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SUMMARY
The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) lineages that are more
transmissible and resistant to currently approved antibody therapies poses a considerable challenge to
the clinical treatment of coronavirus disease (COVID-19). Therefore, the need for ongoing discovery efforts
to identify broadly reactive monoclonal antibodies to SARS-CoV-2 is of utmost importance. Here, we report
a panel of SARS-CoV-2 antibodies isolated using the linking B cell receptor to antigen specificity through
sequencing (LIBRA-seq) technology from an individual who recovered from COVID-19. Of these antibodies,
54042-4 shows potent neutralization against authentic SARS-CoV-2 viruses, including variants of concern
(VOCs). A cryoelectron microscopy (cryo-EM) structure of 54042-4 in complex with the SARS-CoV-2 spike
reveals an epitope composed of residues that are highly conserved in currently circulating SARS-CoV-2 lin-
eages. Further, 54042-4 possesses uncommon genetic and structural characteristics that distinguish it from
other potently neutralizing SARS-CoV-2 antibodies. Together, these findings provide motivation for the
development of 54042-4 as a lead candidate to counteract current and future SARS-CoV-2 VOCs.
INTRODUCTION

The coronavirus disease (COVID-19) pandemic caused by a

novel coronavirus from the Sarbecovirus genus, severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), spawned

an unprecedented global research effort dedicated to therapeu-

tic countermeasure development, resulting in rapid United

States Food and Drug Administration (US FDA) emergency use

authorization (EUA) for vaccines and monoclonal antibodies

(Jones et al., 2021; Weinreich et al., 2021). The primary target

for vaccine and antibody therapeutic development is

the SARS-CoV-2 spike (S) protein, which facilitates host-cell
This is an open access article under the CC BY-N
attachment and entry (Wrapp et al., 2020). The emergence of

distinct viral lineages that accumulate substitutions in S pose a

significant threat to the countermeasures currently approved

for clinical use (Chen et al., 2021; Mlcochova et al., 2021;

Wang et al., 2021). Continued genomic surveillance and persis-

tent efforts to identify antibodies with distinct bindingmodes and

mechanisms of action are crucial to maintain availability of ther-

apeutics in the event of further neutralization-escape by SARS-

CoV-2 variants of concerns (VOCs).

SARS-CoV-2 spike is a class I viral fusion protein that is a

trimer of heterodimers composed of S1 and S2 subunits (Wrapp

et al., 2020). S1, which includes both the receptor-binding
Cell Reports 37, 109784, October 5, 2021 ª 2021 The Author(s). 1
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domain (RBD) and the N-terminal domain (NTD), initiates attach-

ment to the receptor angiotensin-converting enzyme 2 (ACE2),

whereas S2 drives membrane fusion by refolding from a prefu-

sion to postfusion conformation (Li, 2016; Tortorici and Veesler,

2019). The primary contact of ACE2 and spike is in the RBD of the

S1 subunit, which is composed of a receptor bindingmotif (RBM)

and RBD core. The three RBDs within each spike can adopt an

ACE2-accessible ‘‘up’’ conformation and an ACE2-inaccessible

‘‘down’’ conformation via a hinge-like motion (Shang et al.,

2020). As a result, the RBD serves as the dominant target of

neutralizing antibodies via antagonism of ACE2 binding (Piccoli

et al., 2020), although other neutralizing epitopes have been

identified (Brouwer et al., 2020; Chi et al., 2020; Suryadevara

et al., 2021; Tortorici et al., 2021; Zost et al., 2020).

Neutralizing antibodies targeting the RBDhave been character-

ized extensively and partition into different classes based on bind-

ing mode, ACE2 interface overlap, and cross-reactivity with other

Sarbecoviruses. For example, neutralizing antibodies predomi-

nantlyencodedby IGHV3-53and IGHV3-66haveepitopesdirectly

covering the ACE2 interaction footprint in the RBM (Yuan et al.,

2020a). Examples of this class of antibodies are clinical EUA can-

didates REGN10933 and COV2-2196 (Hansen et al., 2020; Zost

et al., 2020). Antibodies that bind the RBM but are more distal to

the ACE2 interface form another distinct class that includes

REGN10987 and COV2-2130 (Dong et al., 2021; Hansen et al.,

2020). Additionally, antibodies such as S309, CR3022, and

ADG-2 that cross-react with other coronaviruses comprise a

more diverse group that target conserved residues in the RBD

core (Pinto et al., 2020; Wec et al., 2020; Yuan et al., 2020b).

The continued transmission of SARS-CoV-2 in the human pop-

ulation has led to the evolution of VOCs with increased transmis-

sibility and resistance to available medical countermeasures,

including to some RBD-directed monoclonal antibodies (Alpert

et al., 2021; Chen et al., 2021; Kuzmina et al., 2021). Some of

the most consequential amino acid substitutions observed so

far have occurred in the RBD, particularly N501Y in the B.1.1.7

(Alpha), B.1.351 (Beta), and P.1 (Gamma) lineages, and the addi-

tional combination of K417N/T and E484K in the Gamma and

Beta lineages. The L452R substitution, detected in both the

B.1.429 (Epsilon) and B.1.617.2 (Delta) variants also permits

escape tomonoclonal antibodies and a reduction in neutralization

titer in comparison to USA-WA1 in vaccinees as well as individ-

uals recovered from COVID-19 infection (McCallum et al., 2021;

Mlcochova et al., 2021). Notably, the Epsilon lineage also contains

substitutions (S13I and W152C) that disrupt the conformation of

the NTD, resulting in the loss of numerous published NTD-

directed SARS-CoV-2 neutralizing antibodies (McCallum et al.,

2021). N501Y is thought to increase affinity for ACE2 (Starr

et al., 2020), potentially resulting in increased infectivity, whereas

E484K disrupts the antigenic landscape of the RBD that can lead

to substantial decreases in neutralization titers (Hoffmann et al.,

2021; Wang et al., 2021). In some cases, SARS-CoV-2 VOCs

also escape neutralization by polyclonal antibodies in the serum

from vaccine recipients and individuals previously infected with

SARS-CoV-2 (Chen et al., 2021; McCallum et al., 2021; Mlco-

chova et al., 2021; Wang et al., 2021). These observations high-

light the critical need for a wide range of potently neutralizing

antibodies that are not sensitive to substitutions arising in VOCs.
2 Cell Reports 37, 109784, October 5, 2021
To address this challenge, we applied linking B cell receptor to

antigen specificity through sequencing (LIBRA-seq), a recently

developed antibody-discovery technology (Setliff et al., 2019;

Shiakolas et al., 2021), to interrogate the B cell repertoire of an

individual who had recovered from COVID-19. Our efforts led

to the discovery of a potently neutralizing antibody, designated

54042-4, which uses an uncommon genetic signature and

distinct structural mode of SARS-CoV-2 RBD recognition to

maintain neutralization potency to known VOCs. Antibody

54042-4 therefore may serve as a viable candidate for further

prophylactic or therapeutic development for protection against

a broad range of SARS-CoV-2 variants.

RESULTS

Identification of SARS-CoV-2 neutralizing antibodies by
LIBRA-seq
To identify SARS-CoV-2 S-directed antibodies, we utilized

LIBRA-seq, a technology that enables high-throughput simulta-

neous determination of B cell receptor sequence and antigen

reactivity at the single-cell level, expediting the process of lead

candidate selection and characterization (Setliff et al., 2019; Shia-

kolas et al., 2021). The LIBRA-seq antigen-screening library

included SARS-CoV-2 and SARS-CoV-2 D614G spikes stabilized

in a prefusion conformation (Hsieh et al., 2020), along with

antigens from other coronaviruses including SARS-CoV S,

MERS-CoV S, HCoV-OC43 S, HCoV-229E S, HCoV-NL63 S,

SARS-CoV-2 RBD, SARS-CoV RBD, and MERS-CoV RBD, as

well as negative-control antigens ZM197 HIV-1 Env and influenza

hemagglutinin (HA) NC99. Antigen-specific B cells were isolated

from a donor with potently neutralizing antibodies in serum

(1:258 NT50) 3 months after infection confirmed by nasal swab

RT-PCR testing for SARS-CoV-2 (Figures S1A and S1B). Of the

73 immunoglobulin G (IgG+) B cells with high LIBRA-seq scores

(R1) for SARS-CoV-2 S (Figure 1A), we chose nine lead candi-

dates with diverse sequence characteristics, CDRH3 length,

and germline V gene usage for characterization as recombinant

monoclonal antibodies (Figures 1B and S1C). Binding to SARS-

CoV-2 S by ELISA was confirmed for eight of these antibodies,

with the only exception being antibody 54042-2, in agreement

with its lower LIBRA-seq score (Figures 1B, S1C, and S1D).

Five of these antibodies showed SARS-CoV-2 neutralization ac-

tivity in a high-throughput neutralization screen using a live

chimeric VSV displaying SARS-CoV-2 spike protein (Case et al.,

2020) (Figure 1B). None of the antibodies showed neutralization

against VSV SARS-CoV. Further, the five neutralizing antibodies

did not show binding cross-reactivity to other coronavirus anti-

gens in the screening panel, with the exception of SARS-CoV (Fig-

ure S1E). Full dose-response neutralization curves in the chimeric

VSV assay were obtained for four of these five antibodies, with

antibody 54042-4 showing the best potency, at a half-maximal

inhibitory concentration (IC50) of 9 ng/mL (Figure 1C).

Antibody 54042-4 targets the SARS-CoV-2 receptor-
binding domain
Because of the potent (%10 ng/mL) virus neutralization observed

for 54042-4, we selected this antibody for further characteriza-

tion. ELISAs performed with purified RBD, NTD, S1, and S2
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VSV Neutralization
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LIBRA-seq score 22-
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54042-3 IGHV3-53 96.49 25 ARVHFRYYDDSGYYEANPWFFDL IGLV1-40 95.83 13 QSYDSSLSAWV IGHG1
54042-4 IGHV2-5 97.25 17 AHGLFSSSDWGGLDV IGKV1-39 96.42 11 QQSHSTPFI IGHG1
54042-5 IGHV2-70 96.91 16 ARVRLGGFDYYMDV IGLV1-51 97.19 13 GTWDNNLNTGV IGHG1
54042-7 IGHV3-9 95.49 18 VRGFREFLKTSGPNDY IGLV1-51 98.25 13 GTWDGSLSVYV IGHG1
54042-10 IGHV3-53 94.74 14 ARDLNVRGGLDV IGKV1-9 98.57 12 QQLNSDPALT IGHG1
54042-11 IGHV3-53 95.44 13 ARDLVYYGMDV IGKV1-9 97.85 12 QQVDSYSPFT IGHG1
54042-14 IGHV3-33 95.49 23 AKDTWDVPAANPPYSFYYMDV IGKV3-11 98.57 10 QQRSTLIT IGHG1
54042-15 IGHV3-9 95.14 16 AKDRLKTGPGYFDL IGKV3-11 98.57 10 QQRSDWLT IGHG1
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Figure 1. Identification and characterization of SARS-CoV-2 antibodies isolated using LIBRA-seq

(A) Variable heavy gene usage (x axis) as a function of IgG+ B cells with a SARS-CoV-2 spike LIBRA-seq score (R1) (y axis). The nine lead candidates are

highlighted in purple.

(B) Sequence characteristics and antigen specificity of nine lead candidate antibodies from a recovered COVID-19 donor. Percent identity is calculated at the

nucleotide level, and CDR length and sequences are displayed at the amino acid level. LIBRA-seq scores for each antigen are displayed as a heatmap with a

LIBRA-seq score of �2 displayed as light yellow, 0 as white, and 2 in purple; in this heatmap scores lower or higher than that range are shown as �2 and 2,

respectively. ELISA binding data for SARS-CoV-2 S are displayed as a heatmap of the area under the curve (AUC) analysis calculated from Figure S1D.

(C) RTCA VSV-SARS-CoV-2 neutralization by lead candidate antibodies. IC50 values are calculated by non-linear regression analysis by GraphPad Prism

software. Neutralization assays were performed in technical triplicate; data are represented as mean ± SD.
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proteins revealed 54042-4 IgG bound to the SARS-CoV-2 S1

subunit as well as the RBD (Figures 2A and S2). To determine

the affinity of the antibody-antigen binding interaction, biolayer

interferometry experiments were performed by measuring the

association and dissociation kinetics of immobilized 54042-4

IgG binding to a soluble protein comprising the RBD and subdo-

main-1 (SD1) of the SARS-CoV-2 S protein, and curve-fitting re-

sulted in a calculated KD of 21.8 nM (Figure 2B). Given the

neutralization potency of 9 ng/mL (60 pM), these data suggest

that the IgG avidly binds to the S protein on the virion surface.

To assess whether 54042-4 neutralizes viral infection by directly

competingwith ACE2, a receptor-blocking assaywas performed

by testing competition of 54042-4 with soluble ACE2 for binding

to SARS-CoV-2 S. The results demonstrated that 54042-4 in-

hibits interaction of ACE2 to SARS-CoV-2 S protein, unlike the

control antibody CR3022, an extensively characterized SARS-

CoV antibody that binds a cryptic epitope in the RBD of both

SARS-CoV and SARS-CoV-2 (Yuan et al., 2020b) and the influ-

enza HA-specific 3602-1707 antibody (Setliff et al., 2019) (Fig-

ure 2C). Next, we performed competition ELISAs to determine

if 54042-4 competes for binding with three other RBD-directed

antibodies with distinct epitopes. These antibodies included
COV2-2196 and COV2-2130, which form the basis of

AZD7442, an antibody cocktail currently under investigation

in clinical trials for COVID-19 treatment and prevention

(ClinicalTrials.gov Identifiers: NCT04625725, NCT04723394,

NCT04518410, and NCT04501978) and CR3022. The competi-

tion experiment showed that 54042-4 competed for binding to

SARS-CoV-2 S protein with COV2-2130 but not COV2-2196 or

CR3022 (Figure 2D). Together, these results suggest that

54042-4 targets an epitope on SARS-CoV-2 RBD that at least

partially overlaps with the binding sites for both ACE2 and other

potently neutralizing RBD-directed antibodies.

54042-4 binds the apex of the SARS-CoV-2 RBD in the
down conformation
To gain a better understanding of the recognition of SARS-CoV-

2 S by antibody 54042-4, we determined a 2.7 Å resolution cryo-

EM structure of the 54042-4 antigen-binding fragments (Fabs)

bound to the SARS-CoV-2 S extracellular domain (ECD) modi-

fied so that all three RBDs were disulfide-locked in the down

conformation (Henderson et al., 2020) (Figure 3A). Local refine-

ment of one RBD bound to a 54042-4 Fab was performed to

improve the interpretability of the map at the binding interface,
Cell Reports 37, 109784, October 5, 2021 3
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COV2-2196 COV2-2130 54042-4 CR3022

COV2-2196 5 108 106 62

COV2-2130 90 3 15 75

54042-4 78 0 7 76

CR3022 105 95 106 8

ELISA AUC

54042-4 CR3022 46472-6 46472-4 3602-1707
RBD
NTD
S1
S2

Competition No competition

A

C D

B Figure 2. Antigenic characterization of anti-

body 54042-4

(A) ELISA binding values against SARS-CoV-2

subdomains are displayed as a heatmap of AUC

values calculated from the data in Figure S2. An-

tibodies CR3022, 46472-6, and 46472-4were used

as positive controls for the RBD, NTD, and S2 an-

tigens, respectively (Shiakolas et al., 2021; Yuan

et al., 2020b). 3602-1707 was included as an

influenza HA-specific negative control antibody

(Setliff et al., 2019).

(B) A biolayer interferometry sensogram that shows

54042-4 IgG binding to recombinant SARS-CoV-2

RBD-SD1. Binding data are depicted by the black

lines and the best fit line of the data to a 1:1 binding

model is shown in red.

(C) SARS-CoV-2 spike/ACE2 inhibition ELISA is

shown for 54042-4, SARS-CoV-2 antibody

CR3022, and negative control HA-specific anti-

body 3602-1707. For each antibody, the ACE2

binding signal is depicted on the y axis, in com-

parison to ACE2-only binding to SARS-COV-2

spike is shown as a dotted line. ELISAs were per-

formed in technical triplicate with 2 biological duplicates; data represented as mean ± SEM.

(D) Competition ELISA of 54042-4 with antibodies COV2-2196, COV2-2130, and CR3022. Values in white indicate no competition (presence of competing

antibody reduced reference antibody binding by less than 30%) and values in dark gray indicate competition (presence of competing antibody reduced reference

antibody binding by more than 60%). Competition ELISA was performed in technical quadruplicate with 2 biological duplicates; data shown as mean of

quadruplicate values.

Article
ll

OPEN ACCESS
resulting in a local 3D reconstruction with a resolution of 2.8 Å

(Figure 3B; Table S1). The structure revealed that 54042-4 forms

an extensive interface with the RBD, making contacts through

the complementarity determining regions (CDRs) CDRL1,

CDRL3, and all three CDRs of the heavy chain, to form a clamp

around the apex of the RBM saddle (Figures 3C, 3D, S3A, and

S3B). The primary interactions involve RBD residues 439–450,

with a network of hydrogen bonds between the 54042-4 heavy

chain and RBD residues 443–447 (Figure 3C). From CDRH3,

Ser99 forms a hydrogen bond with RBD residue Ser443, and a

hydrogen bond is formed between the mainchain atoms of

Phe97 and Val445. From CDRH2, Asp56 forms a hydrogen

bond and salt bridge with Lys444, whereas Arg58 forms

hydrogen bonds with mainchain atoms from Gly446 and

Gly447. The CDRH1 contributes a lone residue, Ile32, to the

binding interface, forming minor contacts near Leu441. The

54042-4 light chain surrounds the opposite side of this RBD re-

gion, mediating interactions primarily through hydrophobic con-

tacts formed by CDRL1 and CDRL3 near RBD residue Val445

(Figure 3D). Additional light chain contacts are made with resi-

dues 498–500 of the RBD, including a hydrogen bond between

His92 of CDRL3 and Thr500, and hydrophobic interactions

involving CDRL1 Phe30 and Tyr32. Although 54042-4 binds all

three RBDs locked in the down position, the epitope region is

equally accessible when the RBD is in the up position. Addition-

ally, the epitope lies outside the RBD hinge region, makes no

additional contacts with the spike trimer, and partially overlaps

the ACE2 binding site. Therefore, the mechanism of neutraliza-

tion likely involves inhibition of ACE2 binding rather than locking

the RBDs in the down conformation.

Notably, the complex structure indicated that 54042-4 does

not make substantial contact with a number of spike substitu-

tions associated with current VOCs. For example, RBD residue
4 Cell Reports 37, 109784, October 5, 2021
Asn501 (present as Tyr501 in several VOCs, including Alpha,

Beta, and Gamma) lies just outside of the 54042-4 epitope,

whereas the Ca atoms of Glu484 (present as Lys484 or Gln484

in, e.g., Beta, Gamma, and B.1.617 [Kappa]) and Leu452 (pre-

sent as Arg452 in Epsilon and Delta) are �18 Å and �14 Å

away from the Ca atoms of the nearest 54042-4 residue, respec-

tively (Figure 3B). Furthermore, the substitution Gly614, which is

found in all current VOCs is outside of the RBD and is�75 Å from

the nearest 54042-4 residue.

Antibody 54042-4 has an uncommon genetic signature
and distinct structural mode of RBD recognition
Public clonotype sequence signatures (those shared by multiple

individuals recovered from COVID-19 infection) have been iden-

tified for potently neutralizing SARS-CoV-2 antibodies, including

antibodies currently in clinical trials or approved for emergency

use (Nielsen et al., 2020; Yuan et al., 2020a). To investigate

whether antibody sequences that are closely related to 54042-

4 can be identified among known SARS-CoV-2 antibodies, we

searched the CoV-AbDab database that contains paired

heavy-light chain sequences of coronavirus antibodies (Ray-

bould et al., 2021). Notably, only 0.5% of antibodies in the data-

base used the same combination of IGHV2-5 heavy and IGKV1-

39 light chain germline V genes as 54042-4. Further, antibodies

with high sequence identity to the 54042-4 CDRH3 and CDRL3

were not identified, whether or not the search was restricted to

the IGHV2-5 heavy chain and IGKV1-39 light chain genes

(Figure 4A).

Next, we compared the 54042-4 epitope to the epitopes of

other known SARS-CoV-2 antibodies by computing pairwise

correlations between the antibody-antigen buried surface areas

for 54042-4 against a set of 99 publicly available SARS-CoV-2

antibody-antigen structures from the Protein Data Bank, as



Figure 3. Atomic resolution of 54042-4 bind-

ing mode to SARS-CoV-2 S

(A) 3D reconstructions of side and top views of Fab

54042-4 bound to SARS-CoV-2 spike.

(B) Focused refinement maps showing the 54042-

4 epitope at the apex of the RBM in the down po-

sition (left). Top-down view of the 54042-4 epitope

showing heavy and light chain contacts, as well as

residues outside of the binding interface that are

mutated in circulating VOCs (right).

(C) The 54042-4 heavy chain binds to RBD resi-

dues 443–447 primarily through a network of

hydrogen bonds involving CDRH2 andCDRH3 and

hydrophobic contacts involving Ile32 of CDRH1.

(D) The 54042-4 light chain contacts RBD residues

498–500 through a hydrogen bond between

Thr500 and His92 of CDRL3 and hydrophobic

contacts involving Phe30 and Tyr32 of CDRL1.
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well as the structure of antibody COV2-2130 in complex with the

SARS-CoV-2 RBD (Table S2). The results revealed significant

positive correlations with only six other antibodies:

REGN10987 (Hansen et al., 2020), 2-7 (Liu et al., 2020), C119

(Barnes et al., 2020), COVOX-75 (Dejnirattisai et al., 2021),

COV2-2130 (Zost et al., 2020) (in agreement with the observed

binding competition with 54042-4, Figure 2D), and LY-

CoV1404 (Westendorf et al., 2021) (Figure 4B). However, of these

six antibodies, COVOX-75 has been reported as not a potent
C

neutralizer (Dejnirattisai et al., 2021).

C119 makes substantial contact with res-

idues Glu484 and Asn501, indicating po-

tential susceptibility of this antibody to

substitutions at those positions that are

currently associated with relatively high

substitution rates (Figure 4C) and are pre-

sent in several circulating SARS-CoV-2

VOCs (Alpert et al., 2021; Tegally et al.,

2021). Further, both C119 and COVOX-

75, as well as COV2-2130, have substan-

tial buried surface area interactions with a

number of additional residues compared

to those in the epitope of 54042-4 (Fig-

ure 4C), suggesting that these three anti-

bodies could be susceptible to additional

potential spike substitutions that would

not directly affect antigen interactions

with 54042-4.

We also observed that although the epi-

topes of antibodies 2-7, LY-CoV1404,

and REGN10987 correlate well with that

of 54042-4, these antibodies have distinct

angles of antigen approach (Figure 4D).

To quantify this observation, we aligned

the RBDs from the 2-7, LY-CoV1404,

and REGN10987 complex structures

with the RBD from the 54042-4 structure.

Using the antibody coordinates when the

respective RBDs were aligned, we
computed the root-mean-square deviations (RMSDs) between

the Ca atoms in the FWR1-FWR3 regions of the antibody heavy

and light chains. This resulted in RMSDs of 16.4 Å, 16.5Å, and

22 Å between 54042-4 versus 2-7, LY-CoV1404, and

REGN10987, respectively, confirming the substantial differ-

ences in the structural mode of antigen recognition by 54042-4

compared to 2-7, LY-CoV1404, and REGN10987. Although

54042-4 and 2-7 both originate from the same IGHV2-5 germline

gene and share analogous RBD contacts in the CDRH2 region,
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these antibodies exhibit different CDRH1 and CDRH3 interac-

tions (Figure 4E) and use a different light chain germline gene

(IGKV1-39 for 54042-4, and VL2-14 for 2-7). Interestingly, anti-

bodies 2-7 and LY-CoV1404 use identical heavy and light chain

germline genes and have a virtually indistinguishable structural

mode of antigen recognition (RMSD, computed as above, of

1.7 Å). Notably, all of 2-7, LY-CoV1404, and REGN10987 have

greater interactions with RBD residues 439–441 compared to

54042-4, with buried surface areas of 172, 164, 127, and 60 Å2

for 2-7, LY-CoV1404, REGN10987, and 54042-4, respectively

(Figure 4C), suggesting 2-7, LY-CoV1404, and REGN10987

may be more prone to viral escape in that region. Indeed, the

N439K substitution is present in several independent SARS-

CoV-2 lineages and has been found to affect binding and

neutralization by REGN10987 (Thomson et al., 2021).

Together, these data suggest that antibody 54042-4 utilizes an

uncommon genetic signature and a distinct structural mode of

antigen recognition compared to other known SARS-CoV-2

antibodies.
Antibody 54042-4 function is not affected by current
SARS-CoV-2 VOC substitutions
Next, to identify substitutions capable of disrupting binding to

antibody 54042-4, we performed shotgun alanine-scanning

mutagenesis of the SARS-CoV-2 RBD (Davidson and Doranz,

2014). The only tested substitutions that substantially affected

binding in comparison to an RBD antibody control were

K444A, V445A, G446A, and P499A (Figure 5A), which all fall

within the 54042-4 epitope (Figures 3C, 3D, and S3A). To assess

the functional effect of substitutions within the 54042-4 epitope,

we tested neutralization against VSV-SARS-CoV-2 chimeras

containing single substitutions at K444R/T/E/N, G446D, or

Q498R. These mutants were generated from neutralization

escape experiments using saturating concentrations of either

COV2-2130 antibody (a 54042-4 competitor) (Figure 2D) or

COV2-2499 (a COV2-2130 competitor) (Dong et al., 2021; Grea-

ney et al., 2021b). These experiments revealed that the chimeric

VSVs with substitutions at Lys444, Gly446, and Gln498 were

resistant to neutralization by 54042-4 (Figure 5B). Together, the

alanine-scanning and neutralization experiments indicated that

54042-4 may be sensitive to substitutions at spike residues

Lys444, Val445, Gly446, Gln498, and Pro499. However, analysis
Figure 4. Sequence and structural comparison of 54042-4 to known S

(A) Amino acid CDRH3 identity to 54042-4 (x axis) is plotted against CDRL3 identi

the CoV-AbDab database (Raybould et al., 2021). Antibodies using the same heav

in light blue. Antibodies using the IGHV2-5 heavy chain gene and a non-IGKV1-3

IGHV2-5 heavy chain gene and the IGKV1-39 light chain gene, with CDRH3 or

antibodies that do not use IGHV2-5 or IGKV1-39, but that have at least 50% ide

(B) Pearson correlation of epitopes of known SARS-CoV-2 antibodies (Table S2) in

significant (p < 0.05) positive correlation highlighted in red.

(C) Heatmap (top) depicting buried surface area (Å2) at the SARS-CoV-2 RBD inte

graph (bottom) showing the frequency (%) of substitutions at each given residu

frequency greater than 1% highlighted in red.

(D) Distinct angles of approach of antibodies 54042-4 (heavy chain: orange, light c

2-7 (heavy chain: pink, light chain: white) (PDB id: 7LSS), and LY-CoV1404 (heavy

(E) Structural comparison of CDRH1, 2, and 3 of antibodies 54042-4 and 2-7. CDR

and Arg346 of the RBD (left). The CDRH2 region of 2-7 approaches at a different

contacts of 2-7 and 54042-4 are divergent, with unique CDRH3 residues and RB
of currently circulating SARS-CoV-2 isolates from the GISAID

database as of May 6, 2021 (Elbe and Buckland-Merrett, 2017)

revealed that substitutions at these five residue positions are

only present at low levels (Figure 5C). Further, virtually all of the

54042-4 epitope residues (Figure S3A) are highly conserved in

circulating SARS-CoV-2 lineages (Figure 5C). The only exception

is residue Asn439, which has a substitution frequency of 2.1%

(Figure 5C); however, this residue makes only minimal contacts

with antibody 54042-4 (Figure S3A), suggesting that residue

Asn439 may not be critical for 54042-4 recognition of the

SARS-CoV-2 spike.

To investigate the ability of antibody 54042-4 to recognize cur-

rent SARS-CoV-2 VOCs, we performed ELISAs to test binding of

54042-4 to RBD proteins containing substitutions found in one or

more VOCs. These substitutions included K417N found in many

isolates in the Beta lineage, as well as E484K (Beta, Gamma),

N501Y (Alpha, Beta, Gamma), L452R (Delta, Epsilon), and

N439K found in lineages B.1.141 and B.1.258 (Thomson et al.,

2021). Notably, antibody 54042-4 bound to these RBD variants

at a similar level compared to the binding to the RBD from the

Wuhan-1 isolate (Figures 5D and S4A). These results are consis-

tent with the structural observations that 54042-4 makes only

minimal contacts with residue Asn439, and none of the other

RBD substitutions were at residues in the 54042-4 epitope (Fig-

ure S3A). Binding of antibody 54042-4 also was not affected in

the context of SARS-CoV-2 S ECD proteins that included dele-

tions and substitutions in the S1 domain of the Alpha and Beta

VOCs (Figures 5D, S4B, and S4C). Finally, we tested the ability

of 54042-4 to neutralize authentic SARS-CoV-2 USA-WA1,

Alpha, and Beta, Gamma and Delta SARS-CoV-2 variants.

Consistent with the ELISA data, 54042-4 neutralized each virus

potently with IC50 values of 3.2, 5.5, 9.7, 3.7, and 1.5, and IC80

values of 10, 48, 49, 11.4, and 3.9 ng/mL, respectively (Figure 5E).

Together, these data indicate that 54042-4 may be an effective

countermeasure against currently circulating SARS-CoV-2

variants.
DISCUSSION

SARS-CoV-2 neutralizing antibody discovery efforts have pro-

duced an extensive panel of antibodies that show a wide range

of functional effects, and most antibodies discovered to date
ARS-CoV-2 antibodies

ty to 54042-4 (y axis) for paired heavy and light chain sequences obtained from

y and light chain germline gene as 54042-4 (IGHV2-5 and IGKV1-39) are shown

9 light chain gene are shown in orange. Additionally, antibodies using a non-

CDRL3 identity to 54042-4 of at least 50%, are highlighted in purple. Finally,

ntity to CDRH3 or CDRL3 of 54042-4, are shown in gray.

comparison to 54042-4 antibody, with the six antibodies showing a statistically

rface for the six antibodies with highest epitope correlations with 54042-4. Bar

e position in log scale, with a dashed line at 1% and residue positions with a

hain: white), REGN10987 (heavy chain: blue, light chain: white) (PDB id: 6XDG),

chain: purple, light chain: white) (PDB:7MMO) to the SARS-CoV-2 RBD (green).

H1 of 2-7 extends further than 54042-4, forming additional contacts with Thr345

angle, but maintains RBD contacts via Asp56 and Arg58 (center). The CDRH3

D interactions (right).
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Figure 5. Functional characterization of

antibody 54042-4

(A) Binding data of 54042-4 antibody to a shotgun

alanine mutagenesis screening library of the SARS-

CoV-2 RBD (Wuhan-Hu-1 strain). Residues dis-

played are the alanine substitutions that resulted in

the biggest loss of binding to 54042-4 yet still re-

tained signal with theRBDantibody control. Data are

represented as an average of at least two replicate

measurements, and shown with ranges (half of the

maximum minus minimum values from replicates).

(B) RTCA Neutralization of VSV SARS-CoV-2

chimera variants harboring specific substitutions.

Cell sensograms are shown in boxes corresponding

to mutations indicated in each row. Columns (from

left to right) are each chimera treated with COV2-

2381, 54042-4 and virus only control. Neutralization

of 54042-4 of USA-WA1 strain and cells only are

indicated on the right. COV2-2381 was chosen as a

positive control due to its distinct epitope footprint

from the selected substitutions. RTCA neutralization

was performed in technical duplicate conditions;

only one sensogram profile per condition is shown.

(C) 54042-4 epitope residues (non-zero buried sur-

face area on SARS-CoV-2 RBD) with their associ-

ated % conservation (the percentage of deposited

sequences containing the highest-frequency amino

acid at that position) in the GISAID database. The

only 54042-4 epitope residue with a % conservation

of less than 99%, Asn439, is highlighted in red.

(D) ELISAAUCof 54042-4,CR3022, and an influenza

HA-specific negative control antibody 3602-1707

calculated from the data in Figures S4A and S4B.

AUC is displayed as a heatmap with a value of 0.02

corresponding to white, 50% maximum as light-

purple, and maximum (42.41) AUC as purple.

(E) Authentic SARS-CoV-2 % neutralization of USA-

WA1, Alpha, Beta, Delta, and Gamma strains (y axis)

is depicted as a function of antibody concentration (x

axis). Also shown are the respective IC50 and IC80

values for 54042-4 neutralization against each

variant. Neutralization assays were performedwith 2

technical duplicates; data represented as mean ±

SD.
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cluster into several classes based on RBD-binding orientation,

ACE2 antagonism, and cross-reactivity to related SARS-like

coronaviruses (Greaney et al., 2021b). Here, we report the iden-

tification of 54042-4, an antibody that exhibited potent SARS-

CoV-2 neutralization against USA-WA1 as well as the currently

circulating Alpha, Beta, Gamma, and Delta VOCs. Interestingly,

antibody 54042-4 neutralized virus at comparable IC50s to the

clinical candidates LY-CoV1404 and REGN10987, despite hav-

ing �10-fold lower affinity for the RBD (Hansen et al., 2020;

Westendorf et al., 2021). Although the epitope of antibody

54042-4 showed partial overlap with that of several other

known RBD-directed antibodies, our findings revealed a

distinct mode of SARS-CoV-2 spike recognition, paired with

an uncommon genetic signature that distinguishes 54042-4

from other SARS-CoV-2 antibodies. Notably, important differ-

ences were observed even for the six antibodies with the high-

est epitope correlations to 54042-4, with all six of these
8 Cell Reports 37, 109784, October 5, 2021
antibodies exhibiting substantially greater contacts with one

or more known residues associated with currently circulating

VOCs, as well as with other spike residues (Figure 4C).

Although it is not possible to predict what SARS-CoV-2 variants

will emerge in the future, having access to antibodies with dif-

ferences in epitope interactions is critical to broadening the

portfolio of countermeasure candidates, should virus variants

emerge that are resistant to current therapies. The discovery

of antibody 54042-4 is therefore a promising addition to the

limited set of antibodies with a high potential for effectively

counteracting current SARS-CoV-2 VOCs.

The increased spread of several SARS-CoV-2 VOCs over the

past fewmonths has emphasized the need for continued surveil-

lance of vaccine efficacy against the evolving virus targets. The

increased transmission rates of the Alpha lineage are likely a

product of enhanced ACE2 affinity for the SARS-CoV-2 RBD

(Starr et al., 2020) and not a result of escape from pre-existing
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antibodies in convalescent or vaccinated individuals (Wang

et al., 2021; Xie et al., 2021). Variants that encode the E484K sub-

stitution appear to pose a significantly higher risk of neutraliza-

tion escape in vaccine recipients and individuals who have

recovered from COVID-19 (Wang et al., 2021). Indeed, the rise

of cases associated with the Gamma variant that harbors the

E484K substitution (among others) in Manaus, Brazil is on a

dangerous trajectory, despite having a 76%population seropos-

itivity rate dating back to March 2020 (Sabino et al., 2021). In the

context of vaccination, early vaccine trial data for Novavax

against the Beta lineage in South Africa (also encoding the

E484K substitution) demonstrated a significant decrease in effi-

cacy (Wadman, 2021). The enhanced transmission profile and

recent rise in new infection cases as a result of the Delta variant

(Campbell et al., 2021) is another demonstration of the need for

SARS-CoV-2 therapeutics. These observations underscore the

ongoing need for genomic surveillance to monitor the emer-

gence and spread of new SARS-CoV-2 variants and their effects

on population immunity.

In addition to vaccines, antibody therapeutics can play an

important role for treating SARS-CoV-2 infections. Given the

unknown future trajectory of the pandemic and the potential

for emergence of VOCs that may escape neutralization by vac-

cine-elicited immunity, the development of a wide array of

candidate antibody therapeutics that are insensitive to substitu-

tions found in major VOCs may prove critical in the fight against

COVID-19. Current VOCs have already shown an ability to

escape neutralization by a number of antibodies in clinical

development (Chen et al., 2021; Wang et al., 2021). Although

the Beta variant or any lineage harboring the Glu484 substitu-

tion has yet to propagate in the United States, the nearly

complete abrogation of neutralization activity of LY-CoV555

(Bamlinivimab) and REGN10933 (Cesirivimab) against the

Beta variant poses a significant risk for the currently available

EUA clinical candidates (Wang et al., 2021). Further, the rise

in cases with viruses containing the L452R substitution (Epsilon

and Delta variants) and the corresponding reduction in neutral-

ization potency associated with the Eli Lilly cocktail (Bamlinivi-

mab and Etesivimab), REGN10987 (Imdevimab) as well as

Regdanvimab (approved for use in Europe), further motivates

the continued investigation into antibodies insensitive to

currently circulating VOCs (McCallum et al., 2021; Mlcochova

et al., 2021). In contrast to these clinical candidates, the bind-

ing, neutralization, and structural data suggest that antibody

54042-4 maintains functional activity independent of the cur-

rent major substitutions in circulating VOCs. Combined with

these observations, the properties of 54042-4 in comparison

to other SARS-CoV-2 antibodies motivate further clinical devel-

opment of this antibody to complement the existing pool of

therapeutic countermeasures. As SARS-CoV-2 virus evolution

continues due to various factors, such as vaccine hesitancy

and delayed vaccine rollout to underserved parts of the world,

new VOCs are likely to keep emerging, with the potential to

further decrease or even abrogate protection induced by cur-

rent vaccines designed against the ancestral strain. Antibody

therapeutic development, especially focusing on broad protec-

tion against diverse SARS-CoV-2 variants, is therefore of

continued significance.
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Antibodies

APC-Cy7 Mouse Anti-Human CD14 BD Cat#561709; RRID: RRID: AB_10893806

FITC Anti-Human CD3 (OKT3) Tonbo Biosciences Cat#35-0037; RRD: RRID: AB_2621662

PE-Cy5 Mouse Anti-Human IgG BD Cat#551497; RRD: RRID: AB_394220

BV711 Mouse Anti-Human CD19 BD d Cat#563036; RRID: AB_2737968

Alexa Fluor 488-conjugated goat

anti-human secondary antibody

Jackson ImmunoResearch CAT#109-545-003

CR3022 Yuan et al., 2020a N/A

Monoclonal anti-SARS-CoV/SARS-

CoV-2 46472-4

Shiakolas et al., 2021 GenBank: MZ126647, MZ126662

Monoclonal anti-SARS-CoV/SARS-

CoV-2 46472-6

Shiakolas et al., 2021 GenBank: MZ126649, MZ126664

Monoclonal anti-SARS-CoV-2 54042-2 This paper MZ820097, MZ820106

Monoclonal anti-SARS-CoV-2 54042-3 This paper MZ820098, MZ820107

Monoclonal anti-SARS-CoV-2 54042-4 This paper MZ820099, MZ820108

Monoclonal anti-SARS-CoV-2 54042-5 This paper MZ820100, MZ820109

Monoclonal anti-SARS-CoV-2 54042-7 This paper MZ820101, MZ820110

Monoclonal anti-SARS-CoV-2 54042-10 This paper MZ820102, MZ820111

Monoclonal anti-SARS-CoV-2 54042-11 This paper MZ820103, MZ820112

Monoclonal anti-SARS-CoV-2 54042-14 This paper MZ820104, MZ820113

Monoclonal anti-SARS-CoV-2 54042-15 This paper MZ820105, MZ820114

COV2-2196 Zost et al., 2020 N/A

COV2-2130 Zost et al., 2020 N/A

Goat Anti-Human IgG Antibody (Peroxidase) Jackson ImmunoResearch Cat#109-035-088

Monoclonal anti-influenza 3602-1707 Setliff et al., 2019 N/A

Bacterial and virus strains

VSV SARS-CoV-2 Case et al., 2020 N/A

VSV SARS-CoV-2 G446D Greaney et al., 2021b N/A

VSV SARS-CoV-2 Q498R Greaney et al., 2021b N/A

VSV SARS-CoV-2 K444R Dong et al., 2021 N/A

VSV SARS-CoV-2 K444T Dong et al., 2021 N/A

VSV SARS-CoV-2 K444E Dong et al., 2021 N/A

VSV SARS-CoV-2 K444N Dong et al., 2021 N/A

SARS-CoV-2 (Original WA isolate), CDC Genebank MN985325

SARS-CoV-2 (Lineage B.1.1.7), UK

Variant of Concern

CDC GISAID database EPI_ISL_751801

SARS-CoV-2 (Lineage B.1.351), SA

Variant of Concern

Emory University GISAID database EPI_ISL_890360

SARS-CoV-2 (Lineage P1) Brazilian

Variant of Concern

CDC Genebank MW621433

SARS-CoV-2 (B.1.617-2), Indian Variant of

Concern; WA backbone with spike mutation

UTMB; Liu et al., 2021 https://doi.org/10.1038/

s41586-021-03693-y

Biological samples

PBMC from Donor James Crowe Jr. N/A

Serum From Donor James Crowe Jr. N/A
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Chemicals, peptides, and recombinant proteins

A/New Caledonia/20/99 (H1N1) Barney Graham GenBank: ACF41878

ZM197.SOSIP.664 gp140 trimer Ivelin Georgiev N/A

SARS-CoV-2 S (Hexapro) PMID: 32703906 N/A

SARS-CoV-2 S (Hexapro) RBD down McLellan Lab N/A

SARS-CoV S (S-2P) PMID: 28807998 N/A

MERS-CoV S (S-2P) PMID: 28807998 N/A

HCoV-OC43 S (S-2P) McLellan Lab N/A

HCoV-HKU1 S (S-2P) PMID: 28807998 N/A

SARS-CoV-2 S1 Sino Biological Cat#40591-V08H

SARS-CoV-2 S2 Sino Biological Cat#40590-V08B

SARS-CoV-2 RBD Sino Biological Cat#40592-VNAH

SARS-CoV-2 NTD Sino Biological Cat#40591-V49H

HCoV-229E S Sino Biological Cat#40605-V08B

HCoV-NL63 S Sino Biological Cat#40604-V08B

ACE2 Sigma Aldrich SAE0064-5UG

Streptavidin HRP Thermo Fisher Scientific Cat#ENN100

Streptavidin R-phycoerythrin (SA-PE) Invitrogen Cat#S866

Carboxyfluorescein diacetate

N-succinimidyl ester (CFSE)

Sigma-Aldrich Cat#21888

Protein A Resin GenScript Cat# L00210

Polyethyleniminine Linear MW 25000 Polysciences Cat#23966-1

Ghost Dye Red 780 Tonbo biosciences Cat#13-0865

Critical commercial assays

Biacore X100 Sensorchip NTA GE Healthcare Cat# BR1004

EZ link Sulfo-NHS-LC-Biotin Thermo Fisher Scientific Cat#21327

BirA-500: Bir A biotin-protein ligase

standard reaction kit

Avidity Cat# BirA500

Solulink Protein-Oligonucleotide Conjugation Kit TriLink Biotechnologies Cat# S-9011

B cell Single Cell V(D)J solution 10X Genomics N/A

Intellicyt high throughput flow cytometer Sartorius iQue3

Deposited data

54042 heavy chain sequences This paper MZ820097-MZ8200105

54042 light chain sequences This paper MZ8200106-MZ8200114

Raw next-generation sequencing data This paper PRJNA754442

GISAID EpiCoV SARS-CoV-2

sequence isolates

GISAID Full list of contributing labs and accessions:

https://github.com/Georgiev-Lab/GISAID_

COV19_acknowledgement_May_7_2021

Experimental models: cell lines

Human: Freestyle 293F cells Thermo Fisher Scientific Cat#A14528

Human: Expi293F cells Thermo Fisher Scientific Cat#A14527

ExpiCHO cells Thermo Fisher Scientific Cat#A29127

Vero E6 cells ATCC CRL-1586

Oligonucleotides

Oligonucleotides for Protein DNA-barcoding Setliff et al., 2019. N/A

Software and algorithms

Cell Ranger 10X Genomics https://support.10xgenomics.com/

single-cell-gene-expression/

software/downloads/latest
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HighV-Quest Alamyar et al., 2012 http://www.imgt.org/IMGTindex/

IMGTHighV-QUEST.php

ChangeO Gupta et al., 2015 https://changeo.readthedocs.io/en/stable/

Geneious 11.1.5 https://www.geneious.com N/A

PyMOL The PyMOL Molecular

Graphics System, Version

2.3.5 Schrödinger, LLC

N/A

Flowjo v10 TreeStar https://www.flowjo.com/

GraphPad Prism 9.0.0 https://www.graphpad.com:443/ N/A

Biacore X100 Evaluation Software GE Healthcare V2.0.1

SerialEM Mastronarde, 2003 https://bio3d.colorado.edu/SerialEM/

cryoSPARC v3.2.0 Punjani et al., 2017 https://cryosparc.com/

SAbPred Dunbar et al., 2016 http://opig.stats.ox.ac.uk/

webapps/newsabdab/sabpred/

COOT Emsley and Cowtan, 2004 http://bernhardcl.github.io/coot/

Phenix Adams et al., 2002;

Afonine et al., 2018

https://phenix-online.org/

ISOLDE Croll, 2018 http://preview.cgl.ucsf.edu/

chimerax/download.html

ChimeraX Goddard et al., 2018 https://www.rbvi.ucsf.edu/chimerax/

Other

Galanthus nivalis lectin Vector Laboratories Cat # AL-1243-5

1-Step Ultra TMB-ELISA Substrate Solution ThermoFisher Scientific Cat#34029

Costar High Binding Microplates Corning Cat#9018

Saponin VWR TCS0019-025G

Paraformaldehyde VWR 100496-496

Donor Goat Serum Atlanta Biologicals S13150

DPBS(++) Cytiva SH30264.02
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Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Ivelin Georgiev (Ivelin.

Georgiev@Vanderbilt.edu).

Materials availability
Please direct resource and reagent requests to the Lead Contact specified above, Ivelin Georgiev.

Data and code availability

d Sequences for antibodies identified and characterized in this study have been deposited to GenBank under GenBank acces-

sion numbers (MZ820097-MZ8200105) and (MZ8200106-MZ8200114). Raw sequencing data used in this study are available

on the Sequence Read Archive under BioProject accession number PRJNA754442. Custom scripts used to analyze data in this

manuscript are available upon request to the corresponding author. GISAID EpiCoV sequences are deposited at https://github.

com/Georgiev-Lab/GISAID_COV19_acknowledgement_May_7_2021.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
The 45 year old, male donor had previous laboratory-confirmed COVID-19, 3 months prior to blood collection. The studies were re-

viewed and approved by the Institutional Review Board of Vanderbilt University Medical Center. The sample was obtained after writ-

ten informed consent was obtained.
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Cell lines
Expi293F mammalian cells (ThermoFisher) were maintained in FreeStyle F17 expression medium supplemented at final concentra-

tions of 0.1%Pluronic Acid F-68 and 20%4mML-Glutamine. These cells were cultured at 37�Cwith 8%CO2 saturation and shaking.

FreeStyle293F cells were grown while shaking at 37 C in 8% CO2 and 80% humidity.

METHOD DETAILS

Antigen purification
A variety of recombinant soluble protein antigens were used in the LIBRA-seq experiment and other experimental assays.

Plasmids encoding residues 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at posi-

tions 817, 892, 899, 942, 986 and 987, and a C-terminal T4-fibritin trimerizationmotif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-

2 spike HP); 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 817, 892, 899,

942, 986 and 987, a glycine mutation at 614, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag

(SARS-CoV-2 spike HP D614G) 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at po-

sitions 817, 892, 899, 942, 986 and 987, as well as mutations L18F, D80A, L242-244L del, R246I, K417N, E484K, N501Y, and a C-ter-

minal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 spike HP Beta); 1–1208 of the SARS-CoV-2

spike with a mutated S1/S2 cleavage site, proline substitutions at positions 817, 892, 899, 942, 986 and 987, as well as mutations

69-70del, Y144del, N501Y, A570D, P681H, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag

(SARS-CoV-2 spike HP Alpha); residues 1-1190 of the SARS-CoV spike with proline substitutions at positions 968 and 969, and a

C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV S-2P); residues 1-1291 of the MERS-CoV

spike with a mutated S1/S2 cleavage site, proline substitutions at positions 1060 and 1061, and a C-terminal T4-fibritin trimerization

motif, an AviTag, an 8x HisTag, and a TwinStrepTag (MERS-CoV S-2P Avi); residues 1-1278 of the HCoV-OC43 spike with proline

substitutions at positions 1070 and 1071, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag

(HCoV-OC43 S-2P); residues 1-1277 of the HCoV-HKU1 spike with a mutated S1/S2 cleavage site, proline substitutions at positions

1067 and 1068, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (HCoV-HKU1 S-2P); residues 319–

591 of SARS-CoV-2 Swith a C-terminal monomeric human IgG Fc-tag and an 8xHisTag (SARS-CoV-2 RBD-SD1); residues 306�577

of SARS-CoV S (Tor2 strain) were cloned upstream of a C-terminal HRV3C protease cleavage site, a monomeric Fc tag and an 8x

HisTag (SARS-CoV RBD-SD1);residues 367–589 of MERS-CoV S with a C-terminal monomeric human IgG Fc-tag and an 8x HisTag

(MERS-CoV RBD); residues 306–577 of MERS-CoV S with a C-terminal monomeric human IgG Fc-tag and an 8x HisTag (SARS-CoV

RBD-SD1) were transiently transfected into FreeStyle293F cells (Thermo Fisher) using polyethylenimine. For all antigens with the

exception of SARS-CoV-2 S HP, transfections were treated with 1 mM kifunensine to ensure uniform glycosylation three hours

post-transfection. Transfected supernatants were harvested after 6 days of expression. SARS-CoV-2 RBD-SD1, SARS-CoV

RBD-SD1, and MERS-CoV RBD were purified using Protein A resin (Pierce). SARS-CoV-2 S HP, MERS-CoV S-2P Avi, and

HCoV-OC43 S-2P were purified using StrepTrap HP columns (Cytiva Life Sciences). Affinity-purified SARS-CoV-2 RBD-SD1,

SARS-CoV RBD-SD1, and MERS-CoV RBD were further purified over a Superdex200 column (GE Life Sciences). SARS-CoV-2 S

HP, SARS-CoV-2 S HP Beta, SARS-CoV-2 S HP Alpha, SARS-CoV S-2P, MERS-CoV S-2P, and HCoV-OC43 S-2P were purified

over a Superose6 Increase column (GE Life Sciences). HCoV-NL63 and HCoV-229E alpha coronavirus spike proteins as well as

the SARS-CoV-2 S1, SARS-CoV-2 S2, and SARS-CoV-2 NTD truncated proteins were purchased from the commercial vendor,

Sino Biological.

Recombinant, soluble HIV-1 gp140 SOSIP trimer from strain ZM197 (clade) containing an AviTag and recombinant NC99 HA

protein consisting of the HA ectodomain with a point mutation at the sialic acid-binding site (Y98F) to abolish non-specific in-

teractions, a T4 fibritin foldon trimerization domain, AviTag, and hexahistidine-tag, were expressed in Expi 293F cells using

polyethylenimine transfection reagent and cultured. FreeStyle F17 expression medium supplemented with pluronic acid and

glutamine was used. The cells were cultured at 37�C with 8% CO2 saturation and shaking. After 5-7 days, cultures were centri-

fuged and supernatant was filtered and run over an affinity column of agarose bound Galanthus nivalis lectin. The column was

washed with PBS and antigens were eluted with 30 mL of 1M methyl-a-D-mannopyranoside. Protein elutions were buffer

exchanged into PBS, concentrated, and run on a Superdex 200 Increase 10/300 GL Sizing column on the AKTA FPLC system.

Fractions corresponding to correctly folded protein were collected, analyzed by SDS-PAGE and antigenicity was characterized

by ELISA using known monoclonal antibodies specific to each antigen. Avitagged antigens were biotinylated using BirA biotin

ligase (Avidity LLC).

Spike protein used for cryo-EMwas expressed by transiently transfecting plasmid encoding the HexaPro spike variant (Hsieh et al.,

2020) containing additional S383C and D985C substitutions (Henderson et al., 2020) with a C-terminal TwinStrep tag into FreeStyle

293-F cells (Thermo Fisher) using polyethyleneimine. 5 mM kifunensine was added 3h post-transfection. The cell culture was har-

vested four days after transfection and the spike-containing medium was separated from the cells by centrifugation. Supernatants

were passed through a 0.22 mm filter and passaged over StrepTactin resin (IBA). Further purification was achieved by size-exclusion

chromatography using a Superose 6 10/300 column (GE Healthcare) in buffer containing 2 mM Tris pH 8.0, 200 mMNaCl and 0.02%

NaN3.
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DNA-barcoding of antigens
We used oligos that possess 15 bp antigen barcode, a sequence capable of annealing to the template switch oligo that is part of the

10X bead-delivered oligos, and contain truncated TruSeq small RNA read 1 sequences in the following structure: 50-
CCTTGGCACCCGAGAATTCCANNNNNNNNNNNNNCCCATATAAGA*A*A-30, where Ns represent the antigen barcode. We used

the following antigen barcodes: We used the following antigen barcodes: GCAGCGTATAAGTCA (SARS-CoV-2 S), AACC-

CACCGTTGTTA (SARS-CoV-2 S D614G), GCTCCTTTACACGTA (SARS-CoV S), GGTAGCCCTAGAGTA (MERS-CoV S), AGACTAA-

TAGCTGAC (HCoV-OC43 S), GACAAGTGATCTGCA (HCoV-NL63 S), GTGTGTTGTCCTATG (HCoV-229E S), TACGCCTATAACTTG

(ZM197 HIV EnV), TCATTTCCTCCGATT (HA NC99), TGGTAACGACAGTCC (SARS-CoV RBD-SD1), TTTCAACGCCCTTTC (SARS-

CoV-2 RBD-SD1), GTAAGACGCCTATGC (MERS-CoV RBD), CAGTAAGTTCGGGAC(SARS-CoV-2 NTD), Oligos were ordered

from IDT with a 50 amino modification and HPLC purified.

For each antigen, a unique DNA barcode was directly conjugated to the antigen itself. In particular, 50amino-oligonucleotides were

conjugated directly to each antigen using the Solulink Protein-Oligonucleotide Conjugation Kit (TriLink cat no. S-9011) according to

manufacturer’s instructions. Briefly, the oligo and protein were desalted, and then the amino-oligo was modified with the 4FB cross-

linker, and the biotinylated antigen protein was modified with S-HyNic. Then, the 4FB-oligo and the HyNic-antigen were mixed

together. This causes a stable bond to form between the protein and the oligonucleotide. The concentration of the antigen-oligo con-

jugates was determined by a BCA assay, and the HyNic molar substitution ratio of the antigen-oligo conjugates was analyzed using

the NanoDrop according to the Solulink protocol guidelines. AKTA FPLC was used to remove excess oligonucleotide from the pro-

tein-oligo conjugates, which were also verified using SDS-PAGE with a silver stain. Antigen-oligo conjugates were also used in flow

cytometry titration experiments.

Antigen-specific B cell sorting
Cells were stained and mixed with DNA-barcoded antigens and other antibodies, and then sorted using fluorescence activated cell

sorting (FACS). First, cells were counted and viability was assessed using Trypan Blue. Then, cells were washed three times with

DPBS supplemented with 0.1% Bovine serum albumin (BSA). Cells were resuspended in DPBS-BSA and stained with cell markers

including viability dye (Ghost Red 780), CD14-APC-Cy7, CD3-FITC, CD19-BV711, and IgG-PE-Cy5. Additionally, antigen-oligo con-

jugates were added to the stain. After staining in the dark for 30 minutes at room temperature, cells were washed three times with

DPBS-BSA at 300 g for fiveminutes. Cells were then incubated for 15minutes at room temperature with Streptavidin-PE to label cells

with bound antigen. Cells were washed three times with DPBS-BSA, resuspended in DPBS, and sorted by FACS. Antigen positive

cells were bulk sorted and delivered to the Vanderbilt Technologies for Advanced Genomics (VANTAGE) sequencing core at an

appropriate target concentration for 10X Genomics library preparation and subsequent sequencing. FACS data were analyzed using

FlowJo.

Sample preparation, library preparation, and sequencing
Single-cell suspensions were loaded onto the Chromium Controller microfluidics device (10X Genomics) and processed using the B

cell Single Cell V(D)J solution according to manufacturer’s suggestions for a target capture of 10,000 B cells per 1/8 10X cassette,

with minor modifications in order to intercept, amplify and purify the antigen barcode libraries as previously described (Setliff et al.,

2019).

Sequence processing and bioinformatics analysis
We utilized and modified our previously described pipeline to use paired-end FASTQ files of oligo libraries as input, process and

annotate reads for cell barcode, unique molecular identifier (UMI), and antigen barcode, and generate a cell barcode - antigen bar-

code UMI count matrix (Setliff et al., 2019). BCR contigs were processed using Cell Ranger (10X Genomics) using GRCh38 as refer-

ence. Antigen barcode libraries were also processed using Cell Ranger (10X Genomics). The overlapping cell barcodes between the

two libraries were used as the basis of the subsequent analysis. We removed cell barcodes that had only non-functional heavy chain

sequences as well as cells with multiple functional heavy chain sequences and/or multiple functional light chain sequences,

reasoning that these may be multiplets. Additionally, we aligned the BCR contigs (filtered_contigs.fasta file output by Cell Ranger,

10X Genomics) to IMGT reference genes using HighV-Quest (Alamyar et al., 2012). The output of HighV-Quest was parsed using

ChangeO (Gupta et al., 2015) and merged with an antigen barcode UMI count matrix. Finally, we determined the LIBRA-seq score

for each antigen in the library for every cell as previously described (Setliff et al., 2019).

Antibody expression and purification
For each antibody, variable genes were inserted into custom plasmids encoding the constant region for the IgG1 heavy chain as well

as respective lambda and kappa light chains (pTwist CMV BetaGlobin WPRE Neo vector, Twist Bioscience). Antibody 54042-2 was

natively an IGHG2, but was cloned into an IGHG1 Fc backbone vector for monoclonal antibody characterization. Antibodies were

expressed in Expi293F mammalian cells (Thermo Fisher Scientific) by co-transfecting heavy chain and light chain expressing plas-

mids using polyethylenimine transfection reagent and cultured for 5-7 days. Cells were maintained in FreeStyle F17 expression me-

dium supplemented at final concentrations of 0.1%Pluronic Acid F-68 and 20%4mML-Glutamine. These cells were cultured at 37�C
with 8% CO2 saturation and shaking. After transfection and 5-7 days of culture, cell cultures were centrifuged and supernatant was
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0.45 mm filtered with Nalgene Rapid Flow Disposable Filter Units with PES membrane. Filtered supernatant was run over a column

containing Protein A agarose resin equilibrated with PBS. The column was washed with PBS, and then antibodies were eluted with

100 mMGlycine HCl at 2.7 pH directly into a 1:10 volume of 1M Tris-HCl pH 8.0. Eluted antibodies were buffer exchanged into PBS 3

times using Amicon Ultra centrifugal filter units and concentrated. Antibodies were analyzed by SDS-PAGE.

High-throughput antibody expression
For high-throughput production of recombinant antibodies, approaches were used that are designated as microscale. For antibody

expression, microscale transfection were performed (�1 ml per antibody) of CHO cell cultures using theGIBCOExpiCHOExpression

System and a protocol for deep 96-well blocks (Thermo Fisher Scientific). In brief, synthesized antibody-encoding DNA (�2 mg per

transfection) was added to OptiPro serum free medium (OptiPro SFM), incubated with ExpiFectamine CHO Reagent and added to

800 ml of ExpiCHO cell cultures into 96-deep-well blocks using a ViaFlo 384 liquid handler (Integra Biosciences). The plates were

incubated on an orbital shaker at 1,000 rpm with an orbital diameter of 3 mm at 37 �C in 8% CO2. The next day after transfection,

ExpiFectamine CHO Enhancer and ExpiCHO Feed reagents (Thermo Fisher Scientific) were added to the cells, followed by 4 d in-

cubation for a total of 5 d at 37 �C in 8%CO2. Culture supernatants were collected after centrifuging the blocks at 450g for 5 min and

were stored at 4�C until use. For high-throughput microscale antibody purification, fritted deep-well plates were used containing

25 ml of settled protein G resin (GE Healthcare Life Sciences) per well. Clarified culture supernatants were incubated with protein

G resin for antibody capturing, washed with PBS using a 96-well plate manifold base (QIAGEN) connected to the vacuum and eluted

into 96-well PCR plates using 86 ml of 0.1 M glycine-HCL buffer pH 2.7. After neutralization with 14 ml of 1 M Tris-HCl pH 8.0, purified

antibodies were buffer-exchanged into PBS using Zeba Spin Desalting Plates (Thermo Fisher Scientific) and stored at 4�C until use.

ELISA
To assess antibody binding, soluble protein was plated at 2 mg/ml overnight at 4�C. The next day, plates were washed three times

with PBS supplemented with 0.05% Tween-20 (PBS-T) and coated with 5% milk powder in PBS-T. Plates were incubated for one

hour at room temperature and then washed three times with PBS-T. Primary antibodies were diluted in 1% milk in PBS-T, starting

at 10 mg/ml with a serial 1:5 dilution and then added to the plate. The plates were incubated at room temperature for one hour and then

washed three times in PBS-T. The secondary antibody, goat anti-human IgG conjugated to peroxidase, was added at 1:10,000 dilu-

tion in 1%milk in PBS-T to the plates, which were incubated for one hour at room temperature. Plates were washed three times with

PBS-T and then developed by adding 3,30,5,50-tetramethylbenzidine (TMB) substrate to eachwell. The plates were incubated at room

temperature for tenminutes, and then 1N sulfuric acid was added to stop the reaction. Plates were read at 450 nm. The area under the

curve (AUC) was calculated using GraphPad Prism 9.0.1.

Competition ELISA
Competition ELISA was performed as done previously (Zost et al., 2020). Briefly, antibodies were biotinylated using NHS-PEG4-

biotin (Thermo Fisher Scientific, cat# A39259) according to manufacturer protocol. Following biotinylation, specific binding of bio-

tinylated antibodies was confirmed using ELISA. Wells of 384-well microtiter plates were coated with 1 mg/mL SARS-CoV-2 S HP

protein at 4�C overnight. Plates were washed with PBS-T and blocked for 1 h with blocking buffer (1% BSA in PBS-T). Plates

were then washed with PBS-T and unlabeled antibodies were added at a concentration of 10 mg/mL in a total volume of 25 mL block-

ing buffer and incubated 1 h. Without washing, biotinylated antibodies diluted in blocking buffer were added directly to each well in a

volume of 5 mL per well (such that the final concentrations of each biotinylated antibody were equal to the respective EC90 of each

antibody), and then incubated for 30 min at ambient temperature. Plates were then washed with PBS-T and incubated for 1 h with

HRP-conjugated avidin (Sigma, 25 mL of a 1:3,500 dilution in blocking buffer). Plates were washed with PBS-T and 25 mL TMB sub-

strate was added to each well. After sufficient development, the reactions were quenched by addition 25 mL 1MHCl and absorbance

at 450 nm was quantified using a plate reader. After subtracting the background signal, the signal obtained for binding of the biotin-

labeled reference antibody in the presence of the unlabeled tested antibody was expressed as a percentage of the binding of the

reference antibody in the presence of 10 mg/mL of the anti-dengue antibody DENV 2D22, which served as a no-competition control.

Tested antibodies were considered competing if their presence reduced the reference antibody binding by more than 60% and non-

competing if the signal was reduced by less than 30%.

Real-time cell analysis (RTCA) HT neutralization assay screen
To screen for neutralizing activity in the panel of recombinantly expressed antibodies, we used a high-throughput and quantitative

RTCA assay and xCelligence RTCAHTAnalyzer (ACEABiosciences) that assesses kinetic changes in cell physiology, including virus-

induced cytopathic effect (CPE). Twenty ml of cell culture medium (DMEM supplemented with 2% FBS) was added to each well of a

384-well E-plate using a ViaFlo384 liquid handler (Integra Biosciences) to obtain background reading. Six thousand (6,000) Vero-furin

cells in 20 ml of cell culture medium were seeded per well, and the plate was placed on the analyzer. Sensograms were visualized

using RTCA HT software version 1.0.1 (ACEA Biosciences). For a screening neutralization assay, equal amounts of virus were mixed

withmicro-scale purified antibodies in a total volume of 40 mL usingDMEMsupplementedwith 2%FBS as a diluent and incubated for

1 h at 37 �C in 5% CO2. At�17–20 h after seeding the cells, the virus–antibodymixtures were added to the cells in 384-well E-plates.

Wells containing virus only (in the absence of antibody) and wells containing only Vero cells in medium were included as controls.
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Plates were measured every 8–12 h for 48–72 h to assess virus neutralization. Micro-scale antibodies were assessed in four 5-fold

dilutions (starting from a 1:20 sample dilution), and their concentrations were not normalized. Neutralization was calculated as the

percent of maximal cell index in control wells without virus minus cell index in control (virus-only) wells that exhibited maximal

CPE at 40–48 h after applying virus–antibody mixture to the cells. An antibody was classified as fully neutralizing if it completely in-

hibited SARS-CoV-2-induced CPE at the highest tested concentration, while an antibody was classified as partially neutralizing if it

delayed but did not fully prevent CPE at the highest tested concentration. Further, if the CPE curve lies between partial and the virus-

only control, those mAbs were designated weak (Zost et al., 2020).

RTCA potency neutralization screening assay
To determine neutralizing activity of IgG and convalescent serum, we used real-time cell analysis (RTCA) assay on an xCELLigence

RTCA MP Analyzer (ACEA Biosciences Inc.) that measures virus-induced cytopathic effect (CPE)(Suryadevara et al., 2021). Briefly,

50 mL of cell culturemedium (DMEMsupplementedwith 2%FBS) was added to eachwell of a 96-well E-plate using a ViaFlo384 liquid

handler (Integra Biosciences) to obtain background reading. A suspension of 18,000 Vero-E6 cells in 50 mL of cell culturemediumwas

seeded in eachwell, and the plate was placed on the analyzer. Measurements were taken automatically every 15min, and the senso-

grams were visualized using RTCA software version 2.1.0 (ACEA Biosciences Inc). VSV-SARS-CoV-2 (0.01 MOI,�120 PFU per well)

was mixed 1:1 with a dilution of antibody in a total volume of 100 mL using DMEM supplemented with 2% FBS as a diluent and incu-

bated for 1 h at 37�C in 5%CO2. At 16 h after seeding the cells, the virus-antibodymixtureswere added in replicates to the cells in 96-

well E-plates. Triplicate wells containing virus only (maximal CPE in the absence of antibody) and wells containing only Vero cells in

medium (no-CPEwells) were included as controls. Plates weremeasured continuously (every 15min) for 48 h to assess virus neutral-

ization. Normalized cellular index (CI) values at the endpoint (48 h after incubation with the virus) were determined using the RTCA

software version 2.1.0 (ACEA Biosciences Inc.). Results are expressed as percent neutralization in a presence of respective antibody

relative to control wells with no CPE minus CI values from control wells with maximum CPE. RTCA IC50 and NT50 values were deter-

mined by nonlinear regression analysis usingGraphPad Prism software. A full dose-response neutralization assaywas not performed

for antibody 54042-11 due to insufficient quantity at the time of experiment. The NT50 of the donor sample was comparable to pre-

viously reported data for other donors for SARS-CoV-2 antibody discovery efforts (Brouwer et al., 2020; Rogers et al., 2020).

Epitope mapping of antibodies by alanine scanning
Epitope mapping was performed essentially as described previously (Davidson and Doranz, 2014) using a SARS-CoV-2 (strain Wu-

han-Hu-1) spike protein RBD shotgunmutagenesis mutation library, made using an expression construct for full-length spike protein.

184 residues of the RBD (between spike residues 335 and 526) were mutated individually to alanine, and alanine residues to serine

and clones arrayed in 384-well plates, one mutant per well. Antibody binding to each mutant clone was determined, in duplicate, by

high-throughput flow cytometry. Each spike protein mutant was transfected into HEK293T cells and allowed to express for 22 hr.

Cells were fixed in 4% (v/v) paraformaldehyde (Electron Microscopy Sciences), and permeabilized with 0.1% (w/v) saponin

(Sigma-Aldrich) in PBS plus calcium and magnesium (PBS++) before incubation with antibodies diluted in PBS++, 10% normal

goat serum (Sigma), and 0.1% saponin. Antibody screening concentrations were determined using an independent immunofluores-

cence titration curve against cells expressing wild-type spike protein to ensure that signals were within the linear range of detection.

Antibodies were detected using 3.75 mg/mL of AlexaFluor488-conjugated secondary antibody (Jackson ImmunoResearch Labora-

tories) in 10% normal goat serum with 0.1% saponin. Cells were washed three times with PBS++/0.1% saponin followed by two

washes in PBS, and mean cellular fluorescence was detected using a high-throughput Intellicyte iQue flow cytometer (Sartorius).

Antibody reactivity against eachmutant spike protein clonewas calculated relative to wild-type spike protein reactivity by subtracting

the signal from mock-transfected controls and normalizing to the signal from wild-type S-transfected controls. Mutations within

clones were identified as critical to antibody binding if they did not support reactivity of the test antibody, but supported reactivity

of other SARS-CoV-2 antibodies. This counter-screen strategy facilitates the exclusion of spike mutants that are locally misfolded

or have an expression defect.

Plaque reduction neutralization test (PRNT)
The virus neutralization with live authentic SARS-CoV-2 virus was performed in the BSL-3 facility of the Galveston National Labora-

tory using Vero E6 cells (ATCCCRL-1586) following the standard procedure. Briefly, Vero E6 cells were cultured in 96-well plates (104

cells/well). Next day, 4-fold serial dilutions of antibodies were made using MEM-2% FBS, as to get an initial concentration of 100 mg/

ml. Equal volume of diluted antibodies (60 ml) were mixed gently with authentic virus (60 ml containing 200 pfu) and incubated for 1 h at

37�C/5%CO2 atmosphere. The virus-serummixture (100 ml) was added to cell monolayer in duplicates and incubated for 1 at h 37�C/
5% CO2 atmosphere. Later, virus-serum mixture was discarded gently, and cell monolayer was overlaid with 0.6% methylcellulose

and incubated for 2 days. The overlay was removed, and the plates were fixed in 4% paraformaldehyde twice following BSL-3 pro-

tocol. The plates were stainedwith 1%crystal violet and virus-induced plaqueswere counted. The percent neutralization and/or NT50
of antibody was calculated by dividing the plaques counted at each dilution with plaques of virus-only control. For antibodies, the

inhibitory concentration at 50% (IC50) values were calculated in GraphPad Prism software by plotting the midway point between

the upper and lower plateaus of the neutralization curve among dilutions. The Alpha variant virus incorporates the following substi-

tutions: Del 69-70, Del 144, E484K, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H. The Beta variant incorporates the
Cell Reports 37, 109784, October 5, 2021 e7



Article
ll

OPEN ACCESS
following substitutions: Del 24, Del 242-243, D80A, D215G, K417N, E484K, N501Y, D614G, H665Y, T1027I. The Delta variant incor-

porates the following substitutions: T19R, G142D, Del 156-157, R158G, L452R, T478K, D614G, P681R, Del 689-691, D950N; the

deletion at positions 689-691 has not been observed in nature, and was identified upon one passage of the virus. The Gamma variant

incorporates the following substitutions: L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I.

BioLayer interferometry (BLI)
Purified 54042-4 IgGwas immobilized to AHC sensortips (FortéBio) to a response level of approximately 1.4 nm in a buffer composed

of 10 mM HEPES pH 7.5, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20 and 0.1% (w/v) BSA. Immobilized IgG was then dipped into

wells containing four-fold dilutions of SARS-CoV-2 RBD-SD1 ranging in concentration from 100-1.5625 nM, to measure association.

Dissociation was measured by dipping sensortips into wells containing only running buffer. Data were reference subtracted and ki-

netics were calculated in Octet Data Analysis software v10.0 using a 1:1 binding model.

ACE2 binding inhibition assay
96-well plateswere coatedwith 2 mg/mL purified recombinant SARS-CoV-2 at 4�Covernight. The next day, plateswerewashed three

times with PBS supplemented with 0.05% Tween-20 (PBS-T) and coated with 5% milk powder in PBS-T. Plates were incubated for

one hour at room temperature and then washed three times with PBS-T. Purified antibodies were diluted in blocking buffer at 10 mg/

mL in triplicate, added to the wells, and incubated at room temperature. Without washing, recombinant human ACE2 protein with a

mouse Fc tag was added to wells for a final 0.4 mg/mL concentration of ACE2 and incubated for 40 minutes at room temperature.

Plates were washed three times with PBS-T, and bound ACE2 was detected using HRP-conjugated anti-mouse Fc antibody and

TMB substrate. The plates were incubated at room temperature for ten minutes, and then 1N sulfuric acid was added to stop the

reaction. Plates were read at 450 nm. ACE2 binding without antibody served as a control. Experiment was done in biological replicate

and technical triplicates.

RTCA neutralization assay with known antibody escape mutants
We used a real-time cell analysis assay (RTCA) and xCELLigence RTCA MP Analyzer (ACEA Biosciences Inc.) with modification of

previously described assays (Greaney et al., 2021a, 2021b; Suryadevara et al., 2021). Fifty (50) mL of cell culture medium (DMEM

supplemented with 2% FBS) was added to each well of a 96-well E-plate to obtain a background reading. Eighteen thousand

(18,000) Vero E6 cells in 50 mL of cell culture medium were seeded per each well, and plates were placed on the analyzer. Measure-

ments were taken automatically every 15 min and the sensograms were visualized using RTCA software version 2.1.0 (ACEA Bio-

sciences Inc). Escape mutant VSV-SARS-CoV-2 or wild-type VSV-SARS-CoV-2 virus (5e3 plaque forming units [PFU] per well,

�0.3 MOI) was mixed with a saturating neutralizing concentration of individual antibody (5 mg/mL) in a total volume of 100 mL and

incubated for 1 h at 37�C. At 16-20 h after seeding the cells, the virus-antibody mixtures were added into 8 to 96 replicate wells

of 96-well E-plates with cell monolayers. Wells containing only virus in the absence of antibody and wells containing only Vero E6

cells in medium were included on each plate as controls. Plates were measured continuously (every 15 min) for 72 h. The lack of

neutralization for the individual escape mutant viruses from 54042-4 was confirmed by delayed CPE in wells containing antibody

while COV2-2381 was used as positive control.

EM sample prep and data collection
To form the spike-Fab complex, a final concentration of 0.5mg/mL spike protein and 5Xmolar excess of Fabwere combined in buffer

containing 2mM Tris-Cl pH 8.0, 200 mM NaCl, and 0.02% NaN3. The complex was incubated on ice for 30 min before 3 mL of the

sample was deposited on Au-300 1.2/1.3 grids (UltrAuFoil) that had been plasma cleaned in a Solarus 950 plasma cleaner (Gatan)

for 4 minutes using a 4:1 ratio of O2:H2. A force of �4 was used to blot excess liquid for 3 s using a Vitrobot Mark IV (Thermo Fisher)

followed by plunge-freezing with liquid ethane. 3,762 micrographs were collected from a single grid using a Titan Krios (Thermo

Fisher) equipped with a K3 detector (Gatan) with the stage set at a 30� tilt. SerialEM was used to collect movies at 29,000X nominal

magnification with a calibrated pixel size of 0.81 Å/pixel. Additional details about data collection parameters can be found in Table S1.

Cryogenic electron microscopy (Cryo-EM)
Motion correction, CTF estimation, particle picking, and preliminary 2D classification were performed using cryoSPARC v3.2.0 live

processing (Punjani et al., 2017). The final iteration of 2D class averaging distributed 374,669 particles into 60 classes using an un-

certainty factor of 2. From that, 241,732 particles were used to perform an ab initio reconstruction with four classes followed by het-

erogeneous refinement of those four classes. Particles from the two highest quality classes were used for homogeneous refinement

of the best volume with applied C3 symmetry. Non-uniform refinement was performed on the resulting volume using per-particle

defocus and per-group CTF optimizations applied (Punjani et al., 2020; Rubinstein and Brubaker, 2015). To improve the 54042-4

Fab-RBD density, C3 symmetry expansion was performed followed by local refinement using a mask created in ChimeraX that en-

compassed the entire 54042-4 Fab and RBD (Pettersen et al., 2021). Local refinement was performed using a pose/shift Gaussian

prior during alignment, 3� standard deviation of prior over rotation and 1 Å standard deviation of prior over shifts. Additionally,

maximum alignment resolution was limited to 2.8 Å resolution to avoid over-refining. To improve map quality, the focused refinement

volumes were processed using the DeepEMhancer (Sanchez-Garcia et al., 2021) tool via COSMIC2science gateway, which included
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the use of our refinementmask to help define noisewhile sharpening (Cianfrocco et al., 2017a, 2017b). An initial model was generated

by docking PDBID: 6XKL (Hsieh et al., 2020) and a Fab model based on the 54042-4 sequence built using SAbPred ABodyBuilder

(Dunbar et al., 2016) into map density via ChimeraX (Pettersen et al., 2021). The model was iteratively refined and completed using a

combination of Phenix, Coot, and ISOLDE (Adams et al., 2002; Croll, 2018; Emsley and Cowtan, 2004). Details on structure validation

and the full cryo-EM processing workflow can be found in Figures S5 and S6.

GISAID mutation frequency calculation
To evaluate the conservation of 54042-4 epitope residues, we utilized the GISAID database (Elbe and Buckland-Merrett, 2017)

comprising sequences from 1,229,459 SARS-CoV-2 variants (as of May 6th, 2021). The spike glycoprotein sequences were ex-

tracted and translated, and pairwise sequence alignment with the reference sequence hCoV-19/Wuhan/WIV04/2019 was then per-

formed. After removing incomplete sequences and sequences with alignment errors, the pairwise alignments for the remaining

1,148,887 spike protein sequences were combined to compute the conservation of each residue position using in-house perl scripts.

RMSD calculation for the differences in angle of antigen approach for different antibodies
The SARS-CoV-2 spike receptor binding domain coordinates present in each antibody-antigen complex were aligned in PyMOL (The

PyMOLMolecular Graphics System, Version 2.3.5, Schrödinger, LLC.) using an all-atom alignment with 5 cycles of outlier rejection of

atom pairs having an RMSD greater than 2. The alignment was performed for RBD residues 329-529 in antibody 54042-4 (PDB ID:

TBD chain A), 329-529 in antibody 2-7 (PDB ID: 7LSS chain B), 333-526 in antibody REGN10987 (PDB ID: 6XDG chain A), and 334-

527 in antibody LY-COV1404 (PDB ID: 7MMOchain C). This resulted in RMSD values of 0.751 Å between 54042-4 and REGN10987’s

RBDs, 1.044 Å between 54042-4 and antibody 2-7’s RBDs, 0.632 Å between 54042-4 and LY-COV1404’s RBDs, 1.067 Å between

REGN10987 and antibody 2-7’s RBDs, and 0.751 Å between LY-COV1404 and antibody 2-7’s RBDs with well-aligned epitope res-

idues. Next, the residues comprising the N-termini through the end of framework region 3 were determined for the heavy and light

chains of all three antibodies using IMGT Domain Gap Align (Alamyar et al., 2012). Each pair of antibodies was aligned using a pair-

wise sequence alignment of this region in PyMOL. Finally, the alpha carbon root mean square deviation between antibodies was

calculated over this region in the heavy and light chains using residue pairs from the sequence alignment. RMSD values were calcu-

lated from 183, 183, and 180 alpha carbon pairs for the 54042-4 versus REGN1087, REGN1087 versus 2-7, and 54042-4 versus 2-7

comparisons respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

ELISA and neutralization error bars (standard error of the mean) were calculated using GraphPad Prism version 9.0.1.
Cell Reports 37, 109784, October 5, 2021 e9



Cell Reports, Volume 37
Supplemental information
Potent neutralization of SARS-CoV-2 variants

of concern by an antibody with an uncommon genetic

signature and structural mode of spike recognition

Kevin J. Kramer, Nicole V. Johnson, Andrea R. Shiakolas, Naveenchandra
Suryadevara, Sivakumar Periasamy, Nagarajan Raju, Jazmean K. Williams, Daniel
Wrapp, Seth J. Zost, Lauren M. Walker, Steven C. Wall, Clinton M. Holt, Ching-Lin
Hsieh, Rachel E. Sutton, Ariana Paulo, Rachel S. Nargi, Edgar Davidson, Benjamin J.
Doranz, James E. Crowe Jr., Alexander Bukreyev, Robert H. Carnahan, Jason S.
McLellan, and Ivelin S. Georgiev



Supplemental Figure 1

A B

E

Sera Dilution

D

LIBRA-seq score
-2 2

C
NTD

S
A

R
S

-C
o

V
-2

S
A

R
S

-C
o

V
-2

 
D

61
4G

S
A

R
S

-C
o

V

M
E

R
S

-C
o

V

H
C

o
V

-O
C

4
3

H
C

o
V

-N
L

63

H
C

o
V

-2
2

9E

S
A

R
S

-C
o

V
-2

S
A

R
S

-C
o

V

M
E

R
S

-C
o

V

S
A

R
S

-C
o

V
-2

H
A

 N
C

99

H
IV

 Z
M

19
7 

E
n

V

54042-2
54042-3
54042-4
54042-5
54042-7
54042-10
54042-11
54042-14
54042-15

Name

Spike ECD RBD



Supplemental Figure 1: Identification and characterization of SARS-CoV-2 neutralizing antibodies isolated 

using LIBRA-seq, related to Figure 1.

(A) VSV SARS-CoV-2 neutralization capacity of serum is displayed from time points at day 18, day 28, day 56, 

and days 80-90 post-COVID-19 infection. Neutralization was performed in single technical conditions with 1 

biological replicate.

(B) Gating scheme for fluorescent-activated cell sorting of recovered COVID-19 individual. Cells were stained 

with Ghost Red 780 (viability), CD14-APC-Cy7, CD3-FITC, CD19-BV711, and IgG-PE-Cy5 along with a 

DNA-barcoded antigen screening library. To detect antigen-positive B cells, cells were washed and treated 

with a streptavidin-PE secondary stain. Gates as drawn are based on gates used during the sort, and 

percentages from the sort are listed.

(C) LIBRA-seq scores for SARS-CoV-2 S, SARS-CoV-2 S D614G, SARS-CoV S, MERS-CoV S, HCoV-OC43 

S, HCoV-229E S, HCoV-NL63 S, SARS-CoV-2 RBD, SARS-CoV RBD, and MERS-CoV RBD, as well as 

negative-control antigens ZM197 Env and hemagglutinin (HA) NC99 are shown. LIBRA-seq scores for each 

antigen are displayed as a heatmap with a LIBRA-seq score of -2 displayed as light yellow, 0 as white, and 2 

in purple; in this heatmap, scores lower or higher than that range are shown as -2 and 2, respectively.

(D) ELISA binding data of candidate antibodies identified by LIBRA-seq against SARS-CoV-2 S HP. The 

optical density at 450 nm (y-axis) is depicted as a function of antibody concentration (x-axis). ELISAs were 

performed in single technical conditions with 1 biological replicate.

(E) ELISA binding data of the antibodies that displayed neutralization in the high-throughput VSV SARS-CoV-2 

RTCA (Figure 1B) for the antigens SARS-CoV-2 S D614G, SARS-CoV S, MERS-CoV S, HCoV-OC43 S, 

HCoV-HKU1 S, HCoV-NL63 S, and HCoV-229E S. The optical density at 450 nm (y-axis) is depicted as a 

function of antibody concentration (x-axis). ELISAs were performed in single technical conditions with 1 

biological replicate.
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Supplemental Figure 2: Epitope mapping of antibody 54042-4 to SARS-CoV-2 subunit domains, related to 
Figure 2.

ELISA binding data against SARS-CoV-2 subdomains RBD, NTD, S1, and S2 are shown. CR3022 was used as a 

positive control RBD-directed antibody (Yuan et al., 2020a) whereas 46472-4 and 46472-6 antibodies were used as 

positive controls for the S2 and NTD, respectively (Shiakolas et al., 2021). The HA-specific 3602-1707 antibody 

(Setliff et al., 2019.) was used as a negative control. ELISAs were performed with 2 technical duplicates and with 2 

biological duplicates; data is represented as mean +/- SEM.



Supplemental Figure 3

S residue # AA Buried surface area
346 Arg 23
439 Asn 6
440 Asn 26
441 Leu 28
443 Ser 21
444 Lys 108
445 Val 145
446 Gly 61
447 Gly 10
448 Asn 1
449 Tyr 33
450 Asn 48
498 Gln 34
499 Pro 35
500 Thr 82

A

B

Ab residue # AA Buried surface area
32 Ile 12
52 Tyr 34
53 Trp 42
54 Asp 47
56 Asp 42
58 Arg 61
97 Phe 28
98 Ser 11
99 Ser 99

100A Asp 2
100B Trp 2
100C Gly 2

30 Phe 35
32 Tyr 55
91 Ser 10
92 His 73
93 Ser 2
94 Thr 20
96 Phe 6

54042-4 epitope on SARS-CoV-2 S

54042-4 paratope on SARS-CoV-2 S

Heavy
chain

Light
chain



Supplemental Figure 3: Epitope and paratope contributions to the interaction of 54042-4 to the SARS-CoV-

2 RBD, related to Figure 4.

(A) SARS-CoV-2 spike residues comprising the epitope of 54042-4 are shown with their associated buried 

surface area (Å2).

(B) 54042-4 residues comprising the antibody paratope against SARS-CoV-2 spike are shown with their 

associated buried surface area values (Å2).
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Supplemental Figure 4: Epitope mapping and characterization of 54042-4 binding to RBD and S1 

substitutions in Alpha and Beta VOC recombinant S constructs, related to Figure 5.

(A) ELISA binding data against SARS-CoV-2 Wuhan-1 RBD and RBDs with substitutions E484K, N501Y, 

N439K, K417N, E484Q, or L452R. CR3022 was used as a positive control and 3602-1707, an HA-

specific antibody, was used as a negative control. ELISAs were performed with 2 technical duplicates 

and with 2 biological duplicates; data is represented as mean +/- SD.

(B) ELISA binding data against SARS-CoV-2 S HP, SARS-CoV S, and SARS-CoV-2 S HP constructs with 

substitutions in the S1 domain for the Beta and Alpha variants of concern. CR3022 was used as a 

positive control and 3602-1707 was used as a negative control antibody. ELISAs were performed with 2 

technical duplicates and with 2 biological duplicates; data is represented as mean +/- SD.

(C) The substitutions and deletions present in the Alpha and Beta SARS-CoV-2 S constructs used in the 

ELISAs depicted in Supplemental Figure 4B.
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Supplemental Figure 5: Cryo-EM data processing workflow, related to Figure 3.

Flowchart outlining cryo-EM data processing of Fab 54042-4 Fab bound to SARS-CoV-2 S. Additional information 

can be found in the Methods section under “Cryogenic electron microscopy (cryo-EM).”
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Supplemental Figure 6: Cryo-EM structure validation, related to Figure 3.

(A) FSC curve and distribution plot for the C3 S-ECD/54042-4 structure, generated in cryoSPARC v3.2.0. 

(B) FSC curve and viewing distribution plot for focused refinement of the S-RBD bound to 54042-4 Fab. 

(C) Local resolution shown by color of the C3 S-ECD/54042-4 (left) and focused S-RBD/54042-4 (right) 

reconstructions. 

(D) Map resulting from focused refinement of the RBD (green) (left), 54042-4 heavy chain (orange), and 54042-4 

light chain (white). Detailed views of the binding interface and corresponding map (center, right). Oxygen atoms 

are colored red, nitrogen blue, and sulfur yellow. 



EM data collection

Microscope FEI Titan Krios

Voltage (kV) 300

Detector Gatan K3

Magnification (nominal) 29,000

Pixel size (Å/pix) 0.81

Exposure rate (e-/pix/sec) 9.66
Frames per exposure 100
Exposure (e-/Å2) 70
Defocus range (�m) 1.5-2.5
Tilt angle ( ̊ ) 30
Micrographs collected 3,762
Micrographs used 1,610
Particles extracted (total) 516,664
Automation software SerialEM

Sample SARS-CoV-2 S + 54042-4 Fab

3D reconstruction statistics

Overall RBD-54042-4 subcomplex
Particles 214,408 643,224 (symmetry expanded)

Symmetry C3 C1

Map sharpening B-factor -81.8 -94.6

Unmasked resolution at 0.5 FSC (Å) 3.69 3.56

Masked resolution at 0.5 FSC (Å) 3.06 3.25

Unmasked resolution at 0.143 FSC (Å) 3.20 3.28

Masked resolution at 0.143 FSC (Å) 2.69 2.78

Model refinement and validation statistics

Refinement package Phenix

Refinement tool Real-space refinement

Supplemental Table 1



Supplemental Table 1: PDB validation report, related to Figure 3.

EM data collection, 3D reconstruction statistics, and model refinement & validation statistics for PDB upload. 



PDB-id Pearson 
Correlation

PDB-id Pearson 
Correlation

PDB-id Pearson 
Correlation

6XDG 0.8543 7JMP -0.2818 7KLG -0.3426

7MMO 0.8483 7BEK -0.2837 6XDG -0.3436

7LSS 0.8251 7KFV -0.2853 7BYR -0.3460

7K8W 0.6007 7JX3 -0.2880 7DEU -0.3490

7BEN 0.5747 7BEN -0.2892 7D00 -0.3496

7L7E 0.5098 7BZ5 -0.2911 7CZR -0.3504

7K8V 0.3231 6XKQ -0.2918 7CWO -0.3516

6XKP 0.1940 7BEH -0.2946 7BEP -0.3573

7JX3 0.1510 7CJF -0.2976 7K9Z -0.3586

7BWJ 0.0041 7CHB -0.2985 7BEL -0.3588

7CHH -0.0111 7CZQ -0.3023 7K8M -0.3596

7LS9 -0.0539 7KFY -0.3058 6XC3 -0.3604

7CZT -0.0724 7DD8 -0.3063 7EAM -0.3625

7K8Z -0.1003 7K45 -0.3076 7CDI -0.3676

7CZX -0.1183 7D03 -0.3087 6XE1 -0.3701

7LY2 -0.1263 7B3O -0.3126 7D0D -0.3704

7DK4 -0.1278 7BEL -0.3156 7LM8 -0.3743

7K8Y -0.1519 7DPM -0.3161 7KZB -0.3758

7K8U -0.1590 7NDB -0.3172 6XC7 -0.3852

7CDJ -0.2032 6XC3 -0.3198 7EAN -0.3875

7K90 -0.2118 7BEI -0.3200 7KS9 -0.3912

7L56 -0.2217 7KMI -0.3251 7JX3 -0.3998

7L5B -0.2261 7JMO -0.3301 7KMH -0.4010

7LJR -0.2380 7CZU -0.3303 7LAA -0.4034

7K8S -0.2471 7CHF -0.3316 7JVA -0.4056

7CZP -0.2475 7CZY -0.3345 7NX6 -0.4105

7JV2 -0.2565 7LM9 -0.3366 7LD1 -0.4112

7ND7 -0.2600 7NEH -0.3370 7K9Z -0.4178

7C01 -0.2652 7KLH -0.3371 6XCM -0.4192

7KMG -0.2725 7CZV -0.3371 7D0C -0.4197

7CM4 -0.2796 7KFX -0.3386 7NX8 -0.4204

6XEY -0.2803 7ND9 -0.3393 7CH5 -0.4317

7KFW -0.2814 7CAI -0.3397 7L58 -0.5379
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Supplemental Table 2: PDB files used for epitope comparisons, related to Figure 4.

PDB files collated to compare the angle of approach of 54042-4 to published SARS-CoV-2 RBD directed 
antibodies
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