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Abstract

Broadly neutralizing antibodies against SARS-CoV-2 variants are sought to curb COVID-19 

infections. Here we produced and characterized a set of mouse monoclonal antibodies (mAbs) 
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specific for the ancestral SARS-CoV-2 receptor binding domain (RBD). Two of them, 17A7 

and 17B10, were highly potent in microneutralization assay with 50% inhibitory concentration 

(IC50) ≤ 135 ng/ml against infectious SARS-CoV-2 variants, including G614, Alpha, Beta, 

Gamma, Delta, Epsilon, Zeta, Kappa, Lambda, B.1.1.298, B.1.222, B.1.5 and R.1. Both mAbs 

(especially 17A7) also exhibited strong in vivo efficacy in protecting K18-hACE2 transgenic 

mice from the lethal infection with G614, Alpha, Beta, Gamma and Delta viruses. Structural 

analysis indicated that 17A7 and 17B10 target the tip of the receptor binding motif (RBM) in the 

RBD-up conformation. A third RBD-reactive mAb (3A6) although escaped by Beta and Gamma, 

was highly effective in cross-neutralizing Delta and Omicron BA.1 variants in vitro and in vivo. 

In competition experiments, antibodies targeting epitopes similar to these 3 mAbs were rarely 

enriched in human COVID-19 convalescent sera or post-vaccination sera. These results are helpful 

to inform new antibody/vaccine design and these mAbs can be useful tools for characterizing 

SARS-CoV-2 variants and elicited antibody responses.

Keywords

SARS-CoV-2; receptor binding domain (RBD); RBD-reactive antibody; neutralizing antibody; 
cross-neutralization; structural analysis

Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) is one of the deadliest disease outbreaks in modern 

history. As of December 2022, >600 million confirmed COVID-19 infections including 

>6.6 million deaths worldwide have been reported to the World Health Organization (WHO 

Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With 

Vaccination Data).

SARS-CoV-2 infection of human cells is initiated by its spike glycoprotein. The spike is 

a trimeric protein consisting of three copies of each S1 subunit and S2 subunit1. The S1 

subunit contains the receptor binding domain (RBD) that is involved in direct binding to 

host cell receptor angiotensin-converting enzyme 2 (ACE2) for viral entry2,3. The S2 subunit 

is the fusion machinery that mediates fusion between the viral membrane and the host cell 

membrane4. Similar to SARS-CoV and MERS-CoV, the SARS-CoV-2 RBD also adopts two 

states of conformation — “up” and “down” positions1,4,5. When RBD is in the “down” 

conformation, the ACE2 binding site is partially buried and is inaccessible to the receptor 

and some neutralizing antibodies; when the RBD conformation changes to an “up” position, 

the ACE2 binding site is fully exposed for the receptor engagement and cell attachment1,4. 

The spike is also the major surface antigen that induces strong host immune responses6–9. 

Thus, spike is the primary target for vaccine design and therapeutic antibody development.

Most SARS-CoV-2 neutralizing antibodies reported in the literature directly target RBD 

and are classified into several groups according to their epitope specificities10–13. Class 

1/2 antibodies described by Barnes et al.10, RBD-1/2 antibodies by Hastie et al.11, or 

RBS-A/B antibodies by Yuan et al.12,13 essentially refer to the same type of neutralizing 

antibodies that only bind RBDs in the “up” conformation and directly compete with ACE2 
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for binding. Representative antibodies in this group include Etesevimab (LY-CoV16 or 

CB6), Casirivimab (REGN10933), AZD8895, COVA2-04, CoVIC-259, etc.12–14. RBD-3 

antibodies exemplified by CoVIC-080 and EMD-24346 also bind the center of ACE2 

binding site in the RBD-up conformation toward the mesa of the receptor binding motif 

(RBM)11. RBD-4/5 or RBS-C/D or Class 3 antibodies bind the outer face of RBD in 

either “up” or “down” conformation10–14. Antibodies in this group include CoVIC-215, 

CoVIC-096, P2B-2F6, REGN10987, C135, C110, etc.10–12. Antibodies from the remaining 

structural groups exemplified by CR3022 bind a conserved cryptic epitope on the inner face 

of RBD away from the ACE2 binding site10–14.

Since the beginning of the COVID-19 pandemic, SARS-CoV-2 has evolved rapidly 

into many genetic lineages with different antigenic properties (https://nextstrain.org/), 

five of them (Alpha, Beta, Gamma, Delta and Omicron) have been named as variants 

of concern (VOCs) by the World Health Organization. Mutations acquired by VOCs 

are heavily concentrated in the RBD region, enabling them to escape recognition by 

antibodies11,12,15–21. VOC mutations also confer resistance to neutralization by convalescent 

sera and vaccine-elicited polyclonal antibodies likely contributing to reinfections and 

breakthrough infections20,22–26. Thus, highly potent and broadly neutralizing antibodies are 

desired to cope with the continuous emergence of novel SARS-CoV-2 variants.

In this study, we characterized a set of mouse RBD-reactive mAbs and identified two 

mAbs — 17A7 and 17B10 that broadly neutralize infectious SARS-CoV-2 from ancestral 

strains to Delta variants. A third RBD-reactive mAb — 3A6, sensitive to E484K and 

N501Y substitutions in the ACE2 binding site, is highly potent at neutralizing Delta and 

Omicron BA.1 variants in vitro and in vivo. These mAbs should be useful reagents for 

characterization of emerging variants and related vaccines.

Results

Binding characteristics of RBD-reactive mAbs

Five mAbs — 17A7, 17B10, 3A6, 2G5 and 20B5 (Supplementary Table S1) were selected 

from a pool of hybridoma clones derived from mice immunized with the RBD of the 

original Wuhan-Hu-1 (D614) strain. All mAbs showed high binding affinity to ancestral 

RBD as measured by Bio-layer Interferometry (BLI) (Figure 1A). They also exhibited 

high neutralization potency, with 50% inhibitory concentration (IC50) ≤ 198 ng/ml against 

pseudovirus bearing D614 spike (Figure 1B). The BLI epitope binning assay showed that 

17B10 competed with the other 4 mAbs for binding to immobilized RBD but could not 

block the binding of a purified spike-specific rabbit polyclonal antibody (Figure 2A), 

suggesting that these 5 mAbs target similar epitopes on RBD. On the other hand, these 5 

mAbs exhibited different ELISA binding affinity toward immobilized RBD variants (Figure 

2B–2F). 17A7 had larger ELISA Kd against RBD from the original Wuhan-Hu-1 (D614) 

and variants of Alpha, Beta and Gamma than the other 4 mAbs (Figure 2B–2E). 2G5 had 

the smallest ELISA Kd against the original RBD and Alpha RBD (Figure 2B and 2C). mAb 

3A6 exhibited minimal binding to immobilized Beta RBD (Figure 2D) and a much higher 

Kd against Delta RBD than the other mAbs (Figure 2F). These results suggest that point 

mutations in RBD variants affect the binding characteristics of these RBD-reactive mAbs.
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Distinct neutralization profiles of RBD-reactive mAbs against live SARS-CoV-2 clinical 
isolates

When tested by live virus-based microneutralization (MN) assay, all 5 mouse mAbs were 

highly effective in inhibiting the original D614 and G614 (B.1.3) viruses, as well as 

variants that emerged before the Delta wave, including Alpha (B.1.1.7), B.1.1.298, B.1.222, 

Epsilon (B.1.429), B.1.5 and Lambda (C.37) viruses (Figure 3A–3H) with MN IC50 ranging 

from 0.9 ng/ml to 135 ng/ml (Table 1). In comparison, two well characterized human 

RBD-reactive mAbs COVA2–3910,27 and C63C76,28 were significantly less effective in 

neutralizing live D614 with very limited cross-reactivity toward other variants (Table 1). 

Among 5 mouse mAbs, 17A7 was the most potent with the lowest MN IC50 (≤ 29 ng/ml) 

against nearly all SARS-CoV-2 variants prior to the Delta (Figure 3A–3M, Table 1). 17B10 

ranked second in neutralizing activity against pre-Delta variants, with MN IC50 ranging 

from 1.3 ng/ml to 60 ng/ml (Table 1). 3A6 was the only mAb that was unable to neutralize 

the Beta (B.1.351) variant and had significantly higher IC50 (392–5527 ng/ml) against 

R.1, Gamma (P.1) and Zeta (P.2) variants than the other mAbs (Figure 3I–3L, Table 1). 

Interestingly, 3A6 was highly effective in inhibiting the Delta variant with a significantly 

lower IC50 of 7.3 ng/ml compared to 17A7 (125 ng/ml), 17B10 (136 ng/ml), 20B5 (70 

ng/ml) and 2G5 (888 ng/ml) (Figure 3N, Table 1). These results indicate that these RBD-

reactive mAbs, especially 17A7 and 17B10 have high neutralizing activities against a wide 

range of SARS-CoV-2 clinical isolates from the original D614 strain to the Delta variant.

In vivo protection of RBD-reactive mAbs against live SARS-CoV-2 clinical isolates

Passive antibody transfer and challenge experiments were then conducted to determine the 

in vivo protective efficacy of selected mAbs in SARS-CoV-2-susceptible K18-hACE2 mice 

(Figure 4A). 17A7 and 17B10 were selected because they were the most potent mAbs with 

broad in vitro neutralization spectra (Table 1). Naive K18-hACE2 mice were given 17A7 

or 17B10 intraperitoneally, at 3–6 mg/kg body weight (BW), and subsequently challenged 

intranasally with a pre-determined lethal dose of G614 (103 TCID50/mouse, Figure 4B), 

Alpha (102 TCID50/mouse, Figure 4C), Beta (102 TCID50/mouse Figure 4D) or Gamma 

(102 TCID50/mouse, Figure 4E)25,29,30. Control mice that received an irrelevant isotype 

control showed widespread BW loss and all succumbed to death within 8 days of challenge 

(Figure 4B–4E). In contrast, administration of 17A7 or 17B10 at a dose of 3 mg/kg or higher 

protected recipient mice from the lethal infection of G614, Alpha, Beta or Gamma viruses 

(Figure 4B–4E). The in vivo efficacy results were consistent with in vitro neutralization 

activities of the mAbs. When recipient mice were challenged with a lethal dose of Delta 

variant at 102 TCID50/mouse, administration of 17A7 and 17B10 at the dose of 6 mg/kg 

was unable to prevent infection (Figure 4F). Only 75% (17A7) and 25% (17B10) of mice 

survived after suffering significant morbidity (Figure 4F). In comparison, mice that received 

3A6 at the same dose were fully protected with no or minimal morbidity (Figure 4F). 

3A6 administration also resulted in significantly reduced viral titers in lungs (~2 log) and 

brains (~1 log) as compared to control mice after the Delta challenge (Supplementary Figure 

S1A). 17A7 at the same dose also significantly reduced pulmonary viral titers in Delta-

challenged mice, but the protective effect was marginal nor extended to extrapulmonary 

organs (Supplementary Figure S1A).
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During the characterization of these RBD-reactive mAbs, the Omicron variants emerged and 

quickly evolved into multiple sub-lineages. Four of the RBD-reactive mAbs (17A7, 17B10, 

2G5 and 20B5) completely lost binding to Omicron RBD by ELISA (Figure 5A) and were 

unable to neutralize live Omicron variants including BA.1, BA.1.1, BA.2, BA.4 and BA.5 in 
vitro (Figure 5B–5F). Although 3A6 remained reactive to Omicron BA.1 RBD by ELISA 

(Figure 5A), it lost the ability to recognize and bind to other Omicron variants. Additionally, 

3A6 was the only mAb capable of neutralizing live Omicron BA.1 and BA.1.1 variants 

in vitro (Figure 5B–5D), but the potency was drastically reduced with MN IC50 values 

>10,000 ng/ml (Table 1). In the K18-hACE2 passive transfer and challenge model, mice 

injected with 3A6 at 6 mg/kg only had marginally reduced viral titers in lungs and hearts 

as compared to control mice after Omicron BA.1 challenge (Supplementary Figure S1B). 

Like the other mAbs, 3A6 completely lost in vitro neutralizing activity against antigenically 

further-evolved Omicron BA.4 and BA.5 subvariants (Figure 5E and 5G). Taken together, 

the in vivo protective effects of 17A7, 17B10 and 3A6 are consistent with their in vitro 
neutralization capacities against live SARS-CoV-2 clinical isolates.

Competition of RBD-reactive mAbs with human COVID-19 polyclonal sera

Competitive ELISAs were set up to assess if human COVID-19 polyclonal sera elicited by 

infection or vaccination could compete with 17A7, 17B10 or 3A6 for RBD binding (Figure 

6A). Human COVID-19 convalescent sera elicited during the first wave of the pandemic 

showed no competition with any of the 3 mAbs tested (Figure 6B–6D). Human COVID-19 

mRNA post-vaccination sera also showed no or minimal competition with 17A7 or 17B10 

for ancestral RBD binding (Figure 6B and 6C). Although the polyclonal sera elicited by 

2-dose COVID-19 mRNA vaccines marginally competed with 3A6 for the original RBD 

binding, the competitive ability was slightly enhanced after a vaccine booster dose (Figure 

6D). These results suggest that human antibodies recognizing similar epitopes as 17A7, 

17B10 or 3A6 are not commonly induced by SARS-CoV-2 antigen exposure (infection or 

vaccination).

Structural analysis of cross-neutralizing 17B10, 17A7 and 3A6 mAbs

Cryo-electron microscopy (Cryo-EM) was performed to determine the structure of the 

complex of 17B10 bound to the full-length spike (G614) trimer (Supplementary Figure S2 

and S3). Multiple rounds of 3D classification and refinement led to a major class of one 

copy of 17B10 Fab in complex with the one-RBD-up spike trimer (Supplementary Figure 

S2). Further rounds of refinement produced an overall map at 2.8Å resolution and a local 

map focusing on the Fab-RBD interface at 3.6Å resolution. As shown in Figure 7A, both 

the CDR H1–3 (Ser52, Asn71, Ser76, Arg119, Tyr120 and Ser477) and CDR L1–3 (Tyr111, 

Ser113 and Tyr114) of 17B10 make direct contacts with the RBD. On the RBD side, the 

binding surface is formed primarily by residues 455–458 and residues 473–493, particularly 

with residues 458, 477, 478, 486, 487 and 489 as the key contacting sites (Figure 7D).

To compare the binding mode of 17B10 with that of between 17A7 or 3A6, we used 

negative strain EM and reconstructed the 3D maps of the spike (G614) trimer in complex 

with 17A7 or 3A6 at a resolution of 11Å and 13Å, respectively (Figure 8). Like 17B10, 

17A7 is an RBD-2 (or RBS-B or Class 1) mAb but binds all 3 RBDs in the up conformation 
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in one spike trimer (Figure 8A and 8C, Supplementary Table S1). 3A6 also binds the 

RBD-up conformation with 3 copies of Fabs per S trimer (Figure 8A), but it has a longer 

CDR-H3 than 17A7 or 17B10 and may reach further down beyond the tip of the RBM 

(Supplementary Table S1 and Figure 8D). Many mutations in the RBD region acquired by 

Omicron subvariants reside in the binding footprints of 17A7, 17B10 and 3A6 (Figure 8E 

and 8F), possibly accounting for the loss in neutralization by these mAbs.

Discussion

In this study, we show that two RBD-reactive mAbs — 17A7 and 17B10, are highly efficient 

in neutralizing infectious SARS-CoV-2 with the MN IC50 value ranging from 0.2–136 ng/ml 

against all SARS-CoV-2 variants that emerged prior to Omicron. 17A7 is a better neutralizer 

than 17B10 probably because it has 3 copies of Fabs that fully occupy all 3 RBDs of the 

spike trimer in contrast to only 1 copy of 17B10 Fab engaging in binding. Antibodies in 

the group of RBD-1/2 (or Class 1/2 or RBS-A/B) are primarily RBM-directed and strongly 

compete for ACE2 binding, thus generally more potent than antibodies targeting non-RBM-

directed epitopes6,10,11,13,14,31. On the other hand, they are also very sensitive to mutations 

acquired in the RBM and are limited in the breadth of cross-reactivity10,11,15,17,31,32. 

S477N, T478K and F486V substitutions in Omicron subvariants are within the binding 

footprints of 17B10 and 17A7, resulting in complete loss of neutralizing activity against 

these variants. While T478K affects Class 2–4 mAbs more, S477N reduces the reactivity of 

all four classes of RBD mAb by 1.5- to 4.4-fold20. F486V severely affects Class 2 mAbs and 

reduce the potency of REGN10933, COV2–2196 and LYCoV555 by 272- to 10,000-fold 

against BA.4/BA.518.

In addition to 17A7 and 17B10, another RBD-reactive mAb — 3A6 is highly potent 

at neutralizing Delta but less effective against Gamma and Zeta, and unable to inhibit 

Beta. E484K and N501Y substitutions are shared among Beta, Gamma and Zeta. E484K 

resides in the tip of the RBM, while N501Y is on the other end of the RBM. The E484K/

N501Y mutations improve virus fitness but have no impact on ACE2 binding affinity33. 

E484K/N501Y also confer resistance to RBD-3 antibodies, but only some RBD-2 or 

Class 2 antibodies are sensitive to E484K mutation10–12,14. RBS-C antibodies targeting 

the outer face of RBD are also affected by E484K which abolishes the interaction between 

Glutamate484 in the RBD and an arginine in the CDR-H312. Omicron subvariants possess 

E484A and show strong evasion of Class 2 mAbs34. Yet 3A6 retained binding to BA.1 

RBD and was able to neutralize infectious BA.1 and BA.1.1 in vitro and BA.1 in vivo. 

This suggests that E484K has more detrimental than E484A to 3A6 neutralizing activity. 

Compared to the other RBD-reactive mouse mAbs, 3A6 has a longer CDR-H3 that can reach 

further toward the mesa of RBD, which could contribute to its high potency at neutralizing 

Delta variant (IC50: 7.3 ng/ml).

The competition with human convalescent or post-vaccination sera indicates that antibodies 

targeting similar epitopes as 17A7, 17B10 or 3A6 are rarely induced after COVID-19 

infection or vaccination. It has been shown that the polyclonal response elicited by early 

COVID-19 infection consists of an abundance of Class 2 and Class 3 antibodies directed 

toward the RBD17,21. The RBM tip is constantly exposed to antibodies regardless of RBD 
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in up or down conformation, which places those key residues (e.g., S477, T478, E484 and 

F486) in this region under high selection pressure for mutation. Omicron subvariants have 

acquired various mutations in spike including S477N, T478K, E484A and F486V in the 

RBM and confer greater immune evasion than prior VOCs18,20,32,34. Variants carrying ≥1 

key mutation in the hotspots of RBD (i.e. L452R/Q, E484K/Q, F490S etc.) are more likely 

to cause SARS-CoV-2 reinfection and vaccine breakthrough infections due to enhanced 

neutralization resistance19–26.

Taken together, our results demonstrate that several RBD-reactive mAbs are highly potent 

at cross-neutralizing a wide range of live infectious SARS-CoV-2 variants. Although no 

mAbs extend the cross-neutralization to the latest Omicron subvariants, they can serve 

useful tools for characterizing SARS-CoV-2 variants and related vaccines and for profiling 

vaccination/infection elicited antibody responses. The findings obtained here may still 

provide useful information to inform future target-directed antibody/vaccine design, for 

instance, antibodies/vaccines targeting conformational epitopes involving key residues (e.g., 

477, 478, 484 and 486 in the RBM tip) would be highly desired.

Methods

RBD-specific mAbs

SARS-CoV-2 RBD antigen was prepared in a baculovirus expression system (GenScript, 

Piscataway, New Jersey) using a synthetic DNA sequence encoding the RBD (residues 319–

533) of Wuhan-Hu-1 strain (GenBank: NC_045512.2) with a 6xHis-tag. Purified RBD was 

used as the immunogen to generate mouse hybridoma according to the standard protocol 

(GenScript). Five hybridoma clones (17B10, 17A7, 3A6, 2G5 and 20B5) that secreted 

RBD-binding IgG in high titers were selected, sub-cloned, and expanded. The 5 mAbs were 

sequenced and subtyped as mouse IgG1 (Supplementary Table S1). Affinity purified mAbs 

were aliquoted and stored at −20°C until use. Two human RBD-reactive mAbs — C63C76 

and Cova2–3927 were kindly provided by Dr. Duane Wesemann at Brigham and Women’s 

Hospital and Drs. Johnason Yewdell and Ivan Kosik at NIAID/NIH, respectively.

RBD-specific IgG ELISA

The following SEC-MALS verified His-tagged RBD variant proteins were purchased from 

Acrobiosystems (Newark, Delaware), including (1) Alpha RBD bearing N501Y (#SPD-

C52Hn), (2) Beta RBD bearing K417N, E484K, and N501Y (#SPD-C52Hp), (3) Gamma 

RBD bearing K417T, E484K and N501Y (#SPD-C52Hr), (4) Delta RBD bearing L452R 

and T478K (#SPD-C52Hh), and (5) Omicron BA.1 RBD bearing G339D, S371L, S373P, 

S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y 

and Y505H (#SPD-C522e). Ninety-six-well microtiter plates were pre-coated with 1 μg/ml 

of RBD variant protein. Serially diluted mouse mAbs were then added and were incubated 

at room temperature for 1h. Bound IgG was detected using peroxidase-conjugated human 

serum cross-absorbed goat anti-mouse IgG (H+L) (Seracare #5220-0341, 1:2000) followed 

by 1-Step™ Ultra TMB-ELISA substrate (ThermoFisher # 34028). Optical density (OD) 

at 450 nm was measured using a Victor V multilabel reader (PerkinElmer) equipped with 
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Wallac 1420 Workstation (Version 3 Revision 4) and were plotted against serum dilutions by 

nonlinear regression using GraphPad Prism 9.3.1.

In competitive ELISA, deidentified post-vaccination human sera obtained after 2nd or 3rd 

dose of COVID-19 mRNA vaccines or convalescent sera from the first wave of the pandemic 

were serially diluted and incubated in RBD pre-coated 96-well microtiter plates at room 

temperature for 1 h. After thoroughly washing, mouse mAbs were then added and were 

incubate for another 1 h. After thoroughly washing, bound mAbs were detected using 

peroxidase-conjugated human serum cross-absorbed goat anti-mouse IgG (H+L) (Seracare 

#5220–0341, 1:2000) as described above. The % of residual mAbs as compared to the wells 

that contained only mAbs were plotted against serum dilutions by nonlinear regression using 

GraphPad Prism 9.3.1.

Bio-layer interferometry (BLI)

RBD-mAb binding was assessed using an Octet® RED96 system (ForteBio) with integrated 

data acquisition software 10.0. Streptavidin (SA) biosensors (Sartorius #18-5019) were 

saturated with biotinylated original RBD recombinant protein (Acrobiosystems #SPD-

C82E9) in 1X Kinetics Buffer (Sartorius #18-1105). The RBD loaded SA biosensors were 

then dipped in 3-fold serially diluted mAbs with the initial concentration of 15 μg/ml in 

1X Kinetics Buffer for up to 300 s for association, followed by immersion in 1X Kinetics 

Buffer alone for another 300–600 s for dissociation. In epitope binning experiments, the 

RBD loaded SA biosensors were dipped in 17B10 mAb (50 μg/ml in 1X Kinetics Buffer) 

for 600 s. After briefly washing in 1X Kinetics buffer for 60 s, the loaded biosensors were 

dipped in competing mAbs (50 μg/ml in 1X Kinetics Buffer) for another 600 s. Any binding 

shift indicates competing mAb targets a different epitope from 17B10. A spike-specific 

rabbit polyclonal Ab29 was used as the positive control. All steps were conducted at 26°C 

with constant shaking at 1,000 RPM. Collected data were analyzed using a built-in 1:2 

global curve-fitting model and the Kd values were calculated using ForteBio Data Analysis 

software 10.0.

Pseudovirus-based neutralization assay

Serially diluted mAbs were incubated with SARS-CoV-2 pseudovirus particles bearing the 

original D614 spike (Codex #CB-97100-146) at 37°C for 1 h and were then incubated with 

HEK293-ACE2 target cells (7.5×103 cells/well, Codex #CB-97100-220) in Poly-D-lysine 

coated 384-well plates for 2 days. Pseudovirus infected HEK293-ACE2 were detected for 

luminescence using Codex’s Luciferase assay reagent (Codex #CB-80552-010) in a Biotek’s 

Synergy 2 Plate Reader. IC50 values were calculated based on the Sigmoidal dose-response 

curve fitting using GraphPad Prism. Wells containing cells only or cells plus pseudovirus 

without mAbs served as negative and positive controls, respectively.

Viruses

The seed viruses of SARS-CoV-2 clinical isolates were obtained through BEI Resources 

(Manassas, VA) or Centers for Disease Control and Prevention (Atlanta, GA). Seed viruses 

were amplified once in 90% confluent Vero E6 (ATCC CRL-1586) or Vero E6-TMPRSS2 

(BPS Bioscience #78081) in DMEM supplemented with 3% FBS at 37 °C, 5% CO2 
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for 68–72 hours until >70% cells showed cytopathic effect. Amplified viruses were 

clarified, aliquoted and stored in a secured −80 °C freezer until use. Virus titers were 

determined using an ELISA-based 50% tissue culture infectious dose (TCID50) method29. 

The following lineages of wild type SARS-CoV-2 viruses were used in the study, including 

(1) lineage A (D614), (2) lineage B.1.3 (G614), (3) lineage B.1.1.7 (Alpha), (4) lineage 

B.1.351 (Beta), (5) lineage P.1 (Gamma), (6) lineage B.1.617.2 (Delta), (7) lineage B.1.429 

(Epsilon), (8) lineage P.2 (Zeta), (9) lineage B.1.617.1 (Kappa), (10) lineage C.37 (Lambda), 

(11) lineage R.1, and (12) lineage B.1.1.529 (Omicron BA.1,BA.1.1, BA.2, BA.4 and 

BA.5). All experiments involving infectious SARS-CoV-2 viruses were performed in an 

FDA Animal Biosafety Level-3 (ABSL-3) laboratory equipped with advanced access control 

devices and by trained personnel equipped with powered air-purifying respirators.

Live virus-based microneutralization (MN) assay

Serially diluted mouse mAbs were incubated with 100 TCID50/well of live virus (1:1, 

v/v) at room temperature for 1 h. The virus-mAb mixtures were then incubated with 

Vero E6 cells pre-seeded in 96-well tissue culture plates at 37°C, 5% CO2 for 2 

days29. Virus-infected cells were detected using human IgG1 specific for SARS-CoV-2 

nucleocapsid (Acrobiosystems #NUN-S41, 0.2 μg/ml) followed by peroxidase-conjugated 

goat anti-human IgG (H+L) secondary antibody (Seracare #5220–0330, 1:2000) or rabbit 

anti-nucleocapsid monoclonal antibody (SinoBiol #40143-R001, 1:6000) followed by 

peroxidase-conjugated goat anti-rabbit secondary antibody (SeraCare #5220–0336, 1:2000). 

The % virus infection as compared to the wells that contained virus only were plotted by 

nonlinear regression to determine IC50 of individual mAbs for each virus using GraphPad 

Prism (Version 9.3.1).

Passive transfer and challenge

Hemizygous B6.Cg-Tg(K18-ACE2)2Prlmn/J (K18-hACE2) transgenic mice (JAX Stock 

No. 034860)35 were bred at FDA White Oak Vivarium. All K18-hACE2 mice were 

genotyping-confirmed (Transnetyx) and were used at 8–12 weeks old for passive transfer 

and challenge in the ABSL3 lab. Age-matched K18-hACE2 adult mice (male vs female at 

approximately 1:1 ratio) were randomly grouped and were injected intraperitoneally with 

0.1 ml/mouse of 17B10, 17A7 or 3A6 in a dose of 3 or 6 mg/kg. K18-hACE2 mice 

receiving a nonspecific mouse IgG1 isotype served as controls. Two to four hours after 

passive transfer, recipient mice were challenged intranasally with a lethal dose of wild 

type SARS-CoV-2 and variants, including 103 TCID50/mouse of NY (G614) or Gamma 

variant, or 102 TCID50/mouse of Alpha, Beta or Delta variant, or 5X103 TCID50/mouse 

of Omicron BA.1. Infected mice were monitored daily for body weight (BW), cutaneous 

temperature using a rodent infrared thermometer (Braintree Scientific) and mortality for 10 

days post infection (dpi). Mice becoming moribund or reaching humane endpoints (e.g., 

severe hypothermia and/or 30% BW loss) were immediately euthanized. All procedures 

were performed according to the animal study protocols approved by the FDA White Oak 

Animal Program Animal Care and Use Committee.
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Viral load in mouse tissues

Mouse tissues (lung, brain and heart) were harvested on 3 dpi and were homogenized 

in sterile PBS (pH7.2) (10%, v/w) using a Fisherbrand™ Bead Mill 24 Homogenizer 

(FisherScientific) followed by total RNA extraction using RNeasy Plus Mini Kit (Qiagen 

#74136). Extracted RNA was converted to cDNA using the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific #4368813). SARS-CoV-2 nucleocapsid (N) 

gene in individual mouse organs was determined using QuantiNova SYBR Green PCR kit 

(Qiagen #208052) in combination of 500 nM of 2019-nCoV RUO Kit (Integrated DNA 

Technologies #10006713). The cycling program was performed in Stratagene MX3000p 

qPCR system (Agilent) as follows: 95 °C for 120 s, 95 °C for 5 s (50 cycles) and 60 °C for 

18 s29. Threshold cycle (Ct) values were determined using MxPro qPCR software (Agilent). 

A standard curve was constructed using serially diluted pCC1-CoV2-F7 plasmid expressing 

SARS-CoV-2 N 36 and was used to interpolate the number of SARS-CoV-2 N gene copies in 

mouse tissues. A value of 1 was assigned if gene copies were below the detection limits.

Cryo-EM sample preparation and data collection

To prepare cryo EM grids, 4 mg/ml full-length G614 variant spike trimer37 in DDM and 5 

mg/ml 17B10–1 Fab (1:3 S protein trimer: Fab ratio) were first incubated at 4°C for 30mins. 

Four μl of the mixture was then applied to a 1.2/1.3 Quantifoil gold grid (Quantifoil Micro 

Tools GmbH), which had been glow discharged with a PELCO easiGlow™ Glow Discharge 

Cleaning system (Ted Pella, Inc.) for 60 s at 15 mA. Grids were immediately plunge-frozen 

in liquid ethane using a Vitrobot Mark IV (ThermoFisher Scientific), and excess protein was 

blotted away by using grade 595 filter paper (Ted Pella, Inc.) with a blotting time of 4 s, 

a blotting force of −12 at 4°C with 100% humidity. The grids were first screened for ice 

thickness and particle distribution. Selected grids were used to acquire images by a Titan 

Krios transmission electron microscope (ThermoFisher Scientific) operated at 300 keV and 

equipped with a BioQuantum GIF/K3 direct electron detector. Automated data collection 

was carried out using SerialEM38 version 3.8.6 at a nominal magnification of 105,000× 

and the K3 detector in counting mode (calibrated pixel size, 0.825 Å) at an exposure rate 

of 27.448 electrons per pixel per second. Each movie added a total accumulated electron 

exposure of ~54.442 e-/Å2, fractionated in 52 frames. Data sets were acquired using a 

defocus range of 0.8–2.2 μm.

Image processing and 3D reconstructions

All data processing was carried out using cryoSPARC39 v.3.3.1. Drift correction for cryo-

EM images was performed using patch mode, and contrast transfer function (CTF) was 

estimated by patch mode. Motion corrected sums with dose-weighting were used for all 

other image processing. A template was first produced by manual pick and template picking 

was performed for particle picking. There were 3,124,974 particles extracted from 18,927 

images (box size 672Å, downsizing to 128Å). Particles were subjected to two rounds 

of 2D classification yielding 2,235,387 good particles. A low-resolution negative-stain 

reconstruction of the Wuhan-Hu-1 sample was low-pass filtered to 40Å resolution and used 

as an initial model. The good particles from 2D classification were used for three rounds of 

heterogeneous classification with six copies of initial model as the reference in C1 symmetry 
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and three major classes (26.1% in total) with clear structural features were re-extracted to 

smaller box size (480Å) and subjected to another two rounds of heterogeneous refinement 

with six copies of initial model as the reference in C1 symmetry. Three major classes were 

produced, which all exhibit the one-RBD-up spike protein trimer binding with one copy of 

17B10–1 fab antibody. These three classes were then subjected to one round of non-uniform 

refinement in C1 symmetry yielding a map at 3.0Å resolution from 439,265 particles. The 

overall resolution was further improved with local CTF refinement resulting in a map with 

C1 symmetry at 2.8Å. To improve the resolution at the interface between the RBD and 

17B10–1 Fab, local refinement was performed with a soft mask covering a single RBD and 

the bound 17B10–1 Fab, resulting in a map at 3.6Å resolution (Supplementary Figure S2). 

The best density maps were used for model building. All resolutions were reported from 

the gold-standard Fourier shell correlation (FSC) using the 0.143 criterion. Density maps 

were corrected from the modulation transfer function of the K3 detector and sharpened by 

applying a temperature factor that was estimated using Sharpening Tools in cryoSPARC39. 

Local resolution was also determined using cryoSPARC39 (Supplementary Figure S3).

Model building

The initial templates for spike protein model building used the G614 spike trimer structures 

(PDB ID: 7KRR)37. The 17B10–1 antibody structure was firstly predicted by AlphaFold240 

implementation in the ColabFold41 notebooks running on Google Colaboratory. Default 

settings were used with Amber relaxation; the sequence was entered in tandem and the 

best model was chosen based on pLDDT (predicted Local Distance Difference Test) 

score. The predicted model was then used for further modeling. Several rounds of manual 

building were performed in Coot. The model was then refined in Phenix42 against the 

2.8Å (one-RBD-up) cryo-EM map of the G614 spike-17B10Fab complex, and the 3.6Å 

cryo-EM map of the RBD-17B10Fab complex. Iterative refinement was performed in 

both Phenix42 (real space refinement) and ISOLDE43. The Phenix42 refinement strategy 

included minimization_global, local_grid_search, and adp, with rotamer, Ramachandran, 

and reference-model restraints, using 7KRR as the reference model. The refinement 

statistics are summarized in Supplementary Table S2. Structural biology applications used in 

this project were compiled and configured by SBGrid44.

Statistical analysis

GraphPad Prism 9.3.1 was used to conduct one-way nonparametric ANOVA or two-way 

mixed ANOVA, or Mann-Whitney test, or Log-rank (Mantel-Cox) survival test. Viral 

loads were log transformed before statistical analysis. A p value of <0.05 was considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mouse mAb clones with high affinity to the RBD of the original Wuhan-Hu-1 strain. Mouse 

hybridomas were generated using the original RBD as the immunogen. Five mAb clones 

(17B10, 17A7, 2G5, 3A6 and 20B5) were selected and evaluated for RBD binding by bio-

layer interferometry (BLI). (A) Representative BLI sensorgrams of individual mAbs binding 

to immobilized RBD. All five mAbs were 3-fold diluted from the initial concentration of 15 

μg/mL and collected data were applied to a built-in 1:2 global curve-fitting model with Kd 

values shown. (B) Pseudovirus-based neutralization against SARS-CoV-2 spike (D614).
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Figure 2. 
Distinct binding profiles to RBD variants. (A) Epitope binning of 17B10 mAb with 

competitive mAbs (17A7, 2G5, 3A6 or 20B5) for RBD binding. Spike-specific rabbit 

polyclonal Ab (Rab) was used as control. (B-F) ELISA binding to different RBD variants: 

(B) original RBD; (C) Alpha RBD; D) Beta RBD; (E) Gamma RBD; (F) Delta RBD. OD at 

450 nm (mean± SD, n= 4 replicates per mAb dilution) were plotted by nonlinear regression 

curve fit (Specific binding with Hill slope) with individual Kd values shown.
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Figure 3. 
RBD-reactive mAbs cross-neutralizing multiple SARS-CoV-2 variants. Five mAb clones 

(17B10, 17A7, 2G5, 3A6 and 20B5) were assessed for neutralizing potential against live 

infectious SARS-CoV-2 strains, including (A) the ancestral D614 (A), (B) G614(B.1.3), (C) 

Alpha (B.1.1.7), (D) B.1.1.298, (E) B.1.222, (F) Epsilon (B.1.429), (G) B.1.5, (H_ Lambda 

(C.37), (I) Beta (B.1.351), (J) Gamma (P.1), (K) Zeta (P.2), (L) R.1, (M) Kappa (B.1.617.1) 

and (N) Delta (B.1.617.2). The % virus infection verse the wells that contained virus only 
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were plotted by nonlinear regression. Data are expressed as mean± SD, n= 8 replicates per 

mAb concentration. Estimated IC50 values of individual mAbs are summarized in Table 1.
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Figure 4. 
Efficacy of selected RBD mAbs in protecting K18-hACE2 mice against lethal challenges 

of SARS-CoV-2 and variants. Naïve K18-hACE2 mice were injected intraperitoneally with 

RBD-reactive 17A7, 17B10 or 3A6mAbs or a nonspecific mouse isotype control. Recipient 

mice were then challenged intranasally with a pre-determined lethal dose of live infectious 

SARS-CoV-2. (A) Schematic timelines of the passive transfer and challenge in K18-hACE2 

mice. Body weight (BW) drop and mortality of infected mice were monitored for up to 10 

days after a lethal challenge of (B) G614 (B.1.3), (C) Alpha (B.1.1.7), (D) Beta (B.1.351), 
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(E) Gamma (P.1) or (F) Delta (B.1.617.2). % BW drops (mean ± s.e.m. of 4–6 mice/group) 

and % cumulative survivals (n=4–6 mice/group) are shown.
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Figure 5. 
ELISA binding and cross-neutralization of RBD-reactive mAbs against Omicron 

subvariants. (A) Omicron BA.1 RBD ELISA. The OD at 450 nm (mean± SD, n= 4 

replicates per mAb dilution) was plotted by nonlinear regression curve fit (Specific binding 

with Hill slope). Microneutralization against live infectious Omicron subvariants including 

(B) Omicron BA.1, (C) Omicron BA.1.1, (D) Omicron BA.2, (E) Omicron BA.4 and (F) 

Omicron BA.5. The % virus infection verse the wells that contained virus only (mean± SD, 

n= 8 replicates per mAb concentration) were plotted by 4-parameter logistic curve fitting. 

Estimated IC50 values of individual mAbs are summarized in Table 1.
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Figure 6. 
Competition of 17A7, 17B10 and 3A6 mAbs with human COVID-19 convalescent sera 

or mRNA post-vaccination sera for binding to immobilized original RBD. (A) Schematic 

illustration of competition between mouse mAbs and human COVID-19 specific polyclonal 

sera. The % of residual (B) 17A7, (C) 17B10 or (D) 3A6 after competing with human 

COVID-19 convalescent sera or post-vaccination sera as compared to the wells that 

contained only mAbs were plotted by nonlinear regression. Data are expressed as mean 

± s.e.m (n = 6–8 sera/group).
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Figure 7. 
Cryo-EM structures of 17B10 Fab in complex of a full-length SARS-CoV-2 Spiks (G614) 

trimer. (A) One 17B10–1 Fab bound to one spike trimer in the one-RBD-up (2.8Å) 

conformation resolved by Cryo-EM. The EM density is colored in gray, and the structures 

are represented in ribbon diagram with the RBD in blue and the rest in dark gray. The 

heavy chain of 17B10–1 is shown in green and the light chain in cyan. (B) Close-up view 

of the interactions between 17B10–1 Fab and the RBD of the S trimer in the one-RBD-up 

conformation. (C) Zoom-in views of the binding interface between the heavy (green) or light 

chain (cyan) of 17B10–1 and the tip of one RBD-up conformation. (D) The footprints on 

the RBD interacting with the heavy chain (green) or light chain (cyan) of 17B10–1 with the 

major contacting residues highlighted in red.
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Figure 8. 
17B10, 17A7 and 3A6 Fab bound to different regions of RBD. The 3D map of 17B10-Spike 

complex was produced by low-pass filter 17B10-S complex cryo-EM map to 10Å. The 

3D maps of 17A7-S and 3A6-S complexes were produced by negative stain EM with a 

resolution at 11Å and 13Å, respectively. (A) Top view and side view of 3D reconstruction 

of Fab-spike (gray) complexes. (B-D) Binding footprints of Fabs of three neutralizing 

antibodies, 17B10 (B), 17A7(C) and 3A6 (D) shading on the RBD in surface representation. 

The RBD surface (gray) was represented in three views (top, back and inner). The Fabs 
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are colored as 17B10: green; 17A7: magenta; 3A6: blue. (E) Sequence alignment showing 

multiple mutations in the RBD region (aa 403–503) among SARS-CoV-2 variants. (F) The 

positions on the RBD being mutated in Omicron subvariants highlighted in red with the 

colored footprints of 17B10 (green), 17A7 (magenta) and 3A6 (blue).
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