 

merged by PEAR, v0.9.10, in default setting (36). The merged 

reads were q-filtered using the condition q20p95, which re-

sults in 95% of the base-pairs in a read having Phread scores 

higher than 20. The location of the primers was recognized 

from the q-filtered reads while allowing one substitution or 

deletion (Table S8). Primer regions that specifically bind to 

the molecules were trimmed in the reads to eliminate the ef-

fects of primer synthesis errors. Based on the primer recog-

nition results, unique molecular identifier (UMI) sequences 

were extracted, and the reads were clustered according to the 

UMI sequences. To eliminate the possibility that the same 

UMI sequences might be used for different read amplifica-

tions, the clustered reads were subclustered, according to the 

similarity of the reads (Five mismatches were allowed in each 

subcluster). The subclustered reads were aligned using a mul-

tiple sequence alignment tool, Clustal Omega, v1.2.4, in de-

fault setting (37, 38). From the aligned reads, the frequency 

of each nucleotide was calculated, and a consensus sequence 

of each subcluster was defined using the frequency infor-

mation. The read count of the consensus sequence was rede-

fined as the number of UMI subclusters that belong to the 

consensus sequences. 

Sequence annotation, functionality filtering, and 

throughput adjustment 

Sequence annotation consisted of two parts: isotype an-

notation and VDJ annotation. For annotation, the consensus 

sequence was divided into two sections, a VDJ region and a 

constant region, in a location-based manner. For isotype an-

notation, the extracted constant region was aligned with the 

IMGT (International Immunogenetics Information System) 

constant gene database (39). Based on the alignment results, 

the isotypes of the consensus sequences were annotated. 

Then, the VDJ regions of the consensus sequences were an-

notated using IgBLAST, v1.8.0 (40). Among the annotation 

results, V/D/J genes (V/J genes for VL), CDR1/2/3 sequences, 

and the number of mutations from the corresponding V 

genes were extracted for further analysis. Divergence values 

were defined as the number of mutations identified in the 

aligned V gene, divided by the aligned length. The non-func-

tional consensus reads were defined using the following cri-

teria and filtered-out: 1. sequence length shorter than 250 bp; 

2. existence of stop-codon or frame-shift in the full amino 

acid sequence; 3. annotation failure in one or more of the 

CDR1/2/3 regions; and 4. isotype annotation failure. The 
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functional consensus reads were random-sampled, to adjust 

the throughput of the VH data (Table S5). Throughput adjust-

ment was not conducted for VL data (Table S6). 

Preprocessing of the biopanning NGS data 

Pre-processing of the biopanning NGS data was per-

formed as previously reported, except for the application of 

the q-filtering condition q20p95 instead of q20p100 (41). 

Overlapping IGH repertoire construction 

To investigate the shared IGH sequences among the pa-

tients, we defined the overlapping IGH repertoire of the pa-

tients. Histograms for the nearest-neighbor distances of the 

HCDR3 amino acid sequences were calculated for the reper-

toire data. A hierarchical, distance-based analysis, which was 

reported previously (42), was applied to the HCDR3 amino 

acid sequences, to cluster functionally similar IGH sequences. 

The IGH sequences for all repertoire data could be approxi-

mated into a bimodal distribution, allowing the functionally 

similar IGH sequences to be extracted by capturing the first 

peak of the distribution (Figure S11). Threshold values for 

each data set were defined as the nearest-neighbor distance 

value of those points with a minimum frequency between the 

two peaks of the distribution. Then, the minimum value 

among all threshold values, 0.113871, was used to construct 

the overlapping IGH repertoire, which means that 11.3871% 

of mismatches in the HCDR3 amino acid sequence were al-

lowed in the overlapping IGH repertoire construction. To 

construct the overlapping IGH repertoire, the repertoire data 

sets of all patients were merged into one data set. The IGH 

sequences in the merged data set were then clustered, using 

the following conditions: 1. the same V and J gene usage; and 

2. mismatch smaller than 11.3871% among the HCDR3 amino 

acid sequences. Subsequently, clusters containing IGH se-

quences from more than one patient were included in the 

overlapping IGH repertoire data set. 

Extraction of binding-predicted clones 

From each round of biopanning (rounds 0, 2, 3, and 4), 

the VH genes were amplified and subjected to NGS analysis, 

using the MiSeq platform, as described previously (19). Bind-

ing-predicted clones from biopanning were selected by ana-

lyzing the enrichment or diminishment patterns of clones in 

the NGS data from four libraries, A_d17, A_d45, E_d23, and 

E_d44, at each round of biopanning. The enrichment of 

clones primarily occurred during the second round of biopan-

ning based on the input/output virus titer values for each 

round of biopanning and the frequencies of the clones in the 

NGS data (Figure S12). The frequency information in the NGS 

data sets for biopanning rounds 0, 2, 3, and 4 was subject to 

principal component analysis (PCA) for dimension reduction. 

Accordingly, principal component (PC)1 and PC2, which rep-

resented clone enrichment and clone depletion, respectively, 

were extracted. In the biopanning data, PC1 was primarily 

composed of the frequencies in rounds 2, 3, and 4, whereas 

PC2 was primarily composed of the frequency in round 0 

(Figure S13). Thus, we defined PC1-major clones as the pre-

dicted clones, by setting constant threshold values on the PC1 

value and the ratio between PC1 and PC2 (Table S7). 94.74% 

of the RBD-binding clones were mapped to the predicted 

clones (Figure S13). 

Construction of a human scFv phage-display library and 

VL shuffled libraries 

For the VH gene, the cDNA prepared for the NGS analysis 

was used. For the VΚ and Vλ genes, total RNA was used to 

synthesize cDNA, using the Superscript IV First-Strand Syn-

thesis System (Invitrogen), with oligo(dT) primers, according 

to the manufacturer’s instructions. Then, the genes encoding 

VΚ/Vλ and VH were amplified, from the oligo(dT)-synthesized 

cDNA and the cDNA prepared for NGS analysis, respectively, 

using the primers listed in Table S8 and KAPA Biosystems. 

The PCR conditions were as follows: preliminary denatura-

tion at 95°C for 3 min; 4 cycles of 98°C for 1 min, 55°C for 1 

min, and 72°C for 1 min; and 72°C for 10 min. Subsequently, 

DNA was purified using SPRI beads, as described above. The 

purified DNA was amplified using the primers listed in Table 

S8 and KAPA Biosystems. The PCR conditions were as fol-

lows: preliminary denaturation, at 95°C for 3 min; 25 cycles 

of 98°C for 30 s, 58°C for 30 s, and 72°C for 90 s; and 72°C 

for 10 min. Then, the VH and VΚ/Vλ fragments were subjected 

to electrophoresis, on a 1% agarose gel, and purified, using a 

QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA, USA), 

according to the manufacturer’s instructions. The purified VH 

and VΚ/Vλ fragments were mixed, at equal ratios at 50 ng, and 

subjected to overlap extension, to generate scFv genes, using 

the primers listed in Table S8 and KAPA Biosystems. The PCR 

conditions were as follows: preliminary denaturation, at 

94°C for 5 min; 25 cycles of 98°C for 15 s, 56°C for 15 s, and 

72°C for 2 min; and 72°C for 10 min. The amplified scFv frag-

ment was purified and cloned into a phagemid vector, as de-

scribed previously (43). 

For the construction of VΚ/Vλ shuffled libraries, gBlocks 

Gene Fragments (Integrated DNA Technologies, Coralville, 

IA, USA), encoding A-11, E-12, A-31, A-32, B-33, E-34, A,B,G-

42, G-44, D-51, F-53, E-52, and A-54, were synthesized. Syn-

thesized VH and the VΚ/Vλ genes from Patients A, E, and G 

were used to synthesize the scFv libraries using PCR, as de-

scribed previously (43). Then, the amplified scFv fragments 

were purified and cloned into the phagemid vector, as de-

scribed above. 

Biopanning 

Phage display of the human scFv libraries exceeded com-

plexity of 3.8 × 108, 6.7 × 108, 2.0 × 108, and 7.2 × 108 colony-

forming units for A_d17, A_d45, E_d23, and E_d44, respec-

tively. These libraries were subjected to four rounds of bi-

opanning against the recombinant SARS-CoV-2 RBD protein 

(Sino Biological Inc., Beijing, China), fused to mFc or hCκ, as 
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described previously (44). Briefly, 3 μg of the recombinant 

SARS-CoV-2 RBD protein was conjugated to 1.0 × 107 mag-

netic beads (Dynabeads M-270 epoxy, Invitrogen) and incu-

bated with the scFv phage-display libraries (approximately 

1012 phages), for 2 hours at 37°C. During the first round of 

biopanning, the beads were washed once with 500 μL of 

0.05% (v/v) Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) in 

phosphate-buffered saline (PBST). For the other rounds of bi-

opanning, 1.5 μg of recombinant SARS-CoV-2 RBD protein 

was conjugated to 5.0 × 106 magnetic beads, and the number 

of washes was increased to three. After each round of biopan-

ning, the bound phages were eluted and rescued, as described 

previously (44). 

Phage ELISA 

To select SARS-CoV-2 S reactive clones, phage ELISA was 

performed, using recombinant S and RBD protein-coated mi-

crotiter plates, as described previously (45). Reactive scFv 

clones were subjected to Sanger sequencing (Cosmogenetech, 

Seoul, Republic of Korea), to determine their nucleotide se-

quences. 

Expression of recombinant proteins 

A human, codon-optimized, SARS-CoV-2 RBD 

(YP_009724390.1, amino acids 306–543) gene was synthe-

sized (Integrated DNA Technologies). Using a synthesized 

wild-type RBD gene as a template, RBD mutants (V341I, 

F342L, N354D, N354D/D364Y, V367F, R408I, A435S, W436R, 

G476S, and V483A) were generated through two-step PCR, 

using the primers listed in Table S8. The genes encoding wild-

type or mutant SARS-CoV-2 RBD were cloned into a modified 

mammalian expression vector, containing the hCκ gene (44), 

and transfected into Expi293F (Invitrogen) cells. The fusion 

proteins were purified by affinity chromatography, using 

KappaSelect Columns (GE Healthcare, Chicago, IL, USA), as 

described previously (46). Due to low expression yields, two 

RBD mutants (N354D/D364Y, W436R) were excluded from 

further studies. 

The genes encoding the selected scFv clones were cloned 

into a modified mammalian expression vector, containing the 

hIgG1 Fc regions (hFc) or hCκ at the C terminus (44, 47), be-

fore being transfected and purified by affinity chromatog-

raphy, as described above. 

Genes encoding VH and VL were amplified, cloned into a 

mammalian expression vector containing the CH1 and hinge 

regions of human IgG2 fused to the CH2 and CH3 regions of 

human IgG4 (48, 49), and transfected into Expi293F cells 

(Invitrogen) as described previously (50). Then, IgG2/4 was 

purified by affinity chromatography using MabSelect col-

umns with the AKTA Pure chromatography system (GE 

Healthcare) following the manufacturer’s protocol. 

ELISA 

100 ng of each recombinant SARS-CoV-2 S (Sino Biologi-

cal Inc.), S1 (Sino Biological Inc.), S1 D614G (Sino Biological 

Inc.), S2 (Sino Biological Inc.), NP (Sino Biological Inc.), RBD, 

RBD mutants, SARS-CoV RBD (Sino Biological Inc.), MERS-

CoV S (Sino Biological Inc.), RBD (Sino Biological Inc.), S2 

(Sino Biological Inc.) proteins were added to microtiter plates 

(Costar), in coating buffer (0.1 M sodium bicarbonate, pH 

8.6). After incubation at 4°C, overnight and blocking with 3% 

bovine serum albumin (BSA) in PBS, for 1 hour at 37°C, seri-

ally diluted plasma (5-fold, 6 dilutions, starting from 1:100) 

or scFv-hFc (5-fold, 12 dilutions, starting from 1,000 or 500 

nM) in blocking buffer was added to individual wells and in-

cubated for 1, h at 37°C. Then, plates were washed three times 

with 0.05% PBST. Horseradish peroxidase (HRP)-conjugated 

rabbit anti-human IgG antibody (Invitrogen) or anti-human 

Ig kappa light chain antibody (Millipore, Temecula, CA, 

USA), in blocking buffer (1:5,000), was added to wells and in-

cubated for 1 hour at 37°C. After washing three times with 

PBST, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic 

(ThermoFisher Scientific Inc., Waltham, MA, USA) or 

3,3′,5,5′-Tetramethylbenzidine liquid substrate system 

(ThermoFisher Scientific Inc.) was added to the wells. Ab-

sorbance was measured at 405 nm or 650 nm, respectively, 

using a microplate spectrophotometer (Multiskan GO; 

Thermo Scientific). 

Flow cytometry 

The recombinant SARS-CoV-2 S protein (200 nM), fused 

with a HIS-tag at the C terminus (Sino Biological Inc.), was 

incubated with scFv-hFc fusion proteins at a final concentra-

tion of either 200 nM (equimolar) or 600 nM (molar ratio of 

1:3), in 50 μL of 1% (w/v) BSA in PBS, containing 0.02% (w/v) 

sodium azide (FACS buffer), at 37°C for 1 hour. Irrelevant 

scFv-hFc or scFv-hCκ fusion proteins were used as negative 

controls. Vero E6 cells (ACE2+) were seeded into v-bottom 96-

well plates (Corning, Corning, NY, USA), at a density of 1.5 × 

105 cells per well. Then, the mixture was added to each well 

and incubated, at 37°C for 1 hour. After washing three times 

with FACS buffer, FITC-labeled rabbit anti-HIS Ab (Abcam, 

Cambridge, UK) was incubated, at 37°C for 1 hour. Then, the 

cells were washed three times with FACS buffer, resuspended 

in 150 μL of PBS, and subjected to analysis by flow cytometry, 

using a FACS Canto II instrument (BD Bioscience, San Jose, 

CA, USA). For each sample, 10,000 cells were analyzed. 

Microneutralization assay 

The virus (BetaCoV/Korea/SNU01/2020, accession num-

ber MT039890) was isolated at the Seoul National University 

Hospital and propagated in Vero cells (ATCC CCL-81), using 

Dulbecco’s Modified Eagle’s Medium (DMEM, Welgene, 

Gyeongsan, Republic of Korea) supplemented with 2% fetal 

bovine serum (Gibco) (51). The cells were grown in T-25 

flasks, (ThermoFisher Scientific Inc.), inoculated with SARS-

CoV-2, and incubated at 37°C, in a 5% CO2 environment. 3 

days after inoculation, virus was harvested from culture su-

pernatants and stored at -80°C. The virus titer was 
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determined via a TCID50 assay (52). 

Vero cells were seeded in T-25 flasks and grown for 24 

hours, at 37°C, in a 5% CO2 environment, to ensure 80% con-

fluency on the day of inoculation. The recombinant scFv-hCκ 

fusion proteins (0.5, 5, or 50 μg/mL) were mixed with 2,500 

TCID50 of SARS-CoV-2, and the mixture was incubated for 2 

hours, at 37°C. The mixture (1 mL) was added to Vero cells 

and incubated for 1 hour, at 37°C, in a 5% CO2 environment. 

After incubation for 1 hour, 6 mL of complete media was 

added to the flasks and incubated, at 37°C, in a 5% CO2 envi-

ronment. After 0, 24, 48, and 72 hours of infection, the culture 

supernatant was collected, to measure the virus titers. Viral 

RNA was extracted using the MagNA Pure 96 DNA and Viral 

NA small volume kit (Roche, Germany), according to the 

manufacturer’s instructions. Viral RNA was detected using 

the PowerChek 2019-nCoV Real-time PCR Kit (Kogene Bio-

tech, Seoul, Republic of Korea), for the amplification of the E 

gene and quantified according to a standard curve, which was 

constructed using in vitro transcribed RNA provided by the 

European Virus Archive (https://www.european-virus-

archive.com). An alternative neutralization assay was per-

formed as described previously (53). Briefly, Vero cells were 

seeded in 96-well flat-bottom tissue culture microtiter plates 

in DMEM medium were grown for 24 hours at 37°C in a 5% 

CO2 environment. 50 μl of two-fold serially diluted IgG2/4 

were mixed with an equal volume of SARS-CoV-2 containing 

100 TCID50 and the IgG2/4-virus mixture was incubated at 

37 °C for 1 hour. The mixture was then transferred into a 96-

well microtiter plate containing Vero cells with 8 repeats and 

incubated for 5 days at 37°C in a 5% CO2 environment. Cells 

infected with 100 TCID50 of SARS-CoV-2, isotype IgG2/4 con-

trol, or without the virus, were applied as positive, negative, 

and uninfected controls, respectively. The cytopathic effect 

(CPE) in each well was observed 5 days post-infection. The 

IC50 was calculated using GraphPad Prism 8 (GraphPad Soft-

ware, San Diego, CA, USA). All experiments using authentic 

SARS-CoV-2 were conducted in Biosafety Level 3 laboratory. 

Statistical analyses 

Data are represented as mean ± standard deviation. Sta-

tistical analyses were performed using R software v.3.4.3. For 

the flow cytometry analysis using ACE2-expressing cells and 

recombinant SARS-CoV-2 S protein, results were analyzed by 

independent t-tests. 
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Fig. 1. Titrations of serum IgG by ELISAs specific to SARS-CoV-2. Plasma samples 

from 17 SARS-CoV-2 patients were diluted (1:100) and added to plates coated with 

recombinant SARS-CoV-2 (A) N, (B) S, (C) S1, (D) S2, which was fused to a 
polyhistidine (HIS) tag, or (E) RBD protein, which was fused to a human Cκ domain. 

The amount of bound IgG was determined using anti-human IgG (Fc-specific) 

antibody, ABTS was used as the substrate. All experiments were performed in 

duplicate, and the data are presented as the mean ± SD. 
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Fig. 2. Characteristics of the isolated nAbs, stereotypic IGH clonotypes, and RBD binding-predicted clones. (A) 

Serially diluted IgG2/4 was mixed with an equal volume of SARS-CoV-2 containing 100 TCID50 and the IgG2/4-virus 

mixture was added to Vero cells with 8 repeats and incubated for 5 days. Cells infected with 100 TCID50 of SARS-CoV-

2, isotype IgG2/4 control, or without the virus, were applied as positive, negative, and uninfected controls, 

respectively. CPE in each well was observed 5 days post-infection. (B) Characteristics of nAbs discovered in Patients 

A and E. (C) IGH clonotypes that are highly homologous to E-3B1 and reactive against recombinant SARS-CoV-2 S 

and RBD proteins. The right column shows the results of the phage ELISA. All experiments were performed in 

quadruplicate, and the data are presented as the mean ± SD. (D) List of diverse IGL clonotypes that can be paired with 

the IGH clonotypes from (B) to achieve reactivity. (E) J and (F) VJ gene usage in the IGH repertoire of patients (upper) 

and the binding-predicted IGH clones (bottom). For the VJ gene usage heatmap, the frequency values for the IGH 

repertoire of all 17 patients were averaged and are displayed (upper) along with those of the predicted RBD-binding 

IGH clones (bottom). N/A: not applicable 
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Fig. 3. Deep profiling of the IGH repertoires of Patients A and E. (A and B) IGH repertoires of (A) Patient A and 

(B) Patient E were analyzed 11, 17, and 45 (A_d11, A_d17, A_d45) days and 23, 44, and 99 (E_d23, E_d44, E_d99) 

days after symptom onset, respectively. IGH repertoires were examined according to divergence from the 

germline and the isotype composition of the sequences. Values for divergence from the germline were calculated 

separately for each isotype and are presented as violin plots, ordered by the class-switch event. The bar graphs 

on the top of the violin plots represent the proportion of each isotype in the repertoire. (C and D) Mapping of 

three types of RBD-binding IGH sequences (neutralize, bind, and predicted), derived from either (C) Patient A or 

(D) Patient E, against the corresponding IGH repertoire. The positions of the RBD-binding IGH sequences in the 

divergence value were annotated as dot plots on the same scale used for (A) and (B). Bar graphs on the top of 

the dot plots indicate the isotype compositions of the sequences in the repertoire. 
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Fig. 4. Reactivity of nAbs against recombinant SARS-CoV-2 spike mutants. Recombinant wild-type 

or mutant (V341I, F342L, N354D, V367F, R408I, A435S, G476S, V483A, and D614G) SARS-CoV-2 S, 

S1, or RBD protein-coated microtiter plates were incubated with varying concentrations of (A) E-3B1-

hFc, (B) A-1H4-hFc, (C) A-2F1-hFc, (D) A-2H4-hFc, (E) E-3G9-hFc, and (F) irrelevant scFv-hFc. HRP-

conjugated anti-human IgG antibody was used as the probe, and ABTS was used as the substrate. All 

experiments were performed in triplicate, and data are presented as the mean ± SD. 
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Table 1. The stereotypic VH clonotypes against SARS-CoV-2 RBD in the healthy population and in SARS-CoV-2-infected pa-

tients.  

Healthy population 

sample V gene J gene CDR3 AA Divergence Isotype Occurrence 

326650 IGHV3-53 / 3-66 IGHJ6 DLYYYGMDV 0.007 ± 0.003 M (100%) 12 

326713 IGHV3-53 / 3-66 IGHJ6 DLYYYGMDV 0.005 ± 0.010 M (92.3%), G (7.7%) 13 

326780 IGHV3-53 / 3-66 IGHJ6 DLYYYGMDV 0.014 ± 0.010 M (97.4%), G (2.6%) 38 

326797 IGHV3-53 IGHJ6 DLYYYGMDV 0.004 M (100%) 1 

327059 IGHV3-53 / 3-66 IGHJ6 DLYYYGMDV 0.003 ± 0.005 M (100%) 8 

D103 IGHV3-53 IGHJ6 DLYYYGMDV 0.008 ± 0.020 M (100%) 9 

326650 IGHV3-53 / 3-66 IGHJ6 DLDYYGMDV 0.006 ± 0.002 M (75%), G (25%) 4 

326713 IGHV3-53 / 3-66 IGHJ6 DLDYYGMDV 0.012 ± 0.018 M (100%) 4 

326797 IGHV3-66 IGHJ6 DLDYYGMDV 0.055 M (100%) 1 

327059 IGHV3-53 / 3-66 IGHJ6 DLDYYGMDV 0.001 ± 0.002 M (100%) 4 

D103 IGHV3-53 IGHJ6 DLDYYGMDV 0.053 M (100%) 1 

326713 IGHV3-53 / 3-66 IGHJ6 DLVAYGMDV 0.008 ± 0.011 M (100%) 2 

326713 IGHV3-53 IGHJ6 DLVYYGDMV 0.001 ± 0.002 M (100%) 3 

326797 IGHV3-53 IGHJ6 DLVYYGMDV 0.089 ± 0.008 M (100%) 2 

326713 IGHV3-53 IGHJ6 DLVVYGMDV 0.024 ± 0.052 M (100%) 5 

326780 IGHV3-53 / 3-66 IGHJ6 DLSYYGMDV 0.024 ± 0.024 
M (98.44%), D (0.78%), G 

(0.78%) 
128 

D103 IGHV3-53 IGHJ6 DLSYYGMDV 0.022 ± 0.003 M (100%) 2 

327059 IGHV3-53 IGHJ6 DLGDYGMDV 0.000 M (100%) 1 

326713 IGHV3-66 IGHJ6 DAVSYGMDV 0.000 ± 0.000 M (100%) 2 

SARS-CoV-2-infected patients 

sample V gene J gene CDR3 AA Divergence Isotype Occurrence 

A IGHV3-53 IGHJ6 DLYYYGMDV 0.002 ± 0.004 M (5.1%), G1 (94.9%) 59 

B IGHV3-53 IGHJ6 DLYYYGMDV 0.000 ± 0.000 M (33.3%), G1 (66.7%) 3 

G IGHV3-53 / 3-66 IGHJ6 DLYYYGMDV 0.005 ± 0.003 G1 (84.6%), A1 (15.4%) 14 

I IGHV3-53 IGHJ6 DLYYYGMDV 0.000 ± 0.000 M (100%) 4 

K IGHV3-53 IGHJ6 DLYYYGMDV 0.009 ± 0.000 G1 (100%) 2 

A IGHV3-53 IGHJ6 DLAVYGMDV 0.004 ± 0.000 G1 (100%) 2 

E IGHV3-66 IGHJ6 DLAVYGMDV 0.018 ± 0.000 G1 (100%) 6 

A IGHV3-53 IGHJ6 DLDYYGMDV 0.000 ± 0.000 G1 (100%) 3 

E IGHV3-53 IGHJ6 DLDYYGMDV 0.004 ± 0.000 A1 (100%) 4 

I IGHV3-66 IGHJ6 DLDYYGMDV 0.002 ± 0.003 G1 (100%) 5 

K IGHV3-53 IGHJ6 DLDYYGMDV 0.007 ± 0.005 G1 (100%) 107 

M IGHV3-53 IGHJ6 DLDYYGMDV 0.018 G1 (100%) 1 

A IGHV3-53 IGHJ6 DLVAYGMDV 0.008 ± 0.017 G1 (100%) 14 

B IGHV3-53 IGHJ6 DLVAYGMDV 0.009 G1 (100%) 1 

E IGHV3-53 IGHJ6 DLVAYGMDV 0.005 ± 0.002 G1 (100%) 6 

D IGHV3-53 IGHJ6 DLVYYGMDV 0.004 G1 (100%) 1 

E IGHV3-53 IGHJ6 DLVYYGMDV 0.013 A1 (100%) 1 

F IGHV3-53 IGHJ6 DLVYYGDMV 0.001 ± 0.003 M (75%), G1 (25%) 16 

B IGHV3-53 IGHJ6 DLVVYGMDV 0.002 ± 0.002 M (27.3%), G1 (72.7%) 11 

E IGHV3-53 IGHJ6 DLVVYGMDV 0.013 ± 0.000 A2 (100%) 4 

H IGHV3-53 IGHJ6 DLVVYGMDV 0.009 ± 0.000 G1 (100%) 7 

A IGHV3-53 IGHJ6 DLSYYGMDV 0.013 ± 0.016 G1 (100%) 5 

F IGHV3-53 IGHJ6 DLSYYGMDV 0.018 G1 (100%) 1 

O IGHV3-53 IGHJ6 DLSYYGMDV 0.000 G1 (100%) 1 

A IGHV3-53 IGHJ6 DLGDYGMDV 0.009 ± 0.000 G1 (100%) 3 

E IGHV3-53 IGHJ6 DLGDYGMDV 0.018 ± 0.019 G1 (85.7%), A1 (14.3%) 7 

F IGHV3-53 IGHJ6 DLGDYGMDV 0.003 ± 0.002 M (92.0%), G1 (8.0%) 163 

H IGHV3-53 IGHJ6 DLGDYGDMV 0.004 ± 0.000 G1 (100%) 8 

G IGHV3-53 IGHJ6 DAVSYGMDV 0.004 ± 0.004 M (7.0%), G1 (93.0%) 57 

I IGHV3-53 IGHJ6 DAVSYGMDV 0.007 ± 0.003 G1 (100%) 9 

P IGHV3-53 IGHJ6 DAVSYGMDV 0.000 ± 0.000 G1 (100%) 3 
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E IGHV3-53 IGHJ6 DLGPYGMDV 0.009 G1 (100%) 1 

I IGHV3-53 / 3-66 IGHJ6 DLGPYGMDV 0.010 ± 0.003 
G3 (40%), G1 (40%), A1 

(20%) 
4 

A IGHV3-53 IGHJ6 DLVIYGMDV 0.003 ± 0.004 M (5.9%), G1 (94.1%) 17 

I IGHV3-66 IGHJ6 DLVIYGMDV 0.007 ± 0.004 G1 (100%) 8 

E IGHV3-53 / 3-66 IGHJ6 DLVVLGMDV 0.009 ± 0.000 A2 (100%) 20 

I IGHV3-53 IGHJ6 DLVVLGMDV 0.000 G1 (100%) 1 

The healthy population samples based on publicly available IGH repertoires or patient identification can be found in the sample column. 

Clonotypes were mapped according to identical VJ gene usage of IGHV3-53/IGHV3-66 and IGHJ6 and perfectly matched HCDR3 amino 

acid sequences. Read counts of the mapped sequences in the repertoires of each sample were annotated in the occurrence column. For 

clonotypes with multiple occurrences, the mean and standard deviation of divergence were represented. The proportion of each isotype is 

indicated for each sample as a percentage. 

 

http://www.sciencemag.org/

	CORONAVIRUS
	Stereotypic neutralizing VH antibodies against SARS-CoV-2 spike protein receptor binding domain in COVID-19 patients and healthy individuals

