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Potent neutralizing antibodies against
multiple epitopes on SARS-CoV-2 spike
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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic
continues, with devasting consequences for human lives and the global economy*?,
The discovery and development of virus-neutralizing monoclonal antibodies could
be one approachto treat or prevent infection by this coronavirus. Here we report the
isolation of sixty-one SARS-CoV-2-neutralizing monoclonal antibodies from five
patients infected with SARS-CoV-2 and admitted to hospital with severe coronavirus
disease 2019 (COVID-19). Among these are nineteen antibodies that potently
neutralized authentic SARS-CoV-2 invitro, nine of which exhibited very high potency,
with 50% virus-inhibitory concentrations of 0.7 to 9 ng ml™.. Epitope mapping showed
that this collection of nineteen antibodies was about equally divided between those
directed against the receptor-binding domain (RBD) and those directed against the
N-terminal domain (NTD), indicating that both of these regions at the top of the viral
spike areimmunogenic. In addition, two other powerful neutralizing antibodies
recognized quaternary epitopes that overlap with the domains at the top of the spike.
Cryo-electron microscopy reconstructions of one antibody that targets the RBD, a
second that targets the NTD, and a third that bridges two separate RBDs showed that
the antibodies recognize the closed, ‘all RBD-down’ conformation of the spike. Several
of these monoclonal antibodies are promising candidates for clinical development as
potential therapeutic and/or prophylactic agents against SARS-CoV-2.

Thenovel coronavirus SARS-CoV-2"?has caused more than 14 million con-
firmedinfections globally,and has caused more than 600,000 deaths. This
pandemic has also put much of the world on pause, with unprecedented
disruption of lives and unparalleled damage to the economy. A return
to some semblance of normality will depend on the ability of science to
deliveraneffective solution, and the scientificcommunity hasresponded
admirably. Drug development is well underway, and vaccine candidates
have entered clinical trials. Another promising approach is the isolation
of SARS-CoV-2-neutralizing monoclonal antibodies (mAbs) that could be
used as therapeutic or prophylactic agents. The primary target for such
antibodiesis theviral spike, atrimeric protein®* thatis responsible for bind-
ingofthevirustothe ACE2 receptor onthe host cell****. The spike protein
is comprised of two subunits. The S1subunit has two major structural ele-
ments, RBD and NTD; the S2 subunit mediates virus-cellmembrane fusion
after the RBD has engaged ACE2. Reports of the discovery of neutralizing

mAbs that target the RBD have been published recently’ ™. We now describe
oureffortsinisolatingand characterizinga collection of mAbs that not only
target multiple epitopes ontheviral spike butalso show very high potency
in neutralizing SARS-CoV-2.

Patientselection

Forty patients with PCR-confirmed SARS-CoV-2 infection were enrolled
ina cohort study on virus-neutralizing antibodies. Plasma samples
fromall participants were first tested for neutralizing activity against
SARS-CoV-2 pseudovirus (Wuhan-Hu-1spike pseudotyped with vesicu-
lar stomatitis virus). Neutralizing titres varied widely, with half-maximal
inhibitory concentrations (ICs,s) ranging fromareciprocal plasma dilu-
tion of less than100 to roughly 13,000 (Fig. 1a). We selected five patients
forisolation of mAbsbecause their plasmavirus-neutralizing titres were
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Fig.1|Isolation of SARS-CoV-2 mAbs frominfected patients withsevere
disease. a, Plasma neutralization profile of 40 patients against SARS-CoV-2
pseudovirus (highlighted are five top neutralizers chosen for further study).
b, All252 transfection supernatants were screened for binding to the S trimer
and RBD, as well as for neutralization against SARS-CoV-2 pseudovirus and live
virus. For pseudovirus neutralization, the 50% inhibitory dilutions (IC,,) of

among the highest. The clinical characteristics of these five patients
are summarized in Extended Data Table 1. All were severely ill with
acuterespiratory distress syndrome requiring mechanical ventilation.

Isolation and construction of mAbs

Peripheral blood mononuclear cells from each patient were processed
as shown in Extended Data Fig. 1a, starting with cell sorting by flow
cytometry. The sorting strategy focused on live memory Blymphocytes
that were CD3", CD19°, and CD27' (Extended Data Fig. 1b). The final
step focused on those cells that bound the SARS-CoV-2 spike trimer (S
trimer)*. Atotal of 602,325,14,147,and 145 such B cells from patients1,
2,3,4,and 5, respectively, were labelled with unique hashtags (Extended
Data Fig. 1c). The cells were then placed into the 10X Chromium (10X
Genomics) for single-cell 5-mRNA and V(D)) sequencing to obtain
paired heavy (H) and light (L) chain sequences. A careful bioinfor-
matic analysis was carried out on 1,145 paired sequences to downse-
lect ‘high-confidence’ antigen-specific mAbs. We recovered 331 mAb
sequences, representing 252 individual clones. Only six mAbs were
from patient 3, whereas 44 to 100 mAbs were identified from each of
the other patients (Extended DataFig. 2a). The VH and VL sequences of
252 antibodies (one per clone) were codon-optimized and synthesized,
and each VH and VL gene was then cloned into an expression plasmid
with corresponding constant regions of H chainand L chain of human
IgG1. Monoclonal antibodies were then expressed by co-transfection
of paired full-length H chain and L chain genes into Expi293 cells.

Monoclonal antibody screening

Al1252transfection supernatants were screened for binding tothe Strimer
and RBD by enzyme-linkedimmunosorbent assays (ELISAs), as well as for
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each supernatantare plotted. For live virus, semiquantitative representation
oftheinhibition at adilution of1:50, with neutralization levels ranging from (-)
fornoneto (+++) for complete neutralization, is plotted. Potent antibodies
lateridentified are marked by vertical lines and labelled at the bottom. The
antibodies from each patientare colouredasina.

their ability to neutralize SARS-CoV-2 pseudovirus and live virus (Fig. 1b,
Extended Data Fig. 2). A substantial percentage of the mAbs in the super-
natantsboundStrimer, and asubset of those bound RBD. Specifically, 121
supernatants were scored as positive for Strimer binding, yielding an overall
hitrate of48%. Of these, 38 were positive for RBD binding while the remain-
ing 83 were negative. None of the 13 trimer-specific mAbs from patient 5
recognized RBD. Inthe pseudovirus neutralization screen, 61 supernatants
were scored as positive, indicating that half of the trimer-specific mAbs
werevirus-neutralizing. Inthe screen for neutralization against SARS-CoV-2
(strain USA-WA1/2020), 41 supernatants were scored as positive. Overall,
thisscreeningstrategy was quite effective inidentifying neutralizing mAbs
(vertical lines and labelled antibodies at the bottom of Fig. 1b) that were
later identified as potent.

Sequence analysis of S trimer-specific mAbs

Of the 121 mAbs that bound the S trimer, 88% were IgG isotype, with
IgG1 being predominant (Extended Data Fig. 3a). Comparison to the
IgG repertoires of three healthy human donors” revealed a statistically
significant over-representation of IGHV3-30,1GKV3-20, and IGH)6 genes
for this collection of SARS-CoV-2 mAbs (Extended Data Figs. 3b, ¢).In
addition, the average CDRH3 length was also longer (Extended Data
Fig.3d). Notably, the average percentages of somatic hypermutation
in VH and VL were 2.1and 2.5, respectively, which were significantly
lower than those found in healthy individuals (Extended Data Fig. 3e)
and remarkably close to those of germline sequences.

Antigen binding and virus neutralization

Since the screening for pseudovirus neutralization was performed
quantitatively with serial dilutions of the transfection supernatants,
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Fig.2|Characterization of potent neutralizing mAbs against SARS-CoV-2.
a, Binding profiles of 19 purified potent neutralizing mAbs against the S trimer
(left), RBD (middle),and NTD (right) of SARS-CoV-2. Note that mAb 2-30 bound
multiple proteins at high concentrations. b, Neutralization profiles of the

we plotted in Extended Data Fig. 2b the best-fit neutralization curves
for130 samples that were positive in at least one of the screens shown
in Fig. 1b. Most were non-neutralizing or weakly neutralizing, but 18
showed better potency. One additional supernatant wasinitially missed
inthe pseudovirus screen (patient1in Extended Data Fig. 2b) but was
later found to be a potent neutralizing mAb. Together, these 19 mAbs
were purified fromtransfection supernatants and further characterized
for their binding and neutralization properties. As shown in Fig. 2a,
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pseudovirus (top) and live virus (bottom) for the 19 purified mAbs. Epitope
classifications are listed above plots. Asingle replicate of the binding
experimentand triplicates of neutralization are presented as mean +s.e.m.

quantitative ELISA showed that all but one (2-43) of the mAbs bound
the S trimer. Nine of the antibodies clearly bound RBD, with little or no
binding to NTD. Eight antibodiesbound NTD to varying degrees, with
no binding to RBD. Two mAbs bound neither RBD nor NTD, and were
therefore categorized as ‘other’.

The pseudovirus neutralization profiles for these purified 19 mAbs
areshowninFig.2b (top). The RBD-directed antibodies neutralized the
pseudovirus withICy, values of 0.005 to 0.512 pg ml™; the NTD-directed
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Fig.3|Epitope mappingofselect neutralizing and non-neutralizing mAbs.
a, Competitionresults of non-RBD binders (left) and RBD binders (right) in
blocking binding of ACE2 or biotinylated mAb to the S trimer. In addition, the
ability of eachmAb to bind NTD and RBD,,.is shown. The numbers in each box
show theareaunder each competition curve (AUC) as tested by ELISA. Plus and

antibodies weresslightly less potent, with IC,, values ranging from 0.013
t0 0.767 pg ml™. Acommon feature of the NTD mAbs was the plateauing
of virus neutralization atlevels short of 100%. Two antibodies, catego-
rized as ‘other’, neutralized with ICs, values of 0.071and 0.652 pg ml™.
Antibody neutralization of the authentic or live SARS-CoV-2 (strain
USA-WAI1/2020) was carried out using Vero cellsinoculated with amul-
tiplicity of infection of 0.1. As shown in the bottom portion of Fig. 2b,
the RBD-directed antibodies again neutralized the virus but with IC,
values 0of 0.0007 to 0.209 pg ml™; the NTD-directed antibodies showed
similar potency, with IC,, values ranging from 0.007 to 0.109 pg ml™.
Here, the plateauing effect seenin the pseudovirus neutralization assay
was less apparent. Antibodies 2-43 and 2-51 neutralized the live virus
with ICs, values of 0.003 and 0.007 pg ml™, respectively. Overall, nine
mAbs exhibited high potency in neutralizing authentic SARS-CoV-2
invitrowithIC,, values of 0.009 pg mi~ or less, including four against

© Binding to NTD
[ Potent neutralizing antibody

*Binding knocked out by L455R, A475R, and G502R

minus signsindicate binding and nobinding, respectively, of the mAbto the
protein. Theletters AtoHatthe bottom denote clusters of antibody epitopes
defined by the competition experiments. b, Venndiagraminterpretation of
results fromaand Extended Data Fig. 6b.

RBD (2-15, 2-7,1-57, and 1-20), three against NTD (2-17, 5-24, and 4-8),
and two against undetermined regions onthe S trimer (2-43 and 2-51).
Patient 2 alone contributed five of the top nine SARS-CoV-2 neutralizing
mAbs. A correlation of the results of the two virus-neutralizing assays
isshown in Extended Data Fig. 4.

Epitope mapping

All19 potent neutralizing mAbs (Fig. 2) were further studied inantibody
competition experiments to gain insight into their epitopes. We also
chose 12mAbs that bound the Strimer strongly during the initial super-
natant screen, including 5 that bound RBD (1-97, 2-26, 4-13, 4-24, and
4-29) and 7 that did not bind RBD (1-21, 2-29, 4-15, 4-32, 4-33, 4-41, and
5-45). Four of these mAbs were weak in neutralizing SARS-CoV-2 pseu-
dovirus, and the remaining eight were non-neutralizing (Extended Data
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Fig.4|Cryo-EMreconstructions of Fab-spike complexes and visualization
of neutralizing epitopes on the spike surface. a, Cryo-EM reconstruction of
2-4Fabincomplexwith the S trimerat 3.2 A overall resolution. Density is
colouredwithRBDingreen, NTDinorange, and otherregionsingrey.

b, Cryo-EMreconstruction of 4-8 Fabin complex with the S trimer (ribbon

Fig.5). We used ELISA to evaluate 16 non-RBD mAbs for competitionin
binding to the S trimer in a ‘checkerboard’ experiment. The extent of
the antibody competition is reflected by the intensity of the heatmap
inFig. 3a. There is one large cluster (A) of mAbs that competed with
one another, which partially overlaps with a small cluster (B). A third
cluster (C) does not overlap at all. Note that all but one of the antibodies
in cluster Arecognized NTD. Antibody 2-51is clearly directed against
the NTDregion even though it could notbind NTD. Moreover, one mAb
fromeach of clusters Band C also recognized NTD, thereby indicating
thatall three clusters are within or near the NTD. One mAb, 1-21, appears
to have a unique non-overlapping epitope (epitope region D).

We carried out a similar ‘checkerboard’ competition experi-
ment by ELISA for 14 of our RBD-directed mAbs plus CR30223™,
Here, the heatmap shows four epitope clusters that are serially
overlapping (Fig. 3a). There is one large cluster (E) that contains
mAbs that can largely block ACE2 binding. Furthermore, four
antibodies in this cluster lost the ability to bind to a mutant RBD
(L455R, A475R, G502R) that could no longer bind ACE2 (unpub-
lished data). Together, these results suggest that most of the
mAbs in cluster E are directed against the ACE2-binding interface
of RBD. The next cluster (F) connects to both cluster E and cluster
G, the location of which is defined by its member CR3022%. Last,
cluster G overlaps another cluster (H), which includes 1-97, which
strongly inhibited the binding of 2-30 to the S trimer. This finding
suggests that cluster H may be proximal to one edge of cluster E.
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Fab 4-8 .=

diagram, colouredasina)at3.9 Aoverallresolution, with RBDs in the ‘all-down’
configuration. ¢, Cryo-EMreconstruction of the 2-43 Fabin complex withthe S
trimer at 5.8 A resolution reveals a quaternary epitope involving RBD from one
subunitand another RBD from the next. d, Mapping of the Venn diagrams from
Fig.3b onto the surface of the viral spike.

One potent neutralizing mAb, 2-43, did not bind the S trimer in
ELISA (Fig. 2a) and thus could not be tested in the above competi-
tion experiments. However, 2-43 did strongly bind the S trimer
when expressed on the cell surface, as determined by flow cytom-
etry (Extended DataFig. 6a), and this binding was competed out by
itselfbut not by RBD, NTD, ACE2, or the soluble S trimer* (Extended
Data Fig. 6b). NTD-directed mAbs had only a modest effect on its
binding to cell-surface S trimer, but numerous RBD-directed mAbs
in cluster E potently blocked the binding of 2-43, demonstrating
that this antibody is likely to target a quaternary epitope on the
top of RBD.

These mapping results could be represented by two sets of Venn
diagrams shownin Fig. 3b. In the non-RBD region, the potent neutral-
izingmAbs reside exclusivelyin cluster Aand bind a patchon the NTD.
Weaker neutralizing mAbs recognize aregion at theinterface between
clusters AandB.Inthe RBD region, the most potent neutralizing mAbs
also group together within one cluster (E). Given that all block ACE2
binding, it is likely they recognize the top of RBD and neutralize the
virus by competitive inhibition of receptor binding. Cluster G contains
CR3022,amAbknowntobedirected against an epitope onacrypticsite
ontheside of RBD whenitisinthe ‘up’ position®. Cluster Fis therefore
likely situated between the top and this ‘cryptic’ site. The Venn diagram
also suggests that cluster Hmay occupy a different side surface of RBD,
perhapsinthe region recognized by S309,amAbisolated from a patient
with SARS-CoV-18.
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Fig.5|Efficacy of mAb2-15in protectingagainst SARS-CoV-2infectionin
lung tissues of hamsters. One day before intranasal challenge with
SARS-CoV-2,eachgroup of hamsters was givenasingle intraperitoneal dose of
1.5mgkg?of mAb 2-15(n=4),0.3 mg kg™ of mAb 2-15 (n=4), or saline as control
(n=4).Theviralloadsinthe lungtissues on day 4 after viral challenge were
determined by quantitative PCRwith reverse transcription (QRT-PCR;red), as
well as by an assay to quantify PFUs of infectious SARS-CoV-2 (blue). Alldata
points areshown, along withthe mean +s.d. The differences between the
1.5mgkg™ group and the control group are statistically significant at P< 0.05.

Cryo-electron microscopy

We produced cryo-electron microscopy (cryo-EM) reconstructions of
antigen-binding fragments (Fabs) from three mAbs in complex with the
Strimer*. First, single-particle analysis of the complex with the Fab of
mAD 2-4 (RBD-directed) yielded maps of high quality (Fig. 4a; Extended
DataTable2; Extended DataFig. 7a-d), with the most abundant particle
class representing a 3-Fab-per-trimer complex, refined to an overall
resolution of 3.2 A. While density for the constant portion of the Fabs
was visible, it was blurred as a result of molecular motion, and thus
only the variable domains were included in the molecular model. Fab
2-4 bound the spike protein near the apex, with allRBDs in the ‘down’
orientation, and the structure of the antibody-bound spike protein was
highly similar to previously published unliganded spike structures in
the ‘all-down’ conformation®*. Detailed interactions between mAb 2-4
andRBD are shownin Extended Data Fig. 7e-i. Overall, the structure of
the 2-4 Fab-spike complex shows that neutralization of SARS-CoV-2 by
thismAbislikely to result fromlocking the RBD in the down conforma-
tion while also occluding access to ACE2.

We also produced 3D cryo-EM reconstructions of 4-8 Fab
(NTD-directed) in complex with the S trimer (Extended Data Table 2,
Extended Data Fig. 8a-f). Two main particle classes were observed—
one for a3-Fab-bound complex with all RBDs ‘down’ at 3.9 A resolution
(Fig. 4b), and another a 3-Fab-bound complex with one RBD ‘up’ at
4.0 Aresolution (Extended Data Fig. 8g). However, molecular motion
prevented visualization of the interaction at high resolution. Never-
theless, the density in the 4-8 map reveals the overall positions of the
antibody chains that target the NTD. It is unclear how binding to the
tip of the NTD results in neutralization of SARS-CoV-2.

Third, a5.8 Aresolution reconstruction of 2-43 Fab in complex with
the Strimer (Extended Data Table 2, Extended Data Fig. 8h—-k) revealed
three bound Fabs, each targeting a quaternary epitope on the top of
the spike that included elements of the RBDs from two adjacent S1
protomers (Fig. 4¢), consistent with the epitope mapping results
(Fig. 3b, Extended Data Fig. 6b), including the lack of binding to iso-
lated RBD (Fig.2a). Giventhese findings, the inability of 2-43 tobind the
Strimer in ELISA studies is likely to be an artefact of the assay format,
as this mAb did bind the spike expressed on the cell surface and in the
cryo-EM study.

Armed with these three cryo-EM reconstructions, we used the
Venn diagrams from Fig. 3b to map the epitopes of many of our

SARS-CoV-2-neutralizing mAbs onto the surface of the spike (Fig. 4d).
Thisis obviously arough approximation because antibody footprints
aremuch larger thanthe area occupied by the mAb number. However,
the spatial relationship of the antibody epitopes should be reasonably
represented by Fig. 4d.

mAD 2-15 protects hamsters against SARS-CoV-2

To assess the in vivo potency of mAb 2-15, we performed a protection
experiment in a golden Syrian hamster model of SARS-CoV-2 infec-
tion. The hamsters were first given anintraperitoneal injection of the
antibody atadose of 1.5mgkg™or 0.3 mgkg™, or PBS alone. Intranasal
inoculations of 10° plaque-forming units (PFU) of the HKU-OO1la strain
of SARS-CoV-2 were carried out 24 h later. Four days after virus chal-
lenge, lung tissues were removed to quantify the viral load. As shown
inFig. 5, both viral RNA copy numbers and infectious virus titres were
reduced by 4 logs or more in hamsters given 1.5 mg kg™ of mAb 2-15.
The protection at 0.3 mg kg™ was borderline, as we had estimated. This
pilot animal study demonstrates that the potency of mAb 2-15invitrois
reflected in vivo, with complete elimination of infectious SARS-CoV-2
atarelatively modest antibody dose.

Discussion

We haveidentified a collection of SARS-CoV-2-neutralizing mAbs that
arenotonly potent but also diverse. Nine of these antibodies can neu-
tralize the authentic virus in vitro at concentrations of 9 ng ml™ or
less (Fig. 2b), including four directed against the RBD, three directed
against the NTD, and two directed against nearby quaternary epitopes.
Unexpectedly, many of the these mAbs have V(D)) sequences close
to germline sequences, without extensive somatic hypermutations
(Extended Data Fig. 3e), a finding that bodes well for vaccine devel-
opment. Our most potent RBD-specific mAbs (for example, 2-15, 2-7,
1-57, and 1-20) compare favourably with such antibodies recently
reported”®%1¢ % including those with high potency®*?*%, The in vitro
potency of 2-15is well reflected invivo in the hamster protection experi-
ment (Fig. 5). It appears from the epitope-mapping studies that mAbs
directed against the top of the RBD compete strongly with ACE2 binding
and potently neutralize the virus, whereas those directed against the
side surfaces of the RBD do not compete with ACE2 and neutralize less
potently (Figs.3b, 4d). Our collection of non-RBD neutralizing mAbsis
unprecedented, to our knowledge, in that such antibodies have been
reported only sporadically and only with substantially lower poten-
cies??*, The most potent of these mAbs are directed against (for exam-
ple, 2-17, 524, and 4-8) or overlapping with (2-51) a patch on the NTD
(Figs.3b, 4d).Itisunclear how NTD-directed mAbs block SARS-CoV-2
infection and why their neutralization profiles are different from those
of RBD-directed antibodies (Fig. 2b). Nevertheless, vaccine strategies
thatdonotincludethe NTD willbe unable to induce animportant class
of virus-neutralizing antibodies.

Theisolation of two mAbs (2-43 and 2-51) directed against epitopes
thatdonot map tothe RBD or NTDis also unprecedented, to our knowl-
edge. Cryo-EM of 2-43 Fab bound to the S trimer has confirmed its
epitope as quaternary in nature, crossing from the top of one RBD to
thetop of another RBD (Fig. 4c). It will be equally informative to under-
stand the epitope of 2-51. We have also shown cryo-EM evidence for a
neutralizing mAb (4-8) bound to the NTD of the viral spike (Fig. 4b),
aswell as another high-resolution structure of an mAb (2-4) bound to
the RBD (Fig. 4a).

The potency and diversity of our SARS-CoV-2-neutralizing mAbs
are probably attributable to patient selection. Infected individuals
with severe disease develop amore robust virus-neutralizing antibody
response®. If patient 2 had not been included, five of the top neutral-
izingmAbs would have beenlost. The diversity of our antibodies is also
attributable, in part, to the choice of using the S trimer to sort from
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memory B cells, while most groups have used the RBD”? 62 The
characterization of this diverse collection of mAbs has allowed us to
observe thatall potent SARS-CoV-2-neutralizing antibodies described
to date are directed against the top of the viral spike. RBD and NTD
are, undoubtedly, quite immunogenic. Neutralizing antibodies to
the stemregion of the S trimer remain to be discovered. In conclu-
sion, we believe that several of our monoclonal antibodies with strong
virus-neutralizing activity are promising candidates for development
as modalities to treat or prevent SARS-CoV-2 infection.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment,
except where stated.

Expression and purification of SARS-CoV-2 proteins

The mammalian expression vector that encodes the ectodomain of
the SARS-CoV-2 S trimer and the vector encoding RBD fused with SD1
at the N terminus and an HRV-3C protease cleavage site followed by a
mFctag and an 8 x His tag at the C terminus were kindly provided by
Jason McLellan*. SARS-CoV-2 NTD (aal-290) with an HRV-3C protease
cleavage site, a mFc tag, and an 8 x His tag at the C terminus was also
cloned into mammalian expression vector pCAGGS. Each expression
vector was transiently transfected into Expi293 cells using 1 mg/ml
polyethylenimine (Polysciences). Five days after transfection, the S
trimer was purified using Strep-Tactin XT Resin (Zymo Research), and
the RBD-mFcand NTD-mFc were purified using protein A agarose (Ther-
mokFisher Scientific). In order to obtain RBD-SD1 and NTD, the mFc
and 8 x His tags at the C terminus were removed by HRV-3C protease
(Millipore-Sigma) and then purified using Ni-NTA resin (Invitrogen)
followed by protein A agarose.

Sorting for S trimer-specific B cells and single-cell B cell
receptor sequencing

Peripheral blood mononuclear cells from five patients and one
healthy donor were stained with LIVE/DEAD Fixable Yellow Dead Cell
Stain Kit (Invitrogen) at ambient temperature for 20 min, followed
by washing with RPMI-1640 complete medium and incubation with
10 pg/miStrimer at 4 °C for 45 min. Afterwards, the cells were washed
again and incubated with a cocktail of flow cytometry and hashtag
antibodies, containing CD3 PE-CF594 (BD Biosciences), CD19 PE-Cy7
(Biolegend), CD20 APC-Cy7 (Biolegend), IgM V450 (BD Biosciences),
CD27 PerCP-Cy5.5 (BD Biosciences), anti-His PE (Biolegend), and
human Hashtag 3 (Biolegend) at 4 °C for 1 h. Stained cells were then
washed, resuspended in RPMI-1640 complete medium and sorted
for S trimer-specific memory B cells (CD3"CD19*CD27'S trimer* live
single lymphocytes). The sorted cells were mixed with mononuclear
cellsfromthe same donor, labelled with Hashtag 1, and loaded into the
10X Chromium chip of the 5’ Single Cell Immune Profiling Assay (10X
Genomics) at the Columbia University Human Immune Monitoring
Core (HIMC; RRID:SCR_016740). The library preparation and quality
control were performed according to the manufacturer’s protocol and
sequenced on a NextSeq 500 sequencer (Illumina).

Identification of S trimer-specific antibody transcripts

Foreachsample, full-length antibody transcripts were assembled using
the VD) modulein Cell Ranger (version 3.1.0,10X Genomics) with default
parameters and the GRCh38 genome as reference. To identify cells
from the antigen sort, we first used the count module in Cell Ranger
to calculate copies of all hashtags in each cell from the [llumina NGS
raw reads. High-confidence antigen-specific cells were identified as
follows. In brief, based on the copy numbers of the hashtags observed,
a cell must contain more than 100 copies of the antigen sort-specific
hashtag to qualify as an antigen-specific cell. Because hashtags can
fall off cells and bind to cells from a different population in the sam-
ple mixture, each cell usually has both sorted and spiked-in-specific
hashtags. To enrich for true antigen-specific cells, the copy number
of the specific hashtag has to be at least 1.5x higher than that of the
non-specific hashtag. Low-quality cells were identified and removed
using the cell-calling algorithm in Cell Ranger. Cells that did not have
productive Hand L chain pairs were excluded. If a cell contained more
than two H or/and L chain transcripts, the transcripts with fewer than
three unique molecularidentifiers were removed. Cells withidentical

Hand L chainsequences, which may have resulted from mRNA leakage,
were merged into one cell. Additional filters were applied to remove
low-quality cells and/or transcripts in the antibody gene annotation
process.

Antibody transcript annotation and selection criteria
Antigen-specific antibody transcripts were processed using our bio-
informatics pipeline SONAR for quality control and annotation®. In
brief, V(D)) genes were assigned for each transcript using BLAST? with
customized parameters against a germline gene database obtained
from the international ImMunoGeneTics information system (IMGT)
database?®?, On the basis of BLAST alignments of Vand] regions, CDR3
was identified using the conserved second cysteine in the V region
and WGXG (H chain) or FGXG (L chain) motifs in the]J region (X repre-
sents any amino acid). For H chain transcripts, the constant domain 1
(CHI1) sequences were used to assign isotype using BLAST with default
parameters against a database of human CH1 genes obtained from
IMGT. ABLAST E-value threshold of 10~° was used to find significant iso-
type assignments, and the CH1allele with the lowest E-value was used.
Sequences other than the V(D)) region were removed and transcripts
containingincomplete V(D)) or/and frame shift were excluded. We then
aligned each of the remaining transcripts to the assigned germline V
gene using CLUSTALO® and calculated the somatic hypermutation
level.

Toselectrepresentative antibodies for functional characterization,
we first clustered all antibodies using USEARCH?® with the following
criteria:identical heavy chain VandJ gene assignments, the same length
of CDRH3, and CDRH3 identity higher than 0.9. For each cluster, cells
with the samelight chain Vand) gene assignments were grouped into
aclone. All clone assignments were manually checked. We then calcu-
lated the clonal size for each clone, and one Hand L chain pair per clone
was chosen for antibody synthesis. For clones with multiple members,
the member with the highest somatic hypermutation level was chosen
for synthesis. For cells having multiple high quality H or L chains, which
may be fromdoublets, we synthesized all Hand L chain combinations.

Analysis of S trimer-specific antibody repertoire

Because 88% of the S trimer-specific antibodies were IgG isotype,
we compared the repertoire features to IgG repertoires from three
healthy donors' (17,243 H chains, 27,575 kappaL chains, 20,889 lambda
L chains). Therepertoire datafromthe three healthy donors were com-
bined and annotated using SONAR with the same process as above.

Antibody expression and purification

For each antibody, variable genes were optimized for human cell
expression and synthesized by GenScript. VH and VL were inserted
separately into plasmids (gWiz or pcDNA3.4) that encode the constant
region for H chainand L chain. Monoclonal antibodies were expressed
in Expi293 (ThermoFisher, A14527) by co-transfection of H chain and
L chain expressing plasmids using polyethylenimine and culture at
37 °Cwith shaking at 125 rpm and 8% CO,. On day 3 after transfection,
400 pl supernatant were collected for screening for binding to the S
trimer and RBD by ELISA, and for neutralization of SARS-CoV-2 pseu-
dovirus and authentic virus. Supernatants were also collected on day
5forantibody purification using rProtein A Sepharose (GE, 17-1279-01)
affinity chromatography.

Production of pseudoviruses

Recombinant Indiana vesicular stomatitis virus (rVSV) expressing
the SARS-CoV-2 spike was generated as previously described"*%.
HEK293T cells were grown to 80% confluency before transfection
with pCMV3-SARS-CoV-2-spike (Sino Biological) using FUGENE 6
(Promega). Cells were cultured overnight at 37 °C with 5% CO,. The
next day, medium was removed and VSV-G pseudotyped AG-luciferase
(G*AG-luciferase, Kerafast) was used to infect the cellsin DMEM at a
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MOl of 3 for1hbefore the cells were washed three times with 1x DPBS.
DMEM supplemented with 2% fetal bovine serum, 100 IU/ml of penicil-
linand 100 pg/ml of streptomycin were added to the inoculated cells,
which were cultured overnight as described above. The supernatant
was removed the following day and clarified by centrifugationat300g
for 10 min before aliquoting and storing at —80 °C.

Pseudovirus neutralization

Neutralization assays were performed by incubating pseudovi-
ruses with serial dilutions of heat-inactivated plasma together with
supernatant or purified antibodies, and scored by the reduction in
luciferase gene expression. In brief, Vero E6 cells (ATCC) were seeded in
a96-well plate ataconcentration of 2 x 10* cells per well. Pseudoviruses
were incubated the next day with serial dilutions of the test samples
in duplicate or triplicate for 30 min at 37 °C. The mixture was added
to cultured cells and incubated for an additional 24 h. The lumines-
cence was measured using a Britelite plus Reporter Gene Assay System
(PerkinElmer).1Cs, was defined as the dilution at which the relative light
units were reduced by 50% compared with the virus control wells (virus
+cells) after subtraction of the background in the control groups with
cells only. The ICy, values were calculated using nonlinear regression
in GraphPad Prism 8.0.

Authentic SARS-CoV-2 neutralization

Supernatants containing expressed mAbs were diluted1:10 and 1:50 in
EMEM with 7.5% inactivated fetal calf serum and incubated with authen-
tic SARS-CoV-2 (strain USA-WA1/2020; MOI1 0.1) for 1 h at 37 °C. After
incubation, the mixture was transferred onto a monolayer of Vero-E6
cells that was cultured overnight. After incubation of the cells with
the mixture for 70 h at 37 °C, cytopathic effects (CPEs) caused by the
infection were scored for each well from 0 to 4 to indicate the degree
of virusinhibition. Semi-quantitative representation of theinhibition
foreachantibody-containing supernatant at a dilution of 1:50 is shown
inthelowest panel of Fig. 1b with neutralization levels ranging from (-)
for none to (+++) for complete neutralization.

Anend-pointdilution assayina96-well plate format was performedto
measuretheneutralization activity of select purified mAbs. Inbrief,each
antibody was serially diluted (fivefold dilutions) starting at 20 pg/ml.
Triplicates of each mAb dilution were incubated with SARS-CoV-2 ata
MOl of 0.1in EMEM with 7.5% inactivated fetal calf serum for 1 h at 37 °C.
After incubation, the virus-antibody mixture was transferred onto a
monolayer of Vero-E6 cells grown overnight. The cells were incubated
with the mixture for 70 h. CPEs were visually scored for each wellin a
blinded fashion by twoindependent observers. The results were then
converted into percentage neutralization at a given mAb concentra-
tion, and the averages + s.e.m. were plotted using a five-parameter
dose-response curve in GraphPad Prism 8.0.

Epitope mapping by ELISA
We coated 50 ng per well of S trimer, 50 ng per well of RBD, and 100 ng
per well of NTD onto ELISA plates at 4 °C overnight. The ELISA plates
were then blocked with 300 pl blocking buffer (1% BSAand 10% bovine
calfserum (BCS) (Sigma)) in PBS at 37 °C for 2 h. Afterwards, superna-
tants from the antibody transfection or purified antibodies were serially
diluted using dilution buffer (1% BSA and 20% BCS in PBS), incubated at
37 °Cfor1h.Next,100 pl of 10,000-fold diluted Peroxidase AffiniPure
goat anti-human IgG (H+L) antibody (Jackson ImmunoResearch) was
added into each well and incubated for 1 h at 37 °C. The plates were
washed between each step with PBST (0.5% Tween-20 in PBS). Finally,
the TMB substrate (Sigma) was added and incubated before the reac-
tion was stopped using 1 M sulfuric acid. Absorbance was measured
at450 nm.

For the competition ELISA, purified mAbs were biotin-labelled using
One-Step Antibody Biotinylation Kit (Miltenyi Biotec) following the
manufacturer’s recommendations and purified using 40K MWCO

Desalting Column (ThermoFisher Scientific). Serially diluted com-
petitor antibodies (50 pl) were added into S trimer-precoated ELISA
plates, followed by 50 pl of biotinylated antibodies at aconcentration
thatachievesan OD,s, reading of 1.5in the absence of competitor anti-
bodies. Plates were incubated at 37 °C for 1 h, and 100 pl of 500-fold
diluted Avidin-HRP (ThermoFisher Scientific) was added into each well
and incubated for another 1 h at 37 °C. The plates were washed with
PBST between each of the previous steps. The plates were developed
afterwards with TMB and absorbance was read at 450 nm after the
reaction was stopped.

For the ACE2 competition ELISA, 100 ng of ACE2 protein (Abcam) was
immobilized on the plates at 4 °C overnight. The unbound ACE2 was
washed away by PBST and then the plates were blocked. After washing,
100 ng of S trimer in 50 pl dilution buffer was added into each well,
followed by addition of another 50 pl of serially diluted competitor
antibodies and then incubation at 37 °C for 1 h. The ELISA plates were
washed four times with PBST and then 100 pl of 2,000-fold diluted
anti-strep-HRP (Millipore Sigma) was added into each well for another
1hat37°C.Theplates werethen washed and developed with TMB, and
absorbance was read at 450 nm after the reaction was stopped.

For all the competition ELISA experiments, the relative binding of
biotinylated antibodies or ACE2 to the Strimerin the presence of com-
petitors was normalized by comparing to competitor-free controls.
Relative binding curve and the area under curve (AUC) were gener-
ated by fitting the nonlinear five-parameter dose-response curve in
GraphPad Prism 8.0.

Cell-surface competition binding assay

Expi293 cells were co-transfected with vectors encoding
PRRL-cPPT-PGK-GFP (Addgene) and pCMV3-SARS-CoV-2 (2019-nCoV)
Spike (Sino Biological) at a ratio of 1:1. Two days after transfection,
cells were incubated with a mixture of biotinylated mAb 2-43 (0.25
pg/ml) and serially diluted competitor antibodies at 4 °Cfor1h. Then
100 pl of diluted APC-streptavidin (Biolegend) was added to the cells
and incubated at 4 °C for 45 min. Cells were washed three times with
FACS buffer before each step. Finally, cells were resuspended and
binding of 2-43 to cell-surface S trimer was quantified on an LSRII flow
cytometer (BD Biosciences). The mean fluorescence intensity of APC
in GFP-positive cells was analysed using FlowJo and the relative binding
of2-43tothe Strimerinthe presence of competitors was calculated as
the percentage of the mean fluorescence intensity compared to that
of the competitor-free controls.

Cryo-EM data collection and processing
SARS-CoV-2 S trimer at a final concentration of 2 mg/ml was incu-
bated with sixfold molar excess per spike monomer of the antibody
Fab fragments for 30 min in 10 mM sodium acetate pH 5.5, 150 mM
NaCl, and 0.005% n-dodecyl-B-D-maltoside (DDM). Sample (2 pl) was
incubated on C-flat 1.2/1.3 carbon grids for 30 s and vitrified using
aLeica EM GP Plunge Freezer. Data were collected on a Titan Krios
electron microscope operating at 300 kV equipped with a Gatan K3
direct detectorand energy filter using the Leginon software package®.
Atotal electron fluence of 51.3 e/A% was fractionated over 40 frames,
with a total exposure time of 2 s. A magnification of 81,000x resulted
in a pixel size of 1.058 A, and a defocus range of —0.4 to -3.5 pm was
used. All processing was done using cryoSPARC v2.14.234, Raw movies
were aligned and dose-weighted using patch motion correction, and
the CTF was estimated using patch CTF estimation. A small subset of
approximately 200 micrographs were picked using blob picker, fol-
lowed by 2D classification and manual curation of particle picks, and
used to train a Topaz neural network®. This network was then used to
pick particles from the remaining micrographs, whichwere extracted
with abox size of 384 pixels.

For the 2-4 Fab dataset, 2D classification followed by ab initio mod-
elling and 3D heterogeneous refinement revealed 83,927 particles



with three 2-4 Fabs bound, one to each RBD. Areconstruction of these
particles using non-uniform refinement with imposed C3 symmetry
resultedina3.6 A map, as determined by the gold standard Fourier shell
correlation (FSC). Given the relatively low resolution of the RBD-Fab
interface, masked local refinement was used to obtain a3.5 Amap with
improved density. Amasked local refinement of the remainder of the S
trimer resulted ina 3.5 A reconstruction. These two local refinements
were aligned and combined using the vop maximum functionin UCSF
Chimera®. This was repeated for the half maps, which were used, along
with the refinement mask from the global non-uniform refinement, to
calculate the 3D FSC¥ and obtain an estimated resolution of 3.2 A. All
maps have been submitted to the EMDB with the ID EMD-22156.

For the 4-8 Fab dataset, image preprocessing and particle picking
were performed as above. 2D classification, ab initio modelling, and
3D heterogeneous classification revealed 47,555 particles with 3 Fabs
bound, one to each NTD and with all 3 RBDs in the down conforma-
tion. While this particle stack was refined to 3.9 A using non-uniform
refinement withimposed C3 symmetry, substantial molecular motion
prevented the visualization of the Fab epitope at high resolution
(EMD-22159).Inaddition, 105,278 particles were shown to have 3 Fabs
bound, but with 1RBD in the up conformation. These particles were
refined to 4.0 A using non-uniform refinement with C1 symmetry
(EMD-22158), and suffered from the same conformational flexibility
as the all-RBD-down particles. This flexibility was visualized using 3D
variability analysisin cryoSPARC.

For the 2-43 Fab dataset, which was collected at an electron fluence
of 51.69 e/A?, image preprocessing was performed as above, and par-
ticle picking was performed using blob picker. 2D classification, ab
initio modelling, and 3D heterogeneous classification revealed 10,068
particles with 3 Fabs bound, which was refined to 5.8 A resolution
(EMD-22157).

Cryo-EM modelfitting

Aninitial homology model of the 2-4 Fab was built using Schrodinger
Release 2020-2: BioLuminate?®. The RBD was initially modelled using
the coordinates from PDBID 6W41. The remainder of the S trimer was
modelled using the coordinates from PDB ID 6VSB. These models
were docked into the consensus map using Chimera. The model was
then fitted interactively using ISOLDE 1.0b5* and COOT 0.8.9.2*°,and
using real space refinementin Phenix1.18*. In cases where side chains
were not visible in the experimental data, they were truncated to ala-
nine. Validation was performed using Molprobity* and EMRinger*.
The model was submitted to the PDB with the ID 6XEY. Figures were
prepared using ChimeraX**.

Hamster protection experiment

Invivo evaluation of mAb 2-15in an established golden Syrian hamster
model of SARS-CoV-2infection was performed as described previously
with slight modifications*. Approval was obtained from the University
of Hong Kong (HKU) Committee on the Use of Live Animalsin Teaching
and Research. In brief, 6-8-week-old male and female hamsters were
obtained fromthe Chinese University of Hong Kong Laboratory Animal
Service Centre through the HKU Laboratory Animal Unit and kept in
biosafety level-2 (BSL-2) housing with access to standard pellet feed and
water ad libitum until virus challenge in the BSL-3 animal facility. Each
hamster (n=4 per group) was intraperitoneally administered one dose
of .5mg/kg of mAb 2-15 in phosphate-buffered saline (PBS), 0.3 mg/kg
of mAb 2-15in PBS, or PBS alone as control. Twenty-four hours later,
each hamster wasintranasally inoculated with a challenge dose of 100
plDulbecco’s modified Fagle medium containing 10° PFU of SARS-CoV-2
(HKU-0O1a strain, GenBank accession no: MT230904.1) under intra-
peritoneal ketamine (200 mg/kg) and xylazine (10 mg/kg) anaesthesia.
The hamsters were monitored twice daily for clinical signs of disease
and killed on the fourth day after the challenge. Half of each hamster’s
lung tissue was used for viral load determination by a quantitative

SARS-CoV-2RdRp/Hel RT-PCR assay* and an infectious virus titration
using a plaque assay described previously*. Student’s ¢-test was used
to determine significant differences among the groups, and P< 0.05
was considered statistically significant.

Ethics statement

The acquisition of samples from recovering patients for isolation and
identification of potent monoclonal antibodies against COVID-19
(AAAS9517) was approved by the Columbia University Institutional
Review Board. Informed consent was obtained from all participants
or surrogates.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The 19 neutralizing antibodies have been deposited in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) with accession numbers
from MT712278 to MT712315. Coordinates for the antibody 2-4 complex
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Abs Binding Abs Neutralizing Abs Neutralizing Abs
tested S trimer RBD Non-RBD Pseudovirus Live virus
Total 252 121 38 83 61 41
Patient 1 100 45 19 26 19 11
Patient 2 54 29 12 17 18 18
Patient 3 6 2 0 2 3 0
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Patient 5 48 13 0 13 7
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Extended DataFig.2|Summary of mAbscreening of transfection highlightedin colours, while others with non-neutralizing or weakly
supernatants. a, Numbers of binding and neutralizing antibodies from neutralizing activities are showningrey. One additional supernatant (Patient1)
patients1to5.b, The best-fit pseudovirus neutralization curves for 130 that was initially missed in the pseudovirus screen but later found tobe a
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Extended DataFig. 3| Geneticfeatures of SARS-CoV-2-specific antibody
repertoire.a, 108 of the 123 antigen-specific antibodies are fromIgGisotype.
The kappaandlambdalight chains are comparably used. b, ComparedtoIgG
repertoires of healthy human donors (17,243, 27,575, and 20,889 transcripts for
heavy, kappa, and lambda chains respectively), IGHV3-30 (antigen-specific
n=26and healthy donor n=1117) and IGKV3-20 genes (antigen-specificn=15
and healthy donor n=4,071) are over-represented in heavy and light chain
repertoiresrespectively (Pvaluesare 6.415x10 " and 0.04332 respectively,
x>-testwith1degree of freedom). We did not test the enrichment of other genes
because the numbers of antigen-specificantibodies areless than15.c, The
usage of IGH)6 gene (antigen-specificn=36 and healthy donor n=3646) was
significantly higher in antigen-specific antibodies (y*test with1degree of

freedom, P=0.02807).d, The CDRH3 length of antigen-specific antibodies is
significantly longer thanin healthy donors (two-sided Kolmogorov-Smirnov
test, P=0.014).e,Forbothheavyandlight chains, the Vregion nucleotide
somatic hypermutation levels are significantly lower thanin antibodies of
healthy donors (two-sided Kolmogorov-Smirnov test, P<2.2 x10™ forboth
heavy andlight chains). For the boxplots, the middle lines are medians. The
lower and upper hinges correspond to the first and third quartiles respectively.
The upper whisker extends to values no larger than1.5x IQR (the interquartile
rangeor distance between the first and third quartiles) from the hinge. The
lower whisker extends to values no smaller than1.5x IQR from the hinge. Data
points beyond the whiskers were plotted as outliers using dots.
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Extended DataFig.7|Cryo-EM analysis of antibody 2-4 in complex with the
Strimer. a, Representative micrographand CTF of the micrograph. 8,324
micrographs were collectedin total. b, Representative 2D class averages.

¢, Resolution of the consensus map with C3 symmetry as calculated by 3DFSC.
d, Thelocalresolution of the full map as calculated by cryoSPARC at an FSC
cutoffof0.5. e, Representative density of the Fab 2-4 (blue) and RBD (green)
interface, showinginteractionsof CORH3inred,L1in magenta,and L3 inlight

magenta (left), along with CDRH2 and the N-linked glycosylation added by
SHM at ASN58 (right). f, Fab 2-4 binding interface with RBD. V,is shownin blue,
V,inlightblue, with CDRs Hlinorange, H2 inyellow, H3inred, L1in magenta,
and L3 inlight magenta. g, Positions of antibodies 2-4,5309%, and BD-23° on the
trimeric CoV-2spike. h, Antibody BD-23°in complex with S trimer. i, Somatic
hypermutations found only in the antibody 2-4 heavy chain, showninbrown.
The mutation A60T creates an NxT sequence leading to N58 glycosylation.
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conformationin complexwith Fab4-8 atan FSC cutoff of 0.5, withtwo
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ispoor due to molecular motion. Arigid body fit with SARS-CoV-2 spike and an
antibody variable domain modelis shown. h-k, Cryo-EM data processing for
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Extended Data Table 1| Patient information

Patient Age &S:a)::e sym;lyjt?)ﬁf;::;t to: Biomarker Complications  Qutcome
1 57 Female, Admission: 7 hsCRP = 208 mg/L ARDS Discharged
Hispanic MV: 12 ESR =58 mm/hr on
Ab isolation: 18 IL-6 =23 pg/mL day 30
Ferritin = 766 ng/mL
D-dimer =3.4 ngfmL
FEU
2 71 Female, Admission: 20 hsCRP = 33 mg/L ARDS Discharged
Hispanic MV: 20 ESR > 130 mm/hr Ventilator on
Ab isolation: 29 IL-6=13 pg/mL associated day 45
Ferritin =425 ng/mL pneumaonia
D-dimer =5.7 pg/mL
FEU
3 61 Male, Admission: 10 hsCRP =51 mg/L ARDS Death
White MV: 10 ESR =57 mm/hr Acute kidney on
Ab isolation: 21 IL-6 > 315 pg/mL injury day 28
Ferritin=3,238ng/mL  (hemodialysis)
D-dimer =7.4 ng/mL Sepsis
FEU
4 51 Male, Admission: 7 hsCRP = 88 mg/L ARDS Discharged
Black MV: 10 ESR =110 mm/hr Acute kidney on
Ab isolation: 25 IL-6 =77 pg/mL injury (no day 51
Ferritin =510 ng/mL hemodialysis)
D-dimer=13.4ug/mL  Ventilator
FEU associated
pneumonia
5 50 Male, Admission: 5 hsCRP = 2 mg/L ARDS Discharged
White MV: 7 ESR =63 mm/hr Neuropathy on
Ab isolation: 32 day 27

ARDS, acute respiratory distress syndrome; MV, mechanical ventilation; hsCRP, high sensitivity C-reactive protein, ULN >10 mg/|; ESR, erythrocyte sedimentation rate, ULN =20 mm/h;

Interleukin 6, ULN =5 pg/ml; Ferritin, ULN =150 ng/ml; D-dimer quantitative ULN = 0.8 ug/ml FEU.



Extended Data Table 2 | Cryo-EM data collection, refinement, and validation statistics

SARS-CoV-2 spike with SARS-CoV-2 spike SARS-CoV-2 spike SARS-CoV-2 spike

Fab 2-4 RBD up with Fab 4-8  RBDdownwith b 243
(EMDB-22156) (EMDB-22158) Fab 4-8 (EMDB-22275)
(PDB 6XEY) (EMDB-22159)
Data collection and processing
Magnification 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300
Electron exposure (e—/A2) 51.30 51.30 51.30 51.69
Defocus range (um} -041t0-3.5 -04t0-3.5 -0.4t0-3.5 -04t0-3.5
Pixel size (&) 1.058 1.058 1.058 1.058
Symmetry imposed C3 Cl C3 Cl
Initial particle images (no.) 556,983 256,848 256,848 35,161
Final particle images (no.) 83,927 105,278 47,555 10,068
Map resolution (A) 3.25 4.0 3.9 5.8
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 406.3-3.25 406.3-4.0 406.3-3.9 406.3-5.8
Refinement
Initial model used (PDB code) 6VSB
Model resolution (A) 3.7
FSC threshold 0.5
Model resolution range (A) 406.3-3.25
Map sharpening B factor (A?) -97.5
Maodel composition
Non-hydrogen atoms 28,482
Protein residues 3788
Ligands 63
B factors (A2)
Protein 54.35
Ligand 73.91
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (*) 0.810
Validation
MolProbity score 151
Clashscore 3.59
Poor rotamers (%) 0.22
Ramachandran plot
Favored (%) 84.75
Allowed (%) 5.17

Disallowed (%) 0.08
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

E’ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

IZI A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

El The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ | Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

El A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

El For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

D For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cryo-EM data was collected using Leginon 3.4.beta. Sequencing of memory B cell clones done using lllumina NextSeq 500. Cell sorting was
performed on FACSDiva version 8.0.1.

Data analysis Cryo-EM data was processed using cryoSPARC v2.14.2, MotionCor2, Topaz v0.2.4, 3DFSC v3.0, UCSF Chimera v1.13.1, ChimeraX v0.93, ISOLDE
v1.0b5, Phenix v1.18, and COOT v0.8.9.2. Next-generation sequencing data of antibody repertoires were processed using Cell ranger v3.1.0,
SONAR V1, BLAST v2.2.25, CLUSTALO1.2.3, and USEARCH v9.2.64. FlowJo 10.4 was used for analyzing FACS data.
For 10X Genomics; cellranger 3.1.0 for BCL to FASTQ conversion, and gene counting was used. GraphPad Prism 8 was used for plotting data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

We confirm we have deposited the sequencing dataset into Genbank and they will become available publicly within two business day. Once the accession numbers
are assigned, we will add the data availability statement in the manuscript and here. Healthy donor antibody repertoires were from previous study with SRA ID
PRINA336331. The following data availability statement will be included in the final version of the manuscript: "The 19 neutralizing antibodies were deposited to
Genbank with accession numbers: ACXXXXXXXX. Coordinates for the antibody 2-4 complex are deposited in the Protein Data Bank as PDB 6XEY. Cryo-EM maps and
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data are deposited in EMDB with deposition codes EMDB-22156 for antibody 2-4, EMDB-22158 and EMDB-22159 for antibody 4-8, and EMDB-22275 for antibody
2-43. These data are used in Fig. 4 and Extended Data Figs. 7, 8, 9, 10, and 11."

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E] Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 40 patients detected positive for SARS-CoV-2 using diagnostic RT-PCR tests were used for screening of neutralization abilities of their plasma
samples. Based on the neutralization profile of the plasma, patients with most potent plasma were downselected for sorting of the memory B-
cells and antibody isolation and cloning. The sample size is appropriate within technical capability to downselect multiple patients with potent
neutralizing plasma.

Data exclusions None
Replication All experiments were performed and verified in multiple replicates as indicated in their methods/figure legends of the manuscript.
Randomization All samples were selected for their ability to produce neutralization antibodies and all PBMCs were randomly processed from the 5 patients

with potent neutralization of the plasma using baits specific for their ability to measure neutralization (SARS-CoV-2 S trimer). The screens for
the binding and neutralization assays were also performed without any bias for selection and efficacy determined solely by the potency of the
individual clones/antibodies.

Blinding Blinded scoring of the neutralization of SARS-CoV-2 virus associated cytopathic effects were performed and average of the scores was
converted to percentage of the neutralization. The results were plotted as mean +/- SEM. All other experiments in the study were
predesigned with the hypothesis and strategies were laid out so as to use instruments that were calibrated to report the data. This feature led
to the non-relevance of blinding for any of those experiments. Experiments were validated using technical and/or biological replicates in all
cases.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [x]|[] chip-seq
Eukaryotic cell lines D E] Flow cytometry
Palaeontology and archaeology E] D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used For S trimer-specific B cells sorting and single-cell BCR sequencing, anti-human CD3 PE-CF594 (BD Biosciences, Cat.562406, Clone
SP34-2, Lot.9325656, 1:20 dilution), anti-human CD19 397 PE-Cy7 (Biolegend, Cat.302216, Clone HIB19, Lot.B276834, 1:20 dilution),
anti-human CD20 APC-Cy7 (Biolegend, Cat.302314, Clone 2H7, Lot.B288789, 1:20 dilution), anti-human IgM V450 (BD Biosciences,
Cat.561286, Clone G20-127, Lot.9003910, 1:20 dilution), anti-human CD27 PerCP-Cy5.5 (BD Biosciences, Cat.560612, Clone M-T271,
L0t.9283016, 1:20 dilution), anti-His PE (Biolegend, Cat.362603, Clone J095G46, Lot.B269138, 1:20 dilution), Human Hashtag 3
(Biolegend, Cat.394665, Clone LNH-94,Lot.B282244, 1:20 dilution). For epitope mapping by ELISA, anti-human IgG (Jackson
ImmunoResearch, Cat. 109-035-003, Polyclonal, Lot.146269, 1: 10,000 dilution), Streptavidin-APC (Biolegend, Cat.405243,
Lot.B266052, 1: 2,000 dilution), Avidin-HRP (Invitrogen, Cat.18-4100-51, Lot.2197902, 1: 500 dilutions), anti-Strep-HRP (Strep-Tagl! -
HRP, EMD Millipore, Cat.71591, Lot.3393843, 1: 2,000 dilution).

Validation All validations are available from the commercial website under the validation sheet link for the catalogued item.
1. Anti-human CD3 PE-CF594 (BD Biosciences, Cat # 562406), https://www.bdbiosciences.com/eu/reagents/research/antibodies-
buffers/immunology-reagents/anti-non-human-primate-antibodies/cell-surface-antigens/pe-cf594-mouse-anti-human-cd3-sp34-2/
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2. Anti-human CD19 397 PE-Cy7 (Biolegend, Cat# 302216), https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-
cd19-antibody-1911

3. Anti-human CD20 APC-Cy7 (Biolegend, Cat# 302314), https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-
cd20-antibody-1901

4. Anti-human IgM V450 (BD Biosciences, Cat # 561286), https://www.bdbiosciences.com/eu/applications/research/b-cell-research/
immunoglobulins/human/v450-mouse-anti-human-igm-g20-127/p/561286

5. Anti-human CD27 PerCP-Cy5.5 (BD Biosciences, Cat#t 560612), https://www.bdbiosciences.com/eu/applications/research/b-cell-
research/surface-markers/human/percp-cy55-mouse-anti-human-cd27-m-t271/p/560612

6. Human Hashtag 3 (Biolegend, Cat # 394665), https://www.biolegend.com/en-us/products/totalseq-c0253-anti-human-hashtag-3-
antibody-17164

7. Anti-His PE (Biolegend, Cat# 362603), https://www.biolegend.com/en-us/products/pe-anti-his-tag-antibody-9861

8. Anti-human IgG ( Jackson ImmunoResearch, Cat# 109-035-003), https://www.jacksonimmuno.com/catalog/products/109-035-003
9. Streptavidin-APC (Biolegend, Cat# 405243), https://www.biolegend.com/en-us/products/apc-streptavidin-high-
concentration-10081

10. Avidin-HRP (Invitrogen, Cat# 18-4100-51), https://www.thermofisher.com/order/catalog/product/18-4100-51#/18-4100-5

11. Anti-Strep-HRP (Strep-Tagll —HRP, EMD Millipore, Cat# 71591), https://www.emdmillipore.com/US/en/product/StrepTag-II-
Antibody-HRP-Conjugate,EMD_BIO-71591

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Vero-E6 (ATCC), Expi293 (Thermofisher), 293T (ATCC)

Obtained from authenticated vendors. Cells were recovered as healthy logarithmically growing cells within 4 to 7 days after
thawing. Viability was measured and found to be >90%.

Mycoplasma contamination Mycoplasma is negative (Detected mycoplasma contamination using Mycoplasma PCR ELISA ,Sigma,catalog number is

11663925910)

Commonly misidentified lines  no commonly misidentified lines were used in the study.

(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Eligibility criteria include: (1) greater than age 18 (inclusive) (2) confirmed COVID-19 infection by a FDA- approved molecular
based assay (including those under emergency use authorization) of respiratory or blood specimens; (3) If symptomatic with
COVID-19, must have evidence of improvement of symptoms and a duration of at least 4 weeks from the onset of symptoms
to day of enrollment; (4) If asymptomatic, must have a duration of at least 4 weeks from first positive molecular based
COVID-19 assay to day of enrollment. Among the 40 participants enrolled in this study, the mean age was 50 (20-84) and 53%
were male. Among those with race/ethnicity information, 21% were Black/African American, 38% Latinx, 3% Asian, and 38%
non-Hispanic white.

This is a prospective study to enroll participants who have recovered from coronavirus disease (COVID-19) for the purpose of
obtaining blood specimens to isolate monoclonal antibodies against SARS-CoV2 that can be developed into preventive or
therapeutic agents. Potential participants were referred by health care providers from within the Columbia University Irving
Medical Center/New York Presbyterian Hospital system and from outside institutions. Potential participants were contacted
by study staff and informed consent signed prior to performance of study procedures. All participants with severe COVID-19
were recruited during or after prolonged hospitalization at a single medical center in New York City, while participants with
mild COVID-19 were self-referred through online recruitment. All participants were recruited in March and April, 2020 during
the early stages of the epidemic in New York. These factors may impact the generalizability of our findings.

This protocol, “Acquiring convalescent specimens to isolate and identify potent monoclonal antibodies against
COVID-19” (AAAS9517) was approved by the Columbia University Institutional Review Board. Informed consent was obtained
from all participants or surrogates. This statement is added to the manuscript.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJEguidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

NCT04342195

The protocol "Acquiring convalescent specimens to isolate and identify potent monoclonal antibodies against COVID-19" is accessible
by sending request to Dr. Michael Yin <mty4@cumc.columbia.edu>.
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Data collection The study protocol was approved on 3/13/2020 and the last participant enrolled for this analysis was on 4/7/2020. All data were
collected at Columbia University Irving Medical Center, New York NY. Recruitment and data collection occurred between 3/25/2020
and 4/7/2020.

Outcomes The primary outcome for the clinical study was the SARS-CoV-2 antibody response as measured by the S-trimer and nucleocapsid
ELISA and pseudovirus assays.

Flow Cytometry

Plots
Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
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|Z| All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Peripheral blood mononuclear cells from five patients and one healthy donor were stained with LIVE/DEAD™ Fixable Yellow
Dead Cell Stain Kit (Invitrogen) at ambient temperature for 20 mins, followed by washing with RPMI-1640 complete medium
and incubation with 10 ug/mL of S trimer at 4°C for 45 mins. Afterwards, the cells were washed again and incubated with a
cocktail of flow cytometry and hashtag antibodies, containing CD3 PE-CF594 (BD Biosciences), CD19 PE-Cy7 (Biolegend),
CD20 APC-Cy7 (Biolegend), IgM V450 (BD Biosciences), CD27 PerCP Cy5.5 (BD Biosciences), anti-His PE (Biolegend), and
human Hashtag 3 (Biolegend) at 4°C for 1hr. Stained cells were then washed, resuspended in RPMI-1640 complete medium
and sorted for S trimer-specific memory B cells (CD3-CD19+CD27+S trimer+ live single lymphocytes).

Instrument BD FACSAriall (P69500149)
Software FACSDiva version 8.0.1
Cell population abundance S trimer bait positive cells were purified from the PBMCs of the 5 patients using the gating strategy used below. Purified

trimer positive memory B cells were obtained from 5 patients and compared to healthy donor (negative control) as shown in
extended data figure 1.

Gating strategy As shown in Supplementary Figure 1b, sorting of the PBMC was performed in identical manner for all the samples including
healthy donor. The summary of the gating is provided herewith: All PBMCs were initially gated using FSC-A and SSC-A gates
for lymphocyte populations. The lymphocytes were gated using SSC-H and SSC-W initially followed by FSC-H and FSC-W to
isolate the singlets in the population. The singlets was gated based on the fluorescence from the LIVE/DEAD™ Fixable Yellow
Dead Cell Stain Kit for live cells. This step was followed by selecting for CD3- population by gating the SSC-A versus CD3-PE-
CF594 stained population on the Texas Red channel. The negative population was gated for B-cells by first selecting for CD19
+ cells followed by CD27+ cells on the respective fluorescent channels. The subsets of CD19+ cells were then selected for S-
trimer bait positive by selecting for the cells bound to anti-Histag-PE on the trimer.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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