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SUMMARY

The use of therapeutic neutralizing antibodies against SARS-CoV-2 infection has
been highly effective. However, there remain few practical antibodies against vi-
ruses that are acquiring mutations. In this study, we created 494 monoclonal
antibodies from patients with COVID-19-convalescent, and identified antibodies
that exhibited the comparable neutralizing ability to clinically used antibodies in
the neutralization assay using pseudovirus and authentic virus including variants
of concerns. These antibodies have different profiles against various mutations,
which were confirmed by cell-based assay and cryo-electron microscopy. To pre-
vent antibody-dependent enhancement, N297A modification was introduced.
Our antibodies showed a reduction of lung viral RNAs by therapeutic administra-
tion in a hamster model. In addition, an antibody cocktail consisting of three
antibodies was also administered therapeutically to a macaque model, which re-
sulted in reduced viral titers of swabs and lungs and reduced lung tissue damage
scores. These results showed that our antibodies have sufficient antiviral activity
as therapeutic candidates.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to spread with the acquisition of

various mutations. In Japan, the original Wuhan strain acquired the D614G mutation in the early stages,1

and was replaced by the more infectious Alpha variant from the end of 2020 to the first half of 2021.2

Next, it was replaced by the muchmore infectious Delta variant,3 and then further replaced by the Omicron

variant as of November 2021.4 Various vaccines have been developed against theWuhan strains and, fortu-

nately, they have shown efficacy against variants.5 Although the number of cases has decreased in some

countries, probably due to vaccine effectiveness, the global pandemic has not yet been terminated.

The novel coronavirus disease 2019 (COVID-19) is known to progress to a severe state due to excessive im-

mune response and inflammation in the late stages of the disease.6 Therefore, immunosuppressants, such

as steroids, IL-6 inhibitors, and JAK inhibitors, are used in this stage.7,8 In contrast, in the early stage of infec-

tion, there is a period of viral replication, and antiviral therapy is effective during this period. The development

of antibody therapies is progressing rapidly, with the Food and Drug Administration (FDA) granting emer-

gency use authorization (EUA) for Regeneron’s antibody cocktail (casirivimab and imdevimab), Lilly’s antibody

(bamlanivimab), the cocktail of bamlanivimab and etesevimab, GSK’s sotrovimab, the cocktail of tixagevimab

and cilgavimab for prevention, and most recently bebtelovimab monotherapy. These therapies decrease the

risk of hospitalization and death by 70%-85%,9–11 however, the EUA for tixagevimab and cilgavimab and bebt-

elovimab monotherapy has been revoked because of decreased efficacy against a newly emerged variant of

concerns (VOCs). There remain a limited number of treatment options.
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We have been collecting peripheral blood samples from patients with convalescent since the beginning of

the COVID-19 epidemic in Japan in March 2020, from which we started to develop neutralizing antibodies.

We have identified several antibodies with neutralizing ability that is equivalent to therapeutic antibodies,

and we have demonstrated their efficacy by pseudovirus and authentic virus neutralization assay in vitro,

and by infection experiments with hamster and macaque models in vivo.

RESULTS

Selection of patients with high neutralizing antibody titer

We collected peripheral blood samples from patients with COVID-19 who were discharged from Keio Uni-

versity Hospital. Patient characteristics are shown in Table S1. The neutralization ability of sera was analyzed

by cell-based Spike-ACE2 inhibition assay (Figure 1A). From them, we selected 12 patients with high

neutralizing titers for antibody production (Figure 1B). Their characteristics are shown in Table S2. From

the peripheral blood B cells of these patients, we sorted RBD and S1-binding memory B cells and anti-

gen-nonspecific plasma cells (Figure 1C). The sequences of H-chain and L-chain variable regions were

amplified by polymerase chain reaction (PCR), and inserted into expression vectors to produce monoclonal

antibodies. A total of 494 antibodies were produced, 408 from antigen-specificmemory B cells, and 86 from

antigen-nonspecific plasma cells.

Screening of neutralizing antibodies

We screened patient-derived antibodies using two procedures. The first was the Spike-ACE2 inhibition assay

described above, in which monoclonal antibodies were used instead of serum. Figure 2A shows the binding

ability of the antibodies against Spike-expressing cells and the inhibiting ability of ACE2 to bind to Spike-ex-

pressing cells. Spike-binding antibodies were divided into two groups: antibodies that have binding ability

without neutralization, as shown by the dotted line, and antibodies that have binding ability correlated with

neutralization ability, as shown by the solid line. Figure 2B shows the proportions of antibodies that bind to

and neutralize Spike by the source of B cell type. Whereas the small proportion of antibodies produced

from antigen-nonspecific plasma cells neutralizes or even bind to Spike-expressing cells, approximately half

of the antigen-specific memory B cell-derived antibodies could bind to Spike, 20% bound strongly, 9% had

the neutralizing ability, and 3.4% had the high neutralizing ability. These results indicate that neutralizing an-

tibodies can be produced more efficiently from memory B cells than from plasma cells.

In order to perform the screening of these antibodies more robustly, we next examined the neutralizing

ability by cell fusion assay, which examines the extent to which antibodies inhibit the fusion of Spike-ex-

pressing cells and ACE2-expressing cells. As shown in Figure 2C, the neutralization ability in the cell fusion

assay correlated well with that in the Spike-ACE2 inhibition assay.

To confirm that the screened antibodies actually have the ability to neutralize the authentic virus, we

performed end-point micro-neutralization assay and determined the minimum concentration of the top

17 antibodies required to neutralize the virus. As shown in Figure 2D, the micro-neutralization titers and

ACE2-binding rates were well-correlated, and 11 antibodies were found to be able to completely neutralize

authentic virus at a concentration of less than 1 mg/mL.

The effect of point mutation of spike on the neutralizing ability of antibodies

Next, we investigated how the selected antibodies were affected by various mutations in the cell-based Spike-

ACE2 inhibition assay using mutated Spike-expressing cells. The ACE2-binding rates of each antibody for

mutations within and outside the RBD are shown in Figures 3A and 3B, respectively. Each antibody showed

variable neutralizing ability at various sites within the RBD, and these amino acids were considered to be can-

didates for epitopes. Among them, the E484K mutation affected at least 8 of the top 11 antibodies, and mu-

tation at W406, K417, F456, T478, F486, F490, and Q493 affected 3 to 4 of 11 antibodies. These facts indicate

that these positions may bemajor epitopes of human humoral immunity against theWuhan-hu-1 strain, consis-

tent with previous reports.12–14 Because these antibodies were derived fromB cells that bind to RBD/S1 and are

selected by ACE2 inhibition, it is possible that they were not significantly affected by mutations outside the

RBD, including the N-terminal domain (Figure 3B). We also examined the cells expressing Spike, including

all variant mutations of SARS-CoV-2 and SARS-CoV-1 (Figure 3C). Although efficacy varies from strain to strain,

the Omicron (BA.1) variant has become resistant to almost all antibodies except for Ab188. In addition, the

neutralizing ability of any antibodies examined was not observed against SARS-CoV-1.
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Figure 1. Patient selection and cell sorting

Serum neutralization titers of 47 patients with COVID-19 convalescent were measured by (A) cell-based Spike-ACE2 inhibition assay. The binding quantity of

soluble ACE2 to Spike-expressing cells without serum/antibody is defined as 100%, and the binding quantities of soluble ACE2 to Spike-expressing cells

after incubation with serum/antibody are calculated as the ACE2-binding rate.

(B) The neutralization ability of patient serum for each severity is shown. Samples used for antibody production are labeled with their ID.

(C) The sorting strategy is shown. CD19+ cells were size gated, and CD19+CD27+IgD� cells were selected. Antigen-specificmemory B cells (red) and antigen-

nonspecific plasma cells (blue) were single-cell sorted. Asy, asymptomatic; Mil, mild; Mod, moderate; Sev, severe; Cri, critical.
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Considering the possibility of broadening the neutralizing ability of the antibodies by combining anti-

bodies, we also investigated the overlap of the epitopes of these antibodies by Biolayer interferometry.

However, all of the top candidate antibodies had overlapping of their epitopes (Figure S1).

Pseudovirus and authentic virus neutralization assay

Before variants of concern (VOCs) appeared, we selected five antibodies and performed a neutralization assay

using pseudovirus with Spike protein of the original Wuhan strain and four major variants. The IC50 of each anti-

bodywasmeasured comparedwith the therapeutic antibody imdevimab as a control (Figures 4A and 4B). Ab159,

Ab326, Ab354, and Ab496 exhibited similar or better neutralizing ability against Wuhan pseudovirus than the

therapeutic antibody. However, Ab159 could not neutralize the Delta variant due to T478K mutation, whereas

Ab326, Ab354, and Ab496 could not neutralize the Beta andGamma variants due to E484Kmutation (Figure 3A).

After VOCs appeared, we examined the neutralization abilities of antibodies against the authentic virus of

WK-521 and variants, including Alpha, Beta, Gamma, Delta, Kappa, and Omicron BA.1 and BA.2

(Figures 4C and 4D). Similar to the results of pseudovirus, Ab326 and Ab354 were ineffective against the

Beta and Gamma variants, and Ab159 was ineffective against the Delta variant. Whereas many antibodies

lost neutralizing ability against both Omicron variants, Ab188 retained neutralizing ability. Although the

Figure 2. Screening of neutralizing antibodies

(A) The binding ability of the antibodies against Spike-expressing cells, as indicated by mean fluorescence intensity (MFI),

and the inhibiting ability of ACE2 to bind to Spike-expressing cells, as indicated by ACE2-binding rate, are shown.

Antibodies that have binding ability without neutralization ability are encircled by a dotted line, and antibodies that have

a correlation between binding and neutralization ability are encircled by a solid line. Color indicates the individual and

shape indicates the cell type from which the antibodies were derived. Spearman’s rank correlation coefficient was

calculated from all samples.

(B) The percentage of antibodies having high binding ability to Spike and high ability to inhibit ACE2 binding to Spike is

shown by the source cell. Chi-squared test.

(C) The neutralization ability of recombinant monoclonal antibody was measured by fusion inhibition assay. The quantity

of cell fusion without the antibody is defined as 100%, and the quantity of cell fusion after incubation with antibodies is

shown as the fusion rate. The correlation between the ACE2-binding rate and the fusion rate for antibodies with the ACE2-

binding rate of 50% or less is shown. Spearman’s rank correlation coefficient.

(D) The correlation between the end-point micro-neutralization titer and the ACE2-binding rate is shown. Spearman’s

rank correlation coefficient.
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IC50 of imdevimab against the Wuhan strain was reported to be 6 to 70 ng/mL,15–17 our experiments re-

sulted in 320.6 ng/mL, which is higher than previously reported, probably due to the differences in exper-

imental conditions, such as the usage of a sensitive cell-line, VeroE6 cells expressing TMPRSS2.

Cryo-electron microscopy

To gain structural insights into antibodies and the SARS-CoV-2 spike, we performed cryo-electron micro-

scopy (cryo-EM) analysis of complexes with the proline-substituted stable spike (Table S3). In addition to

the five selected antibodies, Ab445 was also included in the analysis, as it was assumed to have a different

epitope from the others (Figure 3). Single-particle analysis of a series of complexes yielded a better-quality

map of a class with the most abundant particles. However, all of the reconstructed densities of the interface

between RBD and Fab were poor, probably due to the individual motion of RBD within the spike trimer.

Figure 3. Effect of point mutation of Spike protein on antibody neutralizing ability

The ACE2-binding rate (%) of recombinant monoclonal antibodies against Spike protein with various point mutations (A) within RBD, (B) outside RBD, and

(C) against Spike proteins of VOCs and SARS-CoV-1 were measured by the cell-based Spike-ACE2 inhibition assay. The variant column indicates that the

mutation is contained in the VOC and Variants of interest. The numbers indicate the binding quantities of soluble ACE2 to Spike-expressing cells after

incubation with antibodies. The color indicates the grade of neutralization ability.
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Accordingly, we performed local refinement to improve the density for each Fab-RBD portion, which allows

fine modeling of the variable domain of Fab bound to RBD.

In this analysis, the Fab binding location to RBD is roughly classified into three locations (Figure 5A). First,

class I type18 Fabs (Ab188, Ab445) were observed, which access from the same side as the ACE2-binding

surface on RBD. Ab326, Ab354, and Ab496 belong to the Class II type antibody that binds from the upper

side of RBD. In particular, anN-linked glycan was identified at Asn59 of the heavy chain of Ab354 (Figure S2).

Figure 4. Pseudovirus and authentic virus neutralization assay

The IC50 (ng/mL) of selected antibodies was measured using pseudovirus that expresses Spike of theWuhan strain or Alpha, Beta, Gamma, or Delta variants.

(A) The neutralization curve and (B) IC50 values are shown. The color indicates the neutralizing ability. The data are represented as mean G SD.

The IC50 (ng/mL) of the selected antibodies was examined using authentic virus of the Wuhan strain or Alpha, Beta, Gamma, Delta, Kappa, Omicron (BA.1

and BA.2) variants. (C) Neutralization curve and (D) IC50 values are shown. The data are represented as mean G SD. *Measured separately.
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The fucose moiety of the glycan significantly contributes to binding on the loop region, as previously re-

ported as COVOX-316.19 A fairly large number of the buried solvent-accessible area per RBD (�1850/

�1520 Å2, +sugar/ -sugar) is occupied for this interaction, and each Fab approaches the root of a neighbor

RBD.

The third group, Ab159, exclusively binds with the major loop of RBD. Unlike the recently reported anti-

bodies, A23-58.1, B1-182.1,15 and COVOX-253,19 Ab159 limitedly recognizes an apex of the loop and

mainly interacts only through CDR3 of the heavy chain. The total buried solvent-accessible area is

�1180 Å2, the smallest area among the analyzed structures (Figure 5A).

Wedefined the epitope as residues that interact with each other within 4 Å of distance between their respective

central atom. Epitopes of each antibody are shown in red in Figure 5B and were localized around residues

Figure 5. Cryo-EM structure of neutralizing antibodies

(A) The structures of RBD and Ab159, Ab188, Ab326, Ab354, Ab445, and Ab496 are shown. Only the variable domains of antibodies are modeled and drawn

as a cartoon tube (individual color) on the RBD surface (gray), and the epitope of each antibody is colored the same as each antibody. The red area in the

central RBD is the binding residue of ACE2 (PDB: 7A94),20 showing the relationship between the binding sites of the antibodies, which are roughly divided

into three groups. The positions of key amino acids are indicated by black arrows.

(B) The residues 400-506 of Spike are shown. The epitopes revealed by cryo-EM are colored in red, and the residues affected by the mutation described in

Figure 3A are shown in squares.
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470-500 of Spike. The residues that affected the neutralizing ability in the Spike-ACE2 inhibition assay

described in Figure 3A are marked with squares and are highly consistent with the results of the structural

analysis.

Affinity measurement by surface plasmon resonance

To further characterize the selected antibodies, we measured the affinity against RBD protein by SPR. As

shown in Table 1, the KDs of the selected antibodies were at sub-nanomolar levels.

Fc-engineering to prevent antibody-dependent enhancement

To avoid the potential risk of interruption of antibody development by ADE, our antibodies used in in vivo

study had the N297A mutation introduced in the IgG1-Fc region, which reduces binding to the Fc receptor.21

We checked Fc-mediated antibody uptake before and after the introduction of the N297Amutation using Raji

cells. As shown in Figure 6, the antibody without N297A showed Fc-mediated antibody uptake in the concen-

tration range of 1-10 mg/mL whereas the uptake was almost abolished by the introduction of N297A.

In vivo treatment effect in two animal models

We next examined the in vivo effects of antibodies in two animal models, a hamster model22 and a cyno-

molgus macaque model.23 Hamsters were infected with the Wuhan strain on day 0 and were intraperitone-

ally treated with 50 mg/kg BW of an N297A-modified antibody (Ab326, Ab354, or Ab496) or control human

IgG1 on day 1. The dose of the antibodies was set at 50 mg/kg. Three days later, the amount of viral RNA in

the lung tissue and the neutralizing antibody titer in the serum were measured (Figure 7A). Although anti-

bodies could not be detected in the serum of some hamsters, probably due to technical issues such as

administration into the intestinal tract, viral RNA levels in lungs of the hamsters with sera that contained

neutralizing antibody titers had reduced (Figure 7B).

Finally, we examined the in vivo effects of antibodies in a cynomolgus macaque model. In this study, we

used a cocktail of antibodies to cover broader mutations (VOCs had not yet appeared at the time of this

study). We mixed equal amounts of Ab326, Ab354, and Ab496, and administrated a total of 20 mg/animal

(5-7 mg/kg) the day after infection with a Wuhan strain. Nasal swabs were collected on days 1, 3, 5, and 7,

and lung tissue samples were obtained on day 7 (Figure 7C). This model is known to spontaneously recover

from COVID-19 in approximately 1 week.23 Indeed, the live virus in the control IgG1 group became less

than detectable range by day 5-7; however, those in all of the animals treated with the mixture of the

neutralizing antibodies became undetectable by day 3, earlier than the control group (Figure 7D). We

also confirmed that the plasma neutralization titer of the treatment group was higher than that of the con-

trol IgG1 group on day 3 (Figure 7E). Finally, the lung tissues were evaluated by viral titer measurement and

histological staining. Live virus was partially detected in the lungs of the control group even at day 7

whereas it was undetectable in the treatment group (Figure 7F). Interstitial pneumonia with lymphocytic

infiltration and thickened alveolar walls were observed in the control macaques (Figure 7G) whereas

such lesions were seen to a lesser extent in the macaques treated with the mixed neutralizing antibodies

(Figure 7H). SARS-CoV-2 N protein-positive cell clusters were more frequently detected in the lungs of

the control macaques than in the macaques treated with the mixed neutralizing antibodies (Figures 7I

and 7J). Histological inflammation scores indicate that treatment with the mixed neutralizing antibodies

reduced inflammation in the lungs, consistent with viral titers in the lung tissues (Figure 7K). These results

demonstrated the in vivo antiviral effects of our antibodies.

DISCUSSION

We have produced many antibodies from the B cells of patients with convalescent of Wuhan or D614G

mutant strain, and obtained several neutralizing antibodies with high neutralization ability against

variant strains. Initially, antibodies were produced from both antigen-nonspecific plasma cells and

Table 1. The affinity of antibodies to RBD

KD (M) Kon (/Ms) Koff (/s)

Ab326 3.46E-11 8.66E+05 3.00E-05

Ab354 5.34E-12 1.58E+06 8.44E-06

Ab496 1.52E-10 1.27E+06 1.93E-04
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antigen-specific memory B cells, but the latter contained more superior antibodies, suggesting the impor-

tance of selecting B cells by antigen. The screening of neutralizing antibodies was performed by the cell-

based Spike-ACE2 inhibition assay and cell fusion assay, which correlated with each other, and the results

were confirmed by end-point authentic virus neutralization assay. Because antibodies were selected by

competition with ACE2, antibody binding to Spike was classified as class 1 or 2, and epitopes on Spike

were identified by cell-based mutated Spike-ACE2 inhibition assays and cryo-EM. Results from neutraliza-

tion assays against Wuhan strain and VOCs using pseudoviruses and authentic viruses confirmed that

selected antibodies were equivalent to or superior to imdevimab, which is used as a therapeutic agent.

As for the in vivo function of these antibodies, efficacy for treatment use was demonstrated in both hamster

and macaque models.

Although neutralizing antibodies are used as therapeutic agents and are highly effective, both bamlanivi-

mab and casirivimab reduces susceptibility against E484 mutation,25 etesevimab reduces susceptibility

against K417 mutation,25 and imdevimab reduces susceptibility against L452R mutation.15 Most recently,

the Omicron variant was demonstrated to reduce the susceptibility of several therapeutic antibodies

and antibody cocktails.26,27 Oral therapeutic agents have also been rapidly developed, however, the fact

that a single amino acid mutation in the viral neuraminidase resulted in resistance to neuraminidase inhib-

itors28,29 insists on the importance to develop multiple therapeutics targeting various steps of SARS-CoV-2

infection.

One of the characteristics of our antibodies is N297 introduction on IgG1-Fc. This mutation almost elimi-

nates binding to Fc receptors and, indeed, Fc-mediated uptake into Raji cells was eliminated. As for ther-

apeutic antibodies, AZD7442 and etesevimab reduce binding to Fc receptors by YTE and TM modifica-

tion30 and LALA modification31 in the Fc domain, respectively, while bamlanivimab, imdevimab, and

casirivimab are unmodified.31 In contrast, sotrovimab increases binding to FcRn by LS modification.11 In

the absence of Fc receptor binding ability, there is a report that the therapeutic effect is decreased32

and others that it is not significantly changed,33 and a consensus has not been established. Although

our antibodies are assumed to be less likely to cause ADEs, it is an issue that requires further study to deter-

mine which modification is suitable for antiviral therapy.

In conclusion, we produced several potent neutralizing antibodies with high in vitro and in vivo efficacy.

Because the virus is expected to continue to acquiremutations, it is desirable to preparemultiple therapeu-

tic antibodies, and our antibody could be one of the candidates.

Limitations of the study

This study has the following limitations. Because we generated our antibodies from RBD-bound B cells and

selected for the inhibition of ACE2 binding to RBD and Spike, there is a bias that non-ACE2 blocking

neutralizing antibodies, such as sotrovimab,34 were not included. The epitopes of our selected antibodies

Figure 6. Fc-engineering for the prevention of antibody-dependent enhancement

Pseudovirus (Wuhan strain) was incubated with serially diluted antibody with or without N297A modification, and the

mixture was applied to Raji cells. After incubation for 3 days at 37�C, the cells were lysed and subjected to luciferase assay.

The lines represent the mean value.
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Figure 7. Therapeutic efficacy of neutralizing antibodies in two animal models

(A) Overview of the experiment with the Syrian hamster model. Hamsters were inoculated intranasally with 103 PFU of NCGM02. On day 1 post-infection,

hamsters were injected intraperitoneally with 50 mg/kg BW of neutralizing antibodies or human IgG1 as a control.

(B) On day 4 post-infection, serum and lung samples were collected. Serum-neutralizing titer and viral RNA levels in the lung tissues were measured. Color

indicates serum neutralization titer. *p < 0.05 by Dunnett’s test using all samples.

(C) Overview of the experiment using the cynomolgus macaque model. Six cynomolgus macaques were inoculated with 2 3 107 TCID50 SARS-CoV-2 JP/TY/

WK-521/2020 into the conjunctiva, nasal cavity, oral cavity, and trachea on day 0. On day 1, 20 mg (5-7 mg/kg) of antibody cocktail 3Mix (1/3 each of an N297A-

modified Ab326, Ab354, and Ab496) or human IgG1 as a control were injected intravenously. Nasal swabs and peripheral blood were collected on days 1, 3,

5, and 7, and lung tissues were collected on day 7.

(D) Viral titers of nasal swabs were measured.

(E) Plasma neutralization titers were measured. The numbers of plaques (%) after antibody administration (day 3) compared to before antibody

administration (day 1) are shown.
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overlaps with one another, and it is difficult to combine them as an antibody cocktail in which antibodies

simultaneously bind their respective epitopes on a single molecule of Spike. Meanwhile, there may be ad-

vantages in combining antibodies that are weak against different mutations (as in Ab159 and Ab354 in Fig-

ure 2A).The unevenly distributed epitopes of the selected antibodies are consistent with previous re-

ports35,36 that antibodies in the sera of patients infected with Wuhan strains mainly target the area

around E484. The number of animals that could be used was limited for both hamsters and macaques,

although our antibodies were able to significantly reduce viral titers and tissue damage scores.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SARS-CoV-2 (2019-nCoV) Nucleocapsid Antibody, Rabbit MAb Sino Biological Cat#40588-R001

HRP-conjugated donkey anti rabbit IgG(H + L) Jackson ImmunoResearch Cat#711-035-152; RRID:AB_10015282

Ab[numbers] This study N/A

BV421 anti-human CD19 Antibody BioLegend Cat#302234; RRID:AB_11142678

PE anti-human IgD Antibody BioLegend Cat#348204; RRID:AB_10553900

APC/Cy7 anti-human CD27 Antibody BioLegend Cat#302816; RRID:AB_571977

PE/Cy7 anti-human CD20 Antibody BioLegend Cat#302312; RRID:AB_314260

InVivoMAb human IgG1 Iso-type control Bio X cell Cat#BE0297; RRID:AB_2687817

Imdevimab Hansen et al.16 N/A

Bacterial and virus strains

SARS-CoV-2 JPN/TY/WK-521 National Institute of Infectious Diseases EPI_ISL_408667

SARS-CoV-2/UT-NCGM02/Human/2020/Tokyo Imai et al.22 EPI_ISL_418809

SARS-CoV-2 Alpha variant (QHN002) National Institute of Infectious Diseases EPI_ISL_804008

SARS-CoV-2 Beta variant (TY8-612) National Institute of Infectious Diseases EPI_ISL_1123289

SARS-CoV-2 Gamma variant (TY7-503) National Institute of Infectious Diseases EPI_ISL_877769

SARS-CoV-2 Kappa variant (TY11-330) National Institute of Infectious Diseases EPI_ISL_2158613

SARS-CoV-2 Delta variant (TY11-927) National Institute of Infectious Diseases EPI_ISL_2158617

SARS-CoV-2 Omicron variant (BA.1, TY38-873) National Institute of Infectious Diseases EPI_ISL_7418017

SARS-CoV-2 Omicron variant (BA.2, TY40-158) National Institute of Infectious Diseases EPI_ISL_9595858

Escherichia coli strain DH5alpha TOYOBO Cat#DNA-903F

Chemicals, peptides, and recombinant proteins

RBD-SBP This paper N/A

ACE2-SBP This paper N/A

ACE2-Flag This paper N/A

Polyethylenimine Max Polyscience Cat#24765-100

APC-conjugated streptavidin eBioscience Cat#17-4317-82

Anti-Aggregate Wash Cellular Technology Limited Cat#CTL-AA-010

Buffer RLT QIAGEN Cat#79216

2-mercaptoethanol Thermo Fisher Scientific Cat#21985023

RNAClean XP Beckman Coulter Cat#A63987

dNTP Mix New England Biolabs Cat#N0447L

KAPA HiFi HS ReadyMix KAPA Biosystems Cat#KK2602

EnduRen Promega Cat#E6481

20% formalin Fujifilm Wako Cat#064-03865

Cristal violet solution Merck Cat#V5265

Opti-MEM I Thermo Fisher Scientific Cat#31985070

Blocking One NACALAI TESQUE Cat#03953-95

Critical commercial assays

FACS AriaIII BD Biosciences N/A

FACS Verse BD Biosciences N/A

(Continued on next page)

ll
OPEN ACCESS

iScience 25, 105596, December 22, 2022 15

iScience
Article



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Octet K2 Forte Bio Cat#Octet K2

Bright-GloTM Luciferase Assay system Promega Cat#E2610

GloMax Discover microplate reader Promega Cat#GM3000

Epoch 2 Agilent BioTek Cat#EPOCH2NS

GenElute HP Plasmid Maxiprep Kit Merck Cat#NA0300

Expi293 Expression System Thermo Fisher Scientific Cat#A14635

BIACORE T200 Cytiva N/A

Series S Sensor Chip CM5 Cytiva BR100530

Vitrobot Mark IV system Thermo Fisher Scientific N/A

300 kV Titan Krios G4 transmission

electron microscope

Thermo Fisher Scientific N/A

BioQuantum K3 direct electron detector Gatan N/A

Quantifoil 0.6/1 Cu 300 mesh E M Japan Cat#M2947C-1

rapifleX MALDI Tissuetyper Bruker Corporation N/A

StepOnePlus Thermo Fisher Scientific Cat#4376598

CFX-96 BIO-RAD Cat#1854095J1

405 TS washer Agilent N/A

Multi-Beads Shocker YASUI KIKAI Cat#MB3000

TaqMan Fast Virus 1-step Master Mix Thermo Fisher Scientific Cat#4444432

RNeasy Plus Mini Kit QIAGEN Cat#74136

HisTrap HP column Cytiva Cat#29051021

Superose 6 Increase10/300 GL column Cytiva Cat#29091596

Superdex200 10/300 GL column Cytiva Cat#28990944

Protein G Sepharose 4 Fast Flow resin Cytiva Cat#17061801

HisTrap HP column Cytiva Cat#17524801

Streptavidin Biosensors Sartorius Cat#18-5019

Anti-human IgG Fc Capture Biosensors Sartorius Cat#18-5060

Anti-DYKDDDDK tag Antibody Beads Fujifilm Wako Cat#018-22783

Streptavidin Sepharose High Performance Cytiva Cat#17511201

NEBuilder HiFi DNA Assembly Master Mix New England BioLabs E2621X

Ab Capcher Mag2 Protenova Cat#P-052-10

Human IgG ELISA Quantitation Set Bethyl Laboratories Cat#E80-104

CD19 microbeads Miltenyi Biotec Cat#130-050-301

Deposited data

Structure of Ab159 in complex with

SARS-CoV-2-RBD

This paper EMD: 33060

PDB: 7X8Y

Structure of Ab188 in complex with

SARS-CoV-2-RBD

This paper EMD: 33061

PDB: 7X8Z

Structure of Ab326 in complex with

SARS-CoV-2-RBD

This paper EMD: 33062

PDB: 7X90

Structure of Ab354 in complex with

SARS-CoV-2-RBD

This paper EMD: 33059

PDB: 7X8W

Structure of Ab445 in complex with

SARS-CoV-2-RBD

This paper EMD: 33064

PDB: 7X92
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Structure of Ab496(Fv-clasp) in

complex with SARS-CoV-2-RBD

This paper EMD: 33063

PDB: 7X91

Experimental models: Cell lines

293T RIKEN BRC Cat#RCB2202

Expi293F Thermo Fisher Scientific Cat#R79007

293FT cell expressing

SARS-CoV-2 Spike and DSP8-11

Yamamoto et al.42 N/A

293FT cell expressing

hACE2, hTMPRSS2 and DSP1-7

Yamamoto et al.42 N/A

VeroE6/TMRRSS2 cell JCRB Cell Bank Cat#JCRB1819

Raji cells JCRB Cell Bank Cat#JCRB9012

Oligonucleotides

SARS-CoV-1-Spike gene optimized Eurofins Genomics N/A

Omicron (BA.1)-Spike gene optimized Eurofins Genomics N/A

oligo-dT primer (50-Biotin–AAGCAGT

GGTATCAACGCAGAGTACT30VN-30 )

Hokkaido System Science N/A

2019-nCoV_N1-F primer Eurofins Genomics Cat#CDC-01

2019-nCoV_N1-R primer Eurofins Genomics Cat#CDC-02

2019-nCoV_N1-P probe Eurofins Genomics Cat#CDC-03

Recombinant DNA

pcDNA3.4 TOPO Thermo Fisher Scientific Cat#A14697

pcDNA3.4-Spike Takeshita et al.37 N/A

pcDNA3.4-Spike series This paper N/A

pcDNA3.4-ACE2(1-708AA)-SBP This paper N/A

pcDNA3.4-ACE2(1-708AA)-Flag This paper N/A

pcDNA3.4-Spike(1-1213AA)-SBP This paper N/A

pcDNA3.4-S1(1-685AA)-SBP This paper N/A

pcDNA3.4-RBD(319-541AA)-SBP This paper N/A

pMX-GFP CELL BIOLABS INC Cat#RTV-050

pNL4-3.luc.R-E� NIH N/A

pCMV3_SARS-cov2d19 series This paper N/A

pcDNA3.4-Hexapro This paper N/A

pCR2.1- Ab496 Fv-clasp This paper N/A

pcDNA3.4-Ab[numbers]-H/L chain This paper N/A

Software and algorithms

Octet Data Analysis Software Sartorius Version 10.0

FACSuite BD Biosciences Version 1.0.6

FACSDiva BD Biosciences Version 6.1.3

FlowJo BD Biosciences Version 15.0

GraphPad Prism GraphPad Software Version 9.3.1

EPU software Thermo Fisher Scientific Cat#1025707-J

RELION-3.1.2 package Zivanov et al.48 N/A

MotionCor2 Zheng et al.50 N/A

CTFFIND4 Rohou and Grigorieff51 N/A

crYOLO Wagner et al.52 N/A
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RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be directed to the Lead Contact Author Masaru Takeshita

(takeshita@a5.keio.jp).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Material

Transfer Agreements.

Data and code availability

The cryo-EMmaps and atomic models have been deposited at the Electron Microscopy DataBank and the

PDB with the accession codes listed in Table S3, and are publicly available as of the date of publication.

Additional data needed to support the conclusion of this manuscript are included in the main text and sup-

plementary materials. This paper does not report original code. Any additional information required to re-

analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statements

We recruited 47 patients who had COVID-19, diagnosed by approved reverse transcriptase polymerase

chain reaction (RT-PCR) tests for SARS-CoV-2 using swabs from the nose or saliva, and hospitalized at

Keio University Hospital between April and December 2020. Peripheral blood samples from patients

were collected at outpatient visits after discharge. The following parameters were collected from medical

charts: signs and symptoms; lymphocyte counts; serum parameters of lactate dehydrogenase (LD),

C-reactive protein (CRP); and medication history. Disease severity is based on ‘‘COVID-19 Clinical Manage-

ment,’’ edited by the World Health Organization (25 Jan 2021). The patients’ characteristics are shown in

Table S1. This study was approved by the Ethics Committee of Keio University School of Medicine and con-

ducted in compliance with the tenets of the Declaration of Helsinki. Informed consent was obtained from all

participating individuals.

Animal studies

All experiments with hamsters were performed in accordance with the Science Council of Japan’s Guide-

lines for Proper Conduct of Animal Experiments. The protocols were approved by the Animal Experiment

Committee of the Institute of Medical Science, the University of Tokyo. The study included one-month-old

male hamsters.

All experiments with macaques were performed in accordance with the Guidelines for the Husbandry and

Management of Laboratory Animals of the Research Center for Animal Life Science at Shiga University of

Medical Science and Standards Relating to the Care and Fundamental Guidelines for Proper Conduct

of Animal Experiments and Related Activities in Academic Research Institutions under the jurisdiction of

the Ministry of Education, Culture, Sports, Science and Technology, Japan. The protocols were approved

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Phenix package Liebschner et al.53 N/A

Coot Emsley et al.54 N/A

SWISS-MODEL server Waterhouse et al.55 N/A

MolProbity Williams et al.56 N/A

PyMOL https://pymol.org/2/ N/A

UCSF ChimeraX Goddard et al.57 N/A

Mascot Matrix Science Ltd Version 2.7

GlyConnect database Mariethoz et al.59 N/A

JMP SAS Institute Version 15.0.0
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by the Shiga University of Medical Science Animal Experiment Committee. The study included eight-to

nine-year-old female macaques.

Cells

293T and 293FT cells were maintained in DMEM containing 10% FCS and antibiotics at 37�C with 5% CO2.

Expi293F cells were maintained in Expi293 Expression Medium at 37�C with 8% CO2. Vero E6/TMPRSS2

cells were maintained in low glucose DMEM containing 10% fetal bovine serum, antibiotics, and

1 mg/mL geneticin at 37�C with 5% CO2. Raji cells were maintained in RPMI1640 containing 10% FCS.

METHOD DETAILS

Production of vectors and proteins

The extracellular domain of ACE2 (1–708 AA) was cloned into the pcDNA3.4 expression vector with a FLAG

tag or a streptavidin-binding peptide (SBP) tag at the C-terminus. Double-stranded DNAs coding full-

length Spike of SARS-CoV-2 (UniProtKB-P0DTC2) and SARS-CoV-1 (UniProtKB-P59594) were codon-opti-

mized and synthesized and inserted into the pcDNA3.4 vector. The extracellular domain (1-1213AA), S1

(1-685AA), and RBD (319-541AA) was cloned into the pcDNA3.4 vector with an SBP tag at the

C-terminus. The expression vectors of mutated Spike were prepared by PCR using mutated primers. Re-

combinant RBD and ACE2 were produced using the Expi293 Expression System, and purified using

Anti-DYKDDDDK tag Antibody Beads and Streptavidin Sepharose High Performance beads.37

Cell-based Spike-ACE2 inhibition assay

The expression vector of full-length Spike or mutated Spike and pMX-GFP were cotransfected into 293T

cells using Polyethylenimine Max. After 2 days, cells were washed with PBS supplemented with 0.5%

BSA and 2 mM EDTA (staining buffer), incubated with diluted serum samples or antibodies, washed again,

and incubated with premixed ACE2-SBP and APC-conjugated streptavidin. After the final wash, the cells

were analyzed by a FACS Verse. The median fluorescent intensity (MFI) among GFP+ cells was calculated

using FlowJo and used as an indicator of Spike-ACE2 inhibition. TheMFI of cells without serum or antibody

were defined as 100% control and the ACE2-binding rate of serum or antibody was calculated as follows:

ACE2-binding rate = 1003 (MFI of serum or antibody)/(MFI of control).37 Some serum results measured in a

previous paper37 were used.

Cell sorting

Peripheral blood mononuclear cells (PBMCs) were stored at �80�C and thawed at 37�C using Anti-

Aggregate Wash, incubated for 30 min with RPMI medium.38 CD19+ B cells were isolated by positive selec-

tion using CD19Microbeads and stained with fluorochrome-conjugated antibodies and antigens for 20min

at 4�C. Plasma cells and antigen-specific memory B cells were defined as CD19+ surface IgD� CD27+

CD20� CD38+ and CD19+ surface IgD� CD27+ CD20+ CD38� Wuhan-RBD+ Wuhan-S1+, respectively,

and sorted using a FACS Aria III flow cytometer.

Production of antibodies

The production of single-cell cDNA was performed using Smart-seq239 with some modifications. Briefly,

cells were sorted into 5 mL of Buffer RLT with 1% 2-mercaptoethanol in a 96-well PCR plate. RNAs were

bound to 11 mL of RNAClean XP, washed using 80% ethanol as per the manufacturer’s instructions, and

eluted by Elution buffer (2.3 mL of nuclease-free water, 1 mL of dNTP Mix, and 1 mL of modified oligo-dT

primer. Subsequent reverse transcription PCR (23 cycles) and purification were performed as in

Smart-seq2.39

The production of expression vectors was performed as previously described with some modifications.40,41

First, PCR was performed with a total volume of 20 mL containing 1 mL of cDNA library, 300 nM of primer

set1, and 10 mL of KAPAHiFi HS ReadyMix. The cycling parameters were as follows: 95�C for 3min; 30 cycles

at 98�C for 20 s, 65�C for 15 s, and 72�C for 30 s; and 72�C for 1 min. For IgG, subsequently, second PCR was

performed using primer set2 in a total volume of 20 mL containing 1 mL of first PCR product, 300 nM of each

primer, and 10 mL of KAPA HiFi HS ReadyMix with cycling parameters as follows: 95�C for 3 min; 30 cycles at

98�C for 20 s, 63�C for 15 s, and 72�C for 30 s; and 72�C for 1 min. The IgG, Igk, and Igl products of second

PCR were electrophoresed, purified, and inserted into the expression vector for IgH or Igk or Igl using

NEBuilder HiFi DNA Assembly Master Mix. When the second PCR failed to generate the appropriate
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band, third PCR was performed using primer set3 in a total volume of 10 mL containing 0.5 mL of first PCR

product, 300 nM of each primer, and 5 mL of KAPA HiFi HS ReadyMix with cycling parameters as second

PCR. Third PCR products and second PCR products of IgA and IgM were sequenced. Fourth PCR was per-

formed using primer set4 as in the second PCR, and the products were inserted into the expression vector.

The primer list is shown in Table S4. For in vivo studies, variable regions were inserted into the expression

vector that had N297A mutation introduced in the Fc region.

Monoclonal antibodies were produced by transient cotransfection of IgH and IgL vectors using the Expi293

Expression System for 5 or 6 days, purified using Ab Capcher Mag2, and quantified using Human IgG ELISA

Quantitation Set.

Anti-Spike protein antibodies for animal study were expressed using the Expi293 Expression System ac-

cording to the manufacturer’s instructions. Culture media were harvested on day 7. The antibodies

secreted were purified by Protein G Sepharose 4 Fast Flow resin, followed by gel filtration chromatography

on a Superdex200 10/300 GL column equilibrated in PBS.

The sequences of variable region of selected antibodies were shown in Table S5.

Biolayer interferometry

The epitope binning assays were performed by biolayer interferometry using Octet K2 and its software.

Streptavidin Biosensors were loaded by the extracellular domain of Spike (10 mg/mL) until the change in

response reached 0.7 to 0.8 nm. After washing in kinetics buffer, the sensors were saturated with the first

antibody (60 mg/mL) for 600 s. After confirming that the sensors were saturated by reacting 20 mg/mL of the

first antibody, the sensors were reacted to 20 ug/ml of the second antibody to examine whether the two

antibodies could bind simultaneously.

Fusion inhibition assay

The assay was modified from the dual split protein (DSP) assay.42 Two 293FT cell lines, one expressing

SARS-CoV-2 Spike protein and DSP8-11, and the other expressing human ACE2, human TMPRSS2, and

DSP1-7, were used in this assay. Both cells were treated with the final 6 mM EnduRen in the concentration

of 2 3 105/500 mL/well using 12-well plates. After making a single-cell suspension by pipetting, 50 mL

(2 3 104 cells) of the Spike-expressing cell suspension was incubated with 10 mL of 10 mg/mL of antibody

for 30 min at 37�C. Next, 50 mL (23 104 cells) of the human ACE2/TMPRSS2 protein-expressing cell suspen-

sion was added to the antibody–cell mix and incubated for 2.5 h at 37�C. The Renilla luciferase activity was

measured using the GloMax Discover System.

Endpoint micro neutralization assay

Serially diluted sera were mixed with 100 TCID50 SARS-CoV-2 JPN/TY/WK-521 strain43 and incubated at

37�C for 1 h. The mixtures were placed on VeroE6/TMRRSS2 cells. After 5 days, plates were fixed with

20% formalin and stained with crystal violet solution. The highest sera dilution factor with 100% CPE inhi-

bition was defined as the micro neutralization titer.43

Pseudovirus neutralization assay

Two plasmids, pNL4-3.luc.R-E� and pCMV3_SARS-cov2d19 series generated from the codon optimized

pCMV3_Spike (1-1254AA) were transfected into cells and the pseudovirus was produced using the

Expi293 expression system. Twenty thousand cells/100 mL/well human ACE2/TMPRSS2-expressing

293FT cell line (DSP1-742 were seeded in a 96-well plate 1 day before infection. Serially diluted antibodies

and 10,000 U/well viruses weremixed in 50 mL/well with DMEM containing 10% FCS, 13MEMnon-essential

amino acids solution, and 1mM sodium pyrubate, incubated for 37�C for 1 h. Fifty microliters per well of the

cell culture supernatant were removed and the antibody–virus mixture was applied to the cell layer. After 48

h, the supernatant was removed completely and 50 mL/well of the Glo lysis buffer was added. After 5 min

agitation, the plate was frozen at�80�C. After being thawed and agitated, 10 mL of the lysate was subjected

to the Bright-GloTM Luciferase Assay system using a GloMax Discover microplate reader. The data from

biological triplicates was analyzed using Prism 9 to determine the value of IC50 (ng/mL).
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Authentic virus neutralization assay

For Wuhan strain and Alpha, Beta, Gamma, and Kappa variant, eighteen thousand cells/well

VeroE6/TMPRESS2 were seeded in a 96-well plate 1 day before infection. After the cell layers was washed

with PBS, serially diluted antibodies and 100TCID50/well viruses weremixed in DMEM low glucose contain-

ing 2% FCS incubated for 37�C for 1 h, and applied to the cell layers. After 20 to 24 h, the cells were fixed,

dried, and subjected to enzyme-linked immunosorbent assay (ELISA). The cells were washed with PBS con-

taining 0.3% Tween 20 (v/v) as washing buffer three times and stained with rabbit anti-SARS-COV-2 nucle-

ocapsid monoclonal antibodies in 5% Blocking One–containing washing buffer. After washing three times,

the cells were incubated with HRP-conjugated donkey anti rabbit IgG(H + L) followed by washing and TMB

colorimetric assay. Each sample was assayed in triplicate. All washing processes were performed using a

405 TS washer.

For Delta and Omicron (BA.1 and BA.2) variant, neutralization assays were performed as previously

described44 with minor modifications. Briefly, a mixture of 100 TCID50 virus and serially diluted antibodies

was incubated at 37C for 1 h before being placed on VeroE6/TMPRSS2 cells seeded in 96-well flat-bottom

plates. After culturing for 4–5 days at 37C supplied with 5% CO2, cells were fixed with 20% formalin and

stained with crystal violet solution. Each sample was assayed in duplicate. Absorbance at 595 nm was

measured using Epoch 2 area scanning mode and the neutralization percentage was calculated as follows;

(sample signals – virus control signals)/(cell-only control signals – virus control signals) x 100. The data from

biological triplicates were analyzed using Prism 9 to determine the value of IC50 (ng/mL).

Viral uptake mediated by Fc receptors

Pseudovirus (Wuhan-hu-1 strain) was incubated with serially diluted antibody (3-fold; starting from

20 mg/mL) for 1 h at 37�C. The mixture of the antibody and the pseudovirus was applied to Raji cells. After

incubating for 3 days at 37�C, the washed cells were lysed, and 10 mL of lysate was subjected to the lucif-

erase assay.

Production of proteins for cryo-EM

cDNA for the stabilized variant of SARS-CoV-2 Spike protein (residues 1–1208) with 6 beneficial proline sub-

stitutions (F817P/A892P/A899P/A942P/K986P/V987P) and ‘‘GSAS’’ substitution at the furin cleavage site

(residues 682–685), named HexaPro,45 was subcloned into the pcDNA3.4 vector using PCR and In-

Fusion Reaction. The above mutated Spike protein was designed to form a closed trimer by fusion with

the C-terminal foldon trimerization motif followed by the TEV protease cleavage site, AviTag and 6xHis

tag. cDNAs for heavy and light chains of the anti-Spike protein antibodies and their Fab heavy chain

(VH-CH1) attached with the C-terminally TEV protease cleavage site and 6xHis tag were respectively subcl-

oned downstream of the Ig kappa signal peptide into the pcDNA3.4 vector. Plasmid DNA was prepared

using a GenElute HP Plasmid Maxiprep Kit.

Each protein was expressed using the Expi293 Expression System according to the manufacturer’s instruc-

tions. Culture media were harvested on day 4 for the Spike protein variant and day 7 for Fab. The Spike

protein variant secreted in the culture medium was purified by a HisTrap HP column, followed by gel filtra-

tion chromatography on a Superose 6 Increase10/300 GL column equilibrated in 20 mM Tris-HCl (pH8.0)

and 150 mM NaCl. The secreted Fabs were purified with a HisTrap column, followed by gel filtration chro-

matography on a Superdex200 10/300 GL column equilibrated in 20 mM Tris-HCl (pH8.0) and

150 mM NaCl.

Ab496 Fv-clasp was designed46 and cloned into a pCR2.1 TOPO TA cloning vector with an N-terminal His-

tag and a TEV cleavage site fused to the VH and VL, respectively. Fv-clasp for Ab496 was synthesized at

25�C for 5 h in the presence of 5 mM GSSG and 0.4 mg/mL DsbC with the dialysis mode of the Escherichia

coli cell-free protein synthesis method optimized to form disulfide bonds.47,48 After the cell-free protein

synthesis, the reaction solution was applied on a HisTrap HP column and the target protein was eluted

with a linear gradient of imidazole. The His-tag was then cleaved by TEV protease and was removed by

a HisTrap HP column. The protein was further purified by gel filtration chromatography on a Superdex200

10/300 GL column in 20 mM Tris-HCl (pH8.0) and 150 mM NaCl.
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Cryo-EM data acquisition

The purified spike proteins (0.7 mg/ml of the trimer) and each antibody weremixed with amolar ratio of 1:9,

and incubated at 4�C for 30 min. The mixture (3 mL) was applied onto a freshly glow-discharged holey car-

bon grid, coated with a single or two layers of graphene oxide, then blotted for 3 s at 4�C in 100% humidity

and plunge-frozen in liquid ethane using the Vitrobot Mark IV system.

Cryo-EM imaging of the complex was performed on a 300 kV Titan Krios G4 transmission electron micro-

scope equipped with a BioQuantum K3 direct electron detector in the electron counting mode. The imag-

ing was performed at a nominal magnification of 3105,000, corresponding to a calibrated pixel size of

0.829 Å/pixel. Each micrographic movie was recorded for a total of 15.5 electrons per pixel per second

for 2.3 s, resulting in an accumulated exposure of 50.5 e�/A2. A total of �12,000 movies were collected

per dataset. All of the data were automatically acquired using the EPU software, with a defocus range of

�0.8 to �2.0 mm.

Image processing

Image processing was mainly performed with the RELION-3.1.2 package.49 All of the dose-fractionated

movies were subjected to beam-induced motion correction using MotionCor2,50 and the contrast transfer

function (CTF) parameters were estimated using CTFFIND4.51 Particles were picked using crYOLO52 from

the micrographs and subjected to several rounds of 2D and 3D classifications to select good particles, and

subsequently subjected to 3D refinement and Bayesian polishing. In the last cycle, particles were refined

with a specific mask (imposing C3 symmetry on some complexes), yielding an overall map with a global res-

olution of 3.6 to 2.4 Å. To further improve the density of Fab moieties, the particles were subjected to

focused 3D classification using a soft mask encompassing the RBD and variable domains of Fabs. The

best-resolved and locally refined density maps were sharpened by the Phenix package.53 Reported reso-

lutions are based on the Fourier shell correlation of 0.143 criterion.

Model building and validation

The trimeric structures of the spike protein with each Fab were manually fitted and constructed based on a

structure (PDB ID: 6VXX) as an initial model, using Coot.54 The template model of the variable domain was

automatically built by the SWISS-MODEL server,55 based on selected sequences with higher homology,

and was manually fit in Coot.54 In the spike moiety, several prominent densities were identified near Aspar-

agine residues, which corresponded to N-glycosylation. Glucosamines (NAG) were built depending on

each density size. The model of the entire structure was iteratively refined using phenix.real_space_refine

of the Phenix package,53 with secondary structure restrains. Model validation for stereochemistry was per-

formed in MolProbity56 (Table S3). Molecular graphics and density maps were prepared with PyMOL

(https://pymol.org/2/) and UCSF ChimeraX.57

Identification of N-glycan composition

The Ab354 antibody sample purified from HEK cells contains one N-glycosylation site at the Asn59 of the

heavy chain, and the SDS-PAGE analysis revealed its heterogeneous modification. As previously

described,58 �1 nmol of the sample was digested by trypsin, and then treated with PNGase F to remove

N-linked glycans as a control. Signals of glycopeptide from the positive fraction were detected using ma-

trix-associated laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. Four major

peaks were detected and subjected to estimate the glycan components by using Mascot. The four peaks

were attributed to + dHex(3)Hex(4)HexNAc(5), +dHex(2)Hex(4)HexNAc(5), +dHex(1)Hex(4)HexNAc(5), and

dHex(1)Hex(3)HexNAc(5). (To confirm the relative difference of each glycan unit, each fraction was further

applied to LC-MS/MS.) Referring to the GlyConnect database,59 possible glycan forms were listed (Fig-

ure S2A). The traceable glycan model was reasonably placed near the Asn59 along the electron density,

and fucose is identified, which is linked a-1,6 to the reducing terminal of b-N-acetylglucosamine, as shown

in the Figures S2B and S2C.

Surface Plasmon Resonance (SPR) assay

SPR assay was performed using BIACORE T200 instrument. The SBP tagged RBD was covalently immobi-

lized on CM5 sensor chip. Different concentrations of antibody solutions (0, 62.5, 125, 250, 500, 1000 ng/mL)

were then sequentially pumped at a flow rate of 60 mL/mL and sensorgrams were obtained. The binding

rate constant (kon), dissociation rate constant (koff), and dissociation constant (kd) for each sample were
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obtained by curve fitting the sensorgrams with a 1:1 binding model. Data are representative of duplicate

measurements.

Experimental infection of Syrian hamsters

SARS-CoV-2/UT-NCGM02/Human/2020/Tokyo22 was propagated in VeroE6 cells in Opti-MEM I contain-

ing 0.3% BSA and 1 mg of L-1-Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-trypsin/mL. One-

month-old male Syrian hamsters (Japan SLC Inc., Shizuoka, Japan) were used in this study. Four hamsters

per group were inoculated intranasally with 103 PFU (in 100 mL) of NCGM02. On day 1 post-infection,

hamsters were injected intraperitoneally with 50 mg/kg of Ab326, Ab354, Ab496, or human IgG1 Iso-

type control. The animals were euthanized on day 4 post-infection, and serum and lungs were harvested.

Serum neutralizing titers were determined by using a plaque assay, and viral RNA copy numbers in the lung

tissue were determined by RT-PCR.

For the neutralization assay, 35 mL of virus (140 tissue culture infectious dose 50) was incubated with 35 mL of

2-fold serial dilutions of serum for 1 h at room temperature, and 50 mL of the mixture was then added to

confluent VeroE6/TMPRSS2 cells in 96-well plates, and incubated for 1 h at 37�C. After the addition of

50 mL of DMEM containing 5% FCS, the cells were incubated for 3 more days at 37�C. Viral cytopathic ef-

fects (CPEs) were observed under an inverted microscope and virus neutralization titers were determined

as the reciprocal of the highest serum dilution that completely prevented CPEs.

For the RT-PCR, lung tissue was homogenized in 1 mL of DMEM containing 5% FCS and antibiotics. RNAs

were extracted by using the QIAamp Viral RNA Mini Kit. RNA copies for the nucleoprotein (N protein)-en-

coding gene of SARS-CoV-2 were measured by using the TaqMan Fast Virus 1-step Master Mix. Amplifica-

tion was carried out in 96-well plates on the StepOnePlus or CFX-96. The thermocycling conditions were as

follows: 5 min at 50�C for reverse transcription, 20 s at 95�C for inactivation of reverse transcriptase and

initial denaturation, and 45 cycles of 5 s at 95�C and 30 s at 60�C for amplification.

Experimental infection of cynomolgus macaques

We performed in vivo infection assay using cynomolgus macaques as previously described23 with some

modifications. Briefly, 2 3 107 TCID50 WK-521 was inoculated into the conjunctiva, nasal cavity, oral cavity,

and trachea of six cynomolgus macaques on day 0. On day 1, 20 mg (5–7 mg/kg) of antibody cocktail (1/3
each of Ab326, Ab354, and Ab496) or control human IgG1 was injected intravenously. Nasal swabs were

collected at day 0 (before infection), day 1 (before injection), day 3, day 5, and day 7 (before sacrifice). Ma-

caques were sacrificed at day 7, and lungs were collected.

To assess viral replication, serial dilutions of swab samples and tissue homogenate samples (10% w/v) were

inoculated onto confluent VeroE6/TMPRSS2 cells for 1 h. The cells were washed with HBSS, and incubated

with DMEM containing 0.1% BSA, penicillin, streptomycin, and gentamycin (50 mg/mL) for 3 days. CPEs

were examined under a microscope. Virus titers were calculated by the Reed-Muench method.

To assess the viral amount at the nucleotide level, total RNA samples were extracted from swab samples

using theQIAamp Viral RNAMini Kit and RNeasy Plus Mini Kit according to themanufacturer’s instructions.

RNA copies were measured as described above.

To assess the neutralization titer, plasma collected on day 1 before antibody injection and on day 3 was

incubated at 56�C for 1 h for complement inactivation. Diluted plasma was mixed with WK-521 for

30 min in room temperature. The mixture was inoculated onto confluent culture of VeroE6/TMPRSS2 cells

in 6-well plates. After 1h, the mixture was removed and the cells were covered with EMEM containing 1%

agar. The cells were incubated at 37�C for 3 days and the number of plaques was counted.

For histopathological examination, eight lung specimens were made from the bilateral lung of each ma-

caque: one slice from each upper lobe and middle lobe, and two slices from each lower lobe. After fixing

in 10% neutral buffered formalin for approximately 72 h, hematoxylin and eosin staining sections were

made. Two pathologists blindly evaluated the histological score of the sections according to the previously

published following criteria24: 0: normal lung, 1: mild destruction of bronchial epithelium, 2: mild peribron-

chiolar inflammation, 3: inflammation in the alveolar walls resulting in alveolar thickening, 4: mild alveolar

injury accompanied by vascular injury, 5: moderate alveolar injury and vascular injury, 6, 7: severe alveolar
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injury with hyaline membrane-associated alveolar hemorrhage (under or over 50% of the section area). The

average score of eight sections was calculated for each macaque, and the mean score of the two pathol-

ogists was defined as the histological score.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous data are presented as the median and interquartile range or as a number with the percentage

value, as appropriate. Student’s t test and Dunnett’s test were used to examine the continuous variables.

Chi-squared test was used to examine the categorical variables. Correlations between two continuous vari-

ables were analyzed using Spearman’s rank correlation coefficient. Unless stated otherwise, statistical an-

alyses were performed using JMP. IC50 of each antibody were determined by non-linear regression using

Prism 9, and shown in mean and SD The sample sizes for the animal studies were determined from previous

studies. The researchers were not blinded to the group allocations during the experiments. p values < 0.05

were considered to be statistically significant. *p < 0.05.
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