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SUMMARY
Analysis of thespecificity andkineticsof neutralizing antibodies (nAbs) elicitedbySARS-CoV-2 infection is crucial for
understanding immuneprotectionand identifying targets forvaccinedesign. Inacohortof647SARS-CoV-2-infected
subjects, we found that both the magnitude of Ab responses to SARS-CoV-2 spike (S) and nucleoprotein and nAb
titers correlate with clinical scores. The receptor-binding domain (RBD) is immunodominant and the target of 90%
of the neutralizing activity present in SARS-CoV-2 immune sera. Whereas overall RBD-specific serum IgG titers
wanedwithahalf-lifeof49days,nAbtitersandavidity increasedovertimeforsomeindividuals,consistentwithaffinity
maturation.WestructurallydefinedanRBDantigenicmapandserologicallyquantifiedserumAbsspecific fordistinct
RBDepitopes leading to the identification of twomajor receptor-bindingmotif antigenic sites.Our results explain the
immunodominance of the receptor-bindingmotif and will guide the design of COVID-19 vaccines and therapeutics.
INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by infection

with the severe acute respiratory syndrome coronavirus 2
1024 Cell 183, 1024–1042, November 12, 2020 ª 2020 Elsevier Inc.
(SARS-CoV-2), which emerged at the end of 2019 in Wuhan,

China. SARS-CoV-2 has rapidly spread worldwide and caused

the ongoingCOVID-19 pandemicwithmore than 23million infec-

tions and over 800,000 fatalities. SARS-CoV-2 is related to
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SARS-CoV (sarbecovirus subgenus) and is more genetically

distinct from the other two milder endemic human HKU-1 and

OC43 viruses (embecovirus subgenus), which belong to the

same b-coronavirus genus.

The ORF1a/b region of the 30 kb viral RNA genome encodes

for most of the non-structural proteins, whereas the rest of the

genome encodes for accessory proteins and four essential

structural proteins, including the spike (S), envelope (E), mem-

brane (M), and nucleocapsid (N) proteins. The N protein is the

most abundant protein in virions, and its primary role is to pack-

age the viral RNA genome into a ribonucleoprotein complex.

SARS-CoV-2 N shares limited amino acid sequence identity

with OC43 and HKU-1 (�35%). Although coronavirus infections

induce a strong antibody (Ab) response against N, these Abs are

not neutralizing.

Similar to other coronaviruses, SARS-CoV-2 entry into host

cells is mediated by the transmembrane spike (S) glycoprotein,

which forms prominent homotrimers protruding from the viral

surface (Ke et al., 2020; Tortorici and Veesler, 2019; Turo�nová

et al., 2020; Walls et al., 2016a; 2017). S comprises (1) an S1 sub-

unit, which recognizes host cell receptors (and is divided into A,

B, C, and D domains), and (2) an S2 subunit that promotes fusion

of the viral and cellular membranes to initiate infection (Walls

et al., 2020; Wrapp et al., 2020). In addition to the canonical

S2
0 cleavage site, SARS-CoV-2 S harbors a polybasic furin cleav-

age site at the S1/S2 boundary between the two S functional sub-

units, which is unique within the sarbecovirus subgenus and key

for infectivity and virulence (Hoffmann et al., 2020a; 2020b; Lau

et al., 2020; Millet and Whittaker, 2015; Walls et al., 2020). The

SARS-CoV-2 S domain B (so-called receptor-binding domain

or RBD) binds to angiotensin-converting enzyme 2 (ACE2),

which serves as an entry receptor (Hoffmann et al., 2020b; Letko

et al., 2020; Walls et al., 2020; Wrapp et al., 2020; Zhou et al.,

2020a), and the molecular details of attachment have been

recently unveiled (Lan et al., 2020; Shang et al., 2020; Wang

et al., 2020b; Yan et al., 2020).

As the coronavirus S glycoprotein mediates entry into host

cells and is prominently exposed at the viral surface, it is the

main target of neutralizing Abs (nAbs) and has been a focus of

therapeutic and vaccine design efforts (Tortorici and Veesler,

2019). The protective role of Abs against coronaviruses was

demonstrated 30 years ago in humans challenged with the a-co-

ronavirus 229E; this protection was transient when subjects

were re-challenged a year later (Callow, 1985; Callow et al.,

1990). Patients with severe Middle East respiratory syndrome

(MERS)-associated pneumonia had persistent Ab responses de-

tected for >18 months after infection, whereas asymptomatic

patients or patients with mild disease had no detectable

MERS-CoV-specific Ab response (Alshukairi et al., 2016; Dros-

ten et al., 2014). Although SARS-CoV-specific immunoglobulin

Gs (IgGs) have been shown to persist for at least 12 years in

healthcare workers (Guo et al., 2020), several studies of SARS-

CoV- or MERS-CoV-infected individuals documented rapid

waning of and/or the presence of limited neutralizing Ab titers

over time (Cao et al., 2007; Drosten et al., 2014). Similarly, a

recent serological study monitoring healthy subjects for 35 years

found that reinfections by one of the four seasonal human coro-

naviruses (OC43, HKU-1, 229E, and NL63) occurred frequently
12 months after a primary infection, and substantial reductions

in Ab titers were observed as soon as 6 months post-infection

(Edridge et al., 2020). Several recent studies have documented

the development of IgG, IgA, and IgM against S and N within

2 weeks after onset of symptoms in SARS-CoV-2-infected indi-

viduals and analyzed the kinetics in the early convalescent phase

(Long et al., 2020; Luchsinger et al., 2020; Prévost et al., 2020;

Robbiani et al., 2020). Another recent study analyzed the kinetics

of serum nAbs in SARS-CoV-2-infected individuals in the UK and

demonstrated a constant decline of this response in the majority

of individuals (Seow et al., 2020).

Although deployment of a vaccine will be the most cost-effec-

tive approach to curtail the COVID-19 pandemic and prevent the

re-emergence of SARS-CoV-2, immediate solutions are needed.

Recent small-scale studies suggest that treatment of COVID-19

patients with convalescent plasma improved clinical outcomes

and decreased viral loads (Duan et al., 2020; Li et al., 2020a;

Liu et al., 2020b; Shen et al., 2020), highlighting the importance

of nAbs against SARS-CoV-2. Furthermore, passive transfer of

potently neutralizing human monoclonal Abs (mAbs) protected

animals challenged with SARS-CoV-2 (Alsoussi et al., 2020;

Wu et al., 2020), various SARS-CoV isolates (Menachery et al.,

2016; Rockx et al., 2008; Traggiai et al., 2004), and MERS-CoV

(Corti et al., 2015; de Wit et al., 2019; Johnson et al., 2016). Pro-

phylactic or therapeutic use of neutralizing mAbs could thus help

control SARS-CoV-2 transmission by providing immediate pro-

tection. We recently described the mAb S309, which was iso-

lated from the memory B cells of a SARS survivor (10 years after

infection) and neutralized both SARS-CoV and SARS-CoV-2 by

recognizing a conserved RBD epitope (Pinto et al., 2020).

Furthermore, recent reports have described the isolation of

mAbs from SARS-CoV-2-infected individuals, and a few of

them were characterized structurally (Barnes et al., 2020;

Baum et al., 2020; Brouwer et al., 2020; Chi et al., 2020; Rogers

et al., 2020; Seydoux et al., 2020; Wang et al., 2020a; Wu et al.,

2020). However, the kinetics of elicitation and waning of SARS-

CoV-2 Abs and a comprehensive understanding of the epitopes

targeted by neutralizing mAbs upon natural SARS-CoV-2 infec-

tion remain largely elusive.

We describe here the specificity and kinetics of Ab responses

to the SARS-CoV-2 N and S proteins based on analysis of 647

plasma and serum samples from hospitalized, symptomatic,

and asymptomatic COVID-19 patients. Hospitalized individuals

developed higher titers of serum IgG and detectable levels of

IgA compared to non-hospitalized or asymptomatic subjects in

which we observed a highly heterogeneous response. We found

that more than 90% of the SARS-CoV-2 neutralizing humoral re-

sponses are accounted for by RBD-directed Abs and obtained a

map of the major RBD antigenic sites through structural studies

of mAbs derived from SARS-CoV-2 and SARS-CoV immune do-

nors. Development of an RBD blockade-of-binding assay

enabled quantitative evaluation of Ab responses against each

RBD antigenic site in SARS-CoV-2-exposed individuals and

identified two sites targeted by most serum Abs. These results

provide a structural framework to understand the humoral im-

mune response against SARS-CoV-2 and will guide future

serology studies as well as vaccine and therapeutic design

strategies.
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RESULTS

The IgG, IgA, and IgM Responses to SARS-CoV-2
Infection
We analyzed plasma or serum samples collected between

March and July 2020 from 647 SARS-CoV-2-infected individ-

uals, as determined by PCR (n = 271) or by diagnosis based on

signs and symptoms (n = 376). A total of 1,078 samples,

including multiple time points, were collected from five different

cohorts in Italy, Switzerland, and the United States, which

comprised 47 hospitalized, 556 symptomatic, and 44 asymp-

tomatic individuals, as well as 32 pre-pandemic healthy donors

(Figures S1A–S1C). For each sample, we evaluated IgG, IgA,

and IgM binding titers to the SARS-CoV-2 prefusion-stabilized

S ectodomain trimer (Walls et al., 2020), the RBD, domain A (res-

idues 14–302), the S2 subunit (residues 685–1211), and the N

protein by ELISA.

The IgG responses were on average 1–2 orders of magnitude

higher in hospitalized relative to non-hospitalized individuals and

varied across SARS-CoV-2 antigens and among subjects (Fig-

ures 1A and S2A; Data S1). Males had higher Ab titers than fe-

males, although no correlation with age was observed (Data

S2). Levels of SARS-CoV-2 S- and N-specific IgG correlated

within each individual (p value < 0.0001) (Figure S2D). SARS-

CoV-2 RBD-specific Abs dominated IgG responses whereas

much lower titers were observed to the S2 subunit or domain A

(Figure 1A). These findings might be related to the more exten-

sive N-glycan shielding of domain A and the S2 subunit, which

respectively harbor 8 and 9 oligosaccharides, relative to the

RBD that only possesses 2 N-linked glycans (Walls et al.,

2020; Watanabe et al., 2020). We also found that the majority

of samples contained IgG cross-reactive to the SARS-CoV pre-

fusion-stabilized S ectodomain (Walls et al., 2019) and RBD with

3-fold and 15-fold lower binding titers than those for the

corresponding SARS-CoV-2 antigens, respectively (Figures

S2E–S2G). The observed Ab cross-reactivity between these

two viruses are consistent with the 76% sequence identity

shared between the two S glycoprotein ectodomains and recent

findings (Barnes et al., 2020).

IgA responses to SARS-CoV-2 S and N were detected almost

exclusively in hospitalized patients (Figures 1B and S2B; Data S1

and S2), whereas IgM responses were limited to S and undetect-

able for N (Figures 1C and S2C; Data S1 and S2). In addition, we
Figure 1. Analysis of the Specificity of IgG, IgA, and IgM Serum/Plasm

tomatic SARS-CoV-2-Infected Individuals

(A–C) Binding titers (ED50) of antigen-specific IgG (A), IgA (B), or IgM (C) were m

pitalized, 556 symptomatic, and 44 asymptomatic) and from pre-pandemic hea

pandemic samples and binding to uncoated ELISA plates.

(D) Binding titers (ED50) of S- and N-specific IgGs measured in sera from symp

healthcare workers cohort (n = 459) categorized according to symptoms severity

(E) IgG binding titers to SARS-CoV-2 RBD (left) and SARS-CoV-2 S pseudovirus

from 21 SARS-CoV-2 immune plasma samples. The percentage of depletion of b

(F) Ab-mediated inhibition of SARS-CoV-2 RBD binding to solid phase ACE2, as

blocks 80% binding (BD80) of RBD to human ACE2.

(G) Ab-mediated inhibition of SARS-CoV-2 RBD binding to solid phase ACE2 in the

to separate neutralizing from non-neutralizing titers.

(H) Correlation analysis between levels of plasma/serum RBD-specific IgG (ED5

(I) Correlation analysis between plasma/serum neutralizing Ab titers (ID80) and th
observed that SARS-CoV-2 S- and RBD-specific IgM were

detectable up to 60 days after symptom onset, suggesting that

detection of IgM antibodies is not associated with an ongoing

or recent infection (Figure S2C). Finally, in the 459 individuals

of the Ticino healthcare workers cohort, for which a symptom

score was available, we observed that SARS-CoV-2 RBD-spe-

cific IgG, IgA, and IgM and SARS-CoV-2 N-specific IgG binding

titers were proportional to the severity of symptoms (Figure 1D;

Data S2). This serological analysis indicates that Ab responses

varied among different individuals and among groups, with bind-

ing titers proportional to the severity of symptoms, possibly due

to a prolonged exposure to large amounts of viral antigens during

the course of viral disease.

Function of Abs in Blocking S Interactions with ACE2
We next determined if the RBD is the primary target of neutral-

izing Abs in COVID-19 convalescent plasma by measuring

neutralizing titers before and after Ab depletion using RBD-

coated beads. We found that an almost complete depletion of

RBD-specific Abs from 21 plasma samples reduced SARS-

CoV-2 neutralizing titers by �90% on average (Figure 1E; Data

S2). We then evaluated whether RBD-specific Abs in patient

serum or plasma samples inhibit binding of the SARS-CoV-2

RBD to ACE2. Although 77% of hospitalized individuals had Ab

titers that blocked SARS-CoV-2 RBD binding to ACE2 efficiently

(BD80 > 10), only 18% and 11% of non-hospitalized symptom-

atic and asymptomatic individuals had Abs strongly interfering

with ACE2 binding, respectively (Figure 1F). The proportion of

non-hospitalized individuals with ACE2-blocking Abs correlated

with the anti-RBD Ab binding titers, which parallel symptom

severity (Figures 1D and 1G; Data S2). These results suggest

that although all SARS-CoV-2-infected individuals can produce

RBD-specific Abs, theymay not be endowedwith enough avidity

or are not present at a sufficiently high concentration to block

RBD binding to ACE2 effectively. This is illustrated by the large

fraction of samples with RBD binding titers ranging between

102 to 103 and which did not block RBD binding to ACE2 effi-

ciently (Figure 1H). We found a positive correlation between

the titers of Abs inhibiting RBD binding to ACE2 and neutralizing

serum Ab titers (ID80) (Figure 1I), suggesting that the blockade-

of-binding approach could be implemented as a high-

throughput, alternative method to measuring serum nAb titers,

as recently suggested (Tan et al., 2020).
a Abs from a Panel of 647 Hospitalized, Symptomatic, and Asymp-

easured in plasma or sera from convalescent SARS-CoV-2 patients (47 hos-

lthy donors (n = 32). A cut-off of 30 was determined based on signal of pre-

tomatic and asymptomatic SARS-CoV-2-infected individuals from the Ticino

, as described in the methods.

neutralizing titers (ID80, center) before and after depletion of RBD-specific Abs

inding and neutralizing Abs (right) for each sample tested is shown on the right.

determined by ELISA. Shown is the reciprocal plasma or serum dilution that

Ticino healthcare workers cohort determined as in (F). A cut-off of 10was used

0) and the titers of Abs blocking RBD attachment to ACE2 (BD80).

e titers of Abs blocking RBD attachment to ACE2 (BD80).

Cell 183, 1024–1042, November 12, 2020 1027
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Figure 2. Kinetics of IgG Responses Specific for the SARS-CoV-2 RBD and Blocking RBD Attachment to ACE2

(A) Binding titers (ED50) of serum or plasma IgG to the SARS-CoV-2 RBD measured at two time points separated by an average time of 44 days in 368 subjects.

T1, time of first blood draw; T2, time of second blood draw.

(B) Variation of RBD-specific IgG binding titers from T1 to T2.

(C) Kinetics of RBD- and N-specific IgG responses in serum or plasma from 24 convalescent individuals (red, hospitalized; blue, symptomatic non-hospitalized).

The starting time point corresponds to the date of collection of the first sample.

(D) Model predicted longitudinal decline of RBD- and N-specific IgG binding titers from 18 convalescent individuals with respect to the onset of symptoms from

infection. Symbols, observations; shaded region, 90% prediction interval; line, median prediction.

(E) Serum or plasma titers of Abs blocking RBD attachment to ACE2 (BD80) measured at T1 and T2.

(F) Variation of RBD-specific IgG binding titers and titers of Abs blocking RBD attachment to ACE2 (BD80) from T1 to T2.

(G) Avidity index of serum IgG binding to RBD (%) measured at T1 and T2.

(H) Variation of avidity index of IgG binding to RBD (%) from T1 to T2.
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Collectively, these findings indicate that the Ab responses to

SARS-CoV-2 S are dominated by anti-RBD Abs and that thema-

jority of the neutralizing activity against SARS-CoV-2 is mediated

by RBD-specific Abs interfering with binding to ACE2.

Kinetics of Ab Responses upon Natural SARS-CoV-2
Infection
To characterize persistence of potentially protective Abs, we

carried out a longitudinal analysis of IgG titers specific for
1028 Cell 183, 1024–1042, November 12, 2020
SARS-CoV-2 antigens at two time points (average of 44 days be-

tween samples) in 368 individuals tested within 3 months of

infection. RBD-specific IgG titers declined by 35% on average

between the two time points tested (Figures 2A and 2B), with a

monthly average decay of approximately 25%, and this trend

was independent of the magnitude of the initial binding titers.

We also followed the kinetics of RBD- and N-specific serum

IgG over a period of up to 126 days from the collection of the first

sample (approximately 150 days after onset of symptoms) for a



Figure 3. The S2H13 mAb Inhibits SARS-CoV-2 by Blocking Attachment to ACE2 via Recognition of an Epitope Accessible in the Open and

Closed S Conformations

(A) SARS-CoV-2 S pseudovirus neutralization assay indicating an IC50 of 500 ng/mL.

(B and C) Molecular surface representation of the SARS-CoV-2 S/S2H13 Fab complex structure with three RBDs closed shown in two orthogonal orientations.

(legend continued on next page)
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subset of 24 individuals (Figures 2C). This analysis revealed an

average decay of RBD-specific IgGs of 67% over 4 months

(21% per month), consistent with the above finding with a larger

cohort. To further characterize the decay kinetics of the RBD-

and N-specific IgG following onset of disease symptoms, a lon-

gitudinal mixed effects model was employed in a subset of 18

convalescent, hospitalized and symptomatic, individuals who

had available data on symptom onset from the start of infection

(Figure 2D). The model predicted a half-life of 49 days for RBD-

specific IgG Abs and 75 days for S- and N-specific IgG Abs (Fig-

ure 2D), respectively. No significant differences were observed in

the decay kinetics in the hospitalized compared to symptomatic

individuals.

The kinetics of anti-RBD Ab titers blocking attachment to

ACE2 did not mirror the overall decay observed for RBD-specific

IgG. Indeed, we observed in the same samples an increase in Ab

titers blocking attachment to ACE2 for 47% of the individuals

who made this type of Abs (which account for 20% of subjects

analyzed) (Figures 2E and 2F). This increase, which is not influ-

enced by the initial titer of RBD-specific Abs, might result from

the development of Abs with increasingly higher affinity, in the

context of an overall waning of Abs titers targeting the RBD.

Indeed, we measured an overall increased avidity of RBD-spe-

cific Abs between the two time points tested in support of this hy-

pothesis (Figures 2G and 2H).

Although we observed a progressive decay of Ab titers, our re-

sults demonstrate a change in the quality of the Ab responses

that is expected to result in increased neutralizing activity

based on the aforementioned correlation with blocking ACE2

attachment.
Structural Characterization of the S2H13 RBM-Specific
Neutralizing mAb Recognizing Multiple RBD
Conformers
Given the heterogeneity of the humoral responses across

individuals and the fact that the RBD is the prime target of

neutralizing Abs, we set out to understand the fine specificity

of RBD-targeting Abs elicited in SARS-CoV-2- or SARS-CoV-

exposed individuals (Figure S3A). To understand SARS-CoV-2

neutralization, we selected six mAbs with distinct function and

epitope recognition (Figures S3A–S3C) from a large panel of

RBD-specific Abs for structural characterization of their Fab

fragments in complexwith the SARS-CoV-2 S ectodomain trimer

by cryoelectron microscopy (cryo-EM).

The S2H13 neutralizing mAb was isolated from plasma cells of

a SARS-CoV-2-infected individual 17 days after disease onset

(Figures 3A and S3A). In line with our previous work (Walls

et al., 2020), cryo-EM characterization led to the identification

of two conformational states corresponding to a closed S trimer
(D) Molecular surface representation of the SARS-CoV-2 S/S2H13 Fab complex s

(cyan, pink, and gold), and N-linked glycans are rendered as dark blue surfaces.

purple, respectively.

(E) S2H13 recognizes a crevice formed by the SARS-CoV-2 RBM. Selected side

(F) S2H13 and ACE2 (dark green) bind overlapping RBM epitope. The red star in

(G) BLI binding competition between S2H13 and ACE2 for binding to the SARS-

(H) Molecular surface representation of the SARS-CoV-2 RBD (gray) with the S2H

SARS-CoV.
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and a trimer with one RBD open, each with three S2H13 Fabs

bound, for which we determined 3D reconstructions at 3.0 Å

(with 3-fold symmetry) and 3.4 Å (asymmetric) resolution,

respectively (Figures 3B–3D and S4A–S4E; Table S1). To

improve the resolvability of the S2H13 density, which was

much lower than most other regions of the map, we used local

refinement to determine a reconstruction at �3.5 Å resolution

enabling building the S2H13 variable domains and its epitope

(Figure S4F; Table S1).

S2H13 recognizes an epitope located within the crevice formed

by the receptor-bindingmotif (RBM) b-hairpin of theRBD,which is

accessible in both the closed and open S states, thereby explain-

ing the stoichiometric binding of Fab to each protomer of the S

trimer (Figures 3B–3D, S5A, and S5B). S2H13 recognition of the

SARS-CoV-2 RBM is mediated by electrostatic interactions and

shape complementarity and is dominated by unusual contacts

involving CDRL2/FRL3, accounting for 55%of the�700 Å2 of sur-

face area buried by the Fab, in addition to the 13-residue-long

CDRH3, CDRH1, FRL1, and the heavy chain N-terminal end. Spe-

cifically, S2H13 FRL1 and CDRL2/FRL3 interact with the SARS-

CoV-2 residues 444–449, whereas the heavy chain N terminus,

CDRH1, CDRH3, and CDRL2/FRL3 recognize the tip of the

RBM spanning residues 472–498 (Figure 3E).

Superimposition of the SARS-CoV-2 RBD/ACE2 structures

(Lan et al., 2020; Shang et al., 2020; Wang et al., 2020b; Yan

et al., 2020) onto the SARS-CoV-2 S/S2H13 complex reveals

that S2H13 and ACE2 would clash upon binding to S and that

they share partially overlapping binding sites although they

have almost orthogonal orientations relative to the RBD (Fig-

ure 3F). We confirmed these findings using biolayer interferom-

etry and ELISA to show that S2H13 competes with ACE2 for

recognition of the SARS-CoV-2 RBD (Figures 3G and S3D).

Therefore, S2H13 likely neutralizes SARS-CoV-2 by preventing

viral attachment to host cells via recognition of an S epitope

that remains accessible in both open and closed S states, which

is not the case for the ACE2-binding site.

Only 6 out of 20 residues within the S2H13 epitope are

conserved across SARS-CoV-2 and SARS-CoV, explaining the

lack of binding to the latter virus (Figures 3H, S3B, and S6). Sub-

stitutions of 13 epitope residues have been reported among the

�74,000 SARS-CoV-2 isolates sequenced to date, indicating

that potential escape mutants might have already emerged to

this site (Figures 3H and S3F; Table S2).
Structural Characterization of the Neutralizing S2H14
mAb Targeting an RBM Epitope Accessible Uniquely in
the Open S State
The S2H14 neutralizing mAb was isolated from the plasma cells

from the same SARS-CoV-2 convalescent individual from which
tructure with one RBD open. Each SARS-CoV-2 protomer is colored distinctly

The S2H13 light and heavy chain variable domains are colored magenta and

chains at the interface are shown.

dicates steric clashes.

CoV-2 RBD.

13 epitope colored by residue conservation across SARS-CoV-2 isolates and
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S2H13 was obtained and does not carry somatic hypermuta-

tions in the heavy or light chain variable regions (Figures 4A

and S3A).

Cryo-EM analysis showed that a subset of the selected parti-

cle images corresponded to an S trimer with one RBD closed

and two RBDs open (Figures 4B and 4C), whereas the rest of

the data featured an S trimer with all three RBDs open (Figures

4D and 4E). In agreement with binding data, S2H14 recognizes

the RBD (Figures S3B and S5A) and each of the three RBDs in-

teracted with an S2H14 Fab in both conformational states. We

determined asymmetric 3D reconstructions for each of the two

conformational states at 7.8 Å and 8.5 Å resolution, respectively,

along with crystal structures of the S2H14 Fab and of the RBD

bound to the S2H14, S309 and S304 Fabs at 2.5 Å and 2.65 Å

resolution, respectively (Figures 4B–4E and S4G–S4K; Tables

S1 and S3).

The observation of SARS-CoV-2 S trimers with two and three

RBDs open suggests that S2H14 binding conformationally se-

lects open RBDs in a way reminiscent of the SARS-CoV S230

(Walls et al., 2019) and of the SARS-CoV-2 C105 (Barnes et al.,

2020) neutralizing mAbs. Indeed, these findings differ from

what we observed for SARS-CoV-2 S without (Walls et al.,

2020) or with bound Fabs, such as S309 (Pinto et al., 2020) or

S2H13, which recognize epitopes accessible in all prefusion S

states, hence no conformational selection occurred. Although

the S2H14 epitope is masked in the closed S trimer, our cryo-

EM data show that opening of two RBDs is enough to allow three

Fabs to bind to an S trimer, as the remaining closed RBD can

engage a Fab due to its angle of approach (Figures 4B and 4C).

S2H14 recognizes an epitope overlapping with the RBM,

which is inaccessible in the closed S state but becomes exposed

upon RBD opening (Figures 4B–4E), similar to the ACE2-binding

site (Walls et al., 2020; Wrapp et al., 2020). The crystal structure

of the RBD bound to the S2H14, S309, and S304 Fabs show that

CDRH1–H3 andCDRL1–L3 participate in theCDRH3-dominated

S2H14 paratope which buries 900 Å2 at the interface with the

RBM. The epitope spans the entire RBM crevice and involves

SARS-CoV-2 S residues 403, 444–456, 475, and 485–505 that

interact with S2H14 via hydrogen-bonding and shape comple-

mentarity (Figure S6A).

The structures show that S2H14 and ACE2 bind to largely

overlapping sites in the RBM (Figure 4F) and would be sterically

incompatible with simultaneous binding to a single SARS-CoV-2

RBD (Figure 4G). We validated this observation using biolayer

interferometry and ELISA to show that S2H14 competed with

ACE2 for recognition of the SARS-CoV-2 RBD (Figures 4H and
Figure 4. The S2H14 mAb Inhibits SARS-CoV-2 by Blocking Attachmen

(A) SARS-CoV-2 S pseudovirus neutralization assay indicating an IC50 of 900 ng

(B and C) Molecular surface representation of the SARS-CoV-2 S/S2H14 Fab co

orthogonal orientations.

(D and E)Molecular surface representation of the SARS-CoV-2 S/S2H14 Fab comp

SARS-CoV-2 protomer is colored distinctly (cyan, pink, and gold), and N-linked

variable domains are colored magenta and purple, respectively.

(F) S2H14 binds to an epitope within the SARS-CoV-2 RBM.

(G) S2H14 and ACE2 (dark green) bind overlapping RBM epitope. The red star in

(H) BLI binding competition between S2H14 and ACE2 for binding to the SARS-

(I) Molecular surface representation of the SARS-CoV-2 RBD (gray) with the S2H

SARS-CoV.
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S3D), indicating that S2H14 likely neutralizes SARS-CoV-2

through inhibition of virus/host cell interaction.

We found that 13 out of 23 epitopes residues are substituted

between SARS-CoV-2 and SARS-CoV, thereby rationalizing

the lack of cross-reactivity of S2H14 with the latter virus (Figures

4I, S3B, and S6; Table S2). Moreover, SARS-CoV-2 variants

have already been detected for 15 epitope residues, which sug-

gests that some of the viruses currently circulating in humans

might be able to escape S2H14-mediated neutralization

(Figure S3F).

The S2A4 mAb Recognizes a Cryptic Epitope Leading to
Release of the S1 Subunit
The S2A4 mAb was isolated from memory B cells of a hospital-

ized patient 24 days after disease onset andwas found to weakly

neutralize SARS-CoV-2 infection (Figures 5A and S3A).

2D and 3D classification of the cryo-EM dataset revealed the

presence of three distinct open conformations of the S trimer,

with three bound S2A4 Fabs and RBDs swung out to various

extent, as well as an S1 subunit trimer class (Figures 5B–5C

and S7A–S7H). We determined 3D reconstructions of the three

open conformations of the S/S2A4 complex at 3.3 Å resolution

(applying 3-fold symmetry) and at 3.8 Å and 3.9 Å resolution

(asymmetric) (Figures 5B and 5C and S7A–S7F; Table S1). To

improve the resolution of the S2A4 density, which was lower

than the overall map resolution, we used local refinement to yield

a reconstruction at 3.6 Å resolution allowing to build the S2A4

variable domains and the epitope, which we subsequently vali-

dated by determining a crystal structure of the S2A4 Fab at

2.5 Å resolution (Figures S7D and S7E; Tables S1 and S3).

Furthermore, we obtained a low-resolution reconstruction of

the S1 subunit trimer bound to three S2A4 Fabs (Figures S7G

and S7H).

S2A4 binds to a cryptic epitope (distinct from the RBM)

requiring opening of two adjacent RBDs to be unmasked and

allow Fab binding (Figures 5B and 5C). This finding along with

the detection of an S1 subunit trimer class, which we interpret

as being a triggered S with a disordered fusion machinery re-

maining covalently linked (Figure S3G), suggest that S2A4 acts

as a molecular ratchet biasing the SARS-CoV-2 S conforma-

tional equilibrium toward opened RBDs. We confirmed these re-

sults by showing that S2A4 promoted shedding of the S1 subunit

from cell-surface-expressed full-length wild-type S, as was the

case with the RBM-targeted S2H14 (Figure S3E). Our data are

also in line with previous reports of the SARS-CoV neutralizing

mAb S230- and ACE2-mediated transition of SARS-CoV S
t to the ACE2 Receptor

/mL.

mplex structure with two RBDs open and one RBD closed viewed along two

lex structurewith three RBDs open shown in two orthogonal orientations. Each

glycans are rendered as dark blue surfaces. The S2H14 light and heavy chain

dicates steric clashes.

CoV-2 RBD.

14 epitope colored by residue conservation across SARS-CoV-2 isolates and
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from the prefusion to the postfusion states (Song et al., 2018;

Walls et al., 2019), the cryo-EM observation of S1 subunit trimers

released from the MERS-CoV S ectodomain upon cleavage at

S1/S2 (Yuan et al., 2017) and the fact that S spontaneously re-

folds to the postfusion state in the absence of the S1 subunit

(Walls et al., 2017).

S2A4 binding to the RBDburies an average surface of�850 Å2

using all six CDR loops along with contributions from FRH3 and

FRL3. CDRH3 and CDRL1 dominate the interface, which in-

volves electrostatic and hydrophobic interactions (Figures 5D

and 5E). The S2A4 epitope comprises residues 368–388, which

form two a helices and an intervening b strand participating in

the formation of the structurally conserved RBD b sheet, and res-

idues 407–414 forming an a helix followed by a loop segment

(Figures 5D, 5E, and S6A).

S2A4 recognizes an epitope distinct from the RBM and its

footprint does not overlap with the ACE2-binding site (Figure 5F).

However, our cryo-EM structure indicates that upon binding,

S2A4 would sterically clash with ACE2 interacting with the

same protomer within an S trimer. We used biolayer interferom-

etry and ELISA to validate these structural findings and

demonstrated that S2A4 and ACE2 compete for binding to the

SARS-CoV-2 RBD indicating that the neutralizing activity of

this Ab likely results from preventing viral attachment to its

host cell receptor (Figures 5G and S3D).

Sixteen out of 19 epitope residues are conserved across

SARS-CoV-2 and SARS-CoV S glycoproteins (Figures 5H,

S3F, and S6A; Table S2). However, S2A4 does not cross-react

with the SARS-CoV RBD putatively due to steric hindrance

with a glycan at position N357, which is absent in the SARS-

CoV-2 RBD (Figures 5H, S3B, and S6A).

Identification of a SARS-CoV-2 S Cryptic Supersite
Defined by the Cross-Reactive S304 mAb along with
S2A4, S2X35, and CR3022 mAbs
We previously isolated from a SARS survivor two weakly neutral-

izing, cross-reactive mAbs (S304 and S315) that bind the RBD at

sites distinct from both the RBM and the S309 epitope (Figures

S3A–S3C) (Pinto et al., 2020). Cocktails containing either of these

two mAbs with S309 led to synergistic enhancement of the S309

neutralization potency against SARS-CoV-2 (Pinto et al., 2020).

Similar to S2A4, 3D classification of the cryo-EM data for the

S/S304 complex revealed the presence of three distinct open

conformations of the S trimer, with three bound Fabs and

RBDs swung out to various extents, as well as an S1 subunit

trimer class bound to three S304 Fabs (Figures 6A–6C and

S7I–S7O; Table S1). We determined a 3D reconstruction at

4.3 Å resolution (applying 3-fold symmetry) for one of the open

S states and at 8 Å resolution (asymmetric) for the other two clas-

ses (Figures 6A, 6B, and S7I–S7M; Table S1). Furthermore, we

obtained a 10 Å resolution cryo-EM reconstruction of the S1 sub-

unit trimer with three bound S304 Fabs (Figures 6C, S7N,

and S7O).

S304 recognizes a cryptic epitope, which is buried in the

closed S conformation but is distinct from the RBM, with one

S304 Fab bound to each of the three open RBDs (Figures 6A

and 6B). CDRH1-H3, CDRL1, and CDRL3 interact with SARS-

CoV-2 S through burial of an average surface area of 900 Å2 at
the epitope/paratope interface involving electrostatic interac-

tions and shape complementarity (Figure 6D). Based on the crys-

tal structure of the RBD/S304/S309/S2H14 complex, the S304

epitope comprises residues 369–392, which are part of two a he-

lices and an intervening b strand, as well as residues 515–517

(both regions participating in the formation of the structurally

conserved RBD b sheet) and loop residues 411–414 and 427–

430 (Figures 6D and S6A; Table S3). Although S304 binds

away from the RBM, we observed partial competition between

S304 and ACE2 for binding to the SARS-CoV-2 RBD, which

might be explained by steric hindrance with the ACE2 N322

glycan and/or with the ACE2N terminus (through the heavy chain

constant domain of S304 bound to a neighboring protomer) (Fig-

ures 6E and S3D).

Cross-reactivity of S304 with SARS-CoV-2 S and SARS-CoV

S is explained by the conservation of 23 out of 25 epitope resi-

dues with neither of the two substitutions (PSARS-CoV-2

384ASARS-CoV and TSARS-CoV-2430MSARS-CoV) predicted to affect

binding in light of our structural data (Figures 6F, S3B, and

S6A). The conserved nature of the S304 epitope among sarbe-

coviruses indicate that S304 is likely to cross-react with other

related sarbecoviruses (Figures S3F and S6B; Table S2).

The S304 epitope partially overlaps with the epitopes of the

weakly neutralizing mAb CR3022 (Huo et al., 2020; Joyce

et al., 2020; ter Meulen et al., 2006; Tian et al., 2020; Yuan

et al., 2020) and of the neutralizing mAb S2A4 (Figure 6G). It

also overlaps with the mAb S2X35, which we isolated from the

memory B cells of a COVID-19 convalescent symptomatic indi-

vidual 48 days after disease onset and which neutralizes entry of

SARS-CoV-2 pseudovirus into cells with an IC50 of 500 ng/mL

(Figures 6H and S3A–S3C; Data S3). Although these mAbs

have distinct angles of approach (Figures 6E, 6G, and 6H),

they conformationally select for open RBDs through recognition

of cryptic epitopes requiring opening of at least two RBDs for

binding and lead to release of the S1 subunit (Figure S3E). Com-

parison of the binding poses of thesemAbs relative to the SARS-

CoV-2 RBD reveals that their neutralization potencies correlate

with the Fab proximity to the RBM. Both S2X35 and S2A4

Fabs sterically clash with ACE2 and are more potent neutralizers

than S304, which putatively only partially overlap with ACE2 (Fig-

ures 6E, 6G, 6H, and S3D). Collectively, these data suggest that

the ability to hinder ACE2 binding by somemAbs recognizing this

cryptic supersite largely explains their neutralization potencies.

Fc-Mediated Effector Activation Mechanisms by RBD-
Specific Neutralizing mAbs
Natural killer-dependent mAb-mediated cell cytotoxicity (ADCC)

or macrophage/dendritic cell-dependent mAb-mediated cellular

phagocytosis (ADCP) can participate in controlling infections by

clearing viruses and infected cells and by stimulating T cell

response via presentation of viral antigens (DiLillo and Ravetch,

2015; He et al., 2017). Among the six mAbs used in this study,

only S2H13 and S309 promoted ADCC as measured by FcgRIIIa

(V158 allele) activation (Figure S3H). A weak activation of

FcgRIIa, which is a reporter for ADCP, was observed for

S2H13, S2H14, and S2X35, as compared to the robust activation

previously observed with mAb S309 (Pinto et al., 2020) (Fig-

ure S3I). Similar to what we observed for ADCC, only S2H13
Cell 183, 1024–1042, November 12, 2020 1033



Figure 5. The S2A4 mAb Promotes SARS-CoV-2 S Opening through Binding to a Cryptic Epitope

(A) SARS-CoV-2 S pseudovirus neutralization assay indicating an IC50 of 3.5 mg/mL.

(B and C) Molecular surface representation of the SARS-CoV-2 S/S2A4 Fab complex cryo-EM structure with three RBDs open viewed along two orthogonal

orientations. Each SARS-CoV-2 protomer is colored distinctly (cyan, pink, and gold), and N-linked glycans are rendered as dark blue surfaces. The S2A4 light and

heavy chains are colored magenta and purple, respectively.

(D and E) Zoomed-in views of the contacts formed between S2A4 and the RBD with selected side chains shown.

(F) S2A4 and ACE2 (dark green) bind distinct RBD epitopes but would clash via steric hindrance. The red star indicates steric clashes.

(G) BLI binding competition between S2A4 and ACE2 for binding to the SARS-CoV-2 RBD.

(H) Molecular surface representation of the SARS-CoV-2 RBD (gray) with the S2A4 epitope colored by amino acid residue conservation with SARS-CoV. The

position of the SARS-CoV N357 glycan is indicated with red dotted lines.
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Figure 6. The S304 mAb Promotes SARS-

CoV-2 S Opening through Binding to a

Cryptic Epitope Conserved within the Sarbe-

covirus Subgenus

(A and B) Molecular surface representation of the

SARS-CoV-2 S/S304 Fab complex cryo-EM

structure with three RBDs opened viewed along

two orthogonal orientations. Each SARS-CoV-2 S

protomer is colored distinctly (cyan, pink, and

gold), and N-linked glycans are rendered as dark

blue surfaces. The S304 light and heavy chains are

colored magenta and purple, respectively.

(C) Cryo-EM reconstruction of the S1 subunit trimer

(with disordered S2) bound to three S304 Fabs

viewed along two orthogonal orientations and the

corresponding atomic model fit in density. Each

SARS-CoV-2 S1 protomer is colored distinctly

(cyan, pink, and gold). The S304 light and heavy

chains are colored magenta and purple, respec-

tively.

(D) Ribbon diagram of the crystal structure of S304

(pink and purple), S2H14, and S309 in complex

with the SARS-CoV-2 RBD (light blue). Only the

S304 variable domains are shown, whereas S2H14

and S309 were omitted for clarity.

(E) Positioning of ACE2 (dark green) relative to the

S304 Fab bound to the SARS-CoV-2 RBD. ACE2

N-linked glycans at position N322 and N546 are

indicated, as they could putatively clash with S304.

(F) Molecular surface representation of the SARS-

CoV-2 RBD (gray) with the S304 epitope colored by

residue conservation with SARS-CoV.

(G and H) Positioning of ACE2 (dark green) relative

to the S2A4 (G) and S2X35 (H) Fabs bound to the

SARS-CoV-2 RBD. The red stars indicate steric

clashes.
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and S309 promoted complement-dependent cytotoxicity (Fig-

ure S3J). These findings may result from the different orientation

and/or positioning of the S-bound mAb Fc fragments relative to

FcgRIIIa and FcgRIIa receptors, as well as to the C1q subcom-

ponent of the classical complement pathway, and suggests

that only a fraction of RBD-specific Abs can recruit Fc-depen-

dent protective mechanisms in vivo, as previously shown for

other antiviral Abs (Corti et al., 2011; Hessell et al., 2007; Pinto

et al., 2020).

Definition of Humoral Immunodominant Responses in
SARS-CoV-2-Infected Individuals
The epitopes recognized by the 5 aforementioned structurally

characterized human mAbs along with S309 cover a large frac-

tion of the SARS-CoV-2 RBD surface and collectively define an
Cell
RBD antigenic map (Figures 7A and

S3C). S2H14 and S2H13 define two clas-

ses of RBM-targeting mAbs recognizing

sites that we define here as Ia and Ib,

respectively. Site Ia largely overlaps with

the ACE2-binding site and is only acces-

sible in the open S state (Figure 7B),

whereas site Ib partially overlaps with the

ACE2 footprint and is accessible in both
the open and closed S states (Figure 7C). These epitopes are

SARS-CoV-2-specific and harbor several naturally occurring

mutations among circulating viral isolates (Figure S3F; Table

S2). The S2X35, S2A4, and S304 mAbs recognize overlapping

cryptic epitopes that are only accessible when at least two

RBDs are open, respectively termed sites IIa, IIb, and IIc, which

are positioned increasingly further away from the ACE2-binding

site (Figures 7D–7F). Finally, S309 binds to a conserved epitope

termed site IV, which is accessible independently of the RBD

conformation, and neutralizes SARS-CoV-2 without interfering

with ACE2 binding (Figure 7G) (Pinto et al., 2020).

S309 and S2H13 are set apart from the other mAbs studied

here as they recognize epitopes accessible in both the closed

and open S states. Consistent with a recent report that the

closed S state is favored at endosomal pH (Zhou et al., 2020b),
183, 1024–1042, November 12, 2020 1035
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we found that binding of all mAbs to the S ectodomain was

dampened at pH 5.4, except for S309 and S2H13, whereas bind-

ing of all these mAbs to the free RBD was not affected at pH 5.4

(Figures S5A and S5B). S309 and S2H13 do not select for a spe-

cific S conformation or promote S1 shedding, which are specific

features of site Ia- and site II-targeted mAbs (Figure S3E). Based

on these data, we hypothesize that high-density binding of S309

or S2H13 to multiple S conformations may explain their unique

ability to trigger Fc-mediated effector functions efficiently among

the panel of mAbs tested.

To characterize the fine specificity of Ab responses to the RBD

in SARS-CoV-2 infected individuals, we developed a quantitative

blockade-of-binding assay using the six structurally defined

mAbs as probes for the corresponding antigenic sites (Figures

7B–7G). Abs against sites Ia and Ib were found at high titers in

hospitalized donors and in a fraction of non-hospitalized symp-

tomatic and asymptomatic subjects and correlated with the titer

of Abs blocking binding of the RBD to ACE2 (Figures 7H–7K). The

serological response to the other RBD antigenic sites was overall

lower (or null) but showed distinct signatures in different individ-

uals. In particular, we did not detect Abs to any RBD sites in 22%

of non-hospitalized individuals. Although we cannot rule out the

possible existence of additional antigenic sites, the most plau-

sible explanation is that these individuals possess low levels of

RBD-specific Abs (Figures 7K and 7L), putatively with low avid-

ity, compounding their detection in the blockade-of-binding

assay. In addition, the overall waning of the total anti-RBD Abs

was paralleled by a similar decay of Abs directed to each RBD

site (Data S4). Collectively, our results demonstrate that the

SARS-CoV-2 RBD is the main target of neutralizing Abs and

that sites Ia and Ib are prime antigenic sites.

DISCUSSION

This study provides an extensive analysis of Ab responses to

SARS-CoV-2 S, RBD, and N in more than 600 SARS-CoV-2-in-

fected individuals with different clinical outcomes. Collectively,

our data define the immunodominance of the RBD and highlight

qualitative and quantitative differences in the serological response

of different individuals. The SARS-CoV-2 RBD is immunodomi-

nant in terms of total Abs elicited and is the target of 90% of the

neutralizing activity present in the sera or plasma of most individ-

uals evaluated. The remaining neutralizing activity observed in

certain individuals may be accounted for by Abs targeting domain

A (Chi et al., 2020), quaternary epitopes on the S trimer or the S2

subunit (Liu et al., 2020a). The observedSARS-CoV-2RBD immu-

nodominance may be related to its low level of glycosylation, as
Figure 7. Structure-Guided High-Resolution Serology

(A) Compositemodel of the SARS-CoV-2 S trimer with three open RBDs viewed al

to one RBD.

(B–G) Epitopes recognized by each mAb are shown on the surface of the RBD f

(magenta, F), and S309 (purple, G). The glycan at position N343 is rendered as b

(H–J) Competition ELISA (blockade-of-binding) between individual mAbs and sera

19 convalescent subjects. Each plot shows the magnitude of inhibition of binding

or plasma dilution blocking 80% of the maximum binding response.

(K) Correlation analysis of titers of serum Abs blocking RBD binding to ACE2 and

(L) Comparison of RBD-specific IgG titers between sera containing Ab blocking a

probe mAbs.
compared to the rest of the S protein, and to its higher accessi-

bility on the surface of virions and virus-infected cells, which is

further enhanced by RBD opening and exposure of cryptic sites

(Ke et al., 2020; Turo�nová et al., 2020; Walls et al., 2020; Walls

et al., 2016b; 2019; Watanabe et al., 2020; Wrapp et al., 2020).

The RBD immunodominance might also result from the release

of the S1 subunit either spontaneously or promoted by ACE2

and triggering antibodies (Huo et al., 2020; Song et al., 2018;Walls

et al., 2019; Wec et al., 2020; Yuan et al., 2017). Immuno-com-

plexes of Abs and dissociated S1 subunits may engage Fcg re-

ceptors and the complement, promoting presentation bydendritic

cells and follicular dendritic cells, respectively.

Two common features found in all the disease groups

analyzed are the heterogeneity of Ab responses and the decline

of specific Ab titers over time. In the different groups analyzed,

we found that average Ab titers were proportional to disease

severity with hospitalized patients possessing higher Ab titers

than non-hospitalized subjects. However, there was broad distri-

bution of Ab titers within each group as illustrated by the fact that

some asymptomatic individuals developed high levels of SARS-

CoV-2 S binding and neutralizing Abs. Interestingly, a similar

variability (approximately two orders of magnitude) was recently

reported in healthy volunteers vaccinated with ChAdOx1 nCoV-

19 vaccine (Folegatti et al., 2020). These differences might be

due to different levels of antigenic exposure and possibly to

pre-existing humoral immunity (Grifoni et al., 2020; Ng et al.,

2020) as well as other factors, such as immune status, co-mor-

bidities, or antigenic load.

We observed waning of IgG titers to RBD with an approximate

half-life of 49 days in the individuals that we could follow for a

period of approximately 4 months, a finding that is consistent

with a recent study (Seow et al., 2020). The half-life determined

in our study is longer than the average IgG half-life, which is

about 20 days, indicating sustained Ab production by short-lived

or long-lived plasma cells. If stable, this kinetics of decay would

lead to a potential 99% reduction of RBD-specific IgG titers a

year after infection, although a more precise determination of

the long-term decay will require follow-up studies. However,

the overall decay of RBD-specific Abs was accompanied by an

increase in Ab titers blocking ACE2 binding in several individuals

and by an increase in the avidity of RBD-specific IgG Abs,

consistent with an ongoing affinity maturation of the Ab response

to SARS-CoV-2 S. These findings highlight the importance of us-

ing both binding and functional assays to evaluate the Ab re-

sponses induced by vaccines.

The abundant IgG and IgA responses to SARS-CoV-2 N is

reminiscent of the Ab responses to other internal viral proteins
ong two orientations with all sixmAbs used for competition ELISA shown bound

or S2H14 (teal, B), S2H13 (orange, C), S2X35 (red, D), S2A4 (yellow, E), S304

lue spheres and the RBM is shown as a black outline.

or plasma from hospitalized (H), symptomatic (I), and asymptomatic (J) COVID-

to immobilized RBD in the presence of eachmAb, expressed as reciprocal sera

Abs blocking each of the six probe mAbs.

t least one probe mAb and sera that do not contain Ab blocking any of the six
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such as p24 in HIV-1 and HBcAg in HBV and is most likely due to

the abundant release of N protein from killed infected cells and/

or disassembled virions (Gimson et al., 1983; Lindhardt et al.,

1989). The lack of detectable IgM responses to N is a surprising

finding andmay be related to either activation of a cross-reactive

memory response to coronavirus N proteins or rapid class-

switching due to the highly stimulatory capacity of antigens

that are associated with RNA, which is a strong TLR7 agonist

(Lund et al., 2004).

We used information gained from six different mAb structures

to develop a high-resolution serological epitope-mapping

approach and define a blueprint of polyclonal Ab responses to

the SARS-CoV-2 RBD. These data present a quantitative anti-

genic map of the epitopes targeted by neutralizingmAbs that ex-

plains immunodominance, neutralization properties, and activa-

tion of effector functions. We found that the RBM is

immunodominant and comprises two partially overlapping anti-

genic sites (Ia and Ib defined by mAbs S2H14 and S2H13,

respectively) targeted by neutralizing Abs inhibiting ACE2

attachment. Whereas site Ia coincides with the ACE2 binding

site and is accessible only in the open S conformation, site Ib

is also exposed in the closed S conformation and is targeted

by Abs with both neutralizing activity and effector function. In

contrast, the remaining RBD sites, IIa, IIb, IIc, and IV, are sub-

dominant and generate lower and variable Ab responses in

different individuals. The immunodominance of sites Ia and Ib

may be related to their greater accessibility compared to sites

IIa, IIb, and IIc, as the latter epitopes become exposed only after

opening of two RBDs, which is a rare event (Ke et al., 2020; Walls

et al., 2020; Wrapp et al., 2020). Although site IV is accessible in

both open and closed S conformations, its subdominance may

result from the masking effect of a conserved glycan (at position

N343) within this antigenic site (Pinto et al., 2020). Overall, the

observed increase in Ab titers blocking RBD attachment to

ACE2 in the context of waning Ab titers is consistent with the pu-

tative production of higher-affinity RBD-specific Abs, most of

them targeting sites Ia and Ib.

Numerous amino acid substitutions have been detected in the

RBD, with several of them found in the RBM (including the S2H13

and S2H14 epitopes), of the 74,000 SARS-CoV-2 isolates avail-

able to date in the GISAID database (Elbe and Buckland-Merrett,

2017). As sites Ia and Ib within the RBM are prime targets of

neutralizing Abs, we suggest that mutations leading to viral

escape from mAb neutralization might have been selected,

possibly during prolonged infections, eventually resulting in anti-

genic drift similar to influenza A viruses (Hensley et al., 2009).

This is supported by the fact that naturally occurring RBD muta-

tions were recently associated with escape from mAb binding

and with reduced recognition by immune sera (Li et al., 2020b).

Fc-mediated effector functions are key antiviral pathways

in vivo that can be profoundly affected by the epitope specific-

ities of the mAbs (DiLillo et al., 2014; Hessell et al., 2007). The

finding that only S309 and S2H13 (out of the six mAbs evaluated

in this study) efficiently activated effector functions underscores

the importance of the orientation and distance of the Fc fragment

from the plasmamembrane (DiLillo et al., 2016; Pinto et al., 2020;

Tang et al., 2019) and the requirement for a high-density binding

of mAbs for efficient Fcg receptors cross-linking and engage-
1038 Cell 183, 1024–1042, November 12, 2020
ment of the hexameric C1q. Both S309 and S2H13 mAbs recog-

nize epitopes accessible independently of the RBD conforma-

tion and are therefore expected to reach high occupancy on S

trimers (Ortiz et al., 2016). Instead, Abs targeting site Ia and

site II promote shedding of the S1 subunit, which may limit their

ability to trigger effector functions. Additional studies are needed

to address the possibility of bivalent IgG binding within an S

trimer and the putative role of cross-linking neighboring S pro-

teins on virions or between virions to further our understanding

of the mechanisms of viral neutralization.

We isolated several distinct neutralizing mAbs from plasma

cells of infected donors as early as 2 weeks after onset of symp-

toms. These mAbs have very few somatic hypermutations, indi-

cating that a rapid response can rely on the naive B cell repertoire.

These findings are consistent with a previous study of the potent

MERS-CoV m336 mAb, which harbors a single somatic mutation

in the heavy chain (Ying et al., 2015) as well as with recent COVID-

19 reports (Ju et al., 2020; Seydoux et al., 2020). These findings

imply that extensive somatic hypermutation is not necessary to

achieve neutralization of SARS-CoV-2 and other coronaviruses

and that similar Abs might be easily elicited through vaccination.

Given the immunodominance of the RBD for the elicitation of

neutralizing Abs, we suggest that SARS-CoV-2 RBD-based im-

munogens, potentially engineered for multivalency, bear the

promise of eliciting potent neutralizing Ab responses and repre-

sent an attractive target for rational vaccine design.
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293fectin ThermoFisher Scientific Cat. No. 12347019
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PEI MAX Polysciences Cat. No. POL24765-1
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conjugated

Jackson ImmunoResearch Cat. No. 016-050-084

ACE2 Protein, Human Sino Biological Cat. No. 10108-H08H

Blocker Casein (1%) in PBS ThermoFisher Scientific Cat. No. 37528

Tween 20 Sigma Aldrich Cat. No. 93773

SARS-CoV-2 S2 sheep Fc-tagged The Native Antigen Company Cat. No. REC31807

Bovine Serum Albumine Sigma Cat. No. 3059

Trypsin, TPCK-Treated Bioconcept Cat. No. LS003741

Strep-Tactin XT IBA GmbH https://www.iba-lifesciences.com

SARS-CoV-2 Nucleoprotein, His-

tagged (E. coli)

The Native Antigen Company Cat. No. REC31812-500

Human SARS-CoV RBD His- tagged Sino Biological Cat. No. 40150-V08B2

Sodium thiocyanate (NaSCN) Sigma-Aldrich Cat. No. 251410

BioLock Biotin blocking solution IBA GmbH Cat. No. 2-0205-050

Cell Lines

ExpiCHO-S (female ovarian epithelial

cell line)

ThermoFisher Scientific Cat. No. A29127

HEK293T (female embryonic kidney

epithelial cell line)

ATCC Cat. No. CRL-11268

Expi293F and FreeStyle 293-F (female

embryonic kidney epithelial cell line)

ThermoFisher Scientific Cat. No. A14527; R79007

CHO stably expressing WT SARS-CoV-2 S

(female ovarian epithelial cell line)

This study N/A

Commercial Assays, Kits and Products

EZ-Link� NHS-PEG Solid-Phase

Biotinylation Kit - Mini-Spin Columns

ThermoFisher Cat. No. 21450

Pierce� NHS-Activated Magnetic Beads ThermoFisher Cat. No. 88826

Streptavidin, Alexa Fluor� 647 conjugate Life Technologies Cat. No. S21374

HiTrap Protein A columns (HiTrap Mab

select Xtra)

Cytiva Cat. No. 28-4082-61

HiTrap Fast desalting columns Cytiva Cat. No. 17-5087-01

XT Superflow� high capacity cartridge IBA GmbH Cat. No. 2-4026-001

HisTALON Superflow Cartridge, 5 ml Takara Bio Cat. No. 635683

HisTALON Superflow Cartridge, 1 ml Takara Bio Cat. No. 635650

Superdex 200 Increase 10/300 GL Cytiva Cat. No. 28-9909-44

Superose 6 Increase 10/300 GL Cytiva Cat. No. 29091596

StrepTrap HP column, 1 ml Cytiva Cat. No. 28-9075-46

Kifunensine Cayman Chemical 10009437

EndoH New England BioLabs Cat. No. P0702L

Polyvalan Crystallophore No�1 Molecular Dimensions Cat. No. MD2-82

Spectraplate-384 with high protein binding Perkin Elmer Cat. No. CUSG83093

Bio-Glo� Luciferase Assay System Promega AG Cat. No. G7940

ExpiFectamine� CHO Transfection Kit Life Technologies Cat. No. A29130

ExpiFectamine� 293 Transfection Kit Thermo Fisher Scientific Cat. No. A14524

CaptureSelect CH1-XL MiniChrom column ThermoFisher Scientific Cat. No. 5943462005

(Continued on next page)

ll

e2 Cell 183, 1024–1042.e1–e10, November 12, 2020

Article

https://www.iba-lifesciences.com


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HiPrep� 26/10 desalting columns Cytiva Cat. No. 17-5087-02

Zeba TM Spin Desalting Columns Thermo Scientific Cat. No. 89892

Deposited Data

SARS-CoV-2 S/S2H13 (closed) This paper PDB-7JV6, EMD-22494

SARS-CoV-2 S/S2H13 (local refinement) This paper PDB-7JV2, EMD-22491

SARS-CoV-2 S/S2H13 (one RBD open) This paper PDB-7JV4, EMD-22492

SARS-CoV-2 S/S2H14 (two RBDs open) This paper EMD-22507

SARS-CoV-2 S/S2H14 (three RBDs open) This paper EMD-22508

SARS-CoV-2 S/S2A4 This paper PDB-7JVC, EMD-22506

SARS-CoV-2 S/S2A4 (local refinement) This paper PDB-7JVA, EMD-22497

SARS-CoV-2 S/S304 This paper PDB- 7JW0, EMD-22512

SARS-CoV-2 S/S2X35 This paper EMD-22516

SARS-CoV-2 S/ S2X35 (local refinement) This paper EMD-22517

S2H14 Fab This paper PDB-7JXC

S2A4 Fab This paper PDB-7JXD

S2X35 Fab This paper PDB-7JXE

RBD/S304/S309/S2H14 This paper PDB-7JX3

Recombinant DNA

Human antibody expression vectors (IgG1,

Igl, Igk)

Tiller et al., 2008 N/A

Plasmid encoding SARS-CoV-2 2P S

ectodomain (amino acids 14-1211) with

C-terminal 8xHis-Tag

(Walls et al., 2020) GenBank: NC_045512.2

Plasmid encoding SARS-CoV-2 RBD

(amino acids 328-531) with C-terminal

8xHis-Tag

(Walls et al., 2020) GenBank: NC_045512.2

Plasmid encoding SARS-CoV-2 RBD

(amino acids 328-531) with C-terminal

Thrombin-linker-Twin-Strep-8xHis-tag or

linker-Strep-8xHis-tag

This study GenBank: NC_045512.2

Plasmid encoding SARS-CoV-2 2P S

ectodomain (residues 14-1211) with

C-terminal Avi and 8xHis-Tag

This study GenBank: NC_045512.2

Plasmid encoding SARS-CoV-2 domain A

(amino acids 14-302) with C-terminal

8xHis-Tag

This study GenBank: NC_045512.2

Plasmid encoding SARS-CoV 2P S

ectodomain (residues 14-1193) with

C-terminal 8xHis-Tag

(Walls et al., 2020) GenBank: YP_009724390.1

Plasmid encoding human ACE2 receptor

(amino acids 19-615) plus C-terminal

thrombin cleavage site, Twin-Strep-

10xHis-Tag

This study UniProt: Q9BYF1

phCMV1 expression vector Genlantis Cat. No. P003100

NFAT-driven luciferase gene Promega AG Cat. No. G9798, G7018 and G9995

Software and Algorithms

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

UNICORN (v7.3) Cytiva https://www.cytivalifesciences.com/

OpenLAB CDS (v2.5) Agilent Technologies https://www.agilent.com/

Biacore T200 Evaluation Software (v3.1) Cytiva https://www.cytivalifesciences.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Coot (v0.9) (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

MOE (v2019.0102) Chemical Computing Group https://www.chemcomp.com

Refmac5 (v5.8.0258) (Murshudov et al., 2011) www2.mrc-lmb.cam.ac.uk/groups/

murshudov/content/refmac/refmac.html

Phaser (v2.8.3) (McCoy et al., 2007) https://www.phaser.cimr.cam.ac.

ukindex.php

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

Relion (Scheres, 2012a) N/A

Warp (Tegunov and Cramer, 2019) N/A

Cryosparc (Punjani et al., 2017) N/A

Leginon (Suloway et al., 2005) N/A

NONMEM (v7.4) Icon Development Solutions, Hanover

MD, USA

https://www.iconplc.com/innovation/

nonmem/

R 4.0.2 R Studio for Statistical Computing https://rstudio.com/products/rstudio/

Igor Pro 8 (v8.00) WaveMetrics, Inc. https://www.wavemetrics.com/software/

igor-pro-8

MAFFT (v7.471) (Katoh et al., 2019) https://mafft.cbrc.jp/alignment/server/

EMBOSS Needle (Needleman and Wunsch, 1970) https://www.ebi.ac.uk/Tools/psa/

emboss_needle/

Instruments

BD FACSAria III BD Biosciences https://www.bdbiosciences.com/

ÄKTA Xpress FPLC Cytiva https://www.cytivalifesciences.com/

ÄKTA Pure 25 Cytiva https://www.cytivalifesciences.com/

Synergy H1 Hybrid Multi-Mode plate reader Biotek https://www.biotek.com/

EL406 washer/dispenser BSL2 M Biotek https://www.biotek.com/

Powerwave 340/96 spectrophotometer Biotek https://www.biotek.com/

Biacore T200 Cytiva https://www.cytivalifesciences.com/

Octet Red96 Pall ForteBio https://www.fortebio.com/

ZE5 Cell Analyzer (FACS) BSL2 M Bio-rad https://www.bio-rad.com/
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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-EMmaps and atomic models have been deposited at the Electron Microscopy Data Bank and the PDB with accession co-

des listed in Tables S1 and S3.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Cell lines used in this study were obtained from ATCC (HEK293T, Vero-E6), ThermoFisher Scientific (FreeStyle 293-F, Expi293F, Ex-

piCHO-S cells). All cell lines used in this study (except FreeStyle 293-F and Expi293F) were routinely tested for mycoplasma and

found to be mycoplasma-free.
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Sample donors and collection
Samples were obtained from 5 cohorts of SARS-CoV-2 infected individuals under study protocols approved by the local Institutional

Review Boards (Canton Ticino Ethics Committee, Switzerland, the Ethical committee of Luigi Sacco Hospital, Milan, Italy, and WCG

North America, Princeton, NJ, US). All donors providedwritten informed consent for the use of blood and blood components (such as

PBMCs, sera or plasma) and were recruited at hospitals or as outpatients. Based on their availability, participants were enrolled and

allocated to either single blood draws or longitudinal follow-up. Donorswere categorized as symptomatic if they reported any COVID-

19-related symptoms (a, fever; b, respiratory distress; c, cough; d, throat pain; e, common cold; f, taste loss/smell loss; g, diarrhea; h,

fatigue; i, muscle bone pain; j, headache). Donors from the Ticino healthcare workers cohort were further categorized based on

symptom severity as follows: asymptomatic (declaration of no symptom experience), low symptomatic (1 or 2 symptoms of a-f

and any of g-j), mild symptomatic (any 3 symptoms of a-f); high symptomatic (any 4 symptoms of a-f), severe symptomatic (any 4

symptoms of a-f, including b), atypical (all the remaining cases).

METHOD DETAILS

Isolation of peripheral blood mononuclear cells (PBMCs), plasma and sera
PBMCs and plasma were isolated from blood draw performed using tubes or syringes pre-filled with heparin, followed by Ficoll den-

sity gradient centrifugation. Sera were obtained from blood collected using tubes containing clot activator, followed by centrifuga-

tion. PBMCs, plasma and sera were stored in liquid nitrogen and �80�C freezers until use, respectively.

Ab discovery and recombinant expression
S2H13, S2H14 and S2A4 mAbs were isolated from plasma cells or memory B cells, as previously described (Corti et al., 2011; Pinto

et al., 2020). S2X35 was isolated from SARS-CoV-2 S-specific CD19+ IgG+ B cells sorted using a C-terminal biotinylated SARS-CoV-

2 S ectodomain trimer conjugated to Streptavidin, Alexa Fluor 647 (Life Technologies).

Recombinant mAbs were expressed as IgG1 or Fab in ExpiCHO-S cells transiently co-transfected with plasmids expressing the

heavy and light chain, as previously described (Stettler et al., 2016). Recombinant Abs were affinity purified using HiTrap Protein A

columns (Cytiva) followed by desalting against phosphate-buffered saline (PBS) using HiTrap Fast desalting columns (Cytiva). All

liquid chromatography purification steps were performed on a ÄKTA express FPLC (Cytiva). The final products were sterilized by

filtration through 0.22 mm filters and stored at 4�C.
Fabs were expressed using transient transfection of ExpiCHO-S cells with ExpiCHO expression medium and ExpiFectamine CHO

Transfection Kit (Life Technologies), purified by affinity chromatography on ÄKTA Xpress Mab System (Cytiva) with UNICORN 5.11

software version (Build 407) using CaptureSelect CH1-XL MiniChrom columns (ThermoFisher Scientific), buffer exchanged to PBS

using a HiPrep 26/10 desalting columns (Cytiva) and sterilized through a 0.22 mm filter.

Recombinant glycoprotein production
The SARS-CoV-2 and SARS-CoV prefusion S ectodomain trimers were previously described (Walls et al., 2020; Walls et al., 2019).

Briefly, the SARS-CoV-2 and SARS-CoV S ectodomains were synthesized by Genscript or GeneArt, respectively, with a mu-phos-

phatase signal peptide, 2P stabilizing mutations (Kirchdoerfer et al., 2018; Pallesen et al., 2017), a TEV cleavage site, a foldon trime-

rization domain, and octa-histidine tag. The SARS-CoV-2 domain A construct (residue 14-302) was synthesized by Genscript into

pcDNA3.1- with an N-terminal mu-phosphatase signal peptide and a C-terminal octa-histidine tag (GSS(H)8). All constructs were

produced in FreeStyle 293-F cells grown in suspension using FreeStyle 293 expression medium (Life technologies) at 37�C in a hu-

midified 8%CO2 incubator rotating at 130 rpm. The cultures were transfected using PEI (9 mg/mL) with cells grown to a density of 2.5

million cells per mL and cultivated for 3-4 days. The supernatants were harvested and cells resuspended for another 3-4 days in fresh

media, yielding two harvests. Proteins were purified from clarified supernatants using a 5mL Cobalt affinity column (Takara Bio),

concentrated and flash frozen in a buffer containing 20 mM Tris pH 8.0 and 150 mM NaCl prior to analysis. SDS-PAGE or negative

stain EM was run to check purity.

For SPR experiments, a SARS-CoV-2 prefusion stabilized S ectodomain with an Avi-tag between the foldon domain and the 8x

His-tag was codon optimized, synthesized and cloned into the phCMV1 vector by ATUM. For protein expression, Expi293F cells

were transfected using ExpiFectamine according to Thermo Fisher’s Expi293 expression system user guide. Supernatants were har-

vested after 4 days of expression and purified over a 5 mL Cobalt affinity column (Takara Bio). IMAC elution peak was pooled,

concentrated and injected onto a Superose 6 Increase 10/300 GL size exclusion chromatography column (Cytiva) using 1x PBS

pH 7.4 as a running buffer. SEC fractions corresponding to the main protein peak were pooled, flash frozen in liquid nitrogen and

stored at �80�C.
RBDproteins for ELISAwere produced in Expi293 cells using the phCMV1SARS-CoV-2 RBDplasmid, which encodes for an N-ter-

minal mu-phosphatase signal peptide, an ‘ETGT’ linker, SARS-CoV-2 residues 328-531, a linker sequence and Strep-8xHis-tag. Su-

pernatants were harvested five days after transfection, equilibrated with 0.1 M Tris-HCl, 0.15 M NaCl, 10 mM EDTA, pH 8.0 and sup-

plemented with a biotin blocking solution (IBA Lifesciences). RBD was purified by affinity chromatography on a Strep-Trap HP 5 mL

column followed by elution with 50 mM biotin and buffer exchange into PBS.
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To produce SARS-CoV-2 RBD for crystallization, the phCMV1SARS-CoV-2 RBDexpression plasmidwas used, which encodes for

an N-terminal mu-phosphatase signal peptide, an ‘ETGT’ linker, SARS-CoV-2 residues 328-531 and a C-terminal 8xHis-tag. Protein

was expressed in Expi293F cells in the presence of 10 mM kifunensine at 37�C and 8% CO2 in a humidified incubator. Transfection

was performed using ExpiFectamine 293 reagent (Thermo Fisher Scientific) and 1 mg plasmid per ml of cell culture. Cell culture su-

pernatant was collected after three days and supplemented with EDTA-free Protease Inhibitor (Thermo Scientific Pierce) and 10X

PBS to a final concentration of 2.5x (342.5 mM NaCl, 6.75 mM KCl and 29.75 mM phosphate). SARS-CoV-2 RBD was purified using

a 5mL HisTALON Superflow cartridge (Takara Bio) and subsequently dialyzed against 50 mM Tris-HCl pH 7.5, 150 mMNaCl. SARS-

CoV-2 RBD was deglycosylated by overnight incubation with EndoH glycosidase at 4�C.
For SPR, SARS-CoV-2 RBD (residues 328-531) with a C-terminal thrombin cleavage site, linker, Twin-Strep, 8xHis-tag was ex-

pressed in Expi293F cells at 37�C and 8% CO2 in a humidified incubator. Transfection was performed using ExpiFectamine 293 re-

agent (Thermo Fisher Scientific) and 1 mg plasmid per ml of cell culture. The protein was purified by affinity chromatography using a

1 mL HisTALON Superflow cartridge as described above (Takara Bio) and subsequently buffer exchanged using a Zeba spin desalt-

ing column into Cytiva 1x HBS-N buffer.

Antibody Fab fragments for mAbs S304, S309 and S2H14 were obtained from ATUM. To form the quaternary SARS-CoV-2 RBD-

S304-S309-S2H14 Fab complex, the deglycosylated SARS-CoV-2 RBD was mixed with a 1.3-fold molar excess of S304 Fab, S309

Fab and S2H14 Fab. The complex was purified on a Superdex 200 Increase 10/300 GL column pre-equilibrated with 20 mM Tris-HCl

pH 7.5, 150 mMNaCl, and concentrated to 4 mg/mL. 100 ml of the protein solution were mixed with 0.3 mg Polyvalan Crystallophore

N�1 and this solution was used for setting up crystallization trays.

Recombinant ACE2 was expressed in ExpiCHO-S cells transiently transfected with a plasmid encoding ACE2 residues 19-615, a

C-terminal thrombin cleavage site, Twin-Strep-tag and 10xHis-tag. Cell culture supernatant was collected nine days after transfec-

tion, supplemented with buffer to a final concentration of 80 mM Tris-HCl pH 8.0, 100 mM NaCl, and then incubated with BioLock

solution for one h. ACE2 was purified using a 1 mL StrepTrap High Performance column (Cytiva) followed by size exclusion chroma-

tography using a Superdex 200 Increase 10/300 GL column pre-equilibrated in 20 mM Tris-HCl pH 7.5, 150 mM NaCl.

Enzyme-linked immunosorbent assay (ELISA)
Spectraplate-384 with high protein binding treatment (custommade fromPerkin Elmer) were coated overnight at 4�Cwith 1 mg/mL of

SARS-CoV-2 S, domain A (in-house produced), N (The Native Antigen company), S2 (The Native Antigen company), SARS-CoV S (in-

house produced) or 5 mg/mL of SARS-CoV-2/SARS-CoV RBD (in-house produced) in PBS, pH 7.2, and plates were subsequently

blocked with Blocker Casein (1%) in PBS (Thermo Fisher Scientific) supplemeted with 0.05% Tween 20 (Sigma Aldrich). The coated

plates were incubated with serial dilutions of humanmAbs or human plasma or sera for 1 h at room temperature. The plates were then

washed with PBS containing 0.1% Tween-20 (PBS-T), and Alkaline Phosphatase-conjugated Goat Anti-Human IgG, IgM or IgA

(Southern Biotech) were added and incubated for 1 h. Plates were washed three times with PBS-T, and 4-NitroPhenyl Phosphate

(pNPP, Sigma-Aldrich) substrate was added and incubated for 1 h (IgG) or 2 h (IgA and IgM). The absorbance of 405 nm was

measured by a microplate reader (Biotek), and the data was plotted with Graph Prism software.

In the depletion experiments, the efficiency was calculated based on the ratio of the binding titers before and after depletion and is

expressed as a percentage: (1-(ED50(after)/ED50(before))*100.

For chaotropic ELISA, after incubation with sera, plates were washed and incubated with 1 M solution of sodium thiocyanate

(NaSCN) for 1 h. Avidity Index was calculated as the ratio (%) between the ED50 in presence and the ED50 in absence of NaSCN.

Depletion of RBD-specific Abs from plasma or serum samples
Magnetic beads (Pierce) were washed with ice-cold 1 mM HCl solution. 1 mg/mL RBD solution was coupled to magnetic beads in

50 mM borate buffer, pH 8.5, with a 2 h incubation at room temperature. Beads were washed 3 times with 0.1 M glycine, pH 2.0,

followed by a wash with purified water. Beads were then incubated with quenching buffer (3M ethanolammine, pH 9.0) for 2 h. Beads

were washed with purified water and resuspended in storage buffer (50 mM borate buffer, pH 8.5, with 0.05% sodium azide). Serum

or plasma were diluted to 1/50 in 500 ml PBS containing 1/20 (25 ml) of RBD-magnetic beads and incubated for 1 h at room temper-

ature with continuous rotation. Tubes were placed on a magnetic holder and supernatants were collected.

Pseudovirus neutralization assays
VSV-based SARS-CoV-2 S-glycoprotein-pseudotyped viruses were used to test the neutralizing activity of serum or plasma from

COVID-19 recovered patients. Briefly, HEK293T cells were transfected with a SARS-CoV-2 S glycoprotein-encoding plasmid

harboring the D19 C-terminal truncation (Ou et al., 2020) using the X-tremeGENE HP DNA transfection reagent (Merk) according

to the manufacturer’s instructions and then incubated at 37�C with 8% CO2 for 24 h. Next, the transfected cells were infected

with Delta-G-VSV-Luc in DMEMand incubated 1 h at 37�Cwith 5%CO2. After removing the infectionmedium, the cells were washed

twice with PBS and DMEMcontaining 10%FBS and 1%penicillin–streptomycin was added. Infected cells were further incubated for

24 h at 37�Cbefore the supernatant containing the VSV-SARS-CoV-2 S pseudoviruses was collected, cleaned from cellular debris by

centrifugation, and stored at�80�C. VSV-SARS-CoV-2 S pseudovirus was incubated with serial dilution of serum or plasma for 1 h in

white culture 96 well plate at 37�C. Next, VeroE6 at 20 000 cells/well were added to themix and incubated 2 h at 37�C. After 2 h, MEM

supplemented with 40% FBS and 4% penicillin–streptomycin was added to the cells for additional 24 h. Culture medium was then
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removed from the cells and 50 mL/well of Bio-Glo (Promega) diluted 1:2 with PBS Ca2+Mg2+ was added. After 5 min incubation in the

dark, the luminescence signal was measured using a Synergy H1 Hybrid Multi-Mode plate reader (Biotek). Measurements were per-

formed in duplicate and relative luciferase units (RLU) were converted into neutralization percentages and plotted with a nonlinear

regression curve fit in Graph Prism.

In the depletion experiments, the efficiency was calculated based on the ratio of the neutralizing titers before and after depletion

and is expressed as a percentage: (1-(ID80(after)/ID80(before))*100.

MLV-based SARS-CoV-2 S-pseudotyped viruses were used to test the neutralizing activity of recombinant mAbs, as previously

described (Walls et al., 2020). HEK293T cells were co-transfected with a SARS-CoV-2 S glycoprotein-encoding-plasmid harboring

theD19C-terminal truncation, anMLVGag-Pol packaging construct and theMLV transfer vector encoding a luciferase reporter using

the X-tremeGENE HP DNA transfection reagent (Merk) according to the manufacturer’s instructions. VeroE6 cells were cultured in

MEM containing 10% FBS, 1% penicillin–streptomycin and plated into 96-well plates for 16–24 h at 20 000 cells/well. Pseudovirus,

pre-activated with TPCK (Bioconcept) at 10 mg/mL for 1 h at 37�, with or without serial dilution ofmAbswas incubated for 1 h and then

added to the wells after washing 3X with MEM. A mAb of unrelated specificity was used as a negative control. After 2–3 h MEM con-

taining 20% FBS and 2% penicillin–streptomycin was added to the cells for 48 h. Following 48 h of infection, culture medium was

removed from the cells and 50 ml/well of Bio-Glo (Promega) diluted 1:2 with PBS Ca2+Mg2+ was added to the cells and incubated

in the dark for 5 min before reading on a Synergy H1 Hybrid Multi-Mode plate reader (Biotek). Measurements were done in duplicate

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

Blockade of RBD binding to ACE2
Unlabeled mAbs or plasma/sera were serially diluted, mixed with RBDmouse Fc-tagged antigen (Sino Biological, final concentration

20 ng/mL) and incubated for 30 min at 37�C. The mix was added for 30 min to ELISA 96-well plates (Corning) pre-coated overnight at

4�C with 2 mg/mL human ACE2 in PBS. Plates were washed and RBD binding was revealed using secondary goat anti-mouse IgG

(Southern Biotech). After washing, pNPP substrate was added and plates were read at 405 nm. The percentage of inhibition was

calculated as follow: (1�(OD sample�OD neg ctr)/(OD pos ctr�OD neg ctr)]) 3 100.

Blockade of mAb binding to RBD
Human anti-RBD full IgG1 mAbs were biotinylated using the EZ-Link NHS-PEO solid phase biotinylation kit (Pierce). Labeled mAbs

were tested for binding to RBD by ELISA and the optimal concentration of each mAb to achieve 80% maximal binding was deter-

mined. Unlabeled mAbs or sera/plasma were serially diluted and added to ELISA 96-well plates (Corning) pre-coated overnight at

4�C with 1 mg/mL of RBD mouse Fc-tagged antigen (Sino Biological) in PBS. After 30 min, biotinylated anti-RBD mAbs were added

at the concentration achieving 80% maximal binding and the mixture was incubated at room temperature for 230 min. Plates were

washed and mAb binding was revealed using alkaline phosphatase-comjugated streptavidin (Jackson ImmunoResearch). After

washing, pNPP substrate (Sigma-Aldrich) was added and plates were read at 405 nm. The percentage of inhibition was calculated

as follow: (1�(OD sample�OD neg ctr)/ (OD pos ctr�OD neg ctr)]) 3 100.

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-t (Bioconcept) for 30 min at 37C. Cells were washed and aliquoted (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, 15, 30, 60, 120, 180 and 240 min),

washed at +4�C and incubated with 1.5 mg/mL secondary goat anti-human IgG, Fcg fragment specific (Jackson ImmunoResearch)

on ice for 20 min. Cells were washed and resuspended in wash buffer and analyzed with ZE5 FACS (Bio-rad).

Western blot
The prefusion SARS-CoV-2 S ectodomain trimer was incubated alone or with S2A4, S304 or S2X35 Fabs (molar ratio 1:1.2) during

0.5, 1 or 2 h at room temperature. Laemmli loading buffer was added prior to boiling the samples for 5 min at 95C. Samples were run

on a 4%–20% gradient Tris-Glycine Gel (BioRad) and transferred to a PVDF membrane. Membrane was blocked in 5% milk during

45 min at room temperature. An anti-S2 primary antibody (1:250 dilution) and an Alexa Fluor 680-conjugated goat anti-human sec-

ondary antibody (1:50,000; Jackson Laboratory) were used for Western-blotting. A LI-COR processor was used to develop images.

Measurement of effector functions
Determination of mAb-dependent activation of human FcgRIIIa was performed using SARS CoV-2 S stable transfected CHO cells as

targets, incubated with titrated concentrations of mAb and after 10 min incubated with Jurkat expressing FcgRIIIa receptor on their

surface and stable transfectedwith NFAT-driven luciferase gene (Promega, Cat. Nr. G9798 andG7018) at an effector to target ratio of

6:1. Activation of human FcgRIIIa (F158 or V158 variants) in this bioassay results in the NFAT-mediated expression of the luciferase

reporter gene. Luminescence was measured after 21 h of incubation at 37�C with 5% CO2 with a luminometer using the Bio-Glo-TM

Luciferase Assay Reagent according to the manufacturer’s instructions.

Determination of mAb-dependent activation of human FcgRIIa was performed using SARS CoV-2 S stable transfected CHO cells

as target, incubated with titrated concentrations of mAb and after 10 min incubated with Jurkat expressing FcgRIIa receptor on their
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surface and stable transfected with NFAT-driven luciferase gene (Promega, Cat. Nr. G9995) at an effector to target ratio of 5:1. Acti-

vation of human FcgRIIa (H131 variant) in this bioassay results in the NFAT-mediated expression of the luciferase reporter gene.

Luminescencewasmeasured after 21 h of incubation at 37Cwith 5%CO2with a luminometer using the Bio-Glo-TM Luciferase Assay

Reagent according to the manufacturer’s instructions.

Complement-dependent cytotoxicity (CDC) assays were performed using SARS CoV-2 S stable transfected CHO cells as target,

incubated with titrated concentrations of mAb and after 10 min incubated at a concentration of 1:24 with Low-Tox M Rabbit Com-

plement (Cedarlane Laboratories Limited, Cat. Nr.: CL3051) previously pre-absorbed with target cells alone in excess. mAb-depen-

dent cell killing was measured using LDH release assay (Cytotoxicity Detection Kit (LDH) (Roche; Cat. Nr.: 11644793001) after 2 h of

incubation at 37�C.

Affinity and avidity determination by surface plasmon resonance (SPR)
SPR binding measurements were performed using a Biacore T200 instrument using either anti-AviTag pAb (for capturing S proteins)

or StrepTactin XT (for capturing RBDs) covalently immobilized onCM5 chips. Running buffers were either Cytiva HBS-EP+ (pH 7.4) or

20 mM phosphate pH 5.4, 150 mM NaCl, 0.05% P-20, for neutral or acidic pH experiments, respectively. All measurements were

performed at 25�C. Acidic pH experiments were run as single-cycle kinetics. mAb concentrations for all experiments were 3-fold dilu-

tion series starting from 300 nM. Capture levels for neutral pH RBD experiments were �75 RU and within 10% of each other except

for S2H13 Fab data which was collected separately (capture level of �60 RU) and scaled proportional to capture level to allow for

comparison across datasets. Approximate capture levels for other datasets are: neutral pH Fab-S = 190 RU, neutral pH IgG-S =

165 RU, acidic pH Fab-RBD = 80 RU, acidic pH Fab-S = 205 RU, and acidic pH IgG-S = 205 RU. Capture levels were within

�10% of each other across each neutral pH dataset, and within 3% of each other across each acidic pH dataset. Double refer-

ence-subtracted data were fit to a 1:1 binding model using Biacore Evaluation software, which yields an ‘‘apparent KD’’ for the S-

binding data because the kinetics also reflect S conformational dynamics and especially for the IgG binding data where the kinetics

also reflect avidity. RBD-binding data were fit with a Global Rmax. Spike-binding data for the tightly-associating S309 and S2X35

Fabs aswell as all IgGmeasurements were fit with local Rmax, due to the S conformational changeswhich can affect the accessibility

of epitopes across different mAb concentrations (these KD,app are indicated to be approximate). For dissociation rates that were too

slow to fit, KD,app are reported as an upper limit.

Competition experiments using biolayer interferometry (Octet)
The SARS-CoV-2 RBDwas loaded for 3min at 8 mg/mL in kinetics buffer onto anti-Penta-HIS (HIS1K) biosensors (Molecular Devices,

ForteBio). Association of mAbs (full-length IgG) was performed in kinetics buffer (0.01% endotoxin-free BSA, 0.002% Tween-20,

0.005% NaN3 in PBS) at 15 mg/mL for 7 min.

Crystallization, data collection, structure determination and analysis
Crystals of the SARS-CoV-2 RBD-S304-S309-S2H14 Fab complex were obtained at 22�C by sitting drop vapor diffusion. A total of

200 nL complex were mixed with 200 nL mother liquor solution containing 16.2% (w/v) PEG 4000, 0.09 M sodium citrate pH 6.0,

0.18 M ammonium acetate, 0.02 M potassium acetate, 0.01 M MES pH 6.0 and 1.5% (v/v) Pentaerythritol ethoxylate (15/4 EO/OH).

Data were collected at the Molecular Biology Consortium beamline 4.2.2 at the Advanced Light Source synchrotron facility in Ber-

keley, CA. Two individual datasets from the same crystal processed with the XDS software package (Kabsch, 2010), weremerged for

a final dataset at 2.65 Å in space group C2. The RBD-S304-S309-S2H14 Fab complex structure was solved by molecular replace-

ment using Phaser (McCoy et al., 2007) and X-ray structures of the RBD and Fabs as search models. Several subsequent rounds of

model building and refinement were performed using Coot (Emsley et al., 2010), Refmac5 (Murshudov et al., 2011), andMOE (https://

www.chemcomp.com), to arrive at a final model for the ternary complex. Using the RBD-S304-S309-S2H14 Fab complex crystal

structure, the S309, S304 and S2H14 binding epitopes on the RBD protein were determined by identifying all RBD residues within

a 5.0Å distance from any Fab atoms. The analysis was performed using the Molecular Operating Environment (MOE) software pack-

age from the Chemical Computing Group (https://www.chemcomp.com) and the results were manually confirmed.

Optimal crystals of S2H14, S2A4 and S2X35 Fabs were obtained by the hanging-drop vapor diffusionmethod with a mosquito robot

at 20�C. A total of 150 nL of Fabs at 20 mg per mL (for S2H14 and S2A4) or at 12 mg per mL (for S2X35) in 20 mM Tris-HCl pH 8.0,

150 mM NaCl were mixed with 150nL mother liquor solution containing 0.2 M magnesium acetate and 20% (w/v) PEG 3350 (for

S2H14 Fab), 1.2 M Ammonium sulfate, 0.1M Sodium cacodylate/Hydrochloric acid pH 6,5 (for S2A4 Fab) or 0.16 M MgCl2, 0.08 M

Tris-HCl, pH 8.5, 24% (w/v) PEG 4000 and 20% (v/v) glycerol (for S2X35 Fab). Drops were equilibrated against reservoir solutions

for 1-2 weeks at room temperature after which crystals were flash cooled in liquid nitrogen using the mother liquor solution supple-

mentedwith 30% glycerol as a cryoprotectant. Diffraction data were remotely recorded on synchrotron beamline 5.0.2 at ALS, indexed

and scaled using Mosfilm (Battye et al., 2011) and SCALA or aimless (Evans and Murshudov, 2013). Initial phases were obtained by

molecular replacement in Phaser (McCoy et al., 2007) on the CCP4 suite, using homology models. Refinement was performed in iter-

ations of manual model building in Coot (Emsley et al., 2010) and automatic refinement in Phenix (Liebschner et al., 2019).
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CryoEM sample preparation, data collection and data processing
S2H13 Fab was generated by digestion of the corresponding monoclonal IgG with LysC (Thermo Fisher Scientific) at 1:2000 (w/w)

ratio during 5 h at 37�C while Fabs S2A4, S2H14, S304 and S2X35 were recombinantly expressed as described above. SARS-CoV-

2 S at 1.2 mg/mL was incubated with 1.2 molar excess of Fabs at 4�C at least for 1 h. Three mL of 1-1.5 mg per mL of complexes was

loaded onto a freshly glow discharged 1.2/1.3 UltrAuFoil grid (300 mesh) prior to plunge freezing using a vitrobot MarkIV (Thermo-

Fisher Scientific) with a blot force of 0 and 6-7.5 s blot time at 100% humidity and 21�C.
Data were acquired on an FEI Titan Krios transmission electron microscope operated at 300 kV and equipped with a Gatan K2

Summit direct detector and Gatan Quantum GIF energy filter, operated in zero-loss mode with a slit width of 20 eV. Automated

data collection was carried out using Leginon (Suloway et al., 2005) at a nominal magnification of 130,000x with a super-resolution

pixel size of 0.525 Å and stage tilt angles up to 45 (Tan et al., 2017). The dose rate was adjusted to 8 counts/pixel/s, and each movie

was fractionated in 50 frames of 200ms. For the S/S304 dataset, 2,791 micrographs were collected with a defocus range comprised

between �1.5 and �2.8 mm. For the S/S2H13 dataset, 6,697 micrographs were collected with a defocus range comprised between

�0.4 and �3.4 mm. For the S2A4 dataset, 1,995 micrographs were collected with a defocus range comprised between �0.4 and

�2.4 mm.Movie frame alignment, estimation of themicroscope contrast-transfer function parameters, particle picking and extraction

were carried out using Warp (Tegunov and Cramer, 2019). Particle images were extracted with a box size of 800 binned to 400

yielding a pixel size of 1.05 Å.

For the S/S2H14 and S/S2X35 complexes, data were acquired on a FEI Glacios transmission electron microscope operated at 200

kV. Automated data collection was carried out using Leginon (Suloway et al., 2005) at a nominal magnification of 36,000x with a pixel

size of 1.16 Å and stage tilt angle of 40 or 30 for S/S2H14 or S/S2X35 complexes, respectively (Tan et al., 2017). The dose rate was

adjusted to 8 counts/pixel/s, and each movie was acquired in counting mode fractionated in 50 frames of 200 ms. For the S/S2H14

complex, 1,886 micrographs were collected with a defocus range comprised between�1.0 and�2.5 mm. For the S/S2X35 complex,

946micrographswere collected with a defocus range comprised between�0.8 and�2.5 mm.Warp (Tegunov andCramer, 2019) was

also used for movie frame alignment, estimation of the microscope contrast-transfer function parameters, particle picking and

extraction.

For the S/S2H13, S/S2H14, S/S2A4 and S/S304 datasets, two rounds of reference-free 2D classification were performed using

cryoSPARC (Punjani et al., 2017) to select well-defined particle images (only one round of reference-free 2D classification was per-

formed for S/S2X35). Subsequently, two rounds of 3D classification with 50 iterations each (angular sampling 7.5 for 25 iterations and

1.8þ with local search for 25 iterations), using our previously reported closed SARS-CoV-2 S structure as initial model (PDB 6VXX) or

ab initio generated models for S2H14, S304 or S2X35 (Punjani et al., 2017), were carried out using Relion (Scheres, 2012b) without

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

cryoSPARC (Punjani et al., 2019). Particle images were subjected to Bayesian polishing using Relion (Zivanov et al., 2018; Zivanov

et al., 2019) before performing another round of non-uniform refinement in cryoSPARC followed by per-particle defocus refinement

and again non-uniform refinement.

To further improve the density of the S2H13, S2A4 andS2X35 Fabs, the particles were symmetry-expanded and subjected to focus

3D classification without refining angles and shifts using a soft mask encompassing the RBM and S2H13 variable domains or RBD

and S2A4 or S2X35 variable domains using a tau value of 60 (S2H13 and S2A4) or 40 (S2X35). Particles belonging to classes with the

best resolved Fab density were selected (all particles were retained for S2X35) and subjected to local refinement using cryoSPARC

(Punjani et al., 2017; Punjani et al., 2019). Local resolution estimation, filtering, and sharpening were carried out using CryoSPARC

(Cardone et al., 2013). 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 (Chen et al., 2013).

CryoEM model building and analysis
UCSFChimera (Pettersen et al., 2004) andCoot (Emsley et al., 2010) were used to fit atomicmodels (PDB 6VXX or PDB 6VYB) into the

cryoEM maps and the Fab variable domains were manually built or the co-crystal structures of SARS-CoV-2 RBD with S304/S309/

S2H14 was used. Models were refined and relaxed using Rosetta using both sharpened and unsharpened maps (Frenz et al., 2019;

Wang et al., 2016) and validated using Molprobity (Chen et al., 2010), Phenix (Liebschner et al., 2019), Privateer (Agirre et al., 2015)

and EMRinger (Barad et al., 2015). Figures were generated using UCSF ChimeraX (Goddard et al., 2018).

Longitudinal Mixed-Effects Modeling
A non-linear mixed effects model was used to estimate parameters describing the kinetics of RBD, S- and N-specific IgG in individ-

uals with longitudinal data following the onset of disease symptoms. Briefly, a one compartment direct responsemodel with 1st order

input and 1st order output was developed to describe the Ab response formation and decay. Individual parameters are assumed to be

log-normally distributed and proportional residual error was employed in themodeling. Influence of gender, age and disease severity

(hospitalized versus symptomatic) in Ab response formation and decay were evaluated. The analyses were conducted using NON-

MEM, version 7.4 (ICON Development Solutions, Hanover, MD, USA). Graphical data presentations were conducted using R 4.0.2 (R

Foundation for Statistical Computing).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (v8) and Microsoft Excel for Windows 10 (v16.0.13001.20254). Statistical

differences were analyzed with Mann-Whitney U-test. Nonparametric Kruskal-Wallis test was used to performmultiple comparisons

between groups analyzed. Correction formultiple comparison was performedwith Dunn’s test. Nonparametric Spearman correlation

was used to compute correlations between pairs of data. Statistical significance was defined as p < 0.05. ED50, IC50, ID80 and BD80

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

Figure S1. Description of the Cohorts of SARS-CoV-2-Infected Individuals, Related to Figures 1 and 2
(A) Summary of patient demographics.

(B) Age distribution of hospitalized, symptomatic and asymptomatic individuals.

(C) Time interval between the date of sample collection and the date of symptom onset.
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(legend on next page)
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Figure S2. Analysis of Serum/Plasma IgG Binding Titers to SARS-CoV-2 and SARS-CoV Antigens, Related to Figures 1 and 2

(A–C) IgG (A), IgA (B) and IgM (C) binding titers to SARS-CoV-2 S, RBD and N from 67 and 154 samples collected from hospitalized and symptomatic individuals,

respectively, whose date of symptom onset was known.

(D) Correlation between SARS-CoV-2 S- and N-specific IgG binding titers (ED50).

(E and F) IgG binding titers to SARS-CoV-2 and SARS-CoV S (E) and RBD (F) from 19 hospitalized, 130 symptomatic and 8 asymptomatic individuals.

(G) Ratios of SARS-CoV-2/SARS-CoV S and RBD IgG binding titers.
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Figure S3. Characteristics of the Six Probe mAbs Used for Structural and Epitope-Mapping Studies, Related to Figures 3, 4, 5, 6, and 7

(A) V(D)J usage, percentage identity to germline, number of somatic mutations, source and time interval between sample collection and mAb isolation, RBD site

recognized and neutralization potency of the 6 mAbs. B mem, memory B cell; PC, plasma cells.

(B) Binding of the 6 mAbs to the SARS-CoV-2 (up) or SARS-CoV (down) RBD analyzed by ELISA.

(C) Competition matrix for binding of each of the six mAbs in presence of another mAb evaluated by biolayer interferometry.

(D) mAb-mediated inhibition of RBD binding to ACE2 analyzed by ELISA.

(E) mAb-mediated S1 subunit shedding from cell-surface expressed SARS-CoV-2 S as determined by flow-cytometry.

(F) Conservation of RBM and epitope residues in �74,000 SARS-CoV-2 sequences (GISAID, August 11th, 2020). RBM and epitope residues are shown as gray

bars. Black bars indicate variant prevalence for epitope residues with at least 2 variants. RBM residues were determined from PDB 6M0J using a 5.0 Å distance

cutoff between RBD and ACE2 residues using MOE.

(G) Western-blot analysis (top) of the prefusion-stabilized SARS-CoV-2 S ectodomain trimer in presence of S2A4, S304 or S2X35 Fab after incubation for the

indicated amount of times. Red ponceau staining (bottom) of the SDS-PAGE gel used for carrying out the western blot confirming the presence of added Fabs

when indicated.

(H) Analysis of activation of FcgRIIIa (V158 allele) expressed on Jurkat cells by SARS-CoV-2 S stably transfected CHO cells incubated with mAbs. GRLR indicates

an antibody Fc variant carrying mutations that abolish binding to FcgRs.

(I) Analysis of activation of FcgRIIa (H131 allele), expressed on Jurkat cells by SARS-CoV-2 S stably transfected CHO cells incubated with mAbs.

(J) Killing of SARS-CoV-2 S stably transfected CHO cells by mAbs in the presence of complement (CDC assay).
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Figure S4. Cryo-EM Data Processing and Validation of the S/S2H13 and S/S2H14 Complex Datasets, Related to Figures 3 and 4

(A and B) Representative electron micrograph (A) and class averages (B) of SARS-CoV-2 S in complex with the S2H13 Fab embedded in vitreous ice. Scale

bar: 400Å.

(C) Gold-standard Fourier shell correlation curves for the closed S2H13-bound trimer (black solid line), partially open S2H13-bound trimer (gray solid line) and

locally refined RBM/S2H13 variable domains (black dashed line). The 0.143 cutoff is indicated by horizontal dashed lines.

(D and F) Local resolution maps calculated using cryoSPARC for the closed (D) and partially open (E) reconstructions as well as for the locally refined RBM/S2H13

variable domains (F).

(G and H) Representative electron micrograph (G) and class averages (H) of SARS-CoV-2 S in complex with the S2H14 Fab embedded in vitreous ice. Scale

bar: 400Å.

(I) Gold-standard Fourier shell correlation curves for the S2H14-bound trimer with one RBD closed (black solid line) or three RBDs open (gray solid line). The 0.143

cutoff is indicated by horizontal dashed lines.

(J and K) Local resolution maps calculated using cryoSPARC for the reconstructions with one RBD closed (J) and three RBDs open (K).
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Figure S5. Analysis of Fab and IgG Binding to the Prefusion SARS-CoV-2 S Ectodomain Trimer and Recombinant RBD at Neutral and Acidic

pH Analyzed by Surface Plasmon Resonance, Related to Figures 3, 4, 5, 6, and 7

(A and B) SARS-CoV-2 S or RBDwas captured on the sensor chip surface and binding at multiple mAb concentrations wasmeasured. Neutral pHmeasurements

were performed in multi-cycle format (A) and acidic pH measurements in single-cycle format (B). All data have been fit to a 1:1 binding model, which is an

approximation for the S-binding data, since the kinetics incorporate conformational dynamics between open and closed RBD states, and because IgG binding

involves avidity. The solid gray horizontal line gives the predicted maximum signal (saturation) based on each fit; the dashed line shows the S309 maximum

binding for comparison. Asterisk indicates where a high concentration of S304 IgG was binding to the reference surface (fit was to the first two concentrations

only). All mAbs bind similarly to the RBD at both pHs, but the mAbs that bind to only open RBD show a maximum below S309 in the context of the S trimer. This

difference is dramatic at acidic pH where RBDs are primarily in the closed state (Zhou et al., 2020b). S2X35 was an exception, likely because its very slow off rate

allows it to bias the S equilibrium toward open RBD.
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Figure S6. Conservation Analysis across Clades of Sarbecoviruses, Related to Figures 3, 4, 5, and 6

(A) S glycoprotein residues making contact with S304, S2H13, S2H14 or S2A4 across sarbecovirus clades. Residue numbers for both SARS-CoV-2 S and SARS-

CoV S are shown. Multiple sequence alignment was performed using MAFFT. A dash represents the same residue, a strikethrough represents a gap. Asterisk (*)

indicates manually aligned residues. Civet SARS-CoV is SARS-CoV HC/SZ/61/03 and raccoon dog SARS-CoV is SARS-CoV A031G.

(B) Identity and similarity of SARS-CoV-2 S, RBD, RBM and mAb epitopes across select sequences of the 3 sarbecovirus clades. Values were calculated using

EMBOSS Needle. The insertion in the S2A4 epitope for the Clade 1 sarbecoviruses was not included in the calculation.
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Figure S7. Cryo-EM Data Processing and Validation of the S/S2A4 and S/S304 Complex Datasets, Related to Figures 5 and 6

(A and B) Representative electron micrograph (A) and class averages (B) of SARS-CoV-2 S in complex with the S2A4 Fab embedded in vitreous ice. Scale bar:

400Å. A 2D class average corresponding to an S1 subunit trimer (with disordered S2) bound to three S2A4 Fabs is highlighted in red.

(C) Gold-standard Fourier shell correlation curves for the S2A4-bound trimer (black solid line) and locally refined RBD/S2A4 variable domains (black dashed line).

The 0.143 cutoff is indicated by a horizontal dashed line.

(D and E) Local resolution maps calculated using cryoSPARC for the whole reconstruction (D) as well as for the locally refined RBD/S2A4 variable domains (E).

(F) Superimposition of the three distinct open conformations of the S trimer, with three bound S2A4 Fabs and RBDs swung out to various extent. The arrows

indicate the distinct positions of the Fabs in the maps.

(G and H) CryoEM reconstruction of the S1 subunit trimer (with disordered S2) bound to three S2A4 Fabs viewed along two orthogonal orientations and the

corresponding atomic model fit in density. Each SARS-CoV-2 S1 protomer is colored distinctly (cyan, pink and gold). The S2A4 light and heavy chains are colored

magenta and purple, respectively.

(I and J) Representative electronmicrograph (I) and class averages (J) of SARS-CoV-2 S in complex with the S304 Fab embedded in vitreous ice. Scale bar: 400Å.

(K) Gold-standard Fourier shell correlation curve for the S304-bound S trimer reconstruction. The 0.143 cutoff is indicated by a horizontal dashed line.

(L) Local resolution map calculated using cryoSPARC.

(M) Superimposition of the three distinct open conformations of the S trimer, with three bound S304 Fabs and RBDs swung out to various extent. The arrows

indicate the distinct positions of the Fabs in the maps.

(N and O) CryoEM reconstruction of the S1 subunit trimer (with disordered S2) bound to three S304 Fabs viewed along two orthogonal orientations and the

corresponding atomic model fit in density. Each SARS-CoV-2 S1 protomer is colored distinctly (cyan, pink and gold). The S304 light and heavy chains are colored

magenta and purple, respectively.
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