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SUMMARY
The SARS-CoV-2 spike (S) glycoprotein contains an immunodominant receptor-binding domain (RBD) tar-
geted by most neutralizing antibodies (Abs) in COVID-19 patient plasma. Little is known about neutralizing
Abs binding to epitopes outside the RBD and their contribution to protection. Here, we describe 41 human
monoclonal Abs (mAbs) derived frommemory B cells, which recognize the SARS-CoV-2 S N-terminal domain
(NTD) and show that a subset of them neutralize SARS-CoV-2 ultrapotently. We define an antigenic map of
the SARS-CoV-2 NTD and identify a supersite (designated site i) recognized by all known NTD-specific
neutralizingmAbs. ThesemAbs inhibit cell-to-cell fusion, activate effector functions, and protect Syrian ham-
sters from SARS-CoV-2 challenge, albeit selecting escape mutants in some animals. Indeed, several SARS-
CoV-2 variants, including the B.1.1.7, B.1.351, and P.1 lineages, harbor frequent mutations within the NTD
supersite, suggesting ongoing selective pressure and the importance of NTD-specific neutralizing mAbs
for protective immunity and vaccine design.
INTRODUCTION

The emergence of severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) at the end of 2019 resulted in the ongoing

coronavirus disease 2019 (COVID-19) pandemic, bringing the

world to a standstill (Zhou et al., 2020; Zhu et al., 2020). The

lack of pre-existing immunity to SARS-CoV-2 combined with

its efficient human-to-human transmission has already resulted

in more than 109 million infections and over 2.3 million fatalities

as of February 2021. Although vaccines are being developed

and deployed at an unprecedented pace, the timeline for

large-scale manufacturing and distribution to a large enough

population for achieving community protection remains uncer-

tain. As a result, prophylactic and/or therapeutic anti-viral drugs

are expected to play a role in controlling COVID-19 disease and

the ongoing pandemic. Such drugs may be helpful for unvacci-

nated individuals or those who respond poorly to vaccination,
2332 Cell 184, 2332–2347, April 29, 2021 ª 2021 Elsevier Inc.
as well as upon waning of immunity and emergence of antigen-

ically distinct variants or strains.

SARS-CoV-2 infects host cells through attachment of the viral

transmembrane spike (S) glycoprotein to angiotensin-converting

enzyme 2 (ACE2) followed by fusion of the viral and host mem-

branes (Letko et al., 2020; Walls et al., 2020b). SARS-CoV-2 S

also engages cell-surface heparan-sulfates (Clausen et al.,

2020), neuropilin-1 (Cantuti-Castelvetri et al., 2020; Daly

et al., 2020) and L-SIGN/DC-SIGN (Chiodo et al., 2020; Gao

et al., 2020; Soh et al., 2020; Thépaut et al., 2020),whichwerepro-

posed to serve as co-receptors, auxiliary receptors, or adsorption

factors. SARS-CoV-2 S is the main target of neutralizing anti-

bodies (Abs) in infected individuals and the focus of the many nu-

cleic acid, vectored, and protein subunit vaccines currently de-

ployed or in development (Corbett et al., 2020a, 2020b; Erasmus

et al., 2020; Hassan et al., 2020; Keech et al., 2020; Mercado

et al., 2020; Walls et al., 2020a). Besides blocking ACE2
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attachment (Piccoli et al., 2020; Tortorici et al., 2020), some

neutralizing Abs are alternatively expected to interfere with hep-

aran-sulfate, neuropilin-1, or L-SIGN/DC-SIGN interactions.

The SARS-CoV-2 S protein comprises an N-terminal S1 sub-

unit responsible for virus-receptor binding and a C-terminal S2

subunit that promotes virus-cell membrane fusion (Walls et al.,

2020b; Wrapp et al., 2020). The S1 subunit comprises an N-ter-

minal domain (NTD) and a receptor-binding domain (RBD), also

known as domain A and B, respectively (Tortorici and Veesler,

2019). Abs targeting the RBD account for �90% of the neutral-

izing activity in COVID-19 convalescent sera (Greaney et al.,

2021; Piccoli et al., 2020), and numerous monoclonal antibodies

(mAbs) recognizing this domain have been isolated and charac-

terized (Barnes et al., 2020a, 2020b; Baumet al., 2020b; Brouwer

et al., 2020; Hansen et al., 2020; Ju et al., 2020; Piccoli et al.,

2020; Pinto et al., 2020; Tortorici et al., 2020; Wang et al.,

2020; Wu et al., 2020). Several RBD-specific mAbs capable of

protecting small animals and non-human primates from SARS-

CoV-2 challenge are able to neutralize viral infection by targeting

multiple distinct antigenic sites (Baum et al., 2020a; Hansen

et al., 2020; Jones et al., 2020; Pinto et al., 2020; Rogers et al.,

2020; Tortorici et al., 2020; Zost et al., 2020). A subset of these

mAbs is currently being evaluated in clinical trials or have

recently received emergency use authorization from the FDA.

The limited immunogenicity of the SARS-CoV-2 NTD in

COVID-19 patients (Piccoli et al., 2020; Rogers et al., 2020)

has been hypothesized to result from its extensive N-linked

glycan shielding (Walls et al., 2020b; Watanabe et al., 2020).

However, recent studies have reported the isolation of NTD-

targeted mAbs and their ability to neutralize SARS-CoV-2

infection in vitro, suggesting they could be useful for COVID-

19 prophylaxis or treatment (Chi et al., 2020; Liu et al.,

2020a). Although the NTD has been proposed to interact with

auxiliary receptors in cell types that do not express ACE2

(e.g., DC-SIGN/L-SIGN), its role and the mechanism of action

of NTD-targeted neutralizing mAbs remain unknown (Soh

et al., 2020). Understanding the immunogenicity of different S

domains and the function of mAbs targeting them, including

the NTD, is critical to a full understanding of immunity during

the pandemic.

Here, we analyze Ab responses in three COVID-19 convales-

cent individuals and describe 41 NTD-specific human mAbs.

Integrating cryoelectron microscopy (cryo-EM), binding assays,

and Ab escape mutant analysis, we define a SARS-CoV-2 NTD

antigenic map and identify a supersite (designated site i) recog-

nized by potent neutralizing mAbs. We show that these mAbs

exhibit neutralization activities on par with best-in-class RBD-

specific mAbs and efficiently activate Fc-mediated effector

functions. We also identify immunologically important variation

of the SARS-CoV-2 NTD suggesting that the S glycoprotein is

under selective pressure from the host humoral immune

response. Finally, we provide proof-of-principle that prophylac-

tic administration of a highly potent NTD mAb confers protec-

tion of Syrian hamsters against SARS-CoV-2 challenge albeit

selecting for escape mutants in some animals. Overall, these

findings highlight the importance of NTD-specific neutralizing

mAbs for protective immunity, virus evolution, and vaccine

design.
RESULTS

NTD-specific mAbs with potent neutralizing activity
To discover mAbs targeting diverse SARS-CoV-2 epitopes, we

sorted immunoglobulin (Ig)G+ memory B cells from peripheral

blood mononuclear cells (PBMCs) of three COVID-19 convales-

cent individuals (L, M, X) using biotinylated prefusion SARS-

CoV-2 S as a bait. The percentage of SARS-CoV-2 S-reactive

IgG+ memory B cells ranged between 1.1%–1.3%. A total of

278 mAbs were isolated and recombinantly produced as human

IgG1 (Figure 1A). Characterization by ELISA showed that most

mAbs isolated from the three donors recognize the RBD (65%–

77%), with a smaller fraction targeting the NTD (6%–20%). The

remaining mAbs (4%–20%) are expected to bind to either the

S2 subunit or the C-D domains within the S1 subunit (Figure 1A).

The low proportion of NTD-specific mAbs isolated from these

donors is in line with the previously observed limited NTD immu-

nogenicity in SARS-CoV-2-exposed individuals (Piccoli et al.,

2020; Rogers et al., 2020). Overall, we identified 41 mAbs recog-

nizing the SARS-CoV2 NTD with EC50s ranging between 7.6–

698 ng/mL and nanomolar binding affinities, as evaluated using

ELISA and biolayer interferometry, respectively (Figures 1B and

S1A; Table S1). These NTD-specific mAbs use a large repertoire

of V genes, with an over-representation of IGHV3-21 and IGK3-

15 genes (Figures S1B and S1C; Table S1), and harbor few

somatic hypermutations (VH and VL are 97.57% and 97.54%

identical to V germline genes, respectively; Figure S1D; Table

S1), as previously described for many SARS-CoV-2 neutralizing

mAbs binding to the RBD (Piccoli et al., 2020; Seydoux et al.,

2020). CDRH3 lengths range between 10 and 24 amino acid res-

idues (Figure S1E). Collectively, these data indicate that the Ab

response to the SARS-CoV-2 NTD is polyclonal.

The in vitro neutralization activity of the NTD-specific mAbs

was subsequently evaluated using a SARS-CoV-2 S pseudo-

typed murine leukemia virus (MLV) system (Millet and Whittaker,

2016; Walls et al., 2020b). Out of 41 mAbs, 9 are potent neutral-

izers (IC50 < 50 ng/mL) and 6 are moderate neutralizers (IC50 of

50–150 ng/mL) (Figure 1C). The remaining 25 mAbs were non-

neutralizing. Most of the mAbs plateaued around 80%–90%

maximum neutralization in this assay (Figure 1D). Evaluation of

the neutralization potency of a subset of NTD-specific mAbs

measured 6 h post-infection of Vero E6 cells infected with

authentic SARS-CoV-2 virus confirmed that these mAbs did

not completely block viral entry and instead plateaued at 80%–

90% neutralization, as opposed to the RBD-specific mAbs

S309, S2E12, and S2M11 that achieved 100% neutralization

(Figure 1E) (Pinto et al., 2020; Tortorici et al., 2020). When the ac-

tivity was measured at 24 h post-infection, however, all mAbs

tested achieved 95%–100% neutralization with a marked

enhancement of neutralization potency (Figure 1F). For instance,

S2X333 neutralized SARS-CoV-2 with an IC50 of 2 ng/mL and an

IC90 of 12 ng/mL, on par with the best-in-class ultrapotent RBD-

targeting mAbs S2E12 and S2M11 (Figure 1F). The time-depen-

dent difference of the results may reflect inhibition of extensive

viral spread during the 24 h assay as opposed to the sole inhibi-

tion of viral entry measured after 6 h.

Previous studies established that SARS-CoV-2 infection of

Vero E6 cells proceeds through cathepsin-activated endosomal
Cell 184, 2332–2347, April 29, 2021 2333



Figure 1. Discovery of potent NTD-specific SARS-CoV-2 neutralizing mAbs from three convalescent individuals

(A) Pie charts showing the frequency of mAbs (cloned from IgG+ memory B cells) recognizing the SARS-CoV-2 NTD, RBD, or other S regions for patients L, M,

and X.

(B) Binding of the 41 isolated NTD mAbs to immobilized SARS-CoV-2 S, NTD, or RBD analyzed by ELISA.

(C and D) Neutralization potencies (IC50, C) and maximal neutralization plateau (NT, D) of 15 NTD-specific neutralizing mAbs against SARS-CoV-2 S MLV

pseudotyped virus. Data are from one out of two independent experiments performed.

(E and F) Dose-dependent neutralization of selected NTD- and RBD-specific mAbs against authentic SARS-CoV-2-Nluc assessed 6 h (at MOI 0.1) (E) or 24 h

(at MOI of 0.01) (F) after infection. One independent experiment out of at least two is shown. Error bars indicate standard deviation of triplicates.

See also Figure S1, Table S1, and Data S1.
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fusion, as opposed to TMPRSS2-dependent entry, which is sup-

posed to occur at the level of the plasma membrane and to be

the most relevant route of lung cells infection (Hoffmann et al.,

2020a, 2020b, 2020c). Although S2L28, S2M28, S2X28, and
2334 Cell 184, 2332–2347, April 29, 2021
S2X333 efficiently blocked cell-cell membrane fusion of Vero

E6 cells transiently transfected with full-length wild-type SARS-

CoV-2 S (Figure S1F), binding of S2L28, S2M28, and S2X333

to SARS-CoV-2 S was dampened by 2 orders of magnitude at
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endosomal pH (pH5) compared to neutral pH (pH7) (Figure S1G).

As cell-cell membrane fusion bypasses the endosomal compart-

ment, S2L28, S2M28, S2X28, and S2X333 efficiently blocked

fusion of Vero E6 cells transiently transfected with full-length

wild-type SARS-CoV-2 S (Figure S1F). Therefore, partial neutral-

ization may have been a result of reduced blocking of the endo-

somal entry route at 6 h post-infection, whereas cell-cell spread

of the virus after 24 h was efficiently blocked.

NTD-specific neutralizing mAbs delineate an antigenic
supersite
To elucidate themechanismof potent SARS-CoV-2 neutralization

by NTD mAbs, we carried out single-particle cryo-EM analysis of

the SARS-CoV-2S ectodomain trimer bound to oneNTD-specific

mAb from each donor—S2L28, S2M28 or S2X333—in combina-

tion with the RBD-specific mAb S2M11. S2M11 was used as it

locks the RBDs in the closed state by recognizing a quaternary

epitope spanning two adjacent RBDs, thus enabling the use of

3-fold symmetry during reconstruction (Tortorici et al., 2020). 3D

classification of the particle images belonging to each dataset re-

vealed the presence of homogeneous ternary complexes with

three S2M11 Fabs bound to the RBDs and three bound NTD

Fabs radiating from the trimer periphery. We determined recon-

structions at 2.6 Å, 2.5 Å, and 2.2 Å for the S2L28/S2M11/S,

S2M28/S2M11/S, and S2X333/S2M11/S complexes (Figures

2A–2I and S2A–S2C; Table S2). We subsequently used local

refinement to account for the pronounced conformational dy-

namics of S2L28, S2M28, and S2X333 and obtained reconstruc-

tions at 2.6–3.0 Å resolution for the region comprising the Fab var-

iable domains and their bound epitope in the NTD (Figures 2A–2I

and S2A–S2C; Table S2). In parallel, we determined a crystal

structure of the SARS-CoV-2 NTD in complex with the S2M28

Fab at 3.0 Å resolution revealing several additional ordered loops

and N-linked glycans (Figures 2E–2H; Table S3).

S2L28, S2M28, and S2X333 contact the N-terminal region

(residues 14–20, NTD N terminus), a b-hairpin formed by resi-

dues 140–158 (supersite b-hairpin), and a loop spanning resi-

dues 245–264 (supersite loop). These three regions collectively

form an antigenic supersite on the pinnacle of the NTD on the

side distal to the viral membrane (Figures 2A–2I). The epitopes

targeted by S2L28, S2M28, and S2X333 are overlapping and

flanked by the oligosaccharides at position N17 and N149, which

are located at opposite sides of the antigenic supersite (Figures

2D–2I). As a stunning example of convergent binding, each mAb

uses hydrophobic residues at the tip of the HCDR3 loop to con-

tact the NTD supersite near residue R246. For S2L28, S2M28,

and S2X333, this hydrophobic residue is W105, I93, and W106,

respectively (Figures 2G–2I).

Although these Fabs recognize overlapping epitopes within

this antigenic supersite, the detailed nature of the interactions

formed with the NTD varies. In particular, S2L28 primarily binds

to residues in the NTD supersite loop including residue D253

(Figure 2G), while S2X333 interacts primarily with the N-terminal

region including residue N17 and the supersite b-hairpin

including residues E156 and R158 (Figure 2I). S2M28 interacts

extensively with all three supersite regions, including residues

146–148 in the supersite b-hairpin, D253 in the supersite loop,

and N17 in the N-terminal region (Figure 2H). As a result of these
distinct interactions, whereas the S2L28-bound NTD adopts an

identical conformation to that observed in the apo S structures

(Walls et al., 2020b; Wrapp et al., 2020; Wrobel et al., 2020b),

S2M28 and S2X333 induce remodeling of the NTD supersite

loop and b-hairpin, respectively (Figures 2G–2I).

Cryo-EM maps of S2L28-, S2M28-, S2X28-, and S2X333-

bound SARS-CoV-2 S delineate an antigenic supersite recog-

nized by potent NTD-specific neutralizing mAbs isolated from

COVID-19 individuals (Figures 2A–2I and S3A). Likewise, the

previously described mAb 4A8 (Chi et al., 2020) as well as the

recently described FC05 (Zhang et al., 2020) and CM25 (Voss

et al., 2020), bind to the same NTD antigenic supersite to

neutralize SARS-CoV-2. Collectively, these results show that

NTD-specific neutralizing mAbs have adopted a convergent

mechanism of viral inhibition through the use of multiple V genes

(Table S1), which points to a key role of the NTD supersite in viral

neutralization and putatively also infection.

Definition of a SARS-CoV-2 NTD antigenic map
To understand the markedly different neutralization potencies

across the 41 NTD-specific mAbs identified, we carried out

competition biolayer interferometry binding assays using recom-

binant SARS-CoV-2 S ectodomain trimer or isolated NTD. The

data indicated that the mAbs recognize six distinct antigenic

sites, which we designated i, ii, iii, iv, v, and vi. Most mAbs clus-

tered within antigenic sites i and iii whereas sites ii, iv, v, and vi

each accounted for only one or a small number of mAbs from

our panel (Figure 3A). All potently neutralizing mAbs competed

for binding to the NTD site i, indicating they recognize overlap-

ping epitopes within the structurally identified antigenic super-

site (Figures 1B–1E, 2, and 3A).

To evaluate the presence of site i-specific mAbs in previously

infected or vaccinated individuals, we carried out competition

ELISA using S2X28. Plasma from infected individuals and conva-

lescent subjects that received a first dose of mRNA vaccine

(convalescent-Vx1), but not naive-vaccinated individuals (Vx1),

efficiently competed with S2X28 for binding to the antigenic

supersite (site i) (Table S5). These results confirm that in some in-

dividuals, antigenic site i-specific Abs can be elicited as a result

of SARS-CoV-2 infection and are possibly boosted upon vacci-

nation despite the dense glycosylation of the NTD.

To delineate the different NTD antigenic sites, we mapped

the epitopes targeted by representative mAbs through determi-

nation of cryo-EM structures of S2M24, S2X316, or S2L20 in

complex with SARS-CoV-2 S, together with S2M11 to expedite

structural determination at 6–8 Å resolution (Figure S3; Table

S4). S2L20 (site iv) binds to an epitope flanked by glycans at

positions N17, N61, andN234 locatedwithin theNTD side, which

faces the RBD belonging to the same protomer (Figures 3B–3D).

S2M24 (site vi) recognizes the viral membrane proximal side of

the NTD, which is devoid of glycans except for the presence of

the N61 oligosaccharide on the edge of the epitope (Figures

3B–3D). S2M24 recognizes a similar antigenic site as the one

described for the polyclonal Fabs COV57 isolated directly from

COVID-19 patient sera (Barnes et al., 2020b). S2X316 (site v) in-

teracts with an epitope residing nearby glycans N74 and N149 at

the peripheral-most part of the NTD, located in between anti-

genic sites i and vi (Figures 3B–3D). As all NTD-specific mAbs
Cell 184, 2332–2347, April 29, 2021 2335



Figure 2. SARS-CoV-2 NTD neutralizing mAbs target the same antigenic supersite
(A–C) Ribbon diagrams in two orthogonal orientations of the SARS-CoV-2 S ectodomain trimer (surface) bound to the RBD-specific S2M11 Fab (gray) and to the

NTD-targeted Fab S2L28 (A), S2M28 (B), or S2X333 (C).

(D–F) S2L28 (D), S2M28 (E), and SX333 (F) binding pose relative to the NTD.

(G–I) Zoomed-in views showing selected interactions of S2L28 (G), S2M28 (H), or S2X333 (I) with the NTD. SARS-CoV-2 S protomers are colored pink, cyan, and

gold whereas N-linked glycans are rendered as dark blue surfaces.

See also Figure S2 and Tables S2–S4.
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Figure 3. The SARS-CoV-2 NTD comprises multiple antigenic sites

(A) Epitope binning of the 41 NTD-specific mAbs isolated led to the identification of six antigenic sites based on competition binding assays using biolayer

interferometry. The competition assays were performed either using the S ectodomain trimer or the NTD (NTD). NC, no competition; PC, partial competition; C,

competition; *, potently neutralizing mAbs. One independent experiment out of two is shown.

(B andC) Compositemodel of the SARS-CoV-2 S trimer viewed along two orthogonal orientations with four bound Fab fragments representative of antigenic site i

(S2X333), site iv (S2L20), site v (S2X316), and site vi (S2M24).

(D) Footprints of the antigenic sites identified structurally are shown along with neighboring N-linked glycans (blue spheres).

See also Figure S3, Table S5, and Data S1.
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with neutralizing activity target the structurally identified anti-

genic supersite site (site i), our data points to the existence of a

site of vulnerability that is harnessed by the immune system of

multiple individuals.

NTD mAbs are affected by the genetic diversity of
circulating SARS-CoV-2 isolates and sarbecoviruses
Analysis of the 508,771 SARS-CoV-2 genome sequences

deposited in GISAID as of February 12, 2021 reveals a larger

number of prevalent mutations and deletions in the NTD relative

to other regions of the S glycoprotein (Figure 4A). We therefore

set out to evaluate the impact on NTD-specific mAb binding of

several mutations identifiedwithin and outside the NTD antigenic

supersite along with a fewmutants designed based on the struc-

tural data. The recombinant mutant NTDs tested include S12F,

L18F, T19A (removes the N15 glycan), a 69/70 deletion, D80A,

a Y144 deletion, H146Y, N149Q (removes the N149 glycan),

A222V, R246A, D253G/Y, S254F, S255F, and the B1.351 NTD

(comprising the L18F, D80A, D215G, 242–244 deletion, and

R246I mutations).
All neutralizing NTD mAbs bound efficiently to NTD variants

carrying either a 69/70 deletion or the A222V substitutions, indi-

cating the site i-targeting mAbs would not be affected by these

common SARS-CoV-2 mutations (Hodcroft et al., 2020) (Figures

4A and 4B). The R246A substitution decreased binding of S2L28,

S2M28, and S2X333 (to various extents), in agreement with the

extensive interactions formed by the R246 side chain with aro-

matic and hydrophobic residues found in the HCDR3 of each

mAb. This substitution also markedly affected the binding of

S2X28 and of the previously described mAb 4A8 (Chi et al.,

2020) (Figure 4B). The L18F, D80A, D253G/Y, or S255F variants

only abrogated binding of S2L28 to the NTD, which is relevant

considering the L18F substitution is one of the most prevalent

mutants sequenced to date and is present in both the B.1.351

and P.1 lineages (Tegally et al., 2020) (Figure 4B). Conversely,

the Y144 deletion abrogated binding to S2M28, S2X28,

S2X333, and 4A8, but not S2L28, explaining the lost ability of

these mAbs to neutralize the B.1.1.7 S pseudovirus, which con-

tains this deletion (Collier et al., 2021; Davies et al., 2020) (Fig-

ure 4B). The H146Y mutant reduced binding of S2M28, S2X28,
Cell 184, 2332–2347, April 29, 2021 2337



Figure 4. NTD mAbs are affected by the genetic diversity of circu-

lating SARS-CoV-2 variants and sarbecoviruses

(A) Prevalence of SARS-CoV-2 S variants among circulating isolates as of

February 12, 2021 (508,771 sequences). The NTD and RBD are highlighted

with red and gray backgrounds, respectively. The NTD supersite residues are

highlighted by darker red background shading.

(B) S2L28, S2M28, S2X28, S2X333, 4A8, and S2L20 binding to recombinant

SARS-CoV-2 NTD variants analyzed by ELISA and displayed as a heat-

map. 69/70del, deletion of residues 69/70; Y144del, deletion of residue

Y144. EC50s were calculated as mean of duplicates from two technical

replicates.
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and in particular of 4A8 (Figure 4A). Binding of all site i-specific

NTD mAbs to the B.1.351 NTD was abrogated, in agreement

with a recent study showing that 4A8 did not recognize this

NTD variant (Wibmer et al., 2021). However, binding of the

non-neutralizing S2L20 NTD-specific mAb was not affected by

any of these variants, confirming retention of proper folding of

the purified NTD mutants (Figure 4A). Collectively these data

show that S2M28, S2X28, S2X333, and 4A8 have a similar reac-

tivity profile to these NTDmutants, whereas S2L28 has a distinct

and complementary pattern. These data demonstrate that

several currently circulating variants will partially or completely

escape neutralization mediated by mAbs targeting the antigenic

supersite (site i), including the B.1.1.7, B.1.351, and P.1 lineages.

To investigate the cross-reactivity of NTD-specific mAbs with

sarbecovirus S glycoproteins, we probed individual mAb binding

to ExpiCHO cells expressing full-length S from representative

members of the three clades of the sarbecovirus subgenus. All

mAbs tested bound to RaTG13 S, which is the most closely

related S glycoprotein and NTD to SARS-CoV-2 S (Figure 4C).

S2X333 and S2M28weakly bound to S from the Pangolin Guanxi

2017 (P-GX) isolate, whereas S2L28 and S2M28 weakly bound

to S from the Pangolin Guangdong 2019 (P-GD) isolate (Fig-

ure 4C). Consistently, weak mAb binding to P-GD S was

confirmed by ELISA for S2L28, S2M28, S2X333, and S2M24

(Figure S4A). We next evaluated the neutralization breadth of

S2L28, S2M28, S2X28, and S2X333 against SARS-CoV-2- and

SARS-CoV-related sarbecoviruses using a vesicular stomatitis

virus (VSV) pseudotyped neutralization assay. All mAbs tested

neutralized RaTG13 S pseudotypes with comparable potency

to SARS-CoV-2 S pseudotyped virus but none of them neutral-

ized the more distantly related P-GX S, P-GD S, SARS-CoV S,

WIV1 S, or WIV16 S pseudotyped viruses (Figures S4B–S4H).

These findings are in line with the low conservation of the NTD

supersite (site i) in phylogenetically distant viruses and indicate

that NTD mAbs could be useful countermeasures against a sub-

set of viruses closely related to SARS-CoV-2 but not against

divergent viruses. Both species-specific functions and host im-

munity may play a role in the antigenic diversification of this re-

gion compared to other S domains that are more conserved.
SARS-CoV-2 S neutralization escape mutants reveal
unconventional mechanisms of NTD mAb resistance
To investigate potential viral escape from neutralization medi-

ated by the potent neutralizing NTD mAbs, we passaged a repli-

cation competent VSV-SARS-CoV-2 chimera in which the native

glycoprotein was replaced by the SARS-CoV-2 S Wuhan-1

isolate gene in the presence of S2L28, S2M28, S2X28, and

S2X333, as previously described (Case et al., 2020; Liu et al.,

2020b). Selective pressure provided by each mAb led to emer-

gence of several escape mutants that clustered within the
(C) Heatmap of NTD mAb binding to a panel of sarbecovirus S glycoproteins

expressed at the surface of ExpiCHO cells analyzed by flow cytometry.

Binding is expressed as mean fluorescence intensities relative to SARS-CoV-

2 S binding for each mAb. One independent experiment out of two is shown. A

coronavirus NTD cladogram is shown on the left. The conservation of relevant

glycans and NTD supersite regions is also shown (right).

See also Figure S4 and Data S1.



Figure 5. Analysis of SARS-CoV-2 S neutrali-

zation escape mutants

(A) Escapemutations selected with eachmAb (black

background white font) and residues that remained

unchanged (white background) upon passaging a

VSV-SARS-CoV-2 S chimeric virus.

(B) S2L28, S2M28, S2X28, S2X333, 4A8, and S2L20

binding to selected SARS-CoV-2 NTD escape mu-

tants analyzed by ELISA and displayed as a heat-

map. The native signal peptide was introduced using

the wild-type sequence (SP) or with the S12P mu-

tation (SP+S12P). EC50s were calculated as mean of

duplicates from two technical replicates.

(C–F) Deconvoluted mass spectra of purified NTD

constructs, including the NTD construct with an

optimized signal peptide (C, NTD), the NTD

construct with an optimized signal peptide and the

C136Y mutation (D, NTD), the NTD construct with

the native signal peptide (E, NTD), and the NTD

construct with the native signal peptide carrying

the S12P mutation (F, NTD). The empirical mass

(black) and theoretical mass (red) are shown beside

the corresponding peak. Additional 119 Da were

observed for the C136Y and SP+S12P NTDs cor-

responding to cysteinylation of the free cysteine

residue in these constructs (as L-cysteine was pre-

sent in the expression media). The cleaved signal

peptide (black text white background) and subse-

quent N-terminal sequence (white text black back-

ground) are also shown based on the mass spec-

trometry (MS) results; C15 is highlighted in light red.

Peptides identified by MS/MS analysis consistent

with the mass of N-terminal peptides are shown

above the N-terminal sequence (black horizontal

lines).

See also Data S1.
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antigenic supersite i.e., the NTD N terminus, the supersite

b-hairpin, and the supersite loop as well as surrounding residues

(Figures 5A and 5B). Similar to what was previously described for

RBD mAbs (Starr et al., 2020a, 2020b), all viral escape mutants

resulted from a single non-synonymous nucleotide mutation.

The four mAbs selected for many shared escape mutations

but with a distinct pattern for S2L28, in agreement with the

structural observations indicating distinct residues are impor-

tant for recognition of this antibody. For instance, S2L28

selected for and was uniquely sensitive to the D80N and

D253G mutations, whereas it still bound to the K147T mutation,

which abrogated binding by S2M28, S2X28, S2X333, and 4A8.

S2X28 selected for Y144C/N substitutions, both S2M28

and S2X28 selected for R246G substitutions, and all four
mAbs selected for L18P substitutions

(Figure 5A). Mutations including L18F,

D80A, deletion of residue Y144, R246I/T/

K, and D253G/Y have been detected in

SARS-CoV-2 clinical isolates, most of

them in the B.1.1.7, B.1.351, or P.1 line-

ages, demonstrating the ability of this sys-

tem to recapitulate variants at naturally

occurring S residues (Davies et al., 2020;

Tegally et al., 2020).
Besides residue substitutions that are expected to impact the

epitope/paratope interface directly, we observed escape mu-

tants in the signal peptide region and at cysteine residues 15

and 136. The latter two residues are jointly engaged in a disulfide

bond that staples the NTD N terminus against the galectin-like b

sandwich (Figures 2G–2I). Alteration of this bond (via C15S or

C136Y substitutions) abrogates recognition by S2L28, S2M28,

S2X28, S2X333, and 4A8 (Figure 5B), likely via dislodging this

key supersite component, explaining the observed phenotype.

These data further suggest that this mechanism of escape is

likely to be effective with all mAbs targeting the NTD antigenic

supersite.

The predicted SARS-CoV-2 S signal peptide cleavage site oc-

curs between residues T13 and Q14. Signal peptide cleavage
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Figure 6. Mechanism of action of NTD-specific neutralizing mAbs

(A) Competition of S2L28, S2M28, S2X28, and S2X333with ACE2 to bind to SARS-CoV-2 S asmeasured by biolayer interferometry. ACE2was immobilized at the

surface of the biosensors before incubation with the S ectodomain trimer alone or pre-complexed with mAbs. The vertical dashed line indicates the start of the

association of free S or S/mAb complexes with solid-phase ACE2. The anti-RBD S2E12 mAb was included as positive control.

(B) mAb-mediated S1 subunit shedding from cell surface expressed SARS-CoV-2 S as determined by flow cytometry. The anti-RBD S2M11 and S2E12 mAbs

were included as negative and positive controls, respectively.

(C) Neutralization of authentic SARS-CoV-2 (SARS-CoV-2-Nluc) by S2L28, S2M28, S2X28, and S2X333 IgG or Fab. S309 and S2M11 Fab and IgG were also

included as controls. Symbols are means ± SD of triplicates. Dotted lines indicate IC50 and IC90 values.

(D) SPR analysis of mAbs binding to the SARS-CoV-2 S ectodomain trimer. Gray dashed line indicates a fit to a 1:1 binding model. The equilibrium dissociation

constants (KD) or apparent equilibrium dissociation constants (KD, app) are indicated. White and gray stripes indicate association and dissociation phases,

respectively.

(E and F) Activation of FcgRIIa H131 (E) and FcgRIIIa V158 (F) induced by NTD-specific mAbs. The anti-RBD mAb S309 was included as positive control. One

independent experiment out of at least two is shown.

See also Figures S1 and S5 and Table S1.
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site prediction using SignalP5.0 (Almagro Armenteros et al., 2019)

suggests that the selected S12P escapemutation alters cleavage

to occur between residues C15 and V16, thereby eliminating the

C15-C136 disulfide bond—similarly to escape mutants at posi-

tions C15 and C136. To test the effect of the S12P substitution

with purified NTD, we introduced the native signal peptide in the

presence or absence of S12P. Similar to direct disruption of the

C15-C136 disulfide bond, the S12P signal peptide mutation was

found to markedly reduce binding to S2L28, S2M28, S2X28,

S2X333, and 4A8 (Figure 5B). Mass spectrometry analysis of the

S12P mutant was consistent with signal peptide cleavage occur-

ring immediately after residueC15 (Figures 5C–5F). The S12Fmu-

tation observed in clinical isolates, however, did not affect binding

of the NTD-specific mAbs tested (Figure 4B). Collectively these

findings indicate the involvement of theSsignalpeptide in immune

evasion and warrant closer monitoring of NTD variants.

Mechanism of action of NTD-specific neutralizing mAbs
To understand NTD-specificmAb-mediated inhibition of viral en-

try, we evaluated the ability of thesemAbs to block ACE2 binding
2340 Cell 184, 2332–2347, April 29, 2021
as this step correlates with neutralization titers in SARS-CoV-2-

exposed individuals (Piccoli et al., 2020). None of the site i-tar-

getingmAbs (S2L28, S2M28, S2X28, and S2X333) blocked bind-

ing of SARS-CoV-2 S to immobilized human recombinant ACE2

as measured by biolayer interferometry (Figure 6A), excluding

interference with engagement of the main entry receptor as

mechanism of action. Moreover, these mAbs did not promote

shedding of the S1 subunit from cell-surface-expressed full-

length SARS-CoV-2 S (Figure 6B), ruling out the possibility of

premature S triggering, as previously shown for a SARS-CoV

and several SARS-CoV-2 RBD-specific mAbs (Huo et al.,

2020; Piccoli et al., 2020; Walls et al., 2019; Wec et al., 2020;

Wrobel et al., 2020a). However, S2L28, S2M28, S2X28, and

S2X333 blocked SARS-CoV-2 S-mediated cell-cell fusion, indi-

cating they could prevent interaction with an auxiliary receptor,

proteolytic activation, or membrane fusion (Figure S1G).

To assess whether steric hindrance plays a role in the neutral-

ization activity of S2L28, S2M28, S2X28, and S2X333, we evalu-

ated the neutralization potency of each mAb, in both Fab and

IgG formats, against authentic SARS-CoV-2-Nluc (Figure 6C).
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NTD-specific Fabs displayed a marked potency reduction, both

in terms of IC50 values and maximal neutralization plateau

reached (Table S1), as compared to IgGs, possibly due to

reduced avidity as observed by surface plasmon resonance (Fig-

ure 6D). Since the Fabs could still partially neutralize SARS-CoV-

2, at least part of the observed neutralization activity results from

direct interactionwith their respective epitopes. It is possible that

NTD-specific mAb-mediated neutralization further relies on the

steric hindrance provided by Fc positioning, similar to what

was observed for anti-hemagglutinin influenza A virus neutral-

izing mAbs (Xiong et al., 2015).

We next examined potential additive, antagonistic, or syner-

gistic effects of NTD- and RBD-targeting mAbs, as mAb synergy

was previously described for SARS-CoV and SARS-CoV-2

neutralization (Pinto et al., 2020; ter Meulen et al., 2006). Cock-

tails of S2X333with S309, S2E12, or S2M11 additively prevented

entry of SARS-CoV-2 S-MLV pseudotyped virus in Vero E6 cells

(Figures S5A–S5C). This additive effect was also observed be-

tween S2X333 and S309 using authentic SARS-CoV-2 at 24 h

post-infection in Vero E6 cells (Figure S5D). These results are

consistent with RBD- and NTD-targeting mAbs mediating inhibi-

tion by distinct mechanisms and demonstrate that they could be

used as cocktails for prophylaxis or therapy.

Since Fc-mediated effector functions contribute to protection

by promoting viral clearance and anti-viral immune responses

in vivo (Bournazos et al., 2020, 2016; Schäfer et al., 2021;Winkler

et al., 2020), we evaluated the ability of site i-targeting mAbs to

trigger activation of FcgRIIa and FcgRIIIa as a proxy for Ab-

dependent cellular phagocytosis (ADCP) and Ab-dependent

cellular cytotoxicity (ADCC), respectively. S2L28, S2M28,

S2X28, and S2X333 promoted dose-dependent FcgRIIa- and

FcgRIIIa-mediated signaling to levels comparable to those of

the highly effective mAb S309 (Pinto et al., 2020) (Figures 6E

and 6F). In contrast, the non-neutralizing site vi-targeting

S2M24mAb did not promote FcgR-mediated signaling, possibly

due to the different orientation relative to the membrane of the

effector cells in comparison to site i-specific mAbs (Figures 6E

and 6F). These findings suggest that besides their neutralizing

activity, mAbs recognizing site i can exert a protective activity

via promoting Fc-mediated effector functions.

NTD neutralizing mAbs protect against SARS-CoV-2
challenge in hamsters
To evaluate the protective efficacy of NTD-directedmAbs against

SARS-CoV-2 challenge in vivo, we selected the S2X333mAb for a

prophylactic study in a Syrian hamster model (Boudewijns et al.,

2020). The mAb was administered at 4 and 1 mg/kg via intraper-

itoneal injection 48 h before intranasal SARS-CoV-2 challenge.

Four days later, lungs were collected for the quantification of viral

RNA and infectious virus titers. Prophylactic administration of

S2X333 at a dose of 4 mg/kg decreased the amount of viral

RNA detected in the lungs by�3 orders of magnitude, compared

to hamsters receiving a control mAb (Figure 7A). Viral replication

in the lungs was completely abrogated for most of the animals

at both doses tested (Figure 7B). However, although all animals

had similar serum mAb concentrations within each group,

infectious viral titers were not decreased relative to the control

group for 1 and 4 hamsters administered with S2X333 at 1 and
4 mg/kg, respectively (Figures 7C and 7D). Based on the afore-

mentioned variability and mutation tolerance of the SARS-

CoV-2 NTD, we hypothesized that S2X333 escapemutantsmight

have been selected in these animals. Sequencing of the viral RNA

extracted from the lungs of one outlier from each group adminis-

tered with S2X333 revealed an S deletion encompassing position

Y144 (within site i) in comparison to the input virus or the animal

from the control group. The deletion corresponds to 4 and 2

amino acids for the animals treated with 1 (LGVY144) and

4 mg/kg (VY144), respectively (Figure S6). These results show

that potent NTD mAbs targeting the antigenic supersite (site i)

impose a selection pressure driving viral evolution to escape

neutralization. Overall, these data show that low doses of anti-

NTDmAbs provide remarkable prophylactic activity in vivo, com-

parable to best-in-class RBD-specific mAbs S2E12 and S2M11

(Tortorici et al., 2020), consistent with their potent in vitro neutral-

izing activity. We anticipate that the protection efficacy of S2X333

(and related NTD mAbs) would be further enhanced in humans

due to an optimal matching with human Fcg receptors. However,

our results also indicate that potent NTD mAbs targeting the anti-

genic supersite (site i) impose a selection pressure driving viral

evolution to escape neutralization.

DISCUSSION

The data herein demonstrate that neutralizing NTD-targeting

mAbs represent a key aspect of immunity to SARS-CoV-2 and

account for 5%–20% of SARS-CoV-2 S-specific mAbs cloned

from memory B cells isolated from the PBMCs of three COVID-

19 individuals. Analysis of a large panel of neutralizing and

non-neutralizing mAbs led us to define an antigenic map of the

heavily glycosylated SARS-CoV-2 NTD, in which six antigenic

sites (i–vi) were identified. We found that all the neutralizing

mAbs from the three donors investigated, along with the mAbs

4A8 (Chi et al., 2020), FC05 (Zhang et al., 2020), and CM25

(Voss et al., 2020), target the same antigenic supersite (site i) us-

ing various germline V genes, thereby providing examples of

convergent solutions to NTD-targeted mAb neutralization. We

show that a highly potent NTD mAb provides prophylactic pro-

tection against SARS-CoV-2 challenge of Syrian hamsters

showcasing that this class of mAbs can be a critical barrier to

infection and are promising clinical candidates against SARS-

CoV-2. Likewise, previous work on Middle East respiratory syn-

drome coronavirus (MERS-CoV) established that the NTD is the

target of several potent and protective neutralizing mAbs and an

attractive target for vaccine design (Chen et al., 2017; Jiaming

et al., 2017; Wang et al., 2018, 2019; Zhou et al., 2019).

Our cryo-EM structures of SARS-CoV-2 S bound to the ultra-

potent RBD-specific mAb S2M11 and to S2X333, S2M28, or

S2L28, together with evidence of additive neutralizing effect of

RBD- and NTD-targeted mAbs, provide proof of concept for im-

plementing countermeasures using mAb cocktails targeting

both the NTD and the RBD and potentially also for vaccine

design. As several examples of single amino acid mutations

reducing or completely abrogating neutralization by immune

sera have been reported (Li et al., 2020; Liu et al., 2020b; Weis-

blum et al., 2020), we propose that combinations ofmAbs target-

ing distinct domains might reduce the likelihood of emergence of
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Figure 7. S2X333 provides robust in vivo

protection against SARS-CoV-2 challenge

but selects for escape mutants

Syrian hamsters were injected with the indicated

amount of mAb 48 h before intra-nasal challenge

with SARS-CoV-2.

(A) Quantification of viral RNA in the lungs 4 days

post-infection.

(B) Quantification of replicating virus in lung ho-

mogenates harvested 4 days post-infection using

a TCID50 assay.

(C and D) Viral RNA loads and replicating virus ti-

ters in the lung 4 days post-infection plotted as a

function of serum mAb concentrations before

infection (day 0). Mann-Whitney test was used.

*p < 0.05, **p < 0.01. Data from two independent

experiment are presented. (Irrelevant mAb n = 8;

S2X333 1 mg/kg n = 9; S2X333 4 mg/kg n = 9).

See also Figure S6.
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escape mutants, as previously demonstrated for MERS-CoV

(Wang et al., 2018).

Here, we show that site i-targeting NTD neutralizing mAbs effi-

ciently activate FcgRIIa and FcgRIIIa in vitro. Fc-mediated

effector functions can be affected by the epitope specificity of

the mAbs (Piccoli et al., 2020), highlighting the importance of

the orientation of the S-bound Fc fragments for efficient FcgR

cross-linking and engagement. The site vi-targeting NTD mAb

S2M24 did not activate either FcgRIIa or FcgRIIIa, presumably

due to the different angle of approach. The contribution of Fc-

mediatedeffector functions could further enhance theprophylac-

tic activity of potent NTD-specific mAbs against SARS-CoV-2 in

humans as demonstrated for two RBD-specific SARS-CoV-2

neutralizing mAbs (Schäfer et al., 2021; Winkler et al., 2020).

The emergence and fixation of SARS-CoV-2 D614G yielded

a virus mutant with enhanced ACE2 binding, transmissibility,

and replication but without marked changes of antigenicity
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(Hou et al., 2020; Korber et al., 2020;

Plante et al., 2020; Yurkovetskiy et al.,

2020). In contrast, we observed that

several variants detected in circulating

SARS-CoV-2 clinical isolates reduced

or abrogated recognition by some NTD-

specific neutralizing mAbs. For instance,

the L18F substitution, which has a preva-

lence of 10% among sequenced SARS-

CoV-2 genomes and is present in the

B.1.351andP.1 lineages initially identified

in South Africa and Brazil (Tegally et al.,

2020), would escape S2L28-mediated

neutralization. The deletion of residue

Y144 found in 13% of circulating SARS-

CoV-2 clinical isolates, including the

B.1.1.7 lineage originally detected in

the UK before being identified in

numerous other countries (Davies et al.,

2020), would circumvent neutralization

by S2M28, S2X28, S2X333, and 4A8
(Collier et al., 2021). Using selection of viral escape mutants

and structural analysis, we identified additional key residues for

binding of neutralizing mAbs, such as S12 (indirectly) and R246,

for which natural variants are reported and are thus expected to

participate in neutralization escape. The finding that multiple

circulating SARS-CoV-2 variants map to the NTD, including

several of them in the antigenic supersite (site i), suggests that

the NTD is under selective pressure from the host humoral im-

mune response. This is further supported by the identification

of NTD deletions within the antigenic supersite (site i) in immuno-

compromised hosts with prolonged infections (Avanzato et al.,

2020; Choi et al., 2020; McCarthy et al., 2021), the in vitro selec-

tion of SARS-CoV-2 S escape variants with NTD mutations that

decrease the neutralization potency of COVID-19 convalescent

patient sera (Andreano et al., 2020; Weisblum et al., 2020), and

the escape mutants reported here. Collectively, these data indi-

cate that the mutations and deletions accumulated in the NTDs
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of the B.1.1.7, B.1.351, and P.1 lineages are a direct result of

mAb-mediated selective pressure in infected hosts. We

propose that mAb cocktails comprising S2L28 plus S2M28,

S2X28, or S2X333 could provide broad protection against

some SARS-CoV-2 variants as these mAbs are susceptible to

distinct sets of SARS-CoV-2 S mutations, as previously pro-

posed for RBD-specific mAbs (Greaney et al., 2020).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial Strains

E. coli DH10B Competent Cells ThermoFisher Scientific Cat# EC0113

Deposited Data

S + S2M11 + S2X333 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23579

S + S2M11 + S2X333 Cryo-EM Model https://www.rcsb.org PDB 7LXY

S + S2M11 + S2X333 Focused Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23577

S + S2M11 + S2X333 Focused Cryo-EM Model https://www.rcsb.org PDB 7LXW

S + S2M11 + S2M28 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23582

S + S2M11 + S2M28 Cryo-EM Model https://www.rcsb.org PDB 7LY2

S + S2M11 + S2M28 Focused Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23581

S + S2M11 + S2M28 Focused Cryo-EM Model https://www.rcsb.org PDB 7LY0

S + S2M11 + S2L28 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23580

S + S2M11 + S2L28 Cry-oEM Model https://www.rcsb.org PDB 7LXZ

S + S2M11 + S2L28 Focused Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23578

S + S2M11 + S2L28 Focused Cryo-EM Model https://www.rcsb.org PDB 7LXX

2P-DS-S + S2X28 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23584

S + S2M11 + S2L20 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23586

S + S2M11 + S2X316 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23585

S + S2M11 + S2M24 Cryo-EM Map https://www.ebi.ac.uk/pdbe/emdb/ EMD-23583

S NTD + S2M28 Crystal Structure https://www.rcsb.org PDB 7LY3

Experimental Models: Cell Lines

FreeStyle� 293-F Cells ThermoFisher Scientific Cat# R79007

Expi293F� Cells ThermoFisher Scientific Cat# A14527

HEK293T ATCC Cat# CRL-11268

Vero-E6 ATCC CRL-1586

Expi-CHO cells ThermoFisher Scientific Cat# A29127

Expi-CHO cells stably expressing SARS-CoV-2 This study N/A

Jurkat cells stably expressing FcgRIIIa receptor (V158 variant)

and NFAT-driven luciferase gene (effector cells)

Promega Cat# G7018

Jurkat cells stably expressing FcgRIIa receptor (H131 variant)

and NFAT-driven luciferase gene

Promega Cat# G9995

Oligonucleotides

NTD_fwd: TATAATGGTACCGCCACCATGGGCAT Integrated DNA Technologies, Inc. N/A

NTD_rev: TATAATAAGCTTTCAGTGGTGGTGGTGGTGGTGAT

GATGCGCGGTAAAGCTCTTCGCTGTACACTT

Integrated DNA Technologies, Inc. N/A

N149Q_fwd: AAAAGTCCTGGATGGAGTCTGAGT Integrated DNA Technologies, Inc. N/A

N149Q_rev: GGTTCTTGTGATAGTACACGCCC Integrated DNA Technologies, Inc. N/A

D253G_fwd: GCTCCTCTAGCGGATGGAC Integrated DNA Technologies, Inc. N/A

D253G_rev: CGCCTGGTGTCAGGTAGG Integrated DNA Technologies, Inc. N/A

D253Y_fwd: ACTCCTCTAGCGGATGGAC Integrated DNA Technologies, Inc. N/A

D253Y_rev: AGCCTGGTGTCAGGTAGG Integrated DNA Technologies, Inc. N/A

T19A_fwd: ACAAGGACCCAGCTGCC Integrated DNA Technologies, Inc. N/A

T19A_rev: GGCCAGGTTCACGCACTG Integrated DNA Technologies, Inc. N/A

R246A_fwd: CATCCTACCTGACACCAGGC Integrated DNA Technologies, Inc. N/A

(Continued on next page)

e1 Cell 184, 2332–2347.e1–e10, April 29, 2021

https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
https://www.ebi.ac.uk/pdbe/emdb/
https://www.ebi.ac.uk/pdbe/emdb/
https://www.ebi.ac.uk/pdbe/emdb/
https://www.rcsb.org


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R246A_rev: CGTGCAGGGCCAGCAG Integrated DNA Technologies, Inc. N/A

L18F_fwd: CTTTACCACAAGGACCCAGC Integrated DNA Technologies, Inc. N/A

L18F_rev: TTCACGCACTGTGTGCC Integrated DNA Technologies, Inc. N/A

H146Y_fwd: ACAAGAACAATAAGTCCTGGATGGAGTC Integrated DNA Technologies, Inc. N/A

H146Y_rev: AATAGTACACGCCCAGGAATGGAT Integrated DNA Technologies, Inc. N/A

A222V_fwd: TCCTGGAGCCACTGGTG Integrated DNA Technologies, Inc. N/A

A222V_rev: CGGAGAATCCCTGTGGCAG Integrated DNA Technologies, Inc. N/A

SP_rev: AGGACGAGGAAGACGAACATGGTGGCGGTA

CCTCCG

Integrated DNA Technologies, Inc. N/A

SP_fwd: GCTCCCTCTGGTTTCTTCCCAGTGCGTGAAC

CTGACCA

Integrated DNA Technologies, Inc. N/A

SP_S12P_fwd: GCTCCCTCTGGTTCCATCCCAGTGCGT

GAACCTGACCA

Integrated DNA Technologies, Inc. N/A

Y144del_fwd: CACAAGAACAATAAGTCCTGGATGGAGT Integrated DNA Technologies, Inc. N/A

Y144del_rev: GTACACGCCCAGGAATGGATC Integrated DNA Technologies, Inc. N/A

S254F_fwd: CTCTAGCGGATGGACCGCA Integrated DNA Technologies, Inc. N/A

S254F_rev: AAGTCGCCTGGTGTCAGGTAG Integrated DNA Technologies, Inc. N/A

K147T_fwd: CGAACAATAAGTCCTGGATGGAGTCT Integrated DNA Technologies, Inc. N/A

K147T_rev: TGTGATAGTACACGCCCAGGAAT Integrated DNA Technologies, Inc. N/A

C136Y_fwd: ATAATGATCCATTCCTGGGCGTGTA Integrated DNA Technologies, Inc. N/A

C136Y_rev: AAAACTGGAACTCGCACACCTTG Integrated DNA Technologies, Inc. N/A

L19P_fwd: GGGTTCACGCACTGTG Integrated DNA Technologies, Inc. N/A

L19P_rev: GACCACAAGGACCCAGCT Integrated DNA Technologies, Inc. N/A

C15S_fwd: CTCTGTGTGCCGGTCTCTG Integrated DNA Technologies, Inc. N/A

C15S_rev: CGTGAACCTGACCACAAGGAC Integrated DNA Technologies, Inc. N/A

G142D_fwd: CCAGGAATGGATCATTACAAAACTGGAAC Integrated DNA Technologies, Inc. N/A

G142D_rev: ACGTGTACTATCACAAGAACAATAAGTCCTGG Integrated DNA Technologies, Inc. N/A

S255F_fwd: AAGGAGTCGCCTGGTGTCA Integrated DNA Technologies, Inc. N/A

S255F_rev: TAGCGGATGGACCGCAG Integrated DNA Technologies, Inc. N/A

S12F_fwd: TTCCCAGTGCGTGAACCTGA Integrated DNA Technologies, Inc. N/A

S12F_rev: AAAACCAGAGGGAGCAGGACG Integrated DNA Technologies, Inc. N/A

D80N_fwd: CAATCCCGTGCTGCCTTTTAAC Integrated DNA Technologies, Inc. N/A

D80N_rev: TTGAACCGCTTTGTGCCATTG Integrated DNA Technologies, Inc. N/A

D80A_fwd: CCAATCCCGTGCTGCCTTTTAAC Integrated DNA Technologies, Inc. N/A

D80A_rev: CGAACCGCTTTGTGCCATTG Integrated DNA Technologies, Inc. N/A

69/70del_2fwd: TCCGGCACCAATGGCACA Integrated DNA Technologies, Inc. N/A

69/70del_2rev: GATGGCGTGGAACCAGGTCAC Integrated DNA Technologies, Inc. N/A

Spike-cDNA-R: CAAGAATCTCAAGTGTCTGTGG Microsynth AG N/A

Spike-SEQ1-F: CACTAGTCTCTAGTCAGTGTG Microsynth AG N/A

Spike-SEQ1-R: GACTCAGTAAGAACACCTGTGC Microsynth AG N/A

Spike-SEQ2-F: AGTGCGTGATCTCCCTCAGG Microsynth AG N/A

Spike-SEQ3-F: AGTCAGACAAATCGCTCCAGG Microsynth AG N/A

Spike-SEQ-NTD-R: AGCACCAGCTGTCCAACCTG Microsynth AG N/A

Spike-SEQ2-NTD-R: CATAAGAAAAGGCTGAGAGA Microsynth AG N/A

Recombinant DNA

pCMV::SARS-CoV-2_S_ecto_hexapro Ref: PMID: 32577660 N/A

pCMV::SARS-CoV-2_S_ecto_2P_DS Ref PMID: 32753755 N/A

pCMV::SARS-CoV-2_S_NTD This study N/A

pCMV::P-GD_S_ecto This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV::SARS-CoV-2_S_ecto_avi PMID: 32972994 N/A

pcDNA3.1::SARS-CoV-2-S-D19 (Ou et al., 2020) N/A

phCMV1::SARS-CoV-2 PMID: 32972994 N/A

phCMV1::RatG13_S This study N/A

phCMV1::P-GX_S This study N/A

phCMV1::P-GD_S This study N/A

phCMV1::ZC45_S This study N/A

phCMV1::ZXC21_S This study N/A

phCMV1::YN2013_S This study N/A

phCMV1::SARS-CoV_S This study? N/A

phCMV1::RmYN02_S This study N/A

phCMV1::Bt-kY72_S This study N/A

phCMV1::BM48-31_S This study N/A

pSARS-CoV-2-Nluc (Xie et al., 2020) N/A

Biological Samples

PE-Cy7 anti-CD19 antibody BD Bioscience Cat# 341113

Anti-PE MicroBeads Miltenyi Biotec Cat# 130-048-801

LS separation cloumns Miltenyi Biotec Cat# 130-042-401

PE anti-human IgM Lucerna-Chem AG Cat# 314508

PE anti-human IgD BD Biosciences Cat# 555779

PE anti-human IgA Southern Biotech Cat# 2050-09

PE anti-human CD14 BD Biosciences Cat# 562691

PEI MAX Polysciences Cat# POL24765-1

4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP) Sigma-Aldrich Cat# N2765-100TAB

Tween 20 Sigma-Aldrich Cat# 93773

Bovine Serum Albumine (BSA) Sigma-Aldrich Cat# 3059

Blocker Casein ThermoFisher Scientific Cat# 37528

EZ-Link� NHS-PEG solid phase biotinylation kit ThermoFisher Scientific Cat# 21450

Zeba � Spin Desalting Columns ThermoFisher Scientific Cat# 89892

TPCK treated Trypsin Worthington Biochem Cat# LS003750

Alexa Fluor 647-AffiniPure F(ab’)2

Fragment Goat Anti-Human IgG, Fcg

Fragment Specific

Jackson ImmunoResearch Cat# 109-606-098

Goat Anti-Human IgG-AP Southern Biotech Cat# 2040-04

Streptavidin, Alexa Fluor 647 conjugate Life technologies Cat# S21374

Streptavidin, alkaline-phospatase conjugate Jackson ImmunoResearch Cat# 016-050-084

Bio-Glo� Luciferase Assay System Promega Cat# G7940

ExpiFectamine� CHO Transfection Kit Life technologies Cat# A29130

ADCC Reporter Bioassays, F Variant Promega Cat# G9798

ADCC Reporter Bioassays, V Variant Promega Cat# G7018

FcgammaRIIa-H ADCP Reporter Bioassay Promega Cat# G9995

10% Igepal CA-630 Sigma-Aldrich Cat# I8896

25 mM dNTPs Cytiva Cat# 28406560

RNase OUT Life Technologies Cat# 10777-019

SupeScript III RT Life Technologies Cat# 18080-044

DNase/RNase free water Life Technologies Cat# 10977-035

10 mM dNTPs mix Cytiva Cat# 28406564

Q5 high fidelity DNA polymerase Bioconcept Cat# M0493S

AgeI-HF New England Biolabs Cat# R3552

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SalI-HF New England Biolabs Cat# R3138

XhoI New England Biolabs Cat# R0146

BsiWI New England Biolabs Cat# R3553

NotI New England Biolabs Cat# R0189

KpnI New England Biolabs Cat# R0142

Cutsmart New England Biolabs Cat# B7204S

T4 DNA Ligase New England Biolabs Cat# M0202

T4 Ligase buffer New England Biolabs Cat# B0202S

RNeasy Mini Kit QIAGEN Cat# 74104

OneStep RT-PCR Kit QIAGEN Cat# 210210

iTaq Universal One-Step RT-qPCR Kits Biorad Cat# 1725150

NucleoSpin Plasmid, Mini kit for plasmid DNA Macherey-Nagel Cat# 740588.50

GFX PCR DNA and Gel Band Purification Kit Cytiva Cat# 28903470

Software and Algorithms

cryoSPARC v3.0.1 (Punjani et al., 2017) https://cryosparc.com

Relion v3.0 (Zivanov et al., 2018) https://www3.mrc-lmb.cam.ac.uk/

relion

Coot (Casañal et al., 2019) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Phenix-Refine (Adams et al., 2010) https://www.phenix-online.org/

download/

Phenix-Phaser (McCoy et al., 2007) https://www.phenix-online.org/

download/

XDS (Kabsch, 2010) http://xds.mpimf-heidelberg.mpg.de

Prism 8 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Biacore Evaluation software Cytiva http://www.cytivalifesciences.com/

en/us/shop/protein-analysis/spr-

label-free-analysis/software/biacore-

insight-evaluation-software-p-23528
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Veesler (dveesler@uw.edu).

Materials availability
Materials generated in this study will be made available on request and may require a material transfer agreement.

Data and code availability
The cryo-EM maps, X-ray diffraction data and atomic models have been deposited at the Electron Microscopy Data Bank and the

PDB with accession codes listed in the Key Resources Tables.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Cell lines used in this study were obtained from ATCC (HEK293T and Vero-E6) or ThermoFisher Scientific (Expi CHO cells, FreeStyle

293-F cells and Expi293F cells).

Sample donors
Samples from three SARS-CoV-2 recovered individuals, designates as donors L (male, 34 years-old), M (female, 50 years-old), and X

(male, 52 years-old), were obtained under study protocols approved by the local Institutional Review Boards (Canton Ticino Ethics
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Committee, Switzerland, the Ethical committee of Luigi Sacco Hospital, Milan, Italy). All donors providedwritten informed consent for

the use of blood and blood components (such as PBMCs, sera or plasma).

Samples were collected 14 and 52 days after symptoms onset for donor L and M, respectively. Blood drawn from donor X was

obtained at day 36, 48, 75 and 125 after symptoms onset.

METHOD DETAILS

Cloning and mutant generation
SARS-CoV-2 NTD was sub-cloned with E. coli DH10B Competent Cells into pCMV using primers NTD_fwd and NTD_rev. The re-

sulting construct was mutated by PCR mutagenesis to generate C15S, 69/70del, D80A/N, G142D, N149Q, D253G/Y, T19A, R246A,

L18F/P, H146Y, A222V, Y144del, S254F, S255F, K147T, C136Y, and the NTD construct with native signal peptide with and without

S12P/F, using the eponymously named primers (Key Resources Table). The genes encoding for the Sarbecovirus S proteins

tested were cloned in the phCMV1 or pcDNA.3 vectors, and the gene for the C-terminally his-tagged ectodomain of P-GD S

was cloned into pCMV (Key Resources Table). Plasmid sequences were verified by Genewiz sequencing facilities (Brooks Life

Sciences).

Recombinant ectodomains production
All SARS-CoV-2 S spike ectodomains were produced in 500 mL cultures of FreeStyle 293-F cells (ThermoFisher Scientific) grown in

suspension using FreeStyle 293 expression medium (ThermoFisher Scientific) at 37�C in a humidified 8% CO2 incubator rotating at

130 rpm Cells grown to a density of 2.5 million cells per mL were transfected using PEI (9 mg/mL) and pCMV::SARS-CoV-2_S_

ecto_hexapro, pCMV::SARS-CoV-2_S_ecto_2P_DS, pCMV::P-GD_S_ecto, pCMV::SARS-CoV-2_S_ecto_avi, pCMV::SARS-CoV-

2_S_D614G_ecto_avi and cultivated for 4 days. The supernatant was harvested and cells were resuspended for another three

days, yielding two harvests. S ectodomains were purified from clarified supernatants using a Cobalt affinity column (Cytiva, HiTrap

TALON crude), washing with 20 column volumes of 20 mM Tris-HCl pH 8.0 and 150 mM NaCl and eluted with a gradient of 600 mM

imidazole. The same protocol was followed for P-GD spike ectodomain purification, except that 25 mM sodium phosphate pH 7

and 300 mM sodium chloride were used instead of 20 mM Tris-HCl pH 8.0 and 150 mM NaCl. At this stage, SARS-CoV-2 S

with the avi tag (from pCMV::SARS-CoV-2_S_ecto_avi) was biotinylated (BirA biotin-protein ligase standard reaction kit, Avidity)

and further purified by size exclusion chromatography (Superose6, GE Healthcare). All purified proteins were then concentrated

using a 100 kDa centrifugal filter (Amicon Ultra 0.5 mL centrifugal filters, MilliporeSigma), residual imidazole was washed away

by consecutive dilutions in the centrifugal filter unit with 20 mM Tris-HCl pH 8.0 and 150 mM NaCl, and finally concentrated to

5 mg/mL and flash frozen.

All SARS-CoV-2 S NTD domain constructs (residues 14-307) with a C-terminal 8XHis-tag were produced in 100 mL culture of

Expi293F Cells (ThermoFisher Scientific) grown in suspension using Expi293 Expression Medium (ThermoFisher Scientific) at

37�C in a humidified 8% CO2 incubator rotating at 130 rpm) (Walls et al., 2020b). Cells grown to a density of 3 million cells per

mL were transfected using pCMV::SARS-CoV-2_S_NTD derivative mutants with the ExpiFectamine 293 Transfection Kit

(ThermoFisher Scientific) with and cultivated for five days at which point the supernatant was harvested. His-tagged NTD domain

constructs were purified from clarified supernatants using 2mL of cobalt resin (Takara Bio TALON), washing with 50 column volumes

of 20mMHEPES-HCl pH 8.0 and 150mMNaCl and eluted with 600mM imidazole. Purified protein was concentrated using a 30 kDa

centrifugal filter (Amicon Ultra 0.5 mL centrifugal filters, MilliporeSigma), the imidazole was washed away by consecutive dilutions in

the centrifugal filter unit with 20mMHEPES-HCl pH 8.0 and 150mMNaCl, and finally concentrated to 20mg/mL and flash frozen. For

crystallization, the purified NTD was not frozen but was further purified by size exclusion chromatography (Superdex Increase 75 10/

300 G, GE Healthcare), concentrated using a new 30 kDa centrifugal filter, and used immediately.

Intact mass spectrometry analysis of purified NTD constructs
The purpose of intact MS was to verify the n-terminal sequence on four constructs. N-linked glycans were removed by PNGase F

after overnight non-denaturing reaction at room temperature. 4 mg of deglycosylated protein was used for each injection on the

LC-MS system to acquire intact MS signal after separation of protease and protein by LC (Agilent PLRP-S reversed phase column).

Thermo MS (Q Exactive Plus Orbitrap) was used to acquire intact protein mass under denaturing condition. BioPharma Finder 3.2

software was used to deconvolute the raw m/z data to protein average mass.

Non-reducing Peptide Mapping mass spectrometry analysis of purified NTD constructs
The purpose of peptide mapping was to identify the post modification on unpaired cysteines. Tryptic digestion was used without

adding reducing reagent. 50 mg of deglycosyated protein was denatured (6 M guanidine hydrochloride), alkylated (Iodoacetamide),

and buffer exchanged (Zeba spin desalting column) before trypsin digestion. 10 mg of digested peptide was analyzed on the LC-MS

system (Agilent AdvanceBio peptide mapping column and Thermo Q Exactive Plus Orbitrap MS) to acquire both MS1 and MS2 data

under HCD fragmentation. Peptide mapping data was analyzed on Biopharma Finder 3.2 by searching the possible modifications

such as cysteinylation and carbamidomethylation on the cysteines.
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Isolation of peripheral blood mononuclear cells (PBMCs), plasma and sera
PBMCs were isolated from blood draw performed using tubes pre-filled with heparin, followed by Ficoll density gradient centrifuga-

tion. PBMCs were either used freshly along SARS-CoV2 Spike protein specific memory B cells sorting or stored in liquid nitrogen for

later use. Sera were obtained from blood collected using tubes containing clot activator, followed by centrifugation and stored

at �80�C.

B cell isolation and recombinant mAb production
Starting from freshly isolated PBMCs or upon cells thawing, B cells were enriched by staining with CD19 PE-Cy7 and incubation with

anti-PE beads, followed by positive selection using LS columns. Enriched B cells were stained with anti-IgM, anti-IgD, anti-CD14 and

anti-IgA, all PE labeled, and prefusion SARS-CoV-2 S with a biotinylated avi tag conjugated to Streptavidin Alexa Fluor 647 (Life

Technologies). SARSCoV-2 S-specific IgG+memory B cells were sorted by flow cytometry via gating for PE negative and Alexa Fluor

647 positive cells. Cells were cultured for the screening of positive supernatants. Antibody VH and VL sequences were obtained by

RT-PCR and mAbs were expressed as recombinant human Fab fragment or as IgG1 (G1m3 allotype) carrying the half-life extending

M428L/N434S (LS) mutation in the Fc region. ExpiCHO cells were transiently transfected with heavy and light chain expression vec-

tors as previously described (Pinto et al., 2020).

Affinity purification was performed on ÄKTA Xpress FPLC (Cytiva) operated by UNICORN software version 5.11 (Build 407) using

HiTrap Protein A columns (Cytiva) for full length human and hamster mAbs and CaptureSelect CH1-XL MiniChrom columns

(ThermoFisher Scientific) for Fab fragments, using PBS as mobile phase. Buffer exchange to the appropriate formulation buffer

was performed with a HiTrap Fast desalting column (Cytiva). The final products were sterilized by filtration through 0.22 mm filters

and stored at 4�C.

Enzyme-linked immunosorbent assay (ELISA)
To determine specificity of recombinantly produced mAbs, 96 half area well-plates (Corning) were coated over-night at 4�C with of

SARS-CoV-2 S, NTD or RBD proteins prepared at 1 mg/mL, 2 mg/mL and 5 mg/mL in PBS pH 7.2, respectively. Plates were then

blocked with PBS 1% BSA (Sigma) and subsequently incubated with mAbs serial dilutions for 1 h at room temperature. After 2

washing steps with PBS 0.05% Tween 20 (PBS-T) (Sigma-Aldrich) goat anti-human IgG secondary antibody (Southern Biotech)

was added and incubated for 1 h at room temperature. Plates were then washed again with PBS-T and 4-NitroPhenyl phosphate

(pNPP, Sigma-Aldrich) substrate added. After 30 min incubation, absorbance at 405 nm was measured by a plate reader (Biotek)

and data plotted using Prism GraphPad.

For all other applications reported, the following ELISA procedure was followed: 30 ml of ectodomains (stabilized prefusion trimer)

of S or NTD from SARS-CoV-2 were coated on 384 well ELISA plates at 1 ng/ml for 16 h at 4�C. Plates were washed with a 405 TS

MicroplateWasher (BioTek Instruments) then blockedwith 80 ml SuperBlock (PBS) Blocking Buffer (Thermo Scientific) for 1 h at 37�C.
Plates were then washed and 30 ml antibodies were added to the plates at concentrations between 0.001 and 100,000 ng/mL and

incubated for 1 h at 37�C. Plates were washed and then incubated with 30 ml of 1/5000 diluted goat anti-human Fc IgG-HRP

(Invitrogen). Plates were washed and then 30 ml Substrate TMB microwell peroxidase (Seracare) was added for 4 min at room tem-

perature. The colorimetric reaction was stopped by addition of 30 ml of 1 N HCl. A450 was read on a Varioskan Lux plate reader

(Thermo Scientific).

MLV-based pseudotyped virus production and neutralization
To generate SARS-CoV-2 S murine leukemia virus pseudotyped virus, HEK293T cells were seeded in 10-cm dishes in DMEM sup-

plemented with 10% FBS. The next day cells were transfected with a SARS-CoV-2 S glycoprotein-encoding plasmid harboring the

D19 C-terminal truncation (Ou et al., 2020), anMLVGag-Pol packaging construct and the reporter vector pTG-Luc, using the X-trem-

eGENE HP DNA transfection reagent (Roche) according to the manufacturer’s instructions. Cells were then incubated at 37�C with

5% CO2 for 72 h. Supernatant was harvested and cleared from cellular debris by centrifugation at 400 x g, and stored at �80�C.
For neutralization assays, Vero E6 cells were seeded into white 96-well plates (PerkinElmer) at 20,000 cells/well and cultured over-

night at 37�Cwith 5%CO2 in 100 ml DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. The next day, MLV-SARS-

CoV-2 pseudovirus was activated with 10 mg/mL TPCK treated-Trypsin (Worthington Biochem) for 1 h at 37�C. Next, recombinant

antibodies at various concentrations were incubated with activated pseudovirus for 1 h at 37�C. The Vero E6 cells were then washed

with DMEM, and 50 mL of pseudovirus/mAbs mixes were added and incubated for 2 h at 37�Cwith 5%CO2. After incubation, 50 ml of

DMEM containing 20% FBS and 2% penicillin/streptomycin was added and the cells were incubated 48 h at 37�C with 5% CO2.

Following these 48 h of infection, culture medium was removed from the cells and 50 ml/well of Bio-Glo (Promega) diluted 1:2 with

PBS with Ca2+Mg2+ (Thermo Fisher) was added to the cells and incubated in the dark for 15 min before reading on a Synergy H1

Hybrid Multi-Mode plate reader (Biotek). Measurements were done in duplicate, RLU values were converted to percentage of

neutralization and plotted with a nonlinear regression curve fit in Graph Prism.

VSV-based pseudotype virus production and neutralization assay
SARS-CoV-2 S (YP 009724390.1), RaTG13 S (QHR63300.2), Pangolin-Guangdong S(QLR06867.1), Pangolin-Guanxi S (EPI ISL

410539), SARS-CoV S (YP 009825051.1), WIV1 S (AGZ48831.1) andWIV16 S (ALK02457.1) pseudotyped VSV viruses were prepared
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using 293T cells seeded in 10-cm dishes. Briefly, cells in DMEM supplemented with 10% FBS, 1% PenStrep were transfected with

the plasmid encoding for the corresponding S glycoprotein using lipofectamine 2000 (Life Technologies) following manufacturer’s

indications. One day post-transfection, cells were infected with VSV(G*DG-luciferase) and after 2 h, infected cells were washed

four times with DMEM before adding medium supplemented with anti-VSV-G antibody (I1- mouse hybridoma supernatant diluted

1 to 50, from CRL- 2700, ATCC). Particles were harvested 18 h post-inoculation, clarified from cellular debris by centrifugation at

2,000 x g for 5 min and concentrated 10 times using a 30 kDa cut off membrane and used for neutralization experiments, aliquoted

and frozen at �80�C until use in neutralization experiments.

For neutralization, stable 293T cells expressing ACE2 (Crawford et al., 2020) in DMEM supplemented with 10%FBS, 1%PenStrep

were seeded at 40,000 cells/well into clear bottom white walled 96-well plates and cultured overnight at 37�C. Twelve-point 3-fold

serial dilutions of the corresponding mAb were prepared in DMEM and pseudotyped VSV viruses were added 1:1 to each mAb dilu-

tion in the presence of anti-VSV-G antibody from I1- mouse hybridoma supernatant diluted 50 times. After 45 min incubation at 37 C,

40 ml of the mixture was added to the cells and 2 h post-infection, 40 mL DMEM was added to the cells. After 17-20 h 50 mL/well of

One-Glo-EX substrate (Promega) was added to the cells and incubated in the dark for 5-10min prior reading on a Varioskan LUXplate

reader (ThermoFisher). Measurements were done in duplicate with two independent productions of pseudotyped viruses and RLU

values were converted to percentage of neutralization and plotted with a nonlinear regression curve fit in Graph Prism.

Neutralization of authentic SARS-CoV-2-Nluc virus
Neutralization of authentic SARS-CoV-2 by entry-inhibition assay Neutralization was determined using SARS-CoV-2-Nluc, an infec-

tious clone of SARSCoV-2 (based on strain 2019-nCoV/USA_WA1/2020) which encodes nanoluciferase in place of the viral ORF7

and demonstrated comparable growth kinetics to wildtype virus (Xie et al., 2020). Vero E6 cells were seeded into black-walled,

clear-bottom 96-well plates at 2 3 104 cells/well and cultured overnight at 37�C. The next day, 9-point 4-fold serial dilutions of

mAbs were prepared in infection media (DMEM + 10% FBS). SARS-CoV-2-Nluc was diluted in infection media at a final MOI of

0.1 or 0.01 PFU/cell, added to the mAb dilutions and incubated for 30 min at 37�C. Media was removed from the Vero E6 cells,

mAb-virus complexes were added and incubated at 37�C for 6 or 24 h. Media was removed from the cells, Nano-Glo luciferase sub-

strate (Promega) was added according to the manufacturer’s recommendations, incubated for 10 min at room temperature and the

luciferase signal was quantified on a VICTOR Nivo plate reader (Perkin Elmer).

Binding and affinity determination by Biolayer Interferometry (BLI)
BLI measurements were performed using an Octet Red96 (ForteBio). All reagents were prepared in kinetics buffer (PBS plus 0.01%

BSA) at the indicated concentrations.

BLI was used to assess antibody binding affinity to SARS-CoV-2 NTD. IgG antibodies were prepared at 2.7 mg/mL and captured on

pre-hydrated Protein A biosensors (Sartorius) for 1 min. The biosensors with immobilized antibodies were moved into kinetics buffer

with SARS-CoV-2 NTD (concentrations tested: 333.3, 166.6, 83.3, 41.7, 20.8, 10.4, 5.2 nM) for 5 min (i.e., association). The dissoci-

ation of the SARS-CoV-2 NTDwas then recorded for 9min in wells containing kinetics buffer. Affinity constants were calculated using

a global fit model and results were plotted using GraphPad Prism.

BLI was also used to assess antibody competition studies to define the NTD antigenic map. Biotinylated SARS-CoV-2 S protein

was prepared at 10 mg/mL in kinetics buffer and loaded on pre-hydrated High Precision Streptavidin SAX Biosensors (Sartorius) for

3 min. NTDmAbs at 20 mg/mL in kinetics buffer were then sequentially added to observe binding competition and signal recorded for

5 min (or 7 min). Given the low responses detected for binding of S2L11 and S2X176 to the S ectodomain trimer, mapping of these

mAbs was performed by capturing the purified NTD to BLI biosensors. NTDwas prepared at 8 mg/mL and assay performed using the

same kinetics conditions described above.

BLI was also used to assess mAb-mediated inhibition of SARS-CoV-2 S binding to human recombinant ACE2. Before the assay

SARS-CoV2 S ectodomain trimer (5 mg/mL) was incubated with tested mAbs (30 mg/mL) or no mAb for 30 min at 37�C. Biotinylated
recombinant human ACE2 protein (2 mg/mL) was immobilized on High Precision Streptavidin SAX Biosensors (Sartorius). Next, an

association step with S/mAb complexes was performed for 10 min. Results were plotted using GraphPad Prism.

S2X28 blockade-of-binding to NTD
S2X28 mAb was biotinylated using EZ-Link NHS-PEG solid phase biotinylation kit (ThermoFisher Scientific) and binding to NTD

tested to set optimal concentration to be used in the assay after sample desalting using Zeba Spin Desalting Columns (ThermoFisher

Scietific). Half area 96 well-plates were coated over-night at 4�C with SARS-CoV-2 NTD diluted at 2 mg/mL in PBS. After a blocking

stepwith Blocker Casein (ThermoFisher Scientific), serial plasma dilutions in Blocker Caseinwere incubated 1 h at room temperature.

Biotinylated S2X28 was added at a concentration achieving 70% of maximal binding and the mixture was incubated for 45 min at

room temperature. Alkaline-phosphatase conjugated streptavidin (Jackson ImmunoResearch) was diluted at 0.5 mg/mL in Blocker

Casein and added on plates previously washed 4 times with PBS 0.05%Tween 20. After 30 min incubation, plates were washed

and 4-NitroPhenyl phosphate substrate incubated for 45 min at room temperature. Absorbance at 405 nm was measured and per-

centage of inhibition was calculated as follows: (1-(OD sample-OD neg ctr)/ (OD pos ctr-OD neg ctr)) x100.
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Affinity determination by Surface Plasmon Resonance (SPR)
SPR binding measurements were performed using a Biacore T200 instrument where purified avi-tagged SARS-CoV-2 S D614G ec-

todomain trimer was captured using anti-AviTag pAb covalently immobilized on a CM5 sensor chip. The running buffer was Cytiva

HBS-EP+ pH 7.4; measurements were performed at 25þC. Affinity/avidity determinations were run as single-cycle kinetics, with a

3-fold dilution series of mAb starting from 300 nM, and each concentration injected for 180 s. Double reference-subtracted data

were fit to a 1:1 binding model using Biacore Evaluation software. Fit results for IgG yielded apparent equilibrium dissociation con-

stants due to avidity. For dissociation rates that were too slow to fit, equilibrium dissociation constants are reported as an upper limit.

Transient Expression of Sarbecovirus S protein in ExpiCHO-S Cells
Immediately before transfection, ExpiCHO-S cells were seeded at 6 3 106 cells cells/mL in a volume of 5 mL in a 50 mL bioreactor.

Spike coding plasmidswere diluted in cold OptiPROSFM,mixedwith ExpiFectamine CHOReagent (Life Technologies) and added to

the cells. Transfected cells were then incubated at 37�C with 8% CO2 with an orbital shaking speed of 120 RPM (orbital diameter of

25 mm) for 42 h

Binding to cell surface expressed Sarbecovirus S proteins by Flow Cytometry
Transiently transfected ExpiCHO cells were harvested and washed two times in wash buffer (PBS 1% BSA, 2 mM EDTA). Cells were

counted, distributed into round bottom 96-well plates (Corning) and incubated with the NTD antibodies at the final concentration of

5 mg/mL. Alexa Fluor647-labeled Goat Anti-Human IgG secondary Ab (Jackson Immunoresearch) was prepared at 1.5 mg/mL added

onto cells after two washing steps. Cells were then washed twice and resuspended in wash buffer for data acquisition at ZE5 cytom-

eter (Biorad).

Fusion inhibition assay
Vero E6 cells were seeded in 96 well plates at 15,000 cells per well in 70 mL DMEM with high glucose and 2.4% FBS (Hyclone). After

16 h at 37�C with 8% CO2, the cells were transfected with SARS-CoV-2-S-D19_pcDNA3.1 as follows: for 10 wells, 0.57 mg plasmid

SARS-CoV-2- S-D19_pcDNA3.1 were mixed with 1.68 ml X-tremeGENE HP in 30 ml OPTIMEM. After 15 min incubation, the mixture

was diluted 1:10 in DMEMmedium and 30 mL was added per well. A 4-fold serial dilution mAbs was prepared and added to the cells,

with a starting concentration of 20 mg/mL. The following day, 30 mL 5X concentrated DRAQ5 in DMEMwas added per well and incu-

bated for 2 h at 37�C. Nine images of each well were acquired with a Cytation 5 equipment for analysis.

Measurement of Fc-effector functions
mAb-dependent activation of human FcgRs was performed with a bioluminescent reporter assay. ExpiCHO cells stably expressing

full-length wild-type SARS-CoV-2 S (target cells) were incubated with different amounts of mAbs. After a 15-min incubation, Jurkat

cells stably expressing FcgRIIIa receptor (V158 variant) or FcgRIIa receptor (H131 variant) and NFAT-driven luciferase gene (effector

cells) were added at an effector to target ratio of 6:1 for FcgRIIIa and 5:1 for FcgRIIa. Signaling was quantified by the luciferase signal

produced as a result of NFAT pathway activation. Luminescence was measured after 20 h of incubation at 37þC with 5%CO2 with a

luminometer using the Bio-Glo-TM Luciferase Assay Reagent according to the manufacturer’s instructions (Promega).

Cell-surface mAb-mediated S1 shedding
CHO cells stably expressing wild-type SARS-CoV-2 Swere resuspended in wash buffer (PBS 1%BSA, 2mMEDTA) and treated with

10 mg/mL TPCK-trypsin (Worthington Biochem) for 30min at 37�C. Cells were thenwashed and distributed into round bottom 96-well

plates (90,000 cells/well). MAbs were added to cells at 15 mg/mL final concentration for 180 min at 37�C. Cells were collected at

different time points (5, 30, 60, 120 and 180), washed with wash buffer at 4�C, and incubated with 1.5 mg/mL secondary goat

anti-human IgG, Fc fragment specific (Jackson ImmunoResearch) on ice for 20 min. Cells were washed and resuspended in wash

buffer and analyzed with ZE5 FACS (Bio-rad).

Selection of SARS-CoV-2 monoclonal antibody escape mutants (MARMS)
VSV-SARS-CoV-2 chimera was used to select for SARS-CoV-2 S monoclonal antibody resistant mutants (MARMS) as previously

described (Case et al., 2020; Liu et al., 2020b). Briefly, MARMS were recovered by plaque isolation on Vero cells with the indicated

mAb in the overlay. The concentration of mAb in the overlay was determined by neutralization assays at a multiplicity of infection

(MOI) of 100. Escape clones were plaque-purified on Vero cells in the presence of mAb, and plaques in agarose plugs were amplified

on MA104 cells with the mAb present in the medium. Viral stocks were amplified on MA104 cells at an MOI of 0.01 in Medium 199

containing 2% FBS and 20 mM HEPES pH 7.7 (Millipore Sigma) at 34�C. Viral supernatants were harvested upon extensive cyto-

pathic effect and clarified of cell debris by centrifugation at 1,000 x g for 5 min. Aliquots were maintained at �80�C. Viral RNA
was extracted from VSV-SARS-CoV-2 mutant viruses using RNeasy Mini kit (QIAGEN), and S was amplified using OneStep RT-

PCR Kit (QIAGEN). The mutations were identified by Sanger sequencing (GENEWIZ). Their resistance was verified by subsequent

virus infection in the presence or absence of antibody. Briefly, Vero cells were seeded into 12 well plates overnight. The virus was
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serially diluted using DMEM and cells were infected at 37�C for 1 h. Cells were cultured with an agarose overlay in the presence or

absence of mAb at 34�C for 2 days. Plates were scanned on a biomolecular imager and expression of eGFP is show at 48 h post-

infection.

Cryo-EM sample preparation and data collection
2.5 mL of 12mg/mLS2M11 Fab, 2.5 mL of 12mg/mLNTDFab, and 6 mL of 5mg/mLSARS-CoV-2 S (specifically the hexapro construct

(Hsieh et al., 2020)) were incubated together for 30min at 37�C. Alternatively, 3 mL of 3mg/mLS2X28 Fab, and 3 mL of 1mg/mLSARS-

CoV-2 2P DS S (McCallum et al., 2020) were incubated together for 30 min at 37�C. Unbound Fab was then washed away with three

consecutive dilutions in 400 mL of 20 mM Tris-HCl pH 8.0 and 150 mM NaCl over a 100 kDa centrifugal filter (Amicon Ultra 0.5 mL

centrifugal filters, MilliporeSigma). The complex was concentrated to 1.2mg/mL and 3 mLwas applied onto a freshly glow discharged

2.0/2.0 UltraFoil grid (200mesh), plunge frozen using a vitrobotMarkIV (ThermoFisher Scientific) using a blot force of�1 and 6.5 s blot

time at 100% humidity and 23�C.
Data were acquired using the Leginon software (Suloway et al., 2005) to control a FEI Titan Krios or Glacios transmission electron

microscope equipped with a Gatan K2 Summit direct detectors and operated at 300 kV with a Gatan Quantum GIF energy filter or at

200 kV, respectively. For both microscopes, the dose rate was adjusted to 8 counts/pixel/s, and each movie was acquired in 50

frames of 200 ms. For the Krios, �3000 micrographs were acquired for each session with a super-resolution pixel size of 0.525 Å

with a defocus range between �0.8 and �2.0 mm. For the Glacios, �100 micrographs with a pixel size of 1.16 Å were collected in

a single session with a defocus range between �0.8 and �2.0 mm.

Cryo-EM data processing
Movie frame alignment, estimation of the microscope contrast-transfer function parameters, particle picking and extraction (with a

box size of 400 pixels2) were carried out usingWarp (Tegunov and Cramer, 2019). At this stage, the pixel size was binned to 1.05 Å for

data collected from the Krios. Reference-free 2D classification was performed using cryoSPARC (Punjani et al., 2017) to select well-

defined particle images. 3D classification with 50 iterations each (angular sampling 7.5þ for 25 iterations and 1.8þwith local search for

25 iterations) were carried out using Relion (Zivanov et al., 2018) without imposing symmetry to separate distinct SARS-CoV-2 S con-

formations. 3D refinements were carried out using non-uniform refinement along with per-particle defocus refinement in cryoSPARC

(Punjani et al., 2020) before particle images were subjected to Bayesian polishing using Relion (Zivanov et al., 2019). To accommo-

date the resolution of the S/S2M11/S2X333 dataset, at the polishing stage the box size was adjusted to 600 Å while the pixel size was

binned to 0.896 Å. Another round of non-uniform refinement in cryoSPARC was performed, followed by global and per-particle de-

focus refinement and again non-uniform refinement. Reported resolutions are based on the gold-standard Fourier shell correlation

(FSC) of 0.143 criterion and Fourier shell correlation curves were corrected for the effects of soft masking by high-resolution noise

substitution (Scheres and Chen, 2012).

Cryo-EM model building and analysis
UCSF Chimera (Goddard et al., 2007) and Coot (Casañal et al., 2019) were used to fit atomic models (PDB 7K43 and 6ZGE) into the

cryo-EM maps. The model was then refined into the map using Rosetta (DiMaio et al., 2015; Frenz et al., 2019; Wang et al., 2016),

Phenix (Liebschner et al., 2019) and ISOLDE (Croll, 2018). Analysis used MolProbity(Chen et al., 2010), EMringer(Barad et al., 2015),

and Phenix (Liebschner et al., 2019). Figures were generated using UCSF ChimeraX( Goddard et al., 2018) and UCSF Chimera (God-

dard et al., 2007).

S2M28 Fab and NTD co-crystallization and structure determination
Crystals of S2M28 Fab with SARS-CoV-2 NTD were identified by the sitting-drop vapor diffusion method, set-up by hand with

MCSG-1 crystallization screen (Anatrace). Optimized crystals were generated with 1 ml of 5.7 mg/mL Fab and 4 mg/mL NTD in

20 mM HEPES-HCl pH 8.0 and 150 mM NaCl plus 1 ml mother liquor solution containing 0.2 M Ammonium Sulfate, 0.1 M Sodium

Citrate pH 4.75, 25% (w/v) PEG4000. Crystals were flash cooled in liquid nitrogen using the mother liquor solution supplemented

with 17.5% (w/v) xylitol as a cryoprotectant. Diffraction data were collected on synchrotron beamline 5.0.2 at the Advanced Light

Source, and processedwith the XDS software package (Kabsch, 2010). Initial phases were obtained bymolecular replacement using

Phenix-Phaser (McCoy et al., 2007), using the S/S2M11/S2M28 cryoEM structure. Several subsequent rounds of model building and

refinement were performed using Coot (Casañal et al., 2019) and Phenix-Refine (Adams et al., 2010).

In vivo mAb testing using a Syrian hamster model
KU LEUVEN R&D has developed and validated a SARS-CoV-2 Syrian Golden hamster infection model (Boudewijns et al., 2020). The

SARS-CoV-2 isolate used in this study (BetaCoV/Belgium/GHB-03021/2020-EPI ISL 109 407976|2020-02-03), was recovered from a

nasopharyngeal swab taken from a RT-qPCR confirmed asymptomatic patient who returned fromWuhan, China at the beginning of

February 2020. A close relatedness with the prototypic Wuhan-Hu-1 2019 SARS-CoV-2 isolate was confirmed by sequencing and

phylogenetic analysis. Infectious virus was isolated by serial passaging on Huh7 and Vero E6 cells and passage 6 virus was used for

the study described here. The titer of the virus stock was determined by end-point dilution on Vero E6 cells by the Reed andMuench

method (Reed andMuench, 1938). This work was conducted in the high-containment A3 and BSL3+ facilities of the KU Leuven Rega
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Institute (3CAPS) under licenses AMV 30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 20170589 according to institu-

tional guidelines.

Syrian hamsters (Mesocricetus auratus) were purchased from Janvier Laboratories and were housed per two in ventilated isolator

cages (IsoCage N Biocontainment System, Tecniplast) with ad libitum access to food and water and cage enrichment (wood block).

Housing conditions and experimental procedures were approved by the ethical committee of animal experimentation of KU Leuven

(license P065-2020). 6-10week-old female hamsters were administered by intraperitoneal injection with S2X333mAb at 1mg/kg and

4mg/kg 48 h before intranasal infection with 1.893 106 50% tissue culture infectious dose (TCID50) in 50 ml inoculum. Hamsters were

monitored for appearance, behavior and weight. At day 4 post infection hamsters were euthanized by intraperitoneal injection of

500 mL Dolethal (200 mg/mL sodium pentobarbital, Vétoquinol SA). Lungs were collected, homogenized using bead disruption

(Precellys) in 350 mL RLT buffer (RNeasy Mini kit, QIAGEN) and centrifuged (10,000 rpm, 5 min, 4�C) to pellet the cell debris. RNA

was extracted using a NucleoSpin kit (Macherey-Nagel) according to the manufacturer’s instructions. RT-qPCR was performed

on a LightCycler96 platform (Roche) using the iTaq Universal Probes One-Step RTqPCR kit (BioRad) with N2 primers and probes

targeting the nucleocapsid (Boudewijns et al., 2020). Standards of SARS-CoV-2 cDNA (IDT) were used to express viral genome

copies per mg tissue or per mL serum. To quantify infectious SARS-CoV-2 particles, endpoint titrations were performed on confluent

Vero E6 cells in 96-well plates. Viral titers were calculated by the Reed and Muench method (Reed and Muench, 1938) and were ex-

pressed as TCID50 per mg tissue.

To detect escapemutants in the in vivo tests, cDNAswere synthesized from 100 ng vRNAs extracted from lung homogenates using

Superscript III Reverse Transcriptase (Invitrogen) and Spike-cDNA-R oligonucleotide. A gene-specific fragment of 1664 bp encom-

passing theNTD region of SARS-CoV-2-Swas amplified by PCR using Spike-SEQ1-F andSpike-SEQ1-R primerswith Q5�Hot Start

High-Fidelity DNA Polymerase (New England Biolabs). Reaction conditions were as follows: 50 ml reaction volume containing 2 ml of

cDNA, 1XQ5 Reaction buffer, 200 mMeach of four dNTPs (Cytiva EuropeGmbH), 0.5 mMof each primer (Microsynth) and 0.02 U/ml of

polymerase. PCR conditions: 98�C for 30 s (initial denaturation); 45 cycles of 98�C for 10 s (denaturation), 62�C for 30 s (annealing),

72�C for 60 s (elongation), followed by 1 cycle of 72�C for 2 min (final elongation).PCR products were purified with GFX PCRDNA and

Gel Band Purification Kit (Cytiva Europe GmbH), and sequencing was outsourced at Microsynth (Sanger sequencing) with Spike-

SEQ2-F, Spike-SEQ3-F, Spike-SEQ-NTD-R, and Spike-SEQ2-NTD-R primers. Sequence analysis was performed with CLC Main

Workbench 21 (QIAGEN) using NCBI NC_045512.2 and virus stock SARS-CoV-2 S -p6-20200525 as reference sequences.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (v9) and Microsoft Excel for Windows 10 (v16.0.13001.20254). Statistical

differences were analyzed with Mann-Whitney U-test. Statistical significance was defined as *p < 0.05, **p < 0.01. EC50 and IC50,

values were determined by non-linear regression analysis (log(agonist) versus response - Variable slope (four parameters)).
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Supplemental figures

Figure S1. Characteristics of SARS-CoV-2 NTD mAbs related to Figure 1

(A) Biolayer interferometry binding kinetic analysis of the SARS-CoV-2 NTD to immobilized mAbs.

(B and C) V gene usage for the heavy (B) and light (C) chains of the NTD mAbs.

(D) Nucleotide sequence identity of the mAbs isolated relative to the respective V germline genes.

(E) HCDR3 amino acid length for individual mAbs.

(F) Cell-to-cell fusion inhibition assay with Vero E6 cells transfected with SARS-CoV-2 S and incubated with varying concentrations of S2L28, S2M28, S2X28,

S2X333 or the RBD-specific mAb S2M11.

(G) Binding of NTD- and RBD-specific mAbs to immobilized SARS-CoV-2 S at pH7 and pH5 as analyzed by ELISA. One independent experiment out of two

is shown.
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Figure S2. Cryo-EM data processing of SARS-CoV-2 S bound to S2L28, S2M28, or S2X333, related to Figure 2

(Top) Unsharpened maps colored by local resolution calculated using cryoSPARC for the S trimer bound to S2M11 Fab and either S2L28 (A), S2M28 (B), or

S2X333 Fab (C), as well as the locally refined reconstruction of NTD-bound Fab (inset). (Bottom) Representative electron micrograph and class averages (bottom

left of each panel) are shown for SARS-CoV-2 S in complex with the indicated Fabs embedded in vitreous ice (Scale bar: 100 nm).
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Figure S3. Cryo-EM data processing of SARS-CoV-2 S bound to S2X28, S2L20, S2X316, or S2M24, related to Figures 2 and 3

(A) 6 Å low-pass filtered map of the SARS-CoV-2 2P DS S trimer (McCallum et al., 2020) bound to S2X28 (gold).

(B–D) Sharpened maps of the S trimer bound to S2M11 Fabs and S2L20 (B, gray), S2X316 (C, purple), or S2M24 Fabs (D, sky blue). Representative electron

micrographs and class averages are shown at the bottom left of each panel (Scale bar: 100 nm). The corresponding Fourier shell correlation curves (bottom right

of each panel) are shown with the 0.143 cutoff indicated by horizontal dashed lines.
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Figure S4. NTD neutralizing mAbs inhibit S-mediated entry of the closely related RaTG13 but not of more distant sarbecoviruses, related to

Figure 4

(A) Binding of NTD- and RBD-specific mAbs to immobilized P-GD S ectodomain trimer analyzed by ELISA.

(B–H) VSV pseudovirus neutralization assays in the presence of varying concentrations of the NTD-specific mAbs S2L28, S2M28, S2X58, S2X333 or the RBD-

specific mAb S2E12.
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Figure S5. Neutralizing activity of SARS-CoV-2 NTD- and RBD-targeting mAb cocktails, related to Figures 1 and 6

(A–C) SARS-CoV-2-MLV pseudotypes neutralization (left) and synergy score (right) measured combining S2X333 with the RBD-targeting mAb S309 (A), S2E12

(B), or S2M11 (C).

(D) Neutralization matrix to assess the synergistic activity of S2X333 and S309 mAb cocktails in vitrowith authentic SARS-CoV-2-Nluc. Data for authentic SARS-

CoV-2-Nluc are from one representative experiment performed in triplicate each.
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Figure S6. Sequence alignment of SARS-CoV-2 S vRNA from input virus, control group, and selected outlier animals administered with

S2X333, related to Figure 7

Nucleotide alignment of a region of interest reveals a deletion encompassing amino acid at position 144 only in S2X333-treated animals. SARS-CoV-2 SWuhan =

reference sequence (NCBI Reference Sequence NC_045512.2); SARS-CoV-2 S -p6-20200525 = virus stock; hamster 172 = animal from the control group;

hamster 394 = outlier (TCID50) from the group administered with S2X333 at 1 mg/kg; hamster 397 = outlier (TCID50) from the group administered with S2X333 at

4 mg/kg. Alignment was performed using CLC Main Workbench 21 (QIAGEN)
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