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SUMMARY
The emergence and global spread of the SARS-CoV-2 Omicron variants, which carry an unprecedented num-
ber of mutations, raise serious concerns due to the reduced efficacy of current vaccines and resistance to
therapeutic antibodies. Here, we report the generation and characterization of two potent humanmonoclonal
antibodies, NA8 and NE12, against the receptor-binding domain of the SARS-CoV-2 spike protein. NA8 inter-
acts with a highly conserved region and has a breadth of neutralization with picomolar potency against the
Beta variant and the Omicron BA.1 and BA.2 sublineages and nanomolar potency against BA.2.12.1 and
BA.4. Combination of NA8 and NE12 retains potent neutralizing activity against the major SARS-CoV-2 var-
iants of concern. Cryo-EM analysis provides the structural basis for the broad and complementary neutral-
izing activity of these two antibodies. We confirm the in vivo protective and therapeutic efficacies of NA8 and
NE12 in the hamster model. These results show that broad and potent human antibodies can overcome the
continuous immune escape of evolving SARS-CoV-2 variants.
INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) pandemic,

caused by severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2), has triggered a devastating global health,

social, and economic crisis, with more than 1 million deaths

in the United States and over 6.5 million worldwide (https://

coronavirus.jhu.edu; The Johns Hopkins Coronavirus Resource

Center Home Page, 2022). Effective vaccines against SARS-

CoV-2 have been developed and deployed at an unprecedented

pace, but hesitancy in vaccination and a limited supply in devel-

oping countries havemade the fight against SARS-CoV-2 partic-

ularly challenging. The RNA nature and broad circulation of this

virus enable the accumulation of mutations (Telenti et al., 2021;
This is an open access article under the CC BY-N
Yewdell, 2021), leading to the continuous emergence of variants

with increased transmissibility or pathogenicity as well as resis-

tance to monoclonal antibodies (mAbs) and vaccine-elicited an-

tibodies (Corti et al., 2021; Davies et al., 2021; Wang et al., 2021;

Wibmer et al., 2021), highlighting the need for effective therapeu-

tic and preventive measures with a broad spectrum of action.

As a result of viral evolution, the initial SARS-CoV-2 lineages

identified early during the pandemic in Wuhan, China (Zhou

et al., 2020), have progressively been replaced by several vari-

ants of concern, such as B.1.1.7 (Alpha), B.1.351 (Beta), P.1

(Gamma), B.1.617.2 (Delta) and, most recently, B.1.1.529 (Omi-

cron). In particular, the latter is raising major concern worldwide

because it has an unprecedented number of mutations, and it

has rapidly spread across the globe (Bowen et al., 2022a;
Cell Reports 41, 111528, November 1, 2022 ª 2022 1
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Bruel et al., 2022;Greaneyet al., 2021; Iketani et al., 2022; Lusvar-

ghi et al., 2021; Piccoli et al., 2020; Takashita et al., 2022; Yama-

soba et al., 2022; Yu et al., 2022; Zhou et al., 2022). It comprises

several distinct sublineages (World Health Organization, https://

www.who.int/publications/m/item/weekly-epidemiological-up

date-on-covid-19-1-february-2022). The original Omicron var-

iant, BA.1, was first documented in South Africa in November

2021 and became in a short time the predominant variant world-

wide (World Health Organization, Classification of Omicron

[B.1.1.529]: SARS-CoV-2 Variant of Concern [2021]). This variant

has more than 30 mutations in the spike (S) protein (Elbe and

Buckland-Merrett, 2017), 15 of which are located within the re-

ceptor-binding domain (RBD), the main target of neutralizing an-

tibodies (Greaney et al., 2021; Piccoli et al., 2020). Most of these

mutations are unique to this variant. Consistent with this high de-

gree of genetic heterogeneity, the Omicron sublineage BA.1 has

reduced or abrogated sensitivity to neutralization bymost mAbs,

convalescent sera, and vaccine-elicited antibodies (Aggarwal

et al., 2021; Cameroni et al., 2022; Cao et al., 2022a; Cele et al.,

2022; Dejnirattisai et al., 2021; Doria-Rose et al., 2021; Lusvarghi

et al., 2021;Mannar et al., 2022; Planas et al., 2022;Wilhelmet al.,

2021). As of March 2022, however, the BA.2 sublineage is rapidly

replacingBA.1 tobecome thedominant variant in several areas of

the world, including most European countries, India, Pakistan,

the Philippines, New Zealand, and South Africa (CoVariants,

Overview of Variants/Mutations, March 25, 2022; https://

covariants.org). BA.2 shares 21 mutations with BA.1, but these

two sublineages contain 8 and13uniquemutations, respectively,

in the spike protein. BA.2 has a significantly reduced sensitivity to

neutralization by sera from convalescent patients or vaccinated

individuals to a degree comparable to that reported for BA.1

(Bowen et al., 2022b; Iketani et al., 2022; Yamasoba et al.,

2022; Yu et al., 2022). In addition, BA.2 has shownmarked resis-

tance to several mAbs tested, including sotrovimab, which was

shown to retain activity against BA.1 (Bruel et al., 2022; Iketani

et al., 2022; Takashita et al., 2022; Zhou et al., 2022). Thus, albeit

related, these two sublineages exhibit different sensitivity to

mAbs and vaccine-elicited antibodies. More recently, three

additional Omicron sublineages have emerged, BA.2.12.1,

BA.4, and BA.5, and they have rapidly replaced BA.1 and

BA.2 worldwide, accounting for the vast majority of new infec-

tions globally (World Health Organization, https://www.who.int/

publications/m/item/weekly-epidemiological-update-on-covid-

19-20-july-2022). The BA.4 and BA.5 lineages have an identical

spike protein and differ only outside the spike region (Tegally,

2022). As seen with the initial Omicron variants, these newly

emerged sublineages show even stronger escape from neutral-

izing antibodies elicited by both vaccination and natural infection

(Bowen et al., 2022b; Cao et al., 2022b; Hachmann et al., 2022;

Qu et al., 2022; Shrestha et al., 2022). The reduced effectiveness

of current therapeutic antibodies and vaccines against Omicron

subvariants, the rapid spread of these variants worldwide, and

the limited rate of vaccination in developing countries highlight

the urgent global need for the discovery of broadly neutralizing

antibodies against SARS-CoV-2.

In this study, we took advantage of our extensive experience in

generating mAbs using combinatorial phage-display library

technology (Chen et al., 2006, 2018) to derive mAbs from conva-
2 Cell Reports 41, 111528, November 1, 2022
lescent COVID-19 donors with high neutralization titers. We

report the isolation of ultrapotent mAbs that neutralize diverse

and highly transmissible SARS-CoV-2 variants of concern,

including the difficult-to-neutralize Beta and Omicron subline-

ages. To further validate our data, we compared side by side

the neutralizing activity of our most potent mAbs with that of

seven clinically approved mAbs, which confirmed the breadth

and potency of our mAbs. Cryo-electron microscopy provided

the structural basis for their broad reactivity and potency. Finally,

we demonstrated the protective and therapeutic activity of our

mAbs in a hamster preclinical model. Overall, this study un-

covers potent mAbs, which may be utilized against both present

and future SARS-CoV-2 variants of concern that will continue to

emerge.

RESULTS

Generation and characterization of anti-SARS-CoV-2
monoclonal antibodies using phage-display libraries
from COVID-19 convalescent patients
To generate mAbs against the SARS-CoV-2 spike protein by

using combinatorial phage-display libraries, peripheral blood

samples were collected from 12 convalescent COVID-19 plasma

donors with high neutralizing serum antibody titers against

SARS-CoV-2 (De Giorgi et al., 2021) (Table S1). Total RNA was

extracted from peripheral blood mononuclear cells (PBMC)

and used for the construction of phage-display Fab libraries (Fig-

ure 1A). A total of four phage-display Fab libraries, derived from

either a single donor or multiple donors combined, were

constructed, each consisting of 107 to 109 individual clones (Fig-

ure S1). Three sequential cycles of panning were carried out to

enrich for specific clones using a stabilized trimeric spike protein

(S-2P) derived from the original SARS-CoV-2 strain, Wuhan-Hu-

1 (GenBank: MN908947; S protein sequence identical to that of

the of USA/WA-1/2020 [WA-1]; GenBank: MN985325) (Wrapp

et al., 2020). Subsequent screening of 672 individual clones by

ELISA resulted in the identification of 538 clones that specifically

bound to the S-2P protein. DNA sequencing identified 18 unique

clones with distinct sequences. These clones were subcloned

and expressed both as soluble Fabs and as complete IgG1 anti-

bodies. The binding specificity of the cloned IgGswas confirmed

by ELISA (Figure 1B). The binding affinity of the 18 Fabs for the

soluble S-2P trimer was further assessed by surface plasmon

resonance (SPR). Six Fabs showed either poor or no binding

by SPR, while the remaining 12 exhibited high-affinity binding

with equilibrium dissociation constants (KD) in the picomolar

range for 10 and in the low nanomolar range for 2 (Figure S2;

Table S2).

Genetic analysis of V genes of all 18 mAbs indicated that the

clones primarily used the variable heavy chain (VH) genes

VH1-2 and VH1-69 and the variable light chain (VK) gene

VK1-39 (Figures 1C and 1D; Table S3). The dominant use of

these VH genes for SARS-CoV-2 S-specific antibodies is

consistent with previous studies (Andreano et al., 2021; Yuan

et al., 2021). In comparison, the frequency of VH1-2 and

VK1-39 gene usage only ranks 23 and 6, respectively, in the

B cell repertoire of healthy individuals (Boyd et al., 2010; Praba-

karan et al., 2012), suggesting that certain germline genes are

https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19-1-february-2022
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Figure 1. Study design and characterization of monoclonal antibodies against the SARS-CoV-2 spike protein

(A) Schematic design of the different phases of combinatorial phage-display library production and screening leading to the development of SARS-CoV-2

neutralizing antibodies (mAbs).

(B) Normalized binding of 18 mAbs to a stabilized SARS-CoV-2 spike protein trimer, S-2P, in ELISA; OD denotes optical density.

(C and D) V-gene usage of (C) heavy chains and (D) light chains of 18 mAbs against the SARS-CoV-2 spike protein.

(E) Rate of somatic hypermutation of V genes of heavy chains (VH) and light chains (VL) of 18 mAbs.

(F and G) Amino acid length of the CDR3 loop of the (F) heavy (CDR3H) and (G) light chain (CDR3L) of 18 mAbs.
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naturally favored for binding to the S protein of SARS-CoV-2.

Notably, the selected antibodies had very limited somatic

hypermutation (SHM) with a median frequency of 3.2% in VH

and 1.6% in VL (Figure 1E). These findings are consistent

with previous studies, which reported the isolation of anti-

SARS-CoV-2 antibodies in nearly germline configuration (Kreye

et al., 2020; Liu et al., 2020; Zost et al., 2020b). The length

distribution of the complementarity-determining region 3

(CDR3) in both the heavy and light chains was in line with pre-

vious observations (Figures 1F and 1G), although we found an

unusual bimodal distribution of CDRH3 length as opposed to

the typical bell-shaped distribution in CDRL3 (Figures 1F and

1G). No correlation was found between SHM frequency in VH

and binding affinity, further supporting the notion that certain

germline antibody genes are naturally fit for targeting the S

protein.
Potent neutralization of diverse SARS-CoV-2 variants of
concern
The neutralizing activity of 18 mAbs was evaluated using a pseu-

dotype virus neutralization assay (Corbett et al., 2020a). Eleven

mAbs showed potent neutralizing activity against the original

SARS-CoV-2 strain (WA-1), seven with half-maximal inhibitory

concentration (IC50) values in the picomolar range, below

10 ng/mL (Figure 2A), which is comparable to the potency of

the best-in-class mAbs (Baum et al., 2020b; Hansen et al.,

2020; Jones et al., 2021). Competition ELISA showed that all

the 11 neutralizing mAbs were specific for the RBD domain (Fig-

ure S3). Cross-competition ELISA using Fab fragments and

complete IgG showed high levels of cross-competition among

the 11 neutralizing mAbs with the exception of two, 1G8 and

3F6,which cross-competed only between eachother (FigureS4).

Next, we tested the neutralizing activity of the 18 mAbs against
Cell Reports 41, 111528, November 1, 2022 3
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the original North American founder strain, WA-1, as well as ma-

jor variants of concern of global relevance, namely, B.1.1.7/

Alpha, B.1.351/Beta, B.1.617.2/Delta, and Omicron BA.1,

BA.2, BA.4, and BA.2.12.1 sublineages. All the 11 mAbs that

potently neutralized the WA-1 strain retained potent activity

against the Alpha variant; seven of them also neutralized the

Delta variant in the picomolar range (Figure 2A). In contrast,

most of the mAbs were ineffective against the Beta variant with

only four retaining high neutralizing activity. Of note, one of

them, NA8, neutralized Beta at picomolar concentration.

Notably, NA8 also potently neutralized both Omicron BA.1 and

BA.2 sublineages, which contain an unprecedented number of

mutations within the S protein and are completely or partially

resistant to most neutralizing mAbs as well as to serum from

convalescent or vaccinated subjects (Aggarwal et al., 2021; Ca-

meroni et al., 2022; Cao et al., 2022b; Cele et al., 2022; Dejnirat-

tisai et al., 2022; Doria-Rose et al., 2021;Mannar et al., 2022; Pla-

nas et al., 2022; Wilhelm et al., 2021), with IC50 values in the

picomolar range (Figure 2A). In addition, NA8 also neutralized

at nanomolar concentrations the recently emerged BA.2.12.1

and BA.4 sublineages. Six additional mAbs neutralized different

Omicron sublineages, although only one (3B6) was active in the

picomolar range against BA.1 and BA.2 (Figure 2A).

Next, we compared our antibodies with a panel of mAbs

approved for clinical use. Among seven clinical mAbs evaluated,

we found that four, namely, REGN-10933 (casirivimab), REGN-

10987 (imdevimab) (Baum et al., 2020b; Hansen et al., 2020),

LY-CoV555 (bamlanivimab) (Jones et al., 2021), and LY-

CoV016 (etesevimab) (Shi et al., 2020), had no detectable

neutralizing activity against Omicron BA.1, while three, namely,

S309 (sotrovimab) (Cameroni et al., 2022; Cao et al., 2022a;

Cathcart et al., 2021), AZD8895/COV2-2196 (tixagevimab), and

AZD1061/COV2-2130 (cilagavimab) (Zost et al., 2020a), showed

neutralizing activity but were remarkably less potent than NA8

(93-, 166-, and 35-fold, respectively) (Figure 2B). Against the

BA.2, BA.2.12.1, and BA.4 Omicron sublineages, only one of

the approved antibodies, COV2-2130, retained potent neutral-

izing activity (Figure 2B).

Clinically approvedmAbs are generally used in combination to

ensure coverage against multiple variants (Du et al., 2021; Ham-

marstrom et al., 2021; Miguez-Rey et al., 2022). Thus, we
Figure 2. Neutralizing activity of 18 monoclonal antibodies derived fr

monoclonal antibodies against different SARS-CoV-2 variants

(A) Heatmap of pseudovirus neutralization activity of 18 mAbs derived from conva

SARS-CoV-2 pseudoviruses bearing spike proteins from the USA/WA1/2020 isola

BA.1, BA.2, BA.4, and BA.2.12.1 sublineages. The color-coded legend of IC50 ra

(B) Neutralizing activity of seven clinically approved mAbs, including REGN-1093

(sotrovimab), against the same SARS-CoV-2 variants as in (A).

(C) Neutralizing activity of mAbs NA8 and NE12 and six clinically approved mAb

Omicron BA.1, BA.2, BA.4, and BA.2.12.1 sublineages.

(D) Neutralization curves of mAbs NE12 and NA8 and six clinically approved mA

(E) Neutralization curves of mAbs NE12 and NA8 and six clinically approved mA

(F) Neutralization curves of mAbs NE12 and NA8 and six clinically approved mA

(G) Neutralization curves of mAbs NE12 and NA8 and six clinically approved mA

(H) Neutralization curves of mAbs NE12 and NA8 used in combination against al

(I) Neutralization curves of mAb NA8 against the major SARS-CoV-2 variants of c

(J) Neutralization curves of mAb NE12 against the major SARS-CoV-2 variants o

performed in duplicate using a pseudovirus assay. Values represent mean ± SD
compared side by side the neutralization potency of the combi-

nation of NA8 and NE12, used at equimolar concentrations (1:1),

with that of six clinically approved antibodies used in paired

combinations against the WA-1 strain and the Omicron subline-

ages BA.1 and BA.2 (Figure 2C). In agreement with previous re-

ports (Cameroni et al., 2022; Cao et al., 2022b; Dejnirattisai et al.,

2022; Planas et al., 2022; Wilhelm et al., 2021), all paired combi-

nations were highly effective against WA-1, while only the com-

bination of NA8 with NE12 retained high neutralization potency

against Omicron BA.1. In contrast, no neutralization of Omicron

BA.1 was detected with REGN-10933 in combination with

REGN-10987, or with LY-CoV555 in combination with LY-

CoV016, whereas the combination of COV2-2196 and COV2-

2130 showed neutralizing activity that was more than 10-fold

lower comparedwith that of the NA8-NE12 combination. Against

the BA.2 sublineage, the NA8-NE12 combination was again the

most potent, but a strong neutralization was also observed with

the COV2-2130/COV2-2196 combination. Against the most

recent variants, BA.2.12.1 and BA.4, the NA8-NE12 combination

retained neutralizing activity at low nanomolar concentrations,

as did the REGN-10933/REGN-10987 combination, while

COV2-2130/COV2-2196 was the most potent combination and

LY-CoV555/LY-CoV016 was ineffective (Figure 2C). Neutraliza-

tion curves for the four paired combinations against the four Om-

icron sublineages are shown in Figures 2D–2G. In addition, we

found that the combination of NA8 with NE12 was extremely

potent against the original North American founder strain

WA-1, the Alpha, Beta, and Delta variants, with IC50 values be-

tween 0.5 and 5 ng/mL (Figure 2H). These results suggest that

NA8 and NE12, when used in combination, are one of the most

broad and potent antibody pairs with picomolar or low nanomo-

lar neutralizing activity against themajor SARS-CoV-2 variants of

concern. Based on these results, NA8 and NE12 were selected

for further characterization and preclinical testing. Complete

neutralization curves for each of these two mAbs against all

the viral variants tested are shown in Figures 2I and 2J. The

neutralizing activity of our mAbswas also tested using a live virus

neutralization assay against the early WA-1 isolate and the Beta

variant (Figure S5A). This assay was less sensitive than the pseu-

dovirus assay, a finding already reported by other authors (Zost

et al., 2020a). However, the neutralization profile was similar, as
om convalescent COVID-19 patients and seven clinically approved

lescent COVID-19 patients. IC50 values (mg/mL) are shown for neutralization of

te (WA-1, lineage A), the Alpha variant, Beta variant, Delta variant, and Omicron

nges is indicated in (C).

3, REGN-10987, LY-CoV555, LY-CoV016, COV2-2130, COV2-2196, and S309

s used in paired combinations against the SARS-CoV-2 WA-1 strain and the

bs used in paired combinations against the Omicron BA.1 sublineage.

bs used in paired combinations against the Omicron BA.2 sublineage.

bs used in paired combinations against the Omicron BA.4 sublineage.

bs used in paired combinations against the Omicron BA.2.12.1 sublineage.

l major SARS-CoV-2 variants of concern.

oncern.

f concern. Results are the average of two or three independent experiments

. The dotted horizontal lines indicate the IC90 and IC50.
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Figure 3. Cryo-EM structures of the Fab fragment of neutralizing monoclonal antibody NE12 in complex with a stabilized SARS-CoV-2 spike

protein trimer

(A) Cryo-EM map of Fab NE12 in complex with the SARS-CoV-2 S-6P spike trimer with docked spike and Fab atomic models. The heavy and light chains of the

mAb are colored in pink and purple, respectively. Spike protomers are colored individually. The Fab fragment binds the receptor-binding domain (RBD) in both the

up and down positions.

(B) Local refinement of a region containing one RBD with bound Fab resolved atomic details of the RBD-NE12 interactions.

(C) Ribbon diagram of the RBD/NE12 contact interface. Coloring is as in panel (B). Only the complementarity-determining regions (CDRs) and RBD fragments

participating in the interaction are shown for clarity. Key residues are shown in stick representation. Dashed lines represent salt bridges and hydrogen bonds.

(D and E) Surface representation of the RBD with the epitope of NE12 colored in green. Residues mutated in B.1.1.7/Alpha, B.1.617.2/Delta, and B.1.351/Beta

(D) or Omicron BA.1 sublineage (E) variants of concern are colored inmagenta. The antibody residues are numbered according to the IMGT (http://www.imgt.org)

(Giudicelli et al., 2005).
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shown by a strong correlation between the results obtained in

the two assays (Figure S5B).

Structural analysis of antibodies NE12 and NA8
To gain structural insight into the interactions of antibodies NE12

and NA8 with the SARS-CoV-2 spike glycoprotein, we obtained

cryo-EM reconstructions of Fab NE12 and Fab NA8 bound to a

stabilized spike trimer (S-6P) at nominal resolutions of 3.1 Å

and 2.9 Å, respectively (Table S4; Figures S6–S9). In both struc-

tures, Fabs were observed bound to each of the three RBDs of

the spike irrespectively of whether it assumed the up or down po-

sition (Figures 3A and 4A). The Fab-RBD interface was poorly

resolved in the two consensus maps due to conformational vari-

ability of the S1 subunit of the spike (Figures S7 and S9). There-
6 Cell Reports 41, 111528, November 1, 2022
fore, we performed signal subtraction and focused refinement of

the region that included the RBD in the down position with the

bound Fab and the proximal N-terminal domain. This improved

the local resolution to 3.4 Å (NE12 complex) and 3.5 Å (NA8 com-

plex), allowing detailed structural analysis of the Fab-RBD inter-

actions (Figures 3B, 3C, 4B, 4C, S10, and S11).

FabNE12 is positioned nearly parallel to the longest dimension

of the RBD and interacts with the face of the receptor-binding

ridge (Figures 3B and 3C). The interaction buries 874 Å2 of the

Fab surface area, split nearly equally between the heavy

(465 Å2) and light (409 Å2) chains, and 828 Å2 of the RBD

surface area. The 17-residue-long CDR3 of the heavy chain

(CDRH3) and the CDR1 of the light chain (CDRL1) straddle the

receptor-binding ridge, while the CDRL3 and CDRH2 interact

http://www.imgt.org
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Figure 4. Cryo-EM structures of the Fab fragment of neutralizing monoclonal antibody NA8 in complex with a stabilized SARS-CoV-2 spike

protein trimer

(A) Cryo-EM map of Fab NA8 in complex with the SARS-CoV-2 S-6P spike trimer with docked spike and Fab atomic models. The heavy and light chains of the

mAb are colored in pink and purple, respectively. Spike protomers are colored individually. The Fab fragment binds the receptor-binding domain (RBD) in both the

up and down positions.

(B) Local refinement of a region containing one RBD with bound Fab resolved atomic details of the RBD-NA8 interactions.

(C) Ribbon diagramof the RBD/NA8 contact interface. Coloring is as in (B). Only the complementarity-determining regions (CDRs) and RBD fragment participating

in the interaction are shown for clarity. Key residues are shown in stick representation. Dashed lines represent salt bridges and hydrogen bonds.

(D and E) Surface representation of the RBD with residues mutated in the B.1.1.7/Alpha, B.1.617.2/Delta, and B.1.351/Beta (D) or Omicron BA.1 sublineage (E)

variants of concern are colored in magenta.

The antibody residues are numbered according to the IMGT (http://www.imgt.org) (Giudicelli et al., 2005).
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with the tip of the RBD (Figure 3C). The CDRH1 does not

contribute to the paratope and is disordered, while the CDRL2

interacts with the region of the receptor-binding ridge distant

from the tip. The location of the epitope, the ability to bind the

RBD both in the up and down positions, and the long CDRH3 al-

lowed the categorization of NE12 as a class 2 antibody as

defined by Barnes et al. (Barnes et al., 2020). Based on the alter-

native classification system of Hastie et al. (Hastie et al., 2021),

NE12 belongs to group RBD-2b.2. Its epitope overlaps with

those of mAbs LY-CoV555 (Jones et al., 2021) and REGN-

10933 (Hansen et al., 2020), as well as with the ACE2 receptor

footprint (Shang et al., 2020), indicating that NE12 directly blocks

the spike-receptor interaction (Figure S12). This mechanismwas

confirmed by binding competition studies on ACE2-expressing

cells (Figure S13A). Residues mutated in the B.1.1.7/Alpha and

B.1.617.2/Delta variants are located outside or at the periphery

of the NE12 epitope, thus allowing for a potent neutralization of

these variants (Figure 3D). In contrast, the E484K mutation of
B.1.351/Beta results in clashes with CDRH2 and CDRL3 resi-

dues, compromising the neutralizing activity. Likewise, multiple

replacements in the Omicron BA.1 sublineage RBD receptor-

binding ridge can affect NE12-spike interactions (Figure 3E).

Similar to Fab NE12, Fab NA8 shows extensive contacts with

the receptor-binding ridge, but this antibody binds to a distinct

epitope along the outer side of the RBD distal from the tip

(Figures 4B and 4C). While NA8 interacts with the periphery of

the receptor-binding ridge (typical of class 2 antibodies), its

epitope is shifted toward the glycosylated Asn343 (typical of class

3 antibodies), although it does not include this residue or the

glycan. Thus, NA8 displays characteristics of both Barnes class

2 and class 3 antibodies (Barnes et al., 2020), while the Hastie

classification system (Hastie et al., 2021) categorizes it as an

RBD-4 mAb. Analysis of contact surfaces reveals a moderate

overlap between the NA8 epitope and the ACE2-binding inter-

face of the RBD (Figure S13B). Accordingly, binding competition

studies on ACE2-expressing cells provided evidence that NA8
Cell Reports 41, 111528, November 1, 2022 7
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reduced the interaction between the spike trimer and ACE2 by

90% (Figure S13A). The interaction buries 981 Å2 of the Fab sur-

face area, with the heavy chain responsible for most contacts

(642 Å2) and 990 Å2 of the RBD surface area. The CDRH3 forms

a long loop positioned along the side of the RBD, whereas the

CDRH1 and CDRH2 contact the central region of the receptor-

binding ridge. The CDRL1 and CDRL2 interact with the side of

the RBD, while the CDRL3 contacts the loop formed by RBD res-

idues 444–447. Of the residues mutated in the variants of

concern, only L452 is part of the NA8 epitope (Figure 4D), which

can explain the reduced neutralization of B.1.617.2/Delta. Note-

worthy, all the B.1.351/Beta and Omicron BA.1 mutations fall

outside the NA8 epitope or are located at its periphery

(Figures 4E and 5A), which is consistent with the high neutraliza-

tion potency of NA8 against these variants. Comparison of the

NA8 footprint with those of NE12 and several clinically approved

mAbs (Figure 5B) shows that the NA8 epitope is partially overlap-

ping but distinct from the epitopes of REGN-10933, REGN-

10987, S309 (sotrovimab), LY-CoV555, and LY-CoV016. Of

note, BA.1 and BA.2 share the samemutations in the regions tar-

geted by NA8 except for Ser446 of BA.1, which is reverted to a

glycine in the BA-2 sublineage (Figure 5A); this explains the abil-

ity of NA8 to efficiently neutralize both sublineages.

In summary, based on their binding affinity, neutralization

potency, and breadth, NE12 and NA8 provide a pair of potent

complementary mAbs for potential clinical use (Figure 5C).

Antibodies NE12 and NA8 protect hamsters from SARS-
CoV-2 infection
Next, we tested the in vivo prophylactic efficacy of the two

selected mAbs, NE12 and NA8, in the golden Syrian hamster

model, which closely mimics the severity of the disease in hu-

mans (Baum et al., 2020a; Imai et al., 2020). A total of 80 male

hamsters were used for these experiments; each study group

included 10 hamsters. The animals were inoculated with mAbs

at two concentrations (12 and 4 mg/kg) via intraperitoneal injec-

tion 24 h before intranasal challenge with 4.5 log10 TCID50 of

SARS-CoV-2 WA-1 or B.1.351/Beta (Figure 6A). An isotype-

matched (IgG1) irrelevant mAb, the anti-HIV-1 VRC01, was

included as a control at 12 mg/kg. Based on the in vitro neutral-

ization results, both NA8 andNE12were tested against theWA-1

strain (Figures 6B, 6D, and 6E), while only NA8 was tested

against the B.1.351/Beta variant (Figures 6C, 6F, and 6G). Ani-

mals treated with the control IgG1 lost, on average, 9% and

8% of body weight by day 5 after challenge with WA-1 and

B.1.351, respectively (Figures 6B and 6C). In contrast, treatment

with NE12 or NA8 significantly protected hamsters from weight

loss induced by the two viral variants, although NA8 at

4mg/kg against the B.1.351 virus showed a lesser degree of pro-
Figure 5. Comparison of binding epitopes, genetic characteristics, a

monoclonal antibodies

(A) Amino acid sequences of the receptor-binding domain (RBD) of Omicron s

sequence of the original North American founder strain WA-1 (GenBank: MN9853

epitopes of different mAbs are presented below and highlighted in different colo

(B) Surface representation of the RBDwith the epitopes of NA8 (green line) and NE

areas corresponding to the RBD residues mutated in the Omicron BA.1 sublinea

(C) Characteristics of NA8 and NE12 in comparison with clinically approved mAb
tection (Figure 6C). The protective effect of NE12 and NA8 was

confirmed by viral load measurements in nasal turbinate and

lung tissues on days 3 and 5 after inoculation (n = 5 per time point

per group). In animals treated with NE12 or NA8 at either 12 or

4 mg/kg, the viral titers at day 3 post-infection with the WA-1 vi-

rus were significantly reduced in both tissues compared with

controls; in the lungs, the virus became undetectable at day 5

post-infection (Figures 6D and 6E). Likewise, in animals infected

with the B.1.351 variant, NA8 at both concentrations significantly

reduced the viral titers in nasal turbinate and lung tissues at day 3

post-infection and completely suppressed viral replication in the

lungs at day 5 (Figures 6F and 6G). Overall, these data demon-

strate that NA8 exerted strong prophylactic protection in vivo

from two antigenically distinct SARS-CoV-2 variants, and NE12

exerted strong prophylactic protection against SARS-CoV-2

WA-1 in a susceptible animal model, despite the relatively low

antibody doses used.

Antibodies NE12 and NA8 have therapeutic activity
against SARS-CoV-2 in hamsters
To investigate the therapeutic activity of NE12 and NA8 against

SARS-CoV-2, a total of 60 male hamsters, divided in six groups

of 10 animals each, were utilized for a therapeutic study. Three

groups of animals were infected intranasally with the original

strain, WA-1, and three groups with the B.1.351/Beta variant

(4.5 log10 TCID50 per animal). The therapeutic efficacy of NE12

or NA8 (each at 12 mg/kg) was evaluated by administering the

antibodies via the intraperitoneal route 24 h after intranasal chal-

lenge (Figure 7A). This is a very stringent model given the

extremely rapid kinetics of replication of SARS-CoV-2. The

IgG1 isotype control mAb VRC01 (12 mg/kg) was tested in par-

allel as a control. Five hamsters per group were sacrificed at

day 3 post-infection for tissue viral load measurements, while

the remaining 5 animals were weighed daily until day 11. No sig-

nificant differences in weight loss were observed among the

three groups of hamsters infected with WA-1 (Figure 7B). In

contrast, NA8 significantly reduced the weight loss caused by

infection with the B.1.351/Beta variant, which remained below

5% of the initial body weight throughout the observation period

in contrast with the marked loss (nearly 15%) seen in the control

group (Figure 7C). Analysis of viral titers in nasal turbinate and

lung tissues showed a significant reduction in both NE12- and

NA8-treated animals infected with WA-1, despite a wide data

distribution in animals treated with NE12 (Figures 7D and 7E).

The serum concentrations of NA8 and NE12 were measured

on day 3 after infection. The three animals in the NE12/WA-1

group that showed high viral titers in nasal turbinates and lungs

had low to undetectable antibody levels in serum (Figure S14),

whichmay reflect a failure in intraperitoneal injection, as reported
nd neutralizing activity of NA8 and NE12 with clinically approved

ublineages BA.1 and BA.2 with mutations colored in red compared with the

25); the asterisks indicate residues that contact the ACE receptor. The binding

rs.

12 or clinically approved monoclonal antibodies (blue line) highlighted. Surface

ge are colored in magenta.

s against SARS-CoV2.
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Figure 6. Prophylactic efficacy of two neutralizing monoclonal antibodies, NE12 and NA8, against infection with SARS-CoV-2 in the golden

Syrian hamster model

(A) Design of the study. MAbs NE12 or NA8 were administered intraperitoneally (IP) at the dose of 12 or 4 mg/kg. Control animals received an anti-HIV-1 IgG1

(VRC01) at 12 mg/kg. One day later, each group of 10 animals was challenged with 104.5 TCID50 of SARS-CoV-2 WA-1 or B.1.351 instilled intranasally (IN). The

animal weight wasmonitored daily (days 0–3: n = 10 per group; days 4, 5: n = 5 per group) as an indicator of disease progression. Tissues were collected for virus

quantification at 3 and 5 days after challenge (n = 5 per group per time point).

(legend continued on next page)
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by other authors (Starr et al., 2021). In hamsters infected with

B.1.351, treatment with NA8 induced a significant reduction in

viral titers in both nasal turbinate and lung tissues, while, as ex-

pected, NE12 was ineffective (Figures 7F and 7G). Altogether,

these results demonstrate that both NE12 and NA8 exerted

strong therapeutic effects against sensitive SARS-CoV-2 strains

in a suitable preclinical model.

DISCUSSION

In this study, we report the generation of a panel of potent human

mAbs capable of neutralizing highly diverse and transmissible

SARS-CoV-2 variants of concern. Within this panel, we selected

two mAbs, NA8 and NE12, as promising candidates for clinical

use. The most important observation from this work is that,

despite the substantial mutation of this virus, the immune system

has the potential to develop RBD-directed antibodies that are

capable of potent neutralization and yet retain a broad spectrum

of action to overcome the continuous immune escape of evolving

SARS-CoV-2 variants of concern. NA8 and NE12 have distinctive

and complementary properties. NA8 features a very broad spec-

trum of action with ultrapotent activity, at low picomolar concen-

trations, against difficult-to-neutralize variants of concern,

namely, Beta and Omicron sublineages BA.1 and BA.2, and at

nanomolar concentrations against the most recently emerged

BA.2.12.1 and BA.4. The Beta variant is particularly resistant to

neutralization, and indeed very few effective mAbs are currently

available (Wang et al., 2021; Wibmer et al., 2021). Likewise, the

most widely clinically used mAbs, including sotrovimab (Camer-

oni et al., 2022; Cao et al., 2022b; Cathcart et al., 2021), have

reduced or no neutralizing activity against the recently emerged

Omicron variants. The Omicron BA.2 sublineage, which rapidly

replaced the previously dominant BA.1 in many countries, was

found to be resistant to 17 out of 19 neutralizing mAbs tested,

including sotrovimab, which had retained some activity against

BA.1, indicating that mAbs react in a different manner against

the Omicron sublineages (Iketani et al., 2022). Among the mAbs

currently approved for clinical use that were evaluated in our

study, only AZD1061/COV2-2130 (cilagavimab) showed strong

neutralizing activity against the BA.2 and BA.2.12.1 sublineages,

but its efficacy against the BA.1 sublineage was markedly

reduced. Very recently, FDA granted emergency use authoriza-

tion for a new mAb, LY-CoV1404 (bebtelovimab), which has an

in vitro potency against Omicron comparable to that of NA8

(Westendorf et al., 2022), but this antibody was not available for

side-by-side comparison with our mAbs.

The structural basis for the breadth of neutralization of NA8,

which has mixed features of both Barnes class 2 and class 3 an-

tibodies, lies in the high conservation of its binding epitope, as
(B and C) Body weight changes (means ± SE) from baseline in hamsters that recei

with (B) WA-1 or (C) B.1.351 SARS-CoV-2 strains.

(D–G) Viral titers in (D) nasal turbinate and (E) lung tissues at days 3 and 5 post-inf

quantify the TCID50 of infectious virus. Individual titers and means ± SD are sho

Statistical comparisons of weight changes between treatment groups were perfo

comparison test (B and C). Comparisons of the viral titers between groups were

comparison test. p values between groups treated with neutralizing mAbs and i

0.0009; ****p < 0.0001.
revealed by cryo-EM analysis. The NA8 epitope is distinct from

those of other mAbs hitherto reported in that, despite including

a portion of the receptor-binding ridge, it is shifted toward the

outer side of the RBD, allowing the antibody to ‘‘sidestep’’ the

residues that are mutated in the Beta and Omicron variants.

The second mAb described herein, NE12, has features of a

Barnes class 2 antibody and binds to an epitope that largely

overlaps with the ACE2 receptor footprint on the RBD.

NA8 and NE12 have a complementary neutralization spec-

trum, and indeed, when used in combination, they showed

potent activity against all the major SARS-CoV-2 variants tested.

Among the clinically approved mAbs tested, only the combina-

tion of COV2-2130 and COV2-2196 showed a comparable

breadth. Although NA8 and NE12 bind to partially overlapping

epitopes, as is the case for LY-CoV555 and LY-CoV016, their

neutralization potency was not affected when used in combina-

tion. Although antibodies targeting overlapping epitopes can

displace one another, particularly when their association rate is

similar, it has been shown that the displacement is reversible if

sufficient time is allowed to reach a state of equilibrium (Abdiche

et al., 2017). This model is consistent with our experimental ob-

servations whereby an equimolar combination of NA8 and NE12

neutralized all viral variants with the same potency as that of the

most effective of the two antibodies.

Considering the reduced efficacy of current vaccines and the

complete loss or reduced neutralizing activity of most clinically

approved antibodies to the Omicron variants (Aggarwal

et al., 2021; Bowen et al., 2022a; Bruel et al., 2022; Cameroni

et al., 2022; Cao et al., 2022a; Cao Y. et al., 2022b;

Cathcart et al., 2021; Cele et al., 2022; Dejnirattisai et al., 2022;

Doria-Rose et al., 2021; Hachmann et al., 2022; Iketani et al.,

2022; Mannar et al., 2022; Planas et al., 2022; Qu et al., 2022;

Shrestha et al., 2022; Takashita et al., 2022; Wilhelm et al.,

2021; Zhou et al., 2022), the isolation of new antibodies capable

of blocking a broad spectrum of emergent SARS-CoV-2 variants

of concern is important for future therapeutic and preventive

strategies. Due to the high degree of conservation of its binding

epitope, our mAb NA8 has the potential to neutralize new vari-

ants that will continue to emerge over time, especially from areas

of the world with low vaccination rates. Corroborating the poten-

tial clinical usefulness of our antibodies, the in vitro neutralization

potency of NE12 and NA8 was confirmed in a hamster model

in vivo, in which both mAbs exhibited remarkable prophylactic

and therapeutic efficacy against the original WA-1 strain and

the Beta variant at relatively low doses.

In summary, the identification of potent, broadly neutralizing

human antibodies against SARS-CoV-2 variants of concern

that resist neutralization by most mAbs, such as the Beta and

the Omicron sublineages BA.1 and BA.2, is critical for creating
ved neutralizing mAbs at different doses or isotype control (IgG) after challenge

ection with (F) WA-1 or (G) the B.1.351 variant, as determined using an assay to

wn for each group. Dashed lines indicate the limit of detection of the assay.

rmed using a repeated-measures mixed-effects model with Tukey’s multiple-

performed using two-way analysis of variance (ANOVA) with Tukey’s multiple-

sotype control are indicated. p > 0.05, not significant (ns); *p = 0.0381; ***p =
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Figure 7. Therapeutic efficacy of two neutralizing mAbs, NE12 and NA8, against SARS-CoV-2 in the golden Syrian hamster model

(A) Design of the study. Each group of 10 animals was first challenged with 104.5 TCID50 of SARS-CoV-2 WA-1 or B.1.351/Beta, instilled intranasally (IN). Twenty-

four hours later, the animals were injected intraperitoneally (IP) with mAbs NE12 or NA8 at the dose of 12 mg/kg. Control animals received an anti-HIV-1 IgG1

(VRC01) at 12 mg/kg. The animal weight was monitored daily as an indicator of disease progression (days 0–2: n = 10 per group; days 3–11: n = 5 per group,

except for the WA-1/NE12 group (days 6–11: n = 3 due to a technical issue). Tissues were collected at day 3 after challenge for virus quantification (n = 5 per

group).

(B and C) Body weight changes (means ± SE) from baseline in hamsters that were challenged with SARS-CoV-2 (B) WA-1 or (C) B.1.351/Beta.

(D–G) Quantification of viral titers at day 3 post-challenge in (D) nasal turbinate and (E) lung tissues of animals infected with WA-1 or in (F) nasal turbinate and

(G) lung tissues of animals infected with the B.1.351/Beta variant, as determined using an assay to quantify the TCID50 of infectious virus. Individual titers and

means ± SD are shown for each group. Dashed lines indicate the limit of detection of the assay. Statistical comparisons of weight changes between treatment

groups were performed using a repeated-measures mixed-effects model with Tukey’s multiple-comparison test. Comparisons of viral titers between the

treatment groups were performed using the non-parametric Kruskal-Wallis test with a Benjamini, Krieger, and Yekutieli false discovery test. p values between

groups treated with neutralizing mAbs and isotype control are indicated. p > 0.05, not significant (ns); **p = 0.0043; ****p < 0.0001.
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an arsenal of therapeutic antibodies with high potency against

both present and future variants of concern that will continue

to emerge because of the sustained worldwide spread of this vi-

rus, leading to escape from current prophylactic and therapeutic

interventions.
12 Cell Reports 41, 111528, November 1, 2022
Limitations of the study
Although we documented the in vivo protective and therapeutic

efficacies of our mAbs, NA8 and NE12, in the hamster model

against two different SARS-CoV-2 strains (WA-1 and Beta

variant), we did not test them against other variants of concern
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of global relevance such as the various Omicron sublineages.

However, based on their in vitro neutralization activity, we could

infer that our antibodies would be effective against these vari-

ants in the preclinical model, although physicochemical proper-

ties of our antibodies that were not addressed in this study can

have a major influence on in vivo efficacy (Jain et al., 2017).

Another limitation of this study is that most of the neutralization

results were obtained using a pseudovirus-based assay that

employs ACE2-transfected HEK293 cells as targets. However,

this assay is widely used in the field and was shown to predict

the in vivo neutralizing activity of mAbs, as also confirmed in

this study.
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Prism version 9 GraphPad Software N/A

Biacore T200 Evaluation software 3.1 Biaeval N/A
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MotionCorr2 Zheng et al., 2017 N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Patrizia

Farci (pfarci@niaid.nih.gov).

Materials availability
Aliquots of antibodies will be made available by the lead contact upon request under a Material Transfer Agreement (MTA) for non-

commercial usage.

Data and code availability
- The antibody sequences reported in this paper have been deposited in the GenBank database (accession nos. OM179962-

OM179997).

- The ensemble cryo-EMmaps of the NE12/spike trimer and NA8/spike trimer complexes were deposited to the Electron Micro-

scopy Data Bank (EMDB) with accession numbers EMD-26401 and EMD-26403, respectively. The locally refined maps of the

NE12/spike trimer and NA8/spike trimer complexes were deposited to EMDB with accession numbers EMD-26402 and EMD-

26404, respectively, and the corresponding coordinates were deposited to the Protein Data Bank with accession numbers

7U9O and 7U9P.

- Any additional information required to reanalyze the data reported is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Convalescent COVID-19 plasma donor selection, human samples, and lymphocyte isolation
Convalescent COVID-19 plasma donors were prospectively enrolled onto an institutional review board-approved protocol (Clinical

Trials Registration, NCT04360278) (De Giorgi et al., 2021) and provided written informed consent for the study. Among them, 12

convalescent plasma donors with high titer neutralizing antibodies against SARS-CoV-2 were selected, and 20-40 ml of blood

was collected from each of them. Six of the 12 donors were females and 6 were males; their mean age was 54.6 years (range 35

to 66 years). Eligibility criteria included molecular or serologic evidence of past COVID-19 infection, and complete recovery from

COVID-19, with no symptoms forR28 days orR14 days with a negative molecular test after recovery. PBMCs were prepared using

density centrifugation on a Ficoll-Paque gradient.

METHOD DETAILS

Live virus neutralization assay used to test COVID-19 convalescent patients
Neutralization of live virus by patient plasmaswas tested using a fluorescence reduction neutralization assay (FRNA) with SARS-CoV-

2 [2019-nCoV/USA-WA1-A12/2020 (WA-1) from the US Centers for Disease Control and Prevention, Atlanta, GA, USA] at the NIH-

NIAID Integrated Research Facility at Fort Detrick, MD, USA, as previously reported (Bennett et al., 2021). In these experiments, a

fixed volume of diluted virus was incubated with an equivalent volume of test plasma for 1 hour at 37�Cprior to adding the suspension

to Vero E6 cells (ATCC, Manassas, VA, USA, #CRL-1586). The virus was allowed to propagate for 24 hours prior to fixing the cells.

Following fixation, the cells were permeabilized and probed with a SARS-CoV-2 nucleoprotein-specific rabbit primary antibody (Sino

Biological, Wayne, PA, USA, #40143-R001) followed by an Alexa594-conjugated secondary antibody (Life Technologies, San Diego,

CA, USA, #A11037). The total number of infected cells in four fields per well with each field containing at least 1000 cells was quan-

tified using an Operetta high content imaging system (Perkin Elmer, Waltham, MA, USA). Plasma was tested using two-fold serial

dilutions from 1:40 to 1:1280 with four replicates per dilution. Results were calculated as the highest dilution of plasma leading to

at least 50% reduction of SARS-CoV-2 titers. Each assay was controlled with internal addition of an S-specific neutralizing polyclonal

antibodies. If a 1:40 dilution did not lead to at least 50% reduction of viral titer, results were reported as <1:40 even though some

inhibition of virus propagation may have been present. To enable analysis of nAb kinetics over time, a value of 1:20 was used as

a surrogate for results <1:40 since this value was the next serial 2-fold titer below the lowest positive result.

Human Fab antibody library construction
Total RNAwas extracted fromPBMCs using RNeasymini kit (Qiagen) and 1st strand cDNAwas reverse transcribedwith oligo(dT) as a

primer with a kit from Cytiva and used as a template for antibody Fab coding fragment amplification. Briefly, the g1 heavy chain Fd

(variable and first constant region) was amplified with nine human heavy chain–specific 50 primers and a human g1–specific 30 primer.

The k chain was amplified by PCR with seven human k chain–specific 50 primers and a 30 primer matching the end of the constant

region (Glamann et al., 1998). The l chain was amplified by PCR with six human l chain–specific 50 primers and a 30 primer matching

the end of the constant region (Kang et al., 1991). PCR was performed for 30 cycles at 95�C for 1 min, 52�C for 1 min, and 72�C for

1 min with HotStar Taq DNA polymerase (Qiagen). Amplified k and l chain DNA fragments were pooled, purified, digested with SacI
e4 Cell Reports 41, 111528, November 1, 2022
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and XbaI. The restriction enzyme digested light chain fragments from one donor or pooled from 5 donors were then cloned into the

pComb 3H vector by electroporation (Barbas et al., 1991). The recombinant plasmid DNAwas introduced into Escherichia coli Top 10

cells (Lucigen) by electroporation, yielding 1 3 107 individual clones. The plasmid DNA containing light chain sequences was di-

gested with XhoI and SpeI, ligated with g1 Fd DNA cut with the same enzymes. The plasmid DNAs containing light and heavy chains

were transformed into E. coli Top 10 cells by electroporation. Four phage display Fab libraries with average size of 53 108 individual

clones for each library were generated.

Expression and purification of recombinant SARS-CoV-2 spike protein trimers
The stabilized SARS-Cov-2 spike protein trimer (S-2P) was produced by transient transfection of 293 Freestyle cells as previously

described (Wrapp et al., 2020). One liter of 293 Freestyle cells at concentration of about 0.9 million cells per ml was transfected

with 1 mg of S-2P plasmid, pre-mixed with 1 ml of 293fectinTM Transfection Reagent. The cells were allowed to grow for 6-7 days

at 125 rpm, 37�C, and 8 % CO2; then the supernatant was harvested by centrifugation and filtered through Millipore Sigma

0.22 mm PES filter. The cleared supernatant was incubated with 5 mL of HisPurTM Ni-NTA Resin ThermoFisher for three hours,

then the resin was collected and washed with PBS with 25 mM imidazole, pH 7.4. The captured SARS-CoV-2 S-2P was eluted by

PBS with 250 mM imidazole, pH 7.4. After elution, the trimeric protein was collected, concentrated, and applied to a Superdex

200 16/60 gel filtration column equilibrated with PBS. Peak fractions were pooled and concentrated to 1 mg/mL. The SARS-CoV-

2 S-6P trimer was expressed and purified as previously described (Hsieh et al., 2020). Briefly, 1 mg of DNA encoding the S-6P spike

was transfected into 293 Freestyle cells using Turbo293 transfection reagent (Speed BioSystems). The cells were grown at 37�C for

6 days, after which the supernatant was harvested and applied to His-Pure affinity resin. The resin waswashed with 20mM imidazole

in PBS, and the protein eluted with 20 mM HEPES, pH 7.5, 200 mM NaCl and 300 mM imidazole. The trimeric protein was further

purified on a Superdex S-200 gel filtration column equilibrated in PBS and concentrated to 1mg/ml and flash frozen in liquid nitrogen

for storage at �80�C.

Selection of specific Fab clones
For phage production, 25 ml of logarithmic bacteria culture (OD600 = 0.6) in 23YT supplemented with 100 mg/mL ampicillin and 2%

glucose (23YT-Amp-Glu) were infected with M13KO7 helper phage (New England Biolabs, USA) at 73109 plaque forming unit (PFU)

per mL (�1:20multiplicity of infection) by incubating at 37�C for 30 min without shaking, followed by 30min at 120 rpm. Infected cells

were harvested by centrifugation (5000 g for 5 min) and resuspended in 100 ml 23YT supplemented with 100 mg/mL ampicillin and

50 mg/mL kanamycin. After overnight growth at 30�C at 250 rpm, the cells were removed by centrifugation (18000 g at 4�C for 20min).

The culture supernatant containing the phages was filtered through a 0.45-mm filter and then precipitated with 1/5 volume of 20%

PEG8000 (polyethylene glycol) in a 2.5 M NaCl solution, for 1 h on ice. Phage particles were pelleted by centrifugation (9000 g at

4�C for 20 min) and re-dissolved in 1 mL 13PBS.

The phage library was panned by affinity binding of Fab-expressing phages on S-2P coated on the wells of an ELISA plate. Block-

ing of plates and phages was conducted for 60 min using 3% skimmedmilk in 13PBS. All washing steps were performed using PBS

containing 0.05% Tween20 (PBST). For each panning cycle, 1 mg/mL antigen was used to coat the polystyrene plate and after an

overnight incubation, plates were washed and blocked. For the first panning cycle, approximately 131011 phages were incubated

with the antigen coated plates for 2 h, followed by a total of 20 washes with PBST. The eluted phages were amplified in E. coli

Top 10 cells. Bacterial culture was plated on 23YT Amp-Glu agar and incubated overnight at 30�C. Clones were harvested into

5 ml 23YT-Amp-Glu and phage production for the next round of panning, which was conducted in 40 ml medium, as described

above. Two additional panning cycles were repeated using the same protocol. Following three cycles of panning, the selected

phages were used for infection of E. coli. Single colonies were randomly picked from the third cycle output and screening of specific

binders was performed, using phage ELISA against S-2P, with a BSA coated-plate as a negative control.

Sequence analysis of S-2P-positive Fab clones
Wesequenced the heavy-chain variable region (VH-DH-JH genes) of the ELISA-positive SARS-CoV-2 S-2P- specific clones obtained

from each library using the Applied BioSystemsmodel 3730 automated DNA sequencer with a modified Sanger method. The closest

human germline V(D)J gene segments for each unique sequence were determined using DNAPLOT with IMGT sequence database

(http://www.imgt.org/IMGT) (Giudicelli et al., 2005). The framework and CDRs were assigned according to IMGT nomenclature. The

somatic mutations were identified by comparison of V-genes (from framework 1 to 3) with the closest germline counterpart. The first

28 nucleotides corresponding to the primer sequence were not included in the analysis. The distribution of VH and JH gene usage

and HCDR3 length of anti-SARS-CoV-2 was analyzed.

Expression and purification of Fab and IgG
The phagemid containing light chain and heavy chain was cleaved with NheI and SpeI and re-circularized after removal of the phage

gene III DNA fragment from the vector to encode soluble Fab. Bacteria containing circularized DNA without phage gene III were

cultured in 23TY medium containing 2% glucose, 100 mg/mL ampicillin, and 15 mg/mL tetracycline at 30�C until the OD600 reached

0.5–1. The culture was diluted 5-fold in 23YT medium without glucose and containing 0.2 mM isopropyl b-D-thiogalactoside (IPTG),

and culture was continued at 27�C for 20 h for expression of soluble Fab. Because the Fab was tagged at the C terminus with (His)6,
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the expressed proteins were affinity-purified on a nickel-charged column and were further purified through a cation-exchange SP

column (Cytiva).

For IgG production, Expi293FTM cells (Thermo Fisher) were transiently transfected with plasmids carrying the antibody heavy chain

and light chains. Cells were grown for six days at 37�C with 8% CO2 shaking at 125 rpm according to the manufacturer’s protocol

(Thermo Fisher). Cell cultures were harvested six days after transfection and centrifuged at 20,000 g for 30 min at 4�C. The
supernatants were collected and filtrated through a 0.22 mm filter. The expressed IgGs were purified by affinity chromatography

on an immobilized protein G column (Cytiva). The purity of the Fab and IgGwas evaluated by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE), and the protein concentrations were determined by optical density (OD) measurements at 280 nm,

with an A280 of 1.5 corresponding to 1.0 mg/mL.

ELISA assays
For conventional antigen-binding ELISA, 96-well plates were coated with 100 ml/well containing 1 mg/mLprotein in 13PBS (pH 7.4)

and incubated at room temperature overnight. Serial dilutions of soluble Fab, IgG, or phage were added to the wells, and plates were

incubated for 2 h at room temperature. The plates were washed, and the secondary conjugated antibody (anti-human Fab-HRP, anti-

human IgG Fc-HRP, or anti-M13-HRP) was added and incubated for 1 h at room temperature. The plates were washed, and the color

was developed by adding tetramethylbenzidine reagent (KPL; Gaithersburg, MD), and the development was stopped with H2SO4

after 10 min. The plates were read at OD450 in an ELISA plate reader. The data were plotted, and the dose-response curves were

generated with Prism software (Graphpad Software, Inc., San Diego, CA).

For RBD-competition ELISA, 96-well plates were coated with 100 ml/well containing 1 mg/mL of recombinant S-2P trimer in 13PBS

(pH 7.4), and the plates were incubated at room temperature overnight. Each Fab was 3-fold serially diluted from a starting concen-

tration of 3 mg/mL in 3% milk/PBS or in 3% milk/PBS containing recombinant RBD protein (Sino Biological) at fixed concentration

(5 mg/mL). Following incubation for 2 h at room temperature, the plate was washed, and a secondary anti-human Fab-HRP antibody

(Jackson ImmunoResearch) was added for 1 h at room temperature. The plate was then washed, and the reaction was developed by

adding tetramethylbenzidine substrate (KPL; Gaithersburg, MD). The reaction was stopped after 10 min by addition of sulfuric acid.

The plates were read at OD450 in an ELISA plate reader. The data were plotted, and dose-response curves with and without inhibition

with RBD were generated using Prism software (Graphpad Software, Inc., San Diego, CA).

For antibody cross-competition ELISA, 96-well ELISA plates were coated with 100 ml/well containing 1 mg/mL of recombinant S-2P

trimer in 13PBS (pH 7.4) and the plates were incubated at room temperature overnight. To test cross-competition among the mAbs,

the IgG version of each mAb was incubated at 0.1 mg/mL with each of 11 Fabs at 1 mg/ml. An in house-produced anti-poliovirus IgG

antibody was used as a negative control (Chen et al., 2011). Following incubation for 2 h at room temperature, the plates were

washed, and a secondary anti-human IgG Fc-HRP antibody (Jackson ImmunoResearch) was added and incubated for 1 h at

room temperature. The plates were then washed, and the reaction was developed by adding tetramethylbenzidine substrate

(KPL; Gaithersburg, MD). The reaction was stopped after 10 min by addition of sulfuric acid. The plates were read at OD450 in an

ELISA plate reader. The average value from three wells was used to calculate the percent competition using the following formula:

[1- (average OD from wells containing test IgG with Fab – average OD from control wells)/(average OD from wells containing test IgG

without Fab – average OD from control wells)] x100%.

Surface plasmon resonance (SPR)
The SPR experiments were performed on a BiacoreTM T200 (Cytiva) at 25�C in 10 mM HEPES pH 7.2, 150 mM NaCl, 3 mM EDTA,

0.05% Tween-20. The recombinant SARS-CoV-2 spike 2p (S-2P) protein was immobilized on a Series S-CM5 sensor chip (Cytiva) by

amine coupling (NHS/EDC) to flow cells. A mock coupled surface was used for background subtraction. Binding and kinetics studies

were performedmultiple times for each Fab. Increasing amounts of each Fabwere injected over the surface at a flow rate of 30 ml/min

with an association time of 120 sec and dissociation time of 180 sec, followed by a regeneration with 100mM CAPS, pH 11.5 for 90

sec. Binding datawere analyzed using BiacoreTM T200 Evaluation Software 3.1 (Biaeval) with fits to the Langmuir binding equation for

a 1:1 interaction model. In addition, data were analyzed by surface site affinity distribution analysis by EVILFIT (Zhao et al., 2017).

Values obtained with the two methods were consistent.

Pseudotype neutralization assay
The SARS-Cov-2 pseudovirus neutralization assays were performed as previously reported (Corbett et al., 2020b). Briefly, single-

round luciferase-expressing pseudoviruses were generated by co-transfection of plasmids encoding the full-length SARS-CoV-

2 S protein (Wuhan-1, GenBank accession number, MN908947.3; B.1.351/Beta; B.1.1.7/Alpha; B.1.617.2./Delta; Omicron BA.1

and BA.2 sublineages; luciferase (pHR0 CMV Luc), a lentivirus backbone (pCMV DR8.2), and human transmembrane protease serine

2 (TMPRSS2) at a ratio of 1:20:20:0.3 into HEK293T/17 cells (ATCC) using the transfection reagent LiFect293TM. The pseudoviruses

were harvested after 72 hours. The supernatants were collected by centrifugation at 1500 rpm for 10 minutes, then filtered through a

0.45 mm filter, aliquoted and titrated before the neutralization assay. To test antibody-mediated neutralization, an 8-point, 5-fold dilu-

tion series was prepared for each antibody in culture medium (DMEMmedium supplemented with 10% fetal bovine serum, 1% peni-

cillin-streptomycin and 3 mg/mL puromycin). Each antibody dilution (50 mL) was mixed with 50 mL of diluted pseudovirus in 96-well

plates and incubated for 30 min at 37�C. The mixture was then incubated with 104 ACE-2-expressing 293T cells (293T-hACE2.MF) in
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a final volume of 200 mL. Seventy-two hours later, the supernatant was carefully removed, the cells were lysed with Bright-GloTM

Luciferase Assay substrate (Promega), and the luciferase activity (relative light units, RLU) was measured. Percent neutralization

was normalized considering uninfected cells as 100% neutralization and cells infected in the absence of antibodies as 0% neutral-

ization. IC50 titers were determined using a log (agonist) vs. normalized response (variable slope) nonlinear function in Prism v8

(GraphPad).

Live virus neutralization assay
SARS-CoV-2 neutralization using live virus was determined in the BSL3 laboratory using SARS-CoV-2 USA-WA1/2020 [WA-1;

GenBank MN985325; GISAID: EPI_ISL_404895; obtained from Dr. Natalie Thornburg, Centers for Disease Control and Prevention

(CDC)] and USA/MD-HP01542/2021 (lineage B.1.351/Beta variant; GISAID: EPI_ISL_890360; obtained from Dr. Andrew Pekosz,

Johns Hopkins University). WA-1 was passaged twice on Vero E6 cells. The USA/MD-HP01542/2021 was passaged on

TMPRSS2-expressing Vero E6 cells. The SARS-CoV-2 stocks were titrated in Vero E6 cells by determination of the 50% tissue cul-

ture infectious dose (TCID50) as previously described (Subbarao et al., 2004). The mAbs were serially diluted in Opti-MEM andmixed

with an equal volume of SARS-CoV-2 (100 TCID50) and then incubated at 37�C for 1 h. Mixtures were added to quadruplicate wells of

Vero E6 cells in 96-well plates and incubated for four days. The 50% neutralizing dose (ND50) was defined as the highest dilution of

serum that completely prevented cytopathic effect in 50%of thewells andwas expressed as a log10 reciprocal value (Liu et al., 2021).

The dilution of antibodies that completely prevented cytopathic effect in 50% of the wells (ND50) was calculated by the Reed and

Muench formula (Reed and Muench, 1938).

Cryo-EM specimen preparation and data collection
SARS-CoV-2 S-6P spike at a concentration of 0.5 mg/mL in PBS was mixed with Fab NA8 or Fab NE12 using a Fab-to-RBD molar

ratio of 1:1, and the complex was used for specimen preparation after a brief (5-10 min) incubation at 4�C. To prepare cryo-EM spec-

imens, Quantifoil R 2/2 gold grids were glow-discharged using a PELCO easiGlow device (air pressure: 0.39 mBar, current: 20 mA,

duration: 30 s) immediately before vitrification using an FEI Vitrobot Mark IV plunger. The Vitrobot chamber was kept at 4�C and 95%

humidity, and the drop volumewas 2.7 mL. Datasets were collected at the National CryoEM Facility (NCEF), National Cancer Institute,

using a Thermo Scientific Titan Krios G3 electron microscope equipped with a K3 direct electron detector and Gatan Quantum GIF

energy filter (slit width: 20 eV) (Table S4).

Single particle analysis of cryo-EM data
Single particle analysis was performed using the Frederick Research Computing Environment (FRCE) computing cluster.

MotionCorr2 was used for patch-based movie frame alignment (Zheng et al., 2017). Contrast transfer function parameters were esti-

mated with ctffind 4.1 (Rohou and Grigorieff, 2015). The following steps were performed using Relion 3.1.0 (Scheres, 2012), unless

otherwise stated. Particle picking was performed using the template-free Laplacian-Gaussian filter-based approach. Particles were

first extracted with 4x binning and subjected to 2D and 3D classification, with the low-pass filtered cryo-EMmap of individual SARS-

CoV-2 S-2P spike at pH 7.4 serving as the initial 3D model. Particles contributing to high-quality 3D classes were then re-extracted

with 2x binning, and the above procedure was repeated. Finally, the best particles were re-extractedwithout binning, and the 3Dmap

was iteratively improved with rounds of 3D auto-refinement, CTF refinement, and Bayesian polishing. For local refinement, a soft

mask encompassing one RBD in the down position with the bound Fab and the neighboring NTD was created after segmenting

the refined ensemble map in UCSF Chimera (Pettersen et al., 2004) and used for auto-refinement with limited angular search (-sig-

ma_ang = 5). Resolution was calculated using the gold-standard approach (Henderson et al., 2012) at the FSC curve threshold of

0.143. Local resolution was determined with ResMap 1.1.4 (Kucukelbir et al., 2014).

Atomic model generation
An RBD from the cryo-EM structure of the S-2P spike at pH 4.0 (PDB ID 6xlu) was docked into the locally refined cryo-EMmap, along

with an NTD from the same structure and a homology model of the corresponding Fab prepared using the SWISS-MODEL server

(Waterhouse et al., 2018). The atomic model was refined by alternating rounds of model building in Coot (Emsley and Cowtan,

2004) and real-space refinement in Phenix (Liebschner et al., 2019). Structure validation was performed with Molprobity (Davis

et al., 2004). Map-model correlations were evaluated with phenix.mtriage (Afonine et al., 2018). Molecular graphics and analyses

were performed with UCSF Chimera (Pettersen et al., 2004).

Prophylactic and therapeutic studies in the hamster model
The hamster studies were approved by the NIAID Animal Care and Use Committee. All the animal experiments were carried out

following the Guide for the Care and Use of Laboratory Animals by the NIH. Golden Syrian hamsters (Mesocricetus auratus, Envigo

Laboratories, Frederick, MD) were used in experiments conducted in BSL2 and BSL3 facilities approved by the USDA and CDC. In

the prophylactic study, 80 male Syrian hamsters, aged 8-9 weeks, were randomly divided into groups of 10 animals each, bled for

baseline serology and inoculated intraperitoneally with 0.5 mL of NE12, NA8, or IgG1 control at 12 mg/kg or 4 mg/kg, diluted to the

concentration of 2.4 mg/mL or 0.8 mg/mL in PBS. Twenty-four hours later, the animals were challenged intranasally with 4.5 log10
TCID50 of SARS-CoV-2 WA-1 or B.1.351 in 100 mL volumes of L-15 medium (ThermoFisher) per animal. Intranasal instillations
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were performed under light isoflurane anesthesia. Animals were euthanized by CO2 inhalation prior to necropsy. Body weights and

clinical symptomsweremonitored daily from day�3 before challenge through day 5 after challenge. On days 3 and 5 post-challenge,

5 animals per group were necropsied; nasal turbinate and lung tissues were collected. Tissues were weighed, mixed with L-15 me-

dium (10 mL per gram of tissue), homogenized, and clarified by centrifugation. Aliquots were snap-frozen and stored at �80�C. The
presence of the challenge virus in clarified tissue homogenates was evaluated by limiting-dilution titrations on Vero E6 cells. The titra-

tion of SARS-CoV-2 was performed by determination of the TCID50 in Vero E6 cells and expressed as TCID50 per gram of tissue, as

previously described (Subbarao et al., 2004).

In the therapeutic study, 60 male Syrian hamsters, aged 9-10 weeks, were randomly divided into three groups of 10 animals each,

bled for serology and inoculated intranasally with 4.5 log10 TCID50 of SARS-CoV-2 WA-1 or B.1.351 in 100 mL volumes per animal.

Twenty-four hours later, the animals were inoculated intraperitoneally with 0.5 mL of NE12, NA8, or IgG1 control at 12 mg/kg, diluted

to the concentration of 2.4 mg/mL in PBS. Body weights and clinical symptoms were monitored daily from day�4 before virus inoc-

ulation through day 11 after inoculation. On day 3 post-inoculation, five animals per group were necropsied; nasal turbinates and

lungs were collected and processed as above. Virus titers were determined by limiting-dilution titrations on Vero E6 cells as

described above (Subbarao et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data sets were assessed for significance using one-way ANOVAwith Tukey’s multiple comparison test, or, if indicated, by non-para-

metric Kruskal-Wallis test with a Benjamini, Krieger and Yekutieli false-discovery test. Statistical comparisons of weight changes be-

tween treatment groups were performed using a repeated-measures mixed-effects model with Tukey’s multiple-comparison test.

Data were only considered significant at p < 0.05. Analyses were performed using Prism 9 (GraphPad Software).
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