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During the COVID-19 pandemic, SARS-CoV-2infected millions of people and claimed
hundreds of thousands of lives. Virus entry into cells depends on the receptor binding
domain (RBD) of the SARS-CoV-2 spike protein (S). Although there is no vaccine, it is
likely that antibodies will be essential for protection. However, little is known about
the human antibody response to SARS-CoV-2!. Here we report on 149 COVID-19
convalescent individuals. Plasmas collected an average of 39 days after the onset of
symptoms had variable half-maximal pseudovirus neutralizing titres: less than1:50 in
33% and below 1:1,000 in 79%, while only 1% showed titres above 1:5,000. Antibody
sequencing revealed expanded clones of RBD-specific memory B cells expressing
closely related antibodies in different individuals. Despite low plasma titres,
antibodies to three distinct epitopes on RBD neutralized at half-maximal inhibitory
concentrations (ICs, values) as low as single digit nanograms per millitre. Thus, most
convalescent plasmas obtained from individuals who recover from COVID-19 do

not contain high levels of neutralizing activity. Nevertheless, rare but recurring
RBD-specific antibodies with potent antiviral activity were found in all individuals
tested, suggesting that a vaccine designed to elicit such antibodies could be broadly

effective.

Between April1and May 8,2020,157 eligible participants enrolledin the
study. Of these, 111(70.7%) were individuals diagnosed with SARS-CoV-2
infection by RT-PCR (cases), and 46 (29.3%) were close contacts of
individuals diagnosed with SARS-CoV-2 infection (contacts). While
inclusion criteria allowed for enrollment of asymptomatic partici-
pants, 8 contactsthat did not develop symptoms were excluded from
further analyses. The 149 cases and contacts were free of symptoms
suggestive of COVID-19 for at least 14 days at the time of sample col-
lection. Participant demographics and clinical characteristics are
showninSITablesland2and Extended DataFig.1a. Only oneindividual
who tested positive for SARS-CoV-2 infection by RT-PCR remained
asymptomatic. The other 148 participants reported symptoms sug-
gestive of COVID-19 with an average onset of approximately 39 days

(range 17 to 67 days) before sample collection. In this cohort,
symptoms lasted for an average of 12 days (0-35 days), and 11 (7%) of
the participants were hospitalized. The most common symptoms were
fever (83.9%), fatigue (71.1%), cough (62.4%) and myalgia (61.7%) while
baseline comorbidities were infrequent (10.7%) (S Tables1and 2). There
were no significant differences in duration or severity (see Methods)
of symptoms, or in time from onset of symptoms to sample collection
between genders or between cases and contacts. There was no age dif-
ference between females and malesin our cohort (Extended DataFig.1).

Plasmasamples were tested for binding to the SARS-CoV-2 RBD and
trimeric spike (S) proteins by a validated ELISA using anti-IgG or -IgM
secondary antibodies for detection (Fig.1, Sl Table1and Extended Data
Figs. 2 and 3)%". Eight independent negative controls and the positive
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control plasmasample from participant 21 (COV21) were included for
normalization of the area under the curve in all experiments (AUC).
Overall, 78% and 70% of the plasma samples tested showed anti-RBD
and anti-S IgG AUCs that were at least 2 standard deviations above
the control (Fig. 1a, b). In contrast, only 15% and 34% of the plasma
samples showed IgM responses to anti-RBD and anti-S that were at
least 2 standard deviations above control, respectively (Fig. 1c, d).
There was no positive correlation between anti-RBD or -S IgG or IgM
levels and duration of symptoms or the timing of sample collection
relative to onset of symptoms (Fig. 1e, and Extended Data Figs. 3a-c
and 3g-j). On the contrary, as might be expected, anti-RBD IgM titers
were negatively correlated with duration of symptoms and the timing
of sample collection (Fig.1e and Extended Data Fig. 3h). Anti-RBD IgG
levels were modestly correlated to age, and the severity of symptoms
including hospitalization (Fig. 1f, g and Extended Data Fig. 3k). Interest-
ingly, females had lower anti-RBD and -SIgG titers than males (Fig. 1h,
Extended Data Fig. 2f).

To measure the neutralizing activity in convalescent plasmas we
used HIV-1-based virions carrying a nanoluc luciferase reporter that
were pseudotyped with the SARS-CoV-2 spike (SARS-CoV-2 pseudovi-
rus, see Methods, Fig. 2 and Extended Data Fig. 4). Negative (histori-
cal) and positive (COV21) controls were included in all experiments.
Theoveralllevel of neutralizing activity in the cohort, as measured by
the half-maximal neutralizing titer (NTs,) was generally low, with 33%
lessthan 50 and 79% below 1,000 (Fig. 2a, b). The geometric mean NTs,
was 121 (arithmetic mean = 714), and only 2 individuals reached NT,,s
above 5,000 (Fig.2a,band Sl Table1).

Notably, levels of anti-RBD-and -SIgG antibodies correlated strongly
with NT,, (Fig. 2c, d). Neutralizing activity also correlated with age,
duration of symptoms and symptom severity (Extended Data Fig. 5).
Consistent with this observation, hospitalized individuals with longer
symptom duration showed slightly higher average levels of neutralizing
activity than non-hospitalized individuals (p=0.0495, Fig. 2e). Finally,
we observed a significant difference in neutralizing activity between
males and females (p=0.0031, Fig. 2f). The difference between males
and females was consistent with higher anti-RBD and -S IgG titersin
males, and could not be attributed to age, severity, timing of sample
collection relative to onset of symptoms or duration of symptoms
(Fig. 1h, Extended Data Fig. 1a-d and 2f).

To determine the nature of the antibodies elicited by SARS-CoV-2
infection we used flow cytometry toisolate individual Blymphocytes
withreceptorsthatbound to RBD from theblood of 6 selected individu-
alsincluding the 2 top and 4 high tointermediate neutralizers (Fig. 3).
The frequency of antigen-specific B cells, identified by their ability
to bind to both Phycoerythrin (PE)- and AF647-labeled RBD, ranged
from 0.07 to 0.005% of all circulating B cells in COVID-19 convales-
cents but they were undetectablein pre-COVID-19 controls (Fig. 3a
and Extended DataFig. 6). We obtained 534 paired IgG heavy and light
chain (IGH and IGL) sequences by reverse transcription and subsequent
PCR fromindividual RBD-binding B cells from the 6 convalescent indi-
viduals (see Methods and SI Table 3). When compared to the human
antibody repertoire, several IGHV and IGLV genes were significantly
over-represented (Extended Data Fig. 7). The average number of V
genesnucleotide mutations for IGH and IGL was 4.2 and 2.8, respec-
tively (Extended Data Fig. 8), which s lower thanin antibodies cloned
fromindividuals suffering from chronic infections such as Hepatitis
B or HIV-1, and similar to antibodies derived from primary malaria
infection or non-antigen-enriched circulating IgG memory cells® ™.
Among other antibody features, IGH CDR3 length was indistinguish-
able from the reported norm and hydrophobicity was below average
(Extended Data Fig. 8)"2.

As is the case with other human pathogens, there were expanded
clonesofviral antigen binding B cells in all COVID-19 individuals tested
(see Methods and Fig. 3b,c). Overall, 32.2% of the recovered IGH and
IGL sequences were from clonally expanded B cells (range 21.8-57.4%
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across individuals, Fig. 3b). Antibodies that shared specific combina-
tions of IGHV and IGLV genes in different individuals comprised 14% of
allthe clonal sequences (colored pie slices in Fig. 3b,c). Remarkably, the
amino acid sequences of some antibodies found in differentindividu-
alswerenearlyidentical (Fig. 3e,d). For example, antibodies expressed
by clonally expanded B cells with IGHV1-58/IGKV3-20 and IGHV3-30-3/
IGKV1-39 found repeatedly in different individuals had amino acid
sequence identities of up to 99% and 92%, respectively (Fig. 3d and SI
Table 4). We conclude that the IgG memory response to the SARS-CoV-2
RBDisrichinrecurrent and clonally expanded antibody sequences.

To examine the binding properties of anti-SARS-CoV-2 antibodies,
we expressed 94 representative antibodies, 67 from clones and 27 from
singlets (SI Table 5). ELISA assays showed that 95% (89 out of 94) of the
antibodies tested including clonal and unique sequences bound to the
SARS-CoV-2 RBD with an average half-maximal effective concentration
(ECs,) of 6.9 ng/mL (Fig. 4a and Extended Data Fig. 9a). A fraction of
these (7 out of 77 that were tested, or 9%) cross-reacted with the RBD
of SARS-CoV with EC,s below 1png/mL (Extended Data Fig. 9b and c).
No significant cross-reactivity was noted to the RBDs of MERS,
HCoV-0C43, HCoV-229E or HCoV-NL63.

To determine whether themonoclonal antibodies have neutral-
izing activity, we tested them against the SARS-CoV-2 pseudovirus
(Fig. 4 and SI Table 6). Among 89 RBD binding antibodies tested, we
found 52 that neutralized SARS-CoV-2 pseudovirus with nanogram
per milliliter half-maximal inhibitory concentrations (ICs,s) ranging
from3to 709 (Fig. 4b,c ande, Sl Table 6). A subset of the most potent
ofthese antibodies werealso tested against authentic SARS-CoV-2 and
neutralized with ICyys of less than 5 ng/ml (Fig. 4d,e). Only two of the
antibodies which cross-reacted with the RBD of SARS-CoV showed sig-
nificant neutralizing activity against SARS-CoV pseudovirus (Extended
DataFig.9dande).

Potentneutralizing antibodies were found inindividualsirrespective
of their plasma NTj,s. For example, C121, C144, and C135 with IC;,s of
1.64,2.55and 2.98 ng/mL against authentic SARS-CoV-2, respectively,
were obtained from individuals COV107, COV47, and COV72 whose
plasmaNT,,values were 0f297,10,433 and 3,138, respectively (Figs.2b
and 4). Finally, clones of antibodies with shared IGHV and IGLV genes
were among the best neutralizers, e.g., antibody CO02 composed of
IGHV3-30/IGKV1-39 is shared by the 2 donors with the best plasma
neutralizing activity (red pie slice in Fig. 3b and Fig. 4). We conclude
that evenindividuals with modest plasma neutralizing activity harbor
rarelgG memory B cells that produce potent SARS-CoV-2 neutralizing
antibodies.

To determine whether human anti-SARS-CoV-2 monoclonal anti-
bodies with neutralizing activity can bind to distinct domains on the
RBD, we performed bilayer interferometry experiments in which a
preformed antibody-RBD immune complex was exposed to a second
monoclonal. The antibodies tested comprised 3 groups, all of which
differ in their binding properties from CR3022, an antibody that neu-
tralizes SARS-CoV and binds to, but does not neutralize SARS-CoV-2*,
Representatives of each of the 3 groupsinclude: C144 and C101in Group
1;C121and C009in Group 2; C135in Group 3. All of these antibodies can
bind after CR3022. Groups1and2also bind after Group 3,and Groups
1and 2 differ in that Group 1 can bind after Group 2 but not vice versa
(Fig. 4f-n). We conclude that similar to SARS-CoV, there are multiple
distinct neutralizing epitopes on the RBD of SARS-CoV-2.

To further define the binding characteristics of Groups 1 and 2
antibodies, we imaged SARS-CoV-2 S-Fab complexes by negative
stain electron microscopy (nsEM) using C002 (Group 1, an IGHV3-
30/1GKV1-39 antibody, which is clonally expanded in 2 donors),
Cl119 and C121 (bothin Group 2) Fabs (Fig. 4f-rand Extended Data Fig.10).
Consistent with the conformational flexibility of the RBD, 2D class aver-
ages showed heterogeneity in both occupancy and orientations of
bound Fabs for both groups (Fig. 40-q). The low resolution of NS
EM reconstructions precludes detailed binding interpretations, but



the results are consistent with Fabs from both groups being able to
recognize “up” and “down” states of the RBD, as previously described
for some antibodies targeting this epitope'>'®. The 3D reconstruc-
tions are also consistent with competition measurements indicating
that Groups 1and 2 antibodies bind a RBD epitope distinct from anti-
body CR3022 (Fig. 4f-n) and with a single-particle cryo-EM structure
of a C105-S complex (https://www.biorxiv.org/content/10.1101/202
0.05.28.121533v1.full.pdf). In addition, the structures suggest that
the antibodies bind the RBD with different angles of approach, with
Grouplantibodies more similar to the approach angle of the SARS-CoV
antibody S230" (Fig. 4r).

Human monoclonal antibodies with neutralizing activity against
pathogens ranging from viruses to parasites have been obtained from
naturally infected individuals by single cell antibody cloning. Several
have been shown to be effective in protection and therapy in model
organisms and in early phase clinical studies, but only one antiviral
monoclonalis currently in clinical use’®. Antibodies are relatively expen-
sive and more difficult to produce than small molecule drugs. However,
they differ from drugsin that they can engage the hostimmune system
through their constant domains that bind to Fc gamma receptors on
hostimmune cells”. These interactions can enhance immunity and help
clear the pathogen or infected cells, but they can also lead to disease
enhancement during Dengue® and possibly coronavirus infections?.
This problem has impeded Dengue vaccine development but would
not interfere with the clinical use of potent neutralizing antibodies
that can be modified to prevent Fc gamma receptor interactions and
remain protective against viral pathogens?.

Antibodies are essential elements of most vaccines and will likely
be crucial component of an effective vaccine against SARS-CoV-22%,
Recurrentantibodies have been observed in other infectious diseases
and vaccinal responses'?*? The observation that plasmaneutralizing
activity is low in most convalescent individuals, but that recurrent
anti-SARS-CoV-2 RBD antibodies with potent neutralizing activity can
befoundinindividuals with unexceptional plasma neutralizing activity
suggests that humans are intrinsically capable of generating anti-RBD
antibodies that potently neutralize SARS-CoV-2. Thus, vaccines that
selectively and efficiently induce antibodies targeting the SARS-CoV-2
RBD may be especially effective.
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Fig.1|Plasmaantibodies against SARS-CoV-2. a-d, Graphs show results of
ELISAs measuring plasmareactivity toRBD (a, b) and S protein (c, d). Left
shows optical density units at 450 nm (OD, Y axis) and reciprocal plasma
dilutions (X axis). Negative controls in black; individuals 21,and 47 in blue and
redlines and arrowheads, respectively. Right shows normalized area under the
curve (AUC) for 8 controlsand each of 149 individualsin the cohort. e, Symptom

(Sx) onset totime of sample collection in days (X axis) plotted against

normalized AUC forIgM binding to RBD (Y axis); r=0.5517 and p=<0.0001.
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f, Participantageinyears (X axis) plotted against normalized AUC for IgG
binding to RBD (Y axis); r=0.1827 and p=0.0258. The r and p values for the
correlationsineand fwere determined by two-tailed Spearman’s. g,
Normalized AUC of anti-RBD IgG ELISA for outpatients (n=138) and
hospitalized (n=11) individuals; p=0.0178. h, Normalized AUC of anti-RBD IgG
ELISA for males (n=83) and females (n=66); p=0.0063. For gand h horizontal
barsindicate median values. Statistical significance was determined using
two-tailed Mann-Whitney U test.
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r=0.6721,p=<0.0001. Therand p values for the correlationsincand d were
determined by two-tailed Spearman’s. e, NT;, for outpatients (n=138) and
hospitalized (n=11) individuals; p=0.0495. f, NT;, for males (n=83) and females
(n=66) inthe cohort; p=0.0031. Statistical significance in eand fwas
determined using two-tailed Mann-Whitney U test and horizontal barsindicate
medianvalues. Dotted linesin c to f(NTs,=5) represents lower limit of detection
(LLOD). Samples with neutralizing titers below 1:50 were plotted at LLOD.
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Fig.3|Anti-SARS-CoV-2RBD antibodies. a. Representative flow cytometry
plots showing dual AF647- and PE-RBD binding B cells incontroland 6 study
individuals (for gating strategy see Extended Data Fig. 6). Percentages of
antigen specific B cellsare indicated. Controlis a healthy sample obtained
before COVID-19.b, Pie charts depicting thedistribution of antibody
sequences from 6 individuals. The numberin theinner circle indicates the
number of sequences analyzed forthe individual denoted above the circle.
Whiteindicates sequencesisolated only once, and grey or colored pieslices are
proportional to the numberof clonally related sequences. Red, blue, orange

andyellow pieslicesindicate clones that share thesame IGHV and IGLV genes.
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¢, Circos plot shows sequences fromall 6 individuals with clonal relationships
depictedasinb.Interconnectinglinesindicate the relationship between
antibodies thatshare Vand] gene segment sequencesatboth IGH and IGL.
Purple, greenand gray lines connectrelated clones, clones and singles, and
singlesto eachother, respectively.d, Sample sequence alignment for
antibodies originating from differentindividuals that display highly similar
IGHV(D)J and IGL VJ sequences including CDR3s. Amino acid differencesin
CDR3stothebolded reference sequence above areindicatedinred and dots
representidentities.
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Methods

Study participants

Study participants were recruited at the Rockefeller University Hospital
inNew York from April 1through May 8,2020. Eligible participants were
adults aged 18-76 years who were either diagnosed with SARS-CoV-2
infection by RT-PCR and were free of symptoms of COVID-19 for at
least 14 days (cases), or who were close contacts (e.g., household,
co-workers, members of same religious community) with someone
who had been diagnosed with SARS-CoV-2 infection by RT-PCR and
were free of symptoms suggestive of COVID-19 for at least 14 days (con-
tacts). Exclusion criteria included presence of symptoms suggestive
ofactive SARS-CoV-2infection, or hemoglobin <12 g/dL for males and
<11g/dL for females.

Most study participants wereresidents of the Greater New York City
tri-stateregion and were enrolled sequentially according to eligibility
criteria. Participants were firstinterviewed by phone to collectinforma-
tionontheir clinical presentation, and subsequently presented to the
Rockefeller University Hospital for a single blood sample collection.
Participants were asked to rate the highest severity of their symptoms
onanumeric rating scale ranging from O to 10. The score was adapted
from the pain scale chart, where 0 was the lack of symptoms, 4 were
distressing symptoms (e.g. fatigue, myalgia, fever, cough, shortness
of breath) that interfered with daily living activities, 7 were disabling
symptoms that prevented the performance of daily living activities,
and 10 was unimaginable/unspeakable discomfort (in this case, distress
duetoshortness of breath). All participants provided writteninformed
consentbefore participationin the study and the study was conducted
inaccordance with Good Clinical Practice and clinical data collection
and management was with software iRIS by iMedRIS. The study was
performed in compliance with all relevant ethical regulations and the
protocol for human subject studies was approved by the Institutional
Review Board (IRB) of the Rockefeller University.

Blood samples processing and storage

Peripheral Blood Mononuclear Cells (PBMCs) were obtained by gra-
dient centrifugation and stored in liquid nitrogen in the presence
of FCS and DMSO. Heparinized plasma and serum samples were ali-
quoted and stored at -20 °C or less. Prior to experiments, aliquots of
plasmasamples were heat-inactivated (56C for 1hour) and then stored
at4C.

Cloning, expression and purification of recombinant
coronavirus proteins

Codon-optimized nucleotide sequences encoding the SARS-CoV-2 S
ectodomain (residues 16-1206) and receptor binding domain (RBD;
residues 331-524) were synthesized and subcloned into the mam-
malian expression pTwist-CMV BetaGlobin vector by Twist Biosci-
ence Technologies based on an early SARS-CoV-2 sequence isolate
(GenBank MN985325.1). The SARS-CoV-2 RBD construct included
an N-terminal human IL-2 signal peptide and dual C-terminal tags
((GGGGS),-HHHHHHHH (octa-histidine), and GLNDIFEAQKIEWHE
(AviTag)). In addition, the corresponding S1° or receptor binding
domains for SARS-CoV (residues 318-510; GenBank AAP13441.1),
MERS-CoV (residues 367-588; GenBank JX869059.2), HCoV-NL63
(residues 481-614; GenBank AAS58177.1), HCoV-OC43 (residues 324-
632; GenBank AAT84362.1), and HCoV-229E (residues 286-434; Gen-
Bank AAK32191.1) were synthesized with the same N- and C-terminal
extensions as the SARS-CoV-2 RBD construct and subcloned into the
mammalian expression pTwist-CMV BetaGlobin vector (Twist Biosci-
ence Technologies). The SARS-CoV-2 S ectodomain was modified as
previously described*. Briefly, the S ectodomain construct included
an N-terminal mu-phosphatase signal peptide, 2P stabilizing muta-
tions (K986P and V987P), mutations to remove the S1/S2 furin cleavage
site (,5,RRAR¢gs to GSAS), a C-terminal extension (IKGSG-RENLYFQG

(TEV protease site), GGGSG-YIPEAPRDGQAYVRKDGEWVLLSTFL
(foldon trimerization motif), G-HHHHHHHH (octa-histidine tag), and
GLNDIFEAQKIEWHE (AviTag)). The SARS-CoV-2 S 2P ectodomain and
RBD constructs were produced by transient transfection of 500 mL of
Expi293F cells (Thermo Fisher) and purified from clarified transfected
cell supernatants four days post-transfection using Ni**-NTA affinity
chromatography (GE Life Sciences). Affinity-purified proteins were
concentrated and further purified by size-exclusion chromatography
(SEC) using a Superdex200 16/60 column (GE Life Sciences) running
in1x TBS (20 mM Tris-HCI pH 8.0,150 mM NaCl, and 0.02% NaN,). Peak
fractions were analyzed by SDS- PAGE, and fractions corresponding
to soluble S 2P trimers or monomeric RBD proteins were pooled and
storedat4°C.

ELISAs

Validated ELISAs®’ to evaluate antibodies binding to SARS-CoV-2 RBD
and trimeric spike proteins, and to SARS-CoV RBD, were performed
by coating of high binding 96 half well plates (Corning #3690) with
50 pL per well of a 1pg/mL protein solution in PBS overnight at 4 °C.
Plates were washed 6 times with washing buffer (1xPBS with 0.05%
Tween 20 (Sigma-Aldrich)) and incubated with 170 pL per well block-
ing buffer (IxPBS with 2% BSA and 0.05% Tween20 (Sigma)) for 1 hour
at room temperature (RT). Immediately after blocking, monoclonal
antibodies or plasma samples were added in PBS and incubated for
1hr at RT. Plasma samples were assayed at a1:200 starting dilution
and seven additional 3-fold serial dilutions. Monoclonal antibodies
were tested at10pug/ml starting concentration and 10 additional 4-fold
serial dilutions. Plates were washed 6 times with washing buffer and
then incubated with anti-human IgG or IgM secondary antibody con-
jugated to horseradish peroxidase (HRP) (Jackson Immuno Research
109-036-088 and 109-035-129) in blocking buffer ata1:5000 dilution.
Plates were developed by addition of the HRP substrate, TMB (Ther-
moFisher) for 10 minutes, then the developing reaction was stopped
by adding 501l 1M H,SO, and absorbance was measured at 450nm
withan ELISA microplate reader (FluoStar Omega, BMG Labtech) with
Omegaand Omega MARS software for analysis. For plasma samples, a
positive control (plasma from patient COV21, diluted 200-fold in PBS)
and negative control historical plasmasamples was added in duplicate
to every assay plate for validation. The average of its signal was used
for normalization of all the other values on the same plate with Excel
software prior to calculating the area under the curve using Prism 8
(GraphPad). For monoclonal antibodies, the half-maximal effective
concentration (EC,,) was determined using 4-parameter nonlinear
regression (GraphPad Prism).

293T,, cells

For constitutive expression of ACE2 in 293T cells, a cDNA encoding
ACE2, carrying twoinactivating mutationsin the catalytic site (H374N
& H378N), was inserted into CSIB 3’ to the SFFV promoter®°, 293T,,
cells were generated by transduction with CSIB based virus followed
by selection with 5 pg/ml Blasticidin.

SARS-CoV-2and SARS-CoV pseudotyped reporter viruses

A plasmid expressing a C-terminally truncated SARS-CoV-2 S protein
(pSARS-CoV2-S,,,,.) was generated by insertion of a human-codon
optimized cDNA encoding SARS-CoV-2 S lacking the C-terminal 19
codons (Geneart) into pCR3.1. The S ORF was taken from “Wuhan sea-
food market pneumonia virus isolate Wuhan-Hu-1” (NC_045512). For
expression of full-length SARS-CoV S protein, “Human SARS corona-
virus Spike glycoprotein Gene ORF cDNA clone expression plasmid
(Codon Optimized)” (here referred to as pSARS-CoV-S) was obtained
from SinoBiological (Cat: VG40150-G-N). An env-inactivated HIV-1
reporter construct (pNL4-3AEnv-nanoluc) was generated from pNL4-3*
byintroducinga 940 bp deletion 3’ to the upu stop-codon, resulting in
aframeshift in env. The human codon-optimized nanoluc Luciferase



reporter gene (NVluc, Promega) was inserted in place of nucleotides
1-100 of the nef-gene. To generate pseudotyped viral stocks, 293T cells
were transfected with pNL4-3AEnv-nanoluc and pSARS-CoV2-S,, ..
or pSARS-CoV-S using polyethyleneimine. Co-transfection of pNL4-
3AEnv-nanoluc and S-expression plasmids leads to production of
HIV-1-based virions carrying either the SARS-CoV-2 or SARS-CoV spike
proteinonthe surface. Eight hours after transfection, cells were washed
twice with PBS and fresh media was added. Supernatants containing
virions were harvested 48 hours post transfection, filtered and stored
at-80 °C. Infectivity of virions was determined by titration on 293T,,
cells. See also https://www.biorxiv.org/content/10.1101/2020.06.08.
140871v1.

Pseudotyped virus neutralization assay

Five-fold serially diluted plasma from COVID-19 convalescentindividu-
alsand healthy donors or four-fold serially diluted monoclonal antibod-
ieswereincubated with the SARS-CoV-2 or SARS-CoV pseudotyped virus
for 1hour at 37 °C degrees. The mixture was subsequently incubated
with 293 T, cells for 48 hours after which cells were washed twice with
PBS and lysed with Luciferase Cell Culture Lysis 5x reagent (Promega).
Nanoluc Luciferase activity in lysates was measured using the Nano-Glo
Luciferase Assay System (Promega) with Modulus Il Microplate Reader
User interface (TURNER BioSystems). Relative luminescence units
obtained were normalized to those derived from cells infected with
SARS-CoV-2 or SARS-CoV pseudotyped virusin the absence of plasma
or monoclonal antibodies. The half-maximal inhibitory concentration
for plasma (NTs,) or monoclonal antibodies (IC,,) was determined using
4-parameter nonlinear regression (GraphPad Prism).

Celllines, virus and virus titration

VeroE6 kidney epithelial cells (Chlorocebus sabaeus; ATCC) and Huh-7.5
hepatoma cells (H. sapiens; Dr. Charles Rice, Laboratory of Virology
and Infectious Disease, The Rockefeller University) were cultured.in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1%
nonessential amino acids (NEAA) and 10% fetal bovine serum (FBS)
at 37 °C and 5% CO,. All cell lines have been tested negative for con-
tamination with mycoplasma and were obtained from the ATCC (with
the exception for Huh-7.5). SARS-CoV-2, strain USA-WA1/2020, was
obtained from BEIResources and amplified in VeroE6 cells at 33 °C. Viral
titers were measured on Huh-7.5 cells by standard plaque assay (PA).
Briefly, 500 pL of serial 10-fold virus dilutions in Opti-MEM were used
to infect 400,000 cells seeded the day prior in a 6-well plate format.
After 90 min adsorption, the virus inoculum was removed, and cells
were overlayed with DMEM containing 10% FBS with 1.2% microcrys-
talline cellulose (Avicel). Cells were incubated for five days at 33 °C,
followed by fixation with 3.5% formaldehyde and crystal violet staining
for plaque enumeration. Allexperiments were performed in a biosafety
level 3 laboratory.

Microscopy-based neutralization assay of authentic SARS-CoV-2
The day prior toinfection VeroE6 cells were seeded at 12,500 cells/
wellinto 96-well plates. Antibodies were serially diluted in BA-1, mixed
with a constant amount of SARS-CoV-2 (grown in VeroE6) and incu-
bated for 60 minat 37 °C. The antibody-virus-mix was then directly
applied to VeroE6 cells (MOl of ~0.1PFU/cell). Cells were fixed 18 hours
postinfection by adding an equal volume of 7% formaldehyde to the
wells, followed by permeabilization with 0.1% Triton X-100 for 10
min. After extensive washing, cells were incubated for 1 hour at room
temperature with blocking solution of 5% goat serum in PBS (cata-
log no. 005-000-121; Jackson ImmunoResearch). A rabbit polyclonal
anti-SARS-CoV-2 nucleocapsid antibody (catalog no. GTX135357; Gene-
Tex) was added to the cells at 1:500 dilution in blocking solution and
incubated at4 °Covernight. Agoatanti-rabbit AlexaFluor 594 (catalog
no. A-11012; Life Technologies) at a dilution of 1:2,000 was used as a
secondary antibody. Nuclei were stained with Hoechst 33342 (catalog

no.62249; Thermo Scientific) ata1:1,000 dilution. Images were acquired
with a fluorescence microscope and analyzed using ImageXpress
Micro XLS and MetaXpress software (Molecular Devices, Sunny-
vale, CA). All statistical analyses were done using Prism 8 software
(GraphPad).

Biotinylation of viral protein for use in flow cytometry

Purified and Avi-tagged SARS-CoV-2 RBD was biotinylated using the
Biotin-Protein Ligase-BIRA kit according to manufacturer’s instruc-
tions (Avidity). Ovalbumin (Sigma, A5503-1G) was biotinylated using
the EZ-Link Sulfo-NHS-LC-Biotinylation kit according to themanufac-
turer’s instructions (Thermo Scientific). Biotinylated Ovalbumin was
conjugated to streptavidin-BV711 (BD biosciences, 563262) and RBD
to streptavidin-PE (BD biosciences, 554061) and streptavidin-Alexa
Fluor 647 (AF647, Biolegend, 405237) respectively®,

Single cell sorting by flow cytometry

PBMCs were enriched for B cells by negative selection using a pan B
cellisolation kit according to the manufacturer’s instructions (Milte-
nyi Biotec, 130-101-638). The enriched B cells were incubated in FACS
buffer (1 X Phosphate-buffered Saline (PBS), 2% calf serum, 1 mM
EDTA) with the following anti-human antibodies (all at 1:200 dilu-
tion): anti-CD20-PECy7 (BD Biosciences, 335793), anti-CD3-APC-eFluro
780 (Invitrogen, 47-0037-41), anti-CD8-APC-eFluro 780 (Invitrogen,
47-0086-42), anti-CD16-APC-eFluro 780 (Invitrogen, 47-0168-41),
anti-CD14-APC-eFluro 780 (Invitrogen, 47-0149-42), as well as Zombie
NIR (BioLegend, 423105), and fluorophore-labeled RBD and Ovalbu-
minfor 30 minutesonice®. Single CD3"CD8 CD16 CD20*0Ova RBD-PE
‘RBD-AF647' B cells were sorted into individual wells of 96-well plates
containing 4 pl of lysis buffer (0.5 X PBS, 10mM DTT, 3000 units/mL
RNasin Ribonuclease Inhibitors (Promega, N2615) per well using a FACS
Ariallland FACSDiva software (Becton Dickinson) for acquisition and
FlowJo for analysis. The sorted cells were frozen on dry ice, and then
stored at-80 °C orimmediately used for subsequent RNA reverse tran-
scription. Although cells were not stained for IgG expression, they are
memory B cells based onthe fact that they are CD20" (amarker absent
inplasmablasts) and they express IgG (since antibodies were amplified
from these cells using IgG-specific primers).

Antibody sequencing, cloning and expression

Antibodies were identified and sequenced as described previously
Briefly, RNA from single cells was reverse-transcribed (SuperScript Il
Reverse Transcriptase, Invitrogen, 18080-044) and the cDNA stored at
20 °Cor used for subsequent amplification of the variable IGH, IGL and
IGK genes by nested PCR and Sanger sequencing®. Anti-Zika virus mon-
oclonal antibody Z021* was used as isotype control. Sequence analy-
sis was with MacVector. Amplicons from the first PCR reaction were
used as templates for Sequence- and Ligation-Independent Cloning
(SLIC) into antibody expression vectors. Recombinant monoclo-
nal antibodies and Fabs were produced and purified as previously
described>¢,

27,33,34

Biolayer interferometry

BLlassays were performed on the Octet Red instrument (ForteBio) at
30 °C with shaking at 1,000 r.p.m. Epitope binding assays were per-
formed with protein A biosensor (ForteBio 18-5010), following the
manufacturer’s protocol “classical sandwich assay”. (1) Sensor check:
sensors immersed 30 sec in buffer alone (buffer ForteBio 18-1105).
(2) Capture 1** Ab: sensors immersed 10min with Abl at 40 pg/mL. (3)
Baseline: sensorsimmersed 30 secin buffer alone. (4) Blocking: sensors
immersed 5 minwithIgGisotype control at 50 pg/mL. (6) Antigen asso-
ciation: sensors immersed 5 min with RBD at 100 pg/mL. (7) Baseline:
sensorsimmersed 30 secinbuffer alone. (8) Association Ab2: sensors
immersed 5 min with Ab2 at 40 pg/mL. Curve fitting was performed
using the Fortebio Octet Data analysis software (ForteBio).
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Computational analyses of antibody sequences

Antibody sequences were trimmed based on quality and annotated
using Igblastn v1.14.0% with IMGT domain delineation system. Anno-
tation was performed systematically using Change-O toolkit v.0.4.5%.
Heavy and light chains derived from the same cell were paired, and
clonotypes were assigned based on their Vand ) genes using in-house
Rand Perl scripts (Fig. 3b,c). All scripts and the data used to process
antibody sequences are publicly available on GitHub (https://github.
com/stratust/igpipeline).

The frequency distributions of human V genes in anti-SARS-CoV-2
antibodies from this study was compared to Sequence Read Archive
SRP010970%. The V(D)J assignments were done using IMGT/High
V-Quest and the frequencies of heavy and light chain V genes were
calculated for14 and 13 individuals, respectively, using sequences with
unique CDR3s. The two-tailed t test with unequal variances was used
to determine statistical significance (Extended Data Fig. 7).

Nucleotide somatic hypermutation and CDR3 length were deter-
mined usingin-house Rand Perl scripts. For somatic hypermutations,
IGHV and IGLV nucleotide sequences were aligned against their closest
germlines using Igblastn and the number of differences were consid-
ered nucleotide mutations. The average mutations for V genes was
calculated by dividing the sum of all nucleotide mutations across all
patients by the number of sequences used for the analysis. To calculate
the GRAVY scores of hydrophobicity*® we used Guy H.R. Hydrophobic-
ity scale based on free energy of transfer (kcal/mole)* implemented
by the R package Peptides available in the Comprehensive R Archive
Network repository (https://journal.r-project.org/archive/2015/
RJ-2015-001/RJ-2015-001.pdf). We used 533 heavy chain CDR3 amino
acid sequences from this study (sequence COV047_P4_IgG_51-P1369
lacks CDR3 amino acid sequence) and 22,654,256 IGH CDR3 sequences
from the public database of memory B-cell receptor sequences*. The
Shapiro-Wilk test was used to determine whether the GRAVY scores
are normally distributed. The GRAVY scores from all 533 IGH CDR3
amino acid sequences from this study were used to perform the test
and 5000 GRAVY scores of the sequences from the public database
were randomly selected. The Shapiro-Wilk p-values were 6.896 x107
and 2.217 x 10°¢ for sequences from this study and the public data-
base, respectively, indicating the data are not normally distributed.
Therefore, we used the Wilcoxon non-parametric testto compare the
samples, whichindicated a difference in hydrophobicity distribution
(p=5x107% Extended Data Fig. 8).

Negative-stain EM Data Collection and Processing

Purified Fabs (C002, C119, and C121) were complexed with SARS-CoV-2
S trimer at a 2-fold molar excess for 1 min and diluted to 40 pg/mLin
TBS immediately before adding 3 pL to a freshly-glow discharged
ultrathin, 400 mesh carbon-coated copper grid (Ted Pella, Inc.). Sam-
ples were blotted after al minincubation period and stained with 1%
uranyl formate for anadditional minute before imaging. Micrographs
were recorded ona Thermo Fisher Talos Arcticatransmission electron
microscope operating at 200 keV using a K3 direct electron detector
(Gatan, Inc) and SerialEM automated image acquisition software®.
Images were acquired at anominal magnification of 28,000x (1.44 A/
pixelsize) and a-1.5to -2.0 pm defocus range. Images were processed
incryoSPARC, and reference-free particle picking was completed using
agaussian blob picker**. Reference-free 2D class averages and ab initio
volumes were generated in cryoSPARC, and subsequently 3D-classified
to identify classes of S-Fab complexes, that were then homogenously
refined. Figures were prepared using UCSF Chimera®. The resolutions
of the final single particle reconstructions were ~17-20 A calculated
using agold-standard FSC (0.143 cutoff) and ~24-28 Ausing a 0.5 cutoff.

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

Data availability

Data are provided in Sl Tables 1, 3, 4, 5 and 6; and in Figure 3 has
associated raw sequencing data deposited at Github (https://github.
com/stratust/igpipeline). This study also includes A Public Database
of Memory and Naive B-Cell Receptor Sequences (https://datadryad.
org/stash/dataset/d0i:10.5061/dryad.35ks2), PDB datasets 6VYB and
6NB6 and Sequence Read Archive SRP010970.

Code availability

Computer code to process the antibody sequences is available at
GitHub (https://github.com/stratust/igpipeline).
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Extended DataFig.1|Clinical correlates.a, Summary of the cohort’s
characteristics. b, Age distribution (Y axis) for all males (n=83) and females
(n=66) inthe cohort; p=0.2074. ¢, Duration of symptoms in days (Y axis) for all
males (n=83) and females (n=66) inthe cohort; p=0.8704.d, Time between
symptomonset and plasma collection (Y axis) for all males (n=83) and females
(n=66) inthe cohort; p=0.5514. e, Subjective symptom severity on ascale of
0-10 (Y axis) for all males (n=83) and females (n=66) in the cohort; p=0.1888.

f, Age distribution (Y axis) for all cases (n=111) and contacts (n=38) in the
cohort; p=0.0305. g, Duration of symptoms indays (Y axis) for all cases (n=111)
and contacts (n=38) inthe cohort; p=0.1241. h, Time between symptom onset
and plasma collectionin days (Y axis) for all cases (n=111) and contacts (n=38) in

the cohort; p=0.1589. i, Symptom severity (Y axis) for all cases (n=111) and
contacts (n=38) inthe cohort; p=0.0550.j, Age distribution (Y axis) for all
outpatient (n=138) and hospitalized (n=11) participants; p=0.0024.k, Duration
of symptomsindays (Y axis) for all outpatient (n=138) and hospitalized (n=11)
participantsinthe cohort; p=<0.0001.1, Time between symptom onset and
plasma collectionin days (Y axis) for all outpatient (n=138) and hospitalized
(n=11) participants in the cohort; p=0.0001. m, Symptom severity (Y axis)
forall outpatient (n=138) and hospitalized (n=11) participantsin the cohort;
p=<0.0001.Horizontal barsindicate median values. Statistical significance
was determined using two-tailed Mann-Whitney U test.
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Extended DataFig. 6 | Flow cytometry. Gating strategy used for cell sorting. Gating was on singlets that were CD20" and CD3"CD8 CD16 Ova". Sorted cells were

RBD-PE*and RBD-AF647".
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Software and code

Policy information about availability of computer code

Data collection IRIS by iMedRIS version 11.01 for clinical data collection and management; BD FACSDiva Software Version 8.0.2 for flow sorting; Omega
version 5.11 by BMG Labtech for luminometer; Modulus Il Microplate Reader User interface version 2.1.0 by TURNER BioSystems; MetaXpress
V 6.1.2071 by Molecular Devices; SerialEM automated image acquisition software version 3.7.

Data analysis FlowJo 10.6.2 for FACS analysis; GraphPad Prism 8.4.2; Microsoft Excel 16.36; MacVector 17.5.4 for sequence analysis; Omega MARS V2.10 by
BMG Labtech for luminometer; Fortebio Octet Data Analysis Software 8.0; cryoSPARC v2.15 and UCSF chimera version 1.13.1 for EM analysis;
code for sequence analysis can be obtained at https://github.com/stratust/igpipeline.

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
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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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Data are provided in Sl Tables 1, 3, 4, 5 and 6; and Figure 3 has associated raw sequencing data (https://github.com/stratust/igpipeline).
Databases used in this study include A Public Database of Memory and Naive B-Cell Receptor Sequences (https://datadryad.org/stash/dataset/doi:10.5061/
dryad.35ks2), PDB datasets 6VYB and 6NB6 and Sequence Read Archive SRP010970.
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Life sciences study design

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

Sample size Sample size of 157 individuals was based on how many we were able to recruit for blood donation between April 1 and May 8, 2020.

Data exclusions 8 contacts (i.e. exposed to SARS-CoV-2 confirmed infected individuals, but themselves not tested by RT-PCR) that did not develop symptoms
were excluded from further analyses as it is possible that they were not infected. Exclusion criteria were not pre-established.

Replication All experiments successfully repeated at least twice.
Randomization  Thisis not relevant as this is an observational study.

Blinding This is not relevant as this is an observational study.

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 |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XNXOXXOOS
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Dual use research of concern

Antibodies

Antibodies used Mouse anti-human CD20-PECy7 (BD Biosciences, 335793), clone L27
Mouse anti-human CD3-APC-eFluro 780 (Invitrogen, 47-0037-41), clone OKT3
Mouse anti-human CD8-APC-421eFluro 780 (Invitrogen, 47-0086-42), clone OKT8
Mouse anti-human CD16-APC-eFluro 780 (Invitrogen, 47-0168-41), clone eBioCB16
Mouse anti-human CD14-APC-eFluro 780 (Invitrogen, 47-0149-4), clone 61D3
Peroxidase Goat Anti-Human 1gG Jackson Immuno Research 109-036-088
Peroxidase Goat Anti-Human IgM Jackson Immuno Research 109-035-129
Rabbit polyclonal anti-SARS-CoV-2 nucleocapsid antibody (catalog no. GTX135357; GeneTex)
Goat anti-rabbit AlexaFluor 594 (catalog no. A-11012; Life Technologies)
Anti-Zika virus monoclonal antibody Z021 (Robbiani et al, Cell 2017) used as isotype control

Validation The human monoclonal antibody 2021, which binds to the Envelope Domain Il of the Zika virus, was previously reported and
validated (PMID: 31413072). No validation statements for the other antibodies that are commercially available.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293T (ATCC CRL-11268)
293TAce2 (derived from 293T); new cell line generated in this study
VeroE6 (ATCC CRL-1586)
Expi293F (ThermoFisher cat. A14527)
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Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Huh 7.5 (a derivative of Huh 7) was generated in the Laboratory of Virology and Infectious Disease, Rockefeller University (Dr.
Charles Rice)

Not authenticated after purchase, with the exception of the Huh 7.5 cells (authenticated by Genetica Cell Line Testing)
The cells were checked for mycoplasma contamination by Hoechst staining or MycoAlert Kit from Lonza.

No commonly misidentified cell lines were used.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

We enrolled 83 males and 66 females with an average age of 45 and 42, respectively. Eligible participants were adults aged
18-76 years who were either diagnosed with SARS-CoV-2 infection by RT-PCR and were free of symptoms of COVID-19 for at
least 14 days (cases), or who were close contacts (e.g., household, co-workers, members of same religious community) with
someone who had been diagnosed with SARS-CoV-2 infection by RT-PCR and were free of symptoms suggestive of COVID-19
for at least 14 days (contacts). Exclusion criteria included presence of symptoms suggestive of active SARS-CoV-2 infection, or
hemoglobin < 12 g/dL for males and < 11 g/dL for females.

Study participants were recruited at the Rockefeller University Hospital in New York from April 1 through May 8, 2020. Most
study participants were residents of the Greater New York City tri-state region and were enrolled sequentially according to
eligibility criteria. Participants were first interviewed by phone to collect information on their clinical presentation, and
subsequently presented to the Rockefeller University Hospital for a single blood sample collection. The requirement for
participants to be free of symptoms for at least 14 days might have favoured enrollment of participants that developed mild
COVID-19 courses of infection during the first weeks of recruitment.

The Rockefeller University Institutional Review Board (1230 York Avenue, box 330, New York, NY 10065). Protocol DRO-1006
approved on February 6, 2020.

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

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| 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).

|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Whole blood samples were obtained from study participants recruited through Rockefeller University Hospital. Peripheral
blood mononuclear cells (PBMCs) were separated by Ficoll gradient centrifugation. Prior to sorting, PBMCs were enriched for
B cells using a Miltenyi Biotech pan B cell isolation kit (cat. no. 130-101-638) and LS columns (cat. no. 130-042-401).

FACS Aria Ill (Becton Dickinson)
BD FACSDiva Software Version 8.0.2 and FlowJo 10.6.2

Sorting efficiency ranged from 40% to 66%. This is calculated based on the number of IgG-specific antibody sequences that
could be PCR-amplified successfully from single sorted cells from each donor.

Cells were first gated for lymphocytes in FSC-A (x-axis) versus SSC-A (y-axis). We identify single cells in FSC-A versus FSC-H,
and then SSC-A versus SSC-W. We then select for CD20+ Dump- B Cells in dump (anti-CD3-eFluro 780, anti-CD16-eFluro 780,
anti-CD8-eFluro 780, anti-CD14-eFluro 780, Zombie NIR) versus CD20 (anti-CD20-PE-Cy7); dump-negative was considered to
be signal less than 250, and CD20-positive was taken to be signal greater than 100. We then gate for Ova- B cells in FSC-A
versus Ova-BV711; Ova-negative was considered to be all cells with signal less than 102. Select for TBEV double-positive cells
in TBEV EDIII PE versus TBEV EDIII AlexaFluor 647; this gate was made along the 45° diagonal, above 103 on both axes. See
also Extended Data Figure 6.

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