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M Check for updates

The ongoing pandemic of coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is amajor threat to
global health'and the medical countermeasures available so far are limited*>.
Moreover, we currently lack a thorough understanding of the mechanisms of humoral
immunity to SARS-CoV-2*. Here we analyse a large panel of human monoclonal
antibodies that target the spike (S) glycoprotein®, and identify several that exhibit
potent neutralizing activity and fully block the receptor-binding domain of the

S protein (Sgpp) frominteracting with human angiotensin-converting enzyme 2
(ACE2). Using competition-binding, structural and functional studies, we show that
the monoclonal antibodies can be clustered into classes that recognize distinct
epitopes on the Sy, as well as distinct conformational states of the S trimer. Two
potently neutralizing monoclonal antibodies, COV2-2196 and COV2-2130, which
recognize non-overlapping sites, bound simultaneously to the S protein and
neutralized wild-type SARS-CoV-2 virusin a synergistic manner. In two mouse models
of SARS-CoV-2infection, passive transfer of COV2-2196, COV2-2130 or acombination
of both of these antibodies protected mice from weight loss and reduced the viral
burden and levels of inflammation in the lungs. In addition, passive transfer of either
of two of the most potent ACE2-blocking monoclonal antibodies (COV2-2196 or COV2-
2381) as monotherapy protected rhesus macaques from SARS-CoV-2 infection. These
results identify protective epitopes on the Sgzp and provide a structure-based
framework for rational vaccine design and the selection of robust
immunotherapeutic agents.

The S protein of SARS-CoV-2 is the molecular determinant of viral
attachment, fusion and entry into host cells®. The S proteinis composed
of an N-terminal subunit (S1) that mediates receptor binding, and a
C-terminal subunit (S2) that mediates fusion between the virus and
the membrane of the host cell. The S1subunit contains an N-terminal
domain (NTD) and areceptor-binding domain (RBD). SARS-CoV-2and
SARS-CoV, the genomes of which share approximately 78% sequence

identity’, both use human ACE2 as an entry receptor’°. Human anti-
bodies to the S glycoprotein mediate protective immunity against
other zoonotic betacoronaviruses of high pathogenicity, including
SARS-CoV* ™ and Middle East respiratory syndrome coronavirus
(MERS-CoV)"® %, The most potent S-protein-specific monoclonal anti-
bodies appear to neutralize betacoronaviruses by binding to theregion
on the Sgyp, that directly mediates receptor engagement, and thereby
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Fig.1|Functional characteristics of neutralizing SARS-CoV-2 monoclonal
antibodies. a, Heat map of monoclonal antibody neutralization activity,
human ACE2-blocking activity, and binding to either trimeric S2P,,, protein
or monomeric Sggp. Monoclonal antibodies are ordered by neutralization
potency, and dashedlinesindicate the 12 antibodies with a neutralizationICs,
value <150 ng mI™. ICs, values (ng ml™) are shown for viral neutralization (neut.)
and human ACE2blocking, and EC;, values (ng ml™) for binding. The cross-
reactive SARS-CoV Sy, monoclonal antibody rCR3022 is shown as a positive
controland the anti-dengue monoclonal antibody r2D22 as a negative control.
Dataarerepresentative of atleast two independent experiments performedin
technical duplicate. Noinhibition or nobindingindicatesanICs,or ECy, value
>10,000 ngml?, respectively. b-d, Correlation of human ACE2 blocking

(b), S2P, trimer binding (c) or Sy, binding (d) of monoclonal antibodies with
their neutralization activity. e, Correlation of human ACE2 blocking and
S2P,, trimer binding. R?values are shown for linear regression analysis of
log-transformed values. Purple circles indicate monoclonal antibodies with a
neutralization ICs, value <150 ng ml™. f, Neutralization curves for COV2-2196
and COV2-2130 against wild-type SARS-CoV-2 virus. Calculated ICs, values are
shownonthegraph.Errorbars,s.d.; dataare representative of at least two
independent experiments performed intechnical duplicate. g, Neutralization
curves for COV2-2196 and COV2-2130 ina pseudovirus neutralization assay.
Errorbars,s.d.; values are technical duplicates fromasingle experiment.
Calculated ICs, values from aminimum of six experiments are shown on the
graph. h, Human-ACE2-blocking curves for COV2-2196, COV2-2130 and
rCR3022inahuman-ACE2-blocking ELISA. Calculated IC,, values are shown on
thegraph. Dataaremean+s.d.of technical triplicates from arepresentative
experimentrepeated twice. i, ELISA binding of COV2-2196, COV2-2130 and
rCR3022to trimeric S2P,,. Calculated ECs, values are shown on the graph.
Dataaremeants.d.of technical triplicates from arepresentative experiment
repeatedtwice.

blocking the attachment of the virus to host cells. Human antibodies
could be used for prophylaxis, post-exposure prophylaxis or treat-
ment of SARS-CoV-2 infection®. Many studies are ongoing—including
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randomized controlled trials assessing plasma from convalescent
individuals with prior SARS-CoV-2 infection, and one trial evaluating
hyperimmune immunoglobulin—but it is not yet clear whether these
treatments can reduce morbidity or mortality?.

We isolated 389 SARS-CoV-2 S-protein-reactive monoclonal anti-
bodies from the B cells of two convalescing individuals who had been
infected with SARS-CoV-2in Wuhan, China®. A subset of those antibodies
bound to arecombinant RBD construct (Sggp) and exhibited neutral-
izing activity in arapid screening assay with wild-type SARS-CoV-2
virus®. In the current study, we sought to define the antigenic land-
scape of SARS-CoV-2 and determine which sites of the Sy, are targets
of neutralizing monoclonal antibodies. We tested 40 of the anti-S
human monoclonal antibodies that were previously pre-selected by
rapid neutralization screening assay ina quantitative focus reduction
neutralization test (FRNT) with the WA1/2020 strain of SARS-CoV-2.
The antibodies in our panel of 40 exhibited half-maximum inhibitory
concentration (IC,,) values that ranged from 15 to over 4,000 ng ml™
(visualized as a heat map in Fig. 1a, values shown in Supplementary
Table1and full curvesshownin Extended DataFig.1). We hypothesized
that many of these Syg-reactive monoclonal antibodies neutralize virus
infection by blocking the binding of the S5, to human ACE2. Indeed,
most of the neutralizing monoclonal antibodies that we tested inhibited
theinteraction of human ACE2 with trimeric S protein directly (Fig. 1a,
Extended DataFig.2). Consistent with these results, these monoclonal
antibodies also bound strongly to a trimeric S ectodomain (S2P,,,)
protein or to monomeric Sggp, (Fig. 13, Extended Data Fig. 3). We evalu-
ated whether the potency of the antibodies at binding S2P,, Or Sggp
or blocking human ACE2 predicted binding neutralization potency
independently, but none of these measurements correlated with neu-
tralization potency (Fig. 1b—d). However, the antibodies within the
highest neutralizing potency tier of the panel (ICs, <150 ng ml™) also had
the strongest blocking activity against human ACE2 (IC5, <150 ng ml™)
and exceptional binding activity (half-maximum effective concen-
tration (ECy,) <2 ng ml™) to the S2P,,, trimer (Fig. 1e). Representa-
tive neutralization curves for two potently neutralizing monoclonal
antibodies designated COV2-2196 and COV2-2130 are shown in Fig. 1f.
Potent neutralization was confirmed using pseudovirus neutralization
assays, which revealed far-more sensitive neutralization phenotypes
than the wild-type virus and demonstrated a requirement for the use
of live virusin assays for assessment of monoclonal antibody potency
(Fig.1g). Both of these monoclonal antibodies (COV2-2196 and COV2-
2130) bound strongly to the S2P, ., trimer and fully blocked the binding
of human ACE2 (Fig. 1h, i).

We next defined the major antigenic sites on the Sy, for neutral-
izing monoclonal antibodies by competition-binding analysis. We
first used a biolayer-interferometry-based competition assay with a
minimal version of the Sgz, domain to screen for monoclonal antibodies
that competed for binding with the potently neutralizing monoclo-
nal antibody COV2-2196 or a recombinant version of the previously
described SARS-CoV monoclonal antibody CR3022, which recognizes
a conserved cryptic epitope’?”. We identified three major groups of
competing monoclonal antibodies (Fig. 2a). The largest group of anti-
bodies blocked COV2-2196 but not recombinant CR3022 (rCR3022),
whereas some monoclonal antibodies were blocked by rCR3022 but not
by COV2-2196. Two monoclonal antibodies, including COV2-2130, were
notblocked by either reference monoclonal antibody. Most monoclonal
antibodies competed with human ACE2 for binding, suggesting that
they bound near the ACE2-binding site of the Sggp. We used COV2-2196,
COV2-2130 and rCR3022 in an enzyme-linked immunosorbent assay
(ELISA)-based competition-binding assay with the S2P,., trimer and
found that the Sz, contained three major antigenic sites, with some
monoclonal antibodies probably making contacts in more than one
site (Fig.2b). Most of the potently neutralizing monoclonal antibodies
directly competed with COV2-2196 for binding. Competition-binding
analyses of human ACE2 and monoclonal antibodies with serum or
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Fig.2|Epitope mapping of monoclonal antibodies by competition-binding
analysis and synergistic neutralization by a pair of monoclonal antibodies.
a, Left, monoclonal antibody binding to the Sgzpin the presence of reference
monoclonal antibodies COV2-2196 or rCR3022. Valuesin squares are the per
centbinding of the monoclonal antibody in the presence of the competing
monoclonal antibody relative to amock-competition control. Black squares,
full competition (<33% relative binding); white squares, no competition (>67%
relative binding). Right, biolayer-interferometry-based competition binding
assay measuring the ability of monoclonal antibodies to prevent the binding
of human ACE2. Values are the per cent blocking of human ACE2 by the
monoclonal antibody. Red indicates high blocking activity. b, Competition
ofthe panel of neutralizing monoclonal antibodies with reference monoclonal
antibodies COV2-2130,COV2-2196 or rCR3022. Binding of reference
monoclonal antibodies to trimeric S2P,., was measured in the presence of
saturating competitor monoclonal antibody inacompetition ELISA and
normalized to bindingin the presence of r2D22. Black, full competition (<25%
binding of reference antibody); grey, partial competition (25-60% binding of
reference antibody); white, no competition (>60% binding of reference
antibody). ¢, Neutralization dose-response matrix of wild-type SARS-CoV-2 by
COV2-2196 and COV2-2130. Axes denote the concentration of eachmonoclonal
antibody, with the per cent neutralization shownin eachsquare. Data are from
arepresentative experiment performedintechnical triplicate and repeated
twice. The white-to-red heat map denotes 0% neutralization to 100%
neutralization, respectively.d, Synergy map calculated on the basis of the
SARS-CoV-2 neutralizationin c. §-scoreisasynergy score.Red colourindicates
areasinwhich synergistic neutralization was observed; black boxindicates the
areaof maximumsynergy between the two monoclonal antibodies.

plasma from four previously described individuals with recent
laboratory-confirmed SARS-CoV-2infection® showed that COV2-2196-
and COV2-2130-like antibody responses are subdominantin these indi-
viduals (Extended Data Fig. 4).

As COV2-2196 and COV2-2130 did not compete for binding to the Sggp,
we assessed whether these monoclonal antibodies synergize for virus
neutralization—a phenomenon that has been observed previously for

SARS-CoV monoclonal antibodies'™. We tested combination responses
(Fig. 2c) in an FRNT using SARS-CoV-2, and compared the values
obtained experimentally with the expected responses calculated by
synergy-scoring models®®. The comparison revealed that the combina-
tion of COV2-2196 and COV2-2130 antibodies was synergistic, with an
overallsynergy 6-score of 17.4 (where any score greater than 10 indicates
synergy; Fig.2d). In particular, acombined monoclonal antibody dose
of 79 ngml™ (16 ngml™ of COV2-2196 and 63 ng ml™ of COV2-2130) had
the same activity as 250 ng ml™ of each individual antibody (Fig. 2c).
This finding shows that by using a cocktail of two antibodies, the dose
of eachantibody can be reduced by more than threefold to achieve the
same potency of virus neutralization in vitro.

We next defined the epitopes that are recognized by representa-
tive monoclonal antibodies in the two major competition-binding
groups that synergize for neutralization. We used mutagenesis to
determine critical residues in the Sggp, for the binding of neutralizing
monoclonal antibodies (Fig. 3a, Extended Data Fig. 5). These studies
showed that F486 or N487 are critical residues for the binding of COV2-
2196,and N487isacritical residue for COV2-2165—two antibodies that
compete with one another for binding. Likewise, mutagenesis studies
for COV2-2130 using K444 A and G447R mutants suggested that these
residues (K444 and G447) are critical for recognition (Fig. 3a). Previous
structural studies have defined the interaction between the Sizp, and
human ACE2” (Fig. 3b). Most of the interacting residues in the Sggp,
are contained within a 60-amino-acid linear peptide that defines the
human ACE2 recognition motif (Fig. 3c). We next tested the binding of
human monoclonal antibodies to this minimal peptide and found that
potent neutralizing members of the largest group of antibodies from
the competition-binding assay—including COV2-2196, COV2-2165and
COV2-2832—recognized this peptide (Fig. 3¢c), suggesting that these
monoclonal antibodies make critical contacts within the human ACE2
recognition motif.

We used negative-stain electron microscopy of the S2P,, trimer
in complex with antigen-binding fragments (Fabs) to determine the
structural epitopes for several monoclonal antibodies (Fig. 3d, e, Sup-
plementary Table 2). The potently neutralizing antibodies COV2-2196
and COV2-2165bound to the human ACE2 recognition motif of the Sggp
and recognized the ‘open’ conformational state of the S2P,,, trimer,
inwhich the RBD rotates upward to expose the residues that mediate
ACE2interaction®** (Fig. 3d). COV2-2130, which represents a different
competition-binding group, bound to the RBD in the S2P,, trimer in
the ‘closed’ position (Fig. 3d). Because COV2-2196 and COV2-2130 did
not compete for binding, we attempted to make complexes of both
Fabs bound at the same time to the S2P,, trimer. We found that both
Fabs bound simultaneously when the S2P,, trimer was in the open
position, indicating that COV2-2130 can recognize the Syg, in both
conformations (Fig.3e). Overlaying the structure of the two-Fab com-
plex with that of the Szgp,—~CR3022 complex”, we observed that these
antibodies bind to three distinct sites on the Sy, as predicted by our
competition-binding studies (Fig. 3f).

Next, we tested the prophylactic efficacy of COV2-2196 or COV2-2130
monotherapy oracombination of both COV2-2196 and COV2-2130ina
model of SARS-CoV-2infectionin BALB/c mice. In this model (Fig. 4a),
mice are first treated with an anti-IFNAR1 antibody and then transduced
with an adenovirus that expresses human ACE2 (AdV-hACE2), which
results in susceptibility to infection with SARS-CoV-2, viral replica-
tion and severe bronchopneumonia®. The mice were treated with a
single dose of COV2-2196 or COV2-2130, a cocktail of COV2-2196 and
COV2-2130, or anisotype control monoclonal antibody one day before
intranasal challenge with a 4 x 10° plaque-forming unit (PFU) dose of
SARS-CoV-2. Prophylaxis with COV2-2196, COV2-2130 or their combi-
nation prevented severe SARS-CoV-2-induced weight loss in the mice
during the first week of infection (Fig. 4b). Viral RNA levels were reduced
significantly at 7 days post-infection (dpi) in the lung and in distant sites
including the heartand spleen (Fig. 4c). The expression of cytokine and
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chemokine genes—indicative of inflammation—was also reduced in the
lungs of each group of COV2-antibody-treated mice at 7 dpi (Fig. 4d).

We also tested COV2-2196, COV2-2130 and their combination
for prophylactic efficacy in an immunocompetent model using a
mouse-adapted SARS-CoV-2 (MA-SARS-CoV-2) virus® (Fig. 4e, f). Each
ofthe monoclonal antibody treatments reduced viral RNA levels by up
to10°-fold at 2 dpiin the lung, compared to the isotype control group
(Fig. 4f). All of the mice from the COV2-2196 and the combined COV2-
2196 and COV2-2130 treatment groups, and 8 out of 10 mice from the
COV2-2130 treatment group, no longer had infectious virusinthe lung
at 2 dpi (as measured by a plaque assay of lung tissue homogenates;
Fig. 4f).
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CR3022

complexes visualized by negative-stain electron microscopy for COV2-2130,
COV2-2165and COV2-2196. The Sy, is shownin blue, the Sy, inred and electron
densityingrey. The trimer state (open or closed) is denoted for each complex.
Representative two-dimensional (2D) class averages for each complex are
shown at the bottom (box size is 128 pixels, with 3.06 A per pixel). Data are from
asingle experiment; detailed collection statistics are provided in
Supplementary Table 2. e, COV2-2130 and COV2-2196 Fabs incomplex with the
S2P.., trimer. Coloursand datacollectionasin d. Representative 2D class
averages for the complexes are shown at the bottom; scalesasind.f, Top, the
competition-binding landscape visualized on the S2P, ., trimer. The CR3022
crystal structure was docked into the double-Fab-S2P,., trimer model.
CR3022isshownincyan. Bottom, quantitative Venn diagram showing the
number of monoclonal antibodies in each competition group.

We evaluated the effect of treatment with monoclonal antibod-
ies on SARS-CoV-2-induced lung pathology. At 7 dpi, lungs from
anti-IFNAR1-treated, AdV-hACE2-transduced mice that were treated
withisotype control monoclonal antibody and then inoculated with
SARS-CoV-2- showed perivascular, peribronchial and alveolar inflam-
mation, with theinfiltration ofimmune cells and alveolar damage that
are characteristic of viral pneumonia (Fig. 4g, Supplementary Table 3).
By contrast, mice under the same conditions that were treated with
COV2-2196, COV2-2130 or their combination developed notably less
lung disease, and their lung pathology was similar to that observed
in AdV-hACE2-transduced control mice that were not infected with
SARS-CoV-2 (Fig. 4g, Supplementary Table 3).
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Fig.4 |Prophylactic efficacy of neutralizing human monoclonal antibodies
against SARS-CoV-2infectionin mouse and NHP modelsin vivo.

a, SARS-CoV-2 challenge model. Mice were treated with anti-IFNAR1and
transduced with AdV-hACE2 followed by the passive transfer of 200 pug of
COV2-2196, COV-2130, their combination (1:1ratio) or anisotype control
monoclonalantibody (i.n., intranasal; i.p., intraperitoneal). One day later, mice
wereinoculated intranasally with SARS-CoV-2. Tissues were collected at 7 dpi
foranalysis (c,d). b, Body weight change of mice in awith comparison to
isotype control using arepeated measurements two-way analysis of variance
(ANOVA) with Tukey’s post hoc test. Dataare mean +s.e.m.of each
experimental group. The number of mice (n) for each experimental groupis
shown.c,d, Viralburden (measured as log,,(number of genome equivalents
(GEQ) per mg)) at 7 dpiin the lungs, spleen and heart (c) and the expression of
cytokine and chemokine genes (d) were measured by RT-qPCR assay.
Comparisons were performed using a Kruskal-Wallis ANOVA with Dunn’s
posthoctest. e, f, MA-SARS-CoV-2 challenge model. Mice were treated with the
indicated monoclonal antibody and theninoculated intranasally with
MA-SARS-CoV-2. e, Body weight change of mice (mean+s.e.m.of each
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experimental group; n=10 mice per group).f, Viralburdenat2 dpiin the lungs,
measured by RT-qPCR (left) or plaque assay (right) from e; comparisons were
made using aKruskal-Wallis ANOVA with Dunn’s post hoc test (n =10 mice per
group). g, Haematoxylin and eosin staining of lung sections from mice that
were treated and challenged asina, shown at day 7. Images are shown at low
(left), medium (middle) and high (right) magnification. Eachimage is
representative of two separate experiments (n=3to 5mice per group). Scale
bars,250 um (left); 50 pm (middle); 25 pm (right). h, i, SARS-CoV-2 NHP
challenge model. Rhesus macaques received one 50 mg kg™ dose of COV2-2196
(n=4macaques per group), COV2-2381 (n =4 macaques per group) or isotype
control monoclonal antibody (n =4 macaques per group) intravenously on day
-3andwere then challengedintranasally and intratracheally with SARS-CoV-2
after three days. Subgenomic viral RNA levels were assessed in nasal swabs (h)
and bronchioalveolar lavage (i) at multiple time points after challenge. Each
black curveshows anindividual macaque, with red lines indicating the median
values within each treatment group. Datarepresent asingle experiment.
Dashed linesindicate the limit of detection (LOD) of the assay.
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We next tested the protective efficacy of monoclonal antibodies using
arecently described non-human primate (NHP) model of SARS-CoV-23+%,
In this model, we tested two monoclonal antibodies as monotherapy:
COV2-2196 and another of the most potent antibodies identified, COV2-
2381—-aneutralizing monoclonal antibody thatisencoded by the same
variable gene segments as COV2-2196 but which contains a number of
aminoacid differencesinthe heavy-chain complementarity-determining
region 3 (HCDR3) and light-chain complementarity-determining region
3 (LCDR3) (Extended Data Fig. 6a). Notably, other groups have identified
highly similar monoclonal antibodies from multiple donors, demonstrat-
ing that these monoclonal antibodies constitute a public clonotype®.
Rhesus macaques received one 50 mg kg™ dose of COV2-2196, COV2-2381
or isotype control monoclonal antibody intravenously on day -3, and
were then challenged intranasally and intratracheally on day O with a
1.1x10*PFU dose of SARS-CoV-2. After the challenge, we used quantita-
tive PCR with reverse transcription (RT-qPCR) to quantify the levels of
subgenomic viral RNA generated by viral replication in the bronchoal-
veolar lavage and in nasal swabs. High levels of subgenomic viral RNA
were observed in the macaques that were treated with isotype control
monoclonal antibody, withamedian peak of 7.53 (range 5.37-8.23) RNA
copies per swabinnasal swabs and 4.97 (3.81-5.24) log,, RNA copies per
mlinthebronchoalveolar lavage (Fig.4h, i). Subgenomic viral RNA was
notdetectedinsamples from either of the antibody-treated groups (limit
of detection =50 (1.7 log,,) RNA copies per swab or per ml), indicating
thatthese antibodies conferred protection against SARS-CoV-2. A phar-
macokinetics analysis showed that the concentrations of circulating
human monoclonal antibodies were similar in macaques from each
treatment group (Extended Data Fig. 6b).

We next assessed the therapeutic efficacy of treatment with COV2-
2196, COV2-2130 or their combination using the MA-SARS-CoV-2 mouse
model. Alltreatments reduced the levels of infectious virus inthe lungs
of mice at 2 dpi. The antibody cocktail (1:1) delivered at adose of 400 ug
per mouse (around 20 mg kg™) was the most efficient; this treatment
significantly reduced the viral burdenin the lung by up to 3 x10*-fold,
and four out of five mice from this treatment group did not have detect-
ablelevels of infectious virus in the lung (Fig. 5a). Similarly, treatment
of AdV-hCE2-transduced mice with 400 pg per mouse of the cocktail
12 hours after challenge with wild-type SARS-CoV-2 virus revealed that
infectious virus was fully neutralized in the lungsinvivo (Fig. 5b). Inflam-
mationwas alsoreduced in the lungs of mice that were treated with the
antibody cocktail compared to the lungs of isotype-control-treated
mice (Fig. 5¢). Collectively, these in vivo results suggest that either of
the potently neutralizing monoclonal antibodies COV2-2196 or COV2-
2381 alone, and the combination of both COV2-2196 and COV2-2130,
are promising candidates for the prevention or treatment of COVID-19.

Since the start of the SARS-CoV-2 pandemic, several groups have
identified human monoclonal antibodies that bind to the Si;, and
neutralize the virus®***. Here, we have defined the antigenic land-
scape for a number of potently neutralizing monoclonal antibodies
against SARS-CoV-2that were derived from alarger panel of hundreds
of antibodies®. These studies demonstrate that although awiderange
of human neutralizing antibodies are elicited by natural infection with
SARS-CoV-2, only a small subset of those monoclonal antibodies are
of high potency (ICs, < 50 ng ml ™ against wild-type SARS-CoV-2 virus).
Biochemical and structural analysis of these potent monoclonal anti-
bodies defined three principal antigenic sites of vulnerability on the Sggp
for SARS-CoV-2 neutralization. Representative monoclonal antibodies
from two antigenic sites were shown to synergize in vitro and confer
protection as anin vivo cocktail in both prophylactic and therapeutic
treatment. Our findings reveal critical features of effective humoral
immunity to SARS-CoV-2 and suggest that the role of synergistic neu-
tralization activity in polyclonal responses should be investigated fur-
ther. Moreover, as SARS-CoV-2 continues to circulate, population-level
immunity elicited by natural infection may start to select for antigenic
variants thatescape the selective pressure of neutralizing antibodies.
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Fig.5| Therapeutic efficacy of neutralizinghuman monoclonal antibodies
against SARS-CoV-2infection. a, Mice wereinoculated intranasally with
MA-SARS-CoV-2and 12 hourslater given the indicated monoclonal antibody
treatments by intraperitonealinjection. Viralburdeninthe lungs at2 dpiwas
measured by plaque assay. The number of mice per group (n) isindicated. Data
represent one experiment. b, Mice were treated with anti-IFNAR1and
transduced with AdV-hACE2. Mice were theninoculated intranasally with
wild-type SARS-CoV-2and 12 hourslater given theindicated monoclonal
antibody treatments by intraperitoneal injection. Viralburdenin the lungs at
2dpiwas measured by plaque assay. Two experiments were performed with
n=3toSmicepergroup. Controls for plaque neutralization assay performance
wereincluded: lunghomogenates fromindividual mice (n=3) that were treated
withisotype controlmonoclonal antibody were mixed 1:1 (v:v) with lung
homogenates fromindividual naive untreated mice or antibody-cocktail-
treated mice. The latter mixture ensures that neutralization of infection did
notoccurexvivo after tissue homogenization. For a, b, measurements from
individual mice and median titre are shown, and each group was compared to
theisotype-control-treated group using a Kruskal-Wallis ANOVA with Dunn’s
posthoctest.c, Expression of cytokine and chemokine genes was measured by
gPCRanalysisin lungs fromb. Measurements fromindividual mice and median
values are shown. Groups were compared using the two-sided Mann-Whitney
U-test. The number of mice per group (n) isindicated. Two experiments were
performed withn=3to5mice per group.

Other groups have reported the selection of SARS-CoV-2 RBD escape
mutations in the presence of single monoclonal antibodies, but not
in the presence of a mixture of two antibodies*, which reinforces the
need to target multiple epitopes of the S proteinin vaccines orimmu-
notherapies. So far, the gene that encodes the S protein has been found
tobelimited in diversity—with the exception of aD614G substitution*®,
whichis far away from the amino acid positionsidentified in our muta-
tional studies for the antibodies we have considered here. Rationally
selected therapeutic cocktails such as the one we describe are likely to
offer greater resistance to SARS-CoV-2 escape than single antibodies.
Our results provide a basis for the preclinical evaluation and develop-
ment of theidentified monoclonal antibodies as candidates for use as
COVID-19 immunotherapeutic agents in humans.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2548-6.


https://doi.org/10.1038/s41586-020-2548-6

20.

21.

22.

23.

Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of probable bat
origin. Nature 579, 270-273 (2020).

Zhu, N. et al. A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J.
Med. 382, 727-733 (2020).

Tse, L. V., Meganck, R. M., Graham, R. L. & Baric, R. S. The current and future state of
vaccines, antivirals and gene therapies against emerging coronaviruses. Front. Microbiol.
1, 658 (2020).

Siracusano, G., Pastori, C. & Lopalco, L. Humoralimmune responses in COVID-19 patients:
awindow on the state of the art. Front. Immunol. 11, 1049 (2020).

Zost, S. J. et al. Rapid isolation and profiling of a diverse panel of human monoclonal
antibodies targeting the SARS-CoV-2 spike protein. Nat. Med. https://doi.org/10.1038/
$41591-020-0998-x (2020).

Pillay, T. S. Gene of the month: the 2019-nCoV/SARS-CoV-2 novel coronavirus spike
protein. J. Clin. Pathol. 73, 366-369 (2020).

Wan, Y., Shang, J., Graham, R., Baric, R. S. & Li, F. Receptor recognition by the novel
coronavirus from Wuhan: an analysis based on decade-long structural studies of SARS
coronavirus. J. Virol. 94, e00127-20 (2020).

Hoffmann, M., et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 181, 271-280 (2020).

Li, W. et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nature 426, 450-454 (2003).

Sui, J. et al. Potent neutralization of severe acute respiratory syndrome (SARS)
coronavirus by a human mAb to S1 protein that blocks receptor association. Proc. Natl
Acad. Sci. USA 101, 2536-2541(2004).

ter Meulen, J. et al. Human monoclonal antibody as prophylaxis for SARS coronavirus
infection in ferrets. Lancet 363, 2139-2141(2004).

ter Meulen, J. et al. Human monoclonal antibody combination against SARS coronavirus:
synergy and coverage of escape mutants. PLoS Med. 3, €237 (2006).

Zhu, Z. et al. Potent cross-reactive neutralization of SARS coronavirus isolates by human
monoclonal antibodies. Proc. Natl Acad. Sci. USA 104, 12123-12128 (2007).

Rockx, B. et al. Structural basis for potent cross-neutralizing human monoclonal antibody
protection against lethal human and zoonotic severe acute respiratory syndrome
coronavirus challenge. J. Virol. 82, 3220-3235 (2008).

Chen, Z. et al. Human neutralizing monoclonal antibody inhibition of Middle East
respiratory syndrome coronavirus replication in the common marmoset. J. Infect. Dis.
215, 1807-1815 (2017).

Choi, J. H. et al. Characterization of a human monoclonal antibody generated from a
B-cell specific for a prefusion-stabilized spike protein of Middle East respiratory syndrome
coronavirus. PLoS One 15, e0232757 (2020).

Niu, P. et al. Ultrapotent human neutralizing antibody repertoires against Middle East
respiratory syndrome coronavirus from a recovered patient. J. Infect. Dis. 218, 1249-1260
(2018).

Wang, L. et al. Importance of neutralizing monoclonal antibodies targeting multiple
antigenic sites on the Middle East respiratory syndrome coronavirus spike glycoprotein to
avoid neutralization escape. J. Virol. 92, e02002-17 (2018).

Wang, N., et al. Structural definition of a neutralization-sensitive epitope on the
MERS-CoV S1-NTD. Cell Rep. 28, 3395-3405 (2019).

Zhang, S. et al. Structural definition of a unique neutralization epitope on the
receptor-binding domain of MERS-CoV spike glycoprotein. Cell Rep. 24, 441-452 (2018).
Corti, D. et al. Prophylactic and postexposure efficacy of a potent human monoclonal
antibody against MERS coronavirus. Proc. Natl Acad. Sci. USA 112, 10473-10478 (2015).
Jiang, L. et al. Potent neutralization of MERS-CoV by human neutralizing monoclonal
antibodies to the viral spike glycoprotein. Sci. Transl. Med. 6, 234ra59 (2014).

Tang, X. C. et al. Identification of human neutralizing antibodies against MERS-CoV and
their role in virus adaptive evolution. Proc. Natl Acad. Sci. USA 111, E2018-E2026 (2014).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ying, T. et al. Exceptionally potent neutralization of Middle East respiratory syndrome
coronavirus by human monoclonal antibodies. J. Virol. 88, 7796-7805 (2014).

Jiang, S., Hillyer, C. & Du, L. Neutralizing antibodies against SARS-CoV-2 and other human
coronaviruses. Trends Immunol. 41, 355-359 (2020).

Valk, S. J. et al. Convalescent plasma or hyperimmune immunoglobulin for people with
COVID-19: a rapid review. Cochrane Database Syst. Rev. 5, CD0O13600 (2020).

Yuan, M. et al. A highly conserved cryptic epitope in the receptor binding domains of
SARS-CoV-2 and SARS-CoV. Science 368, 630-633 (2020).

lanevski, A., Giri, A. K. & Aittokallio, T. SynergyFinder 2.0: visual analytics of multi-drug
combination synergies. Nucleic Acids Res. 48, W488-W493 (2020).

Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the
ACE2 receptor. Nature 581, 215-220 (2020).

Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation.
Science 367, 1260-1263 (2020).

Walls, A.C., et al. Structure, function, and antigenicity of the SARS-CoV-2 spike
glycoprotein. Cell 181, 281-292 (2020).

Hassan, A. O. et al. A SARS-CoV-2 infection model in mice demonstrates protection by
neutralizing antibodies. Cell https://doi.org/10.1016/j.cell.2020.06.011 (2020).

Dinnon, K. H. et al. A mouse-adapted SARS-CoV-2 model for the evaluation of COVID-19
medical countermeasures. Preprint at bioRxiv https://doi.org/10.1101/2020.05.06.081497
(2020).

Chandrashekar, A. et al. SARS-CoV-2 infection protects against rechallenge in rhesus
macaques. Science https://doi.org/10.1126/science.abc4776 (2020).

Yu, J. et al. DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science
https://doi.org/10.1126/science.abc6284 (2020).

Robbiani, D. F. et al. Convergent antibody responses to SARS-CoV-2 infection in
convalescent individuals. Nature https://doi.org/10.1038/s41586-020-2456-9 (2020).
Brouwer, P. J. M. et al. Potent neutralizing antibodies from COVID-19 patients define
multiple targets of vulnerability. Science https://doi.org/10.1126/science.abc5902 (2020).
Cao, Y. et al. Potent neutralizing antibodies against SARS-CoV-2 identified by
high-throughput single-cell sequencing of convalescent patients’ B cells. Cell 182, 73-84
(2020).

Ju, B. et al. Human neutralizing antibodies elicited by SARS-CoV-2 infection. Nature
https://doi.org/10.1038/s41586-020-2380-z (2020).

Rogers, T.F. et al. Rapid isolation of potent SARS-CoV-2 neutralizing antibodies and
protection in a small animal model. Science https://doi.org/10.1126/science.abc7520
(2020).

Shi, R. et al. A human neutralizing antibody targets the receptor-binding site of
SARS-CoV-2. Nature 584, 120-124 (2020).

Wec, A. Z. et al. Broad neutralization of SARS-related viruses by human monoclonal
antibodies. Science https://doi.org/10.1126/science.abc7424 (2020).

Wau, Y. et al. A noncompeting pair of human neutralizing antibodies block COVID-19 virus
binding to its receptor ACE2. Science 368, 1274-1278 (2020).

Hansen, J. et al. Studies in humanized mice and convalescent humans yield a
SARS-CoV-2 antibody cocktail. Science https://doi.org/10.1126/science.abd0827 (2020).
Baum, A. et al. Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational
escape seen with individual antibodies. Science https://doi.org/10.1126/science.abd0831
(2020).

Laha, S. et al. Characterizations of SARS-CoV-2 mutational profile, spike protein stability
and viral transmission. Infect. Genet. Evol. 85, 104445 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

Nature | Vol 584 | 20 August 2020 | 449


https://doi.org/10.1038/s41591-020-0998-x
https://doi.org/10.1038/s41591-020-0998-x
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1101/2020.05.06.081497
https://doi.org/10.1126/science.abc4776
https://doi.org/10.1126/science.abc6284
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1126/science.abd0831

Article

Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and, with the exception of pathol-
ogy scoring, the investigators were not blinded to allocation during
experiments and outcome assessment.

Antibodies

The human antibodies studied in this paper were isolated from
blood samples from two individuals in North America with previous
laboratory-confirmed symptomatic SARS-CoV-2 infection that was
acquiredin China. The original clinical studies to obtain specimens after
written informed consent were previously described® and had been
approved by the Institutional Review Board of Vanderbilt University
Medical Center, the Institutional Review Board of the University of
Washington and the Research Ethics Board of the University of Toronto.
Theindividuals (a 56-year-old male and a 56-year-old female) are amar-
ried couple and residents of Wuhan, China who travelled to Toronto,
Canada, where PBMCs were obtained by leukopheresis 50 days after
symptom onset. The antibodies were isolated using diverse tools for
isolation and cloning of single antigen-specific B cells and the antibody
variable genes that encode monoclonal antibodies®.

Cell culture

Vero E6 (ATCC, CRL-1586), Vero (ATCC, CCL-81), HEK293 (ATCC, CRL-
1573) and HEK293T (ATCC, CRL-3216) cells were maintained at 37 °C
in 5% CO,in Dulbecco’s minimal essential medium (DMEM) contain-
ing10% (v/v) heat-inactivated fetal bovine serum (FBS),10 mM HEPES
pH7.3,1mMsodium pyruvate, 1 x non-essential amino acids and 100 U
ml™ of penicillin-streptomycin. Vero-furin cells were obtained from
T. Pierson and have been described previously*. FreeStyle 293F cells
(Thermo Fisher Scientific, R79007) were maintained at 37 °Cin 8% CO,.
Expi293F cells (Thermo Fisher Scientific, A1452) were maintained at
37 °Cin 8% CO,in Expi293F Expression Medium (Thermo Fisher Sci-
entific, A1435102). ExpiCHO cells (Thermo Fisher Scientific, A29127)
were maintained at 37 °C in 8% CO, in ExpiCHO Expression Medium
(Thermo Fisher Scientific, A2910002). Authentication analysis was not
performed for the celllines used. Mycoplasma testing of Expi293F and
ExpiCHO cultures was performed onamonthly basis using a PCR-based
mycoplasma detection kit (ATCC, 30-1012K).

Viruses

SARS-CoV-2strain 2019 n-CoV/USA_WA1/2020 was obtained from the
Centers for Disease Control and Prevention (a gift from N. Thornburg).
Virus was passaged in Vero CCL81 cells and titrated by plaque assay
on Vero E6 cells. MA-SARS-CoV-2 virus was generated as described
previously®. Virus was propagated in Vero E6 cells grown in DMEM
supplemented with 10% Fetal Clone Il and 1% penicillin-streptomy-
cin. The virustitre was determined by plaque assay. In brief, virus was
diluted serially and inoculated onto confluent monolayers of Vero E6
cells, followed by an agarose overlay. Plaques were visualized on day 2
post-infection after staining with neutral red dye. All work with infec-
tious SARS-CoV-2was approved by the Washington University School
of Medicine or UNC Chapel Hill Institutional Biosafety Committees
and conducted in approved BSL3 facilities using appropriate powered
air-purifying respirators and personal protective equipment.

Recombinant antigens and proteins

Ageneencoding the ectodomain of a prefusion conformation-stabilized
SARS-CoV-2 spike (S2P,.,,) protein was synthesized and cloned into
a DNA plasmid expression vector for mammalian cells. A similarly
designed S protein antigen with two prolines and removal of the
furin cleavage site for stabilization of the prefusion form of S was
reported previously®®. In brief, this gene includes the ectodomain of

SARS-CoV-2 (to residue 1,208), a T4 fibritin trimerization domain, an
AviTag site-specific biotinylation sequence and a C-terminal 8xHis tag.
Tostabilize the constructinthe prefusion conformation, weincluded
substitutions K986P and V987P and mutated the furin cleavage site
at residues 682-685 from RRAR to ASVG. This recombinant spike
2P-stabilized protein (designated here as S2P,,,) was isolated by metal
affinity chromatography on HisTrap Excel columns (GE Healthcare),
and protein preparations were purified further by size-exclusion chro-
matography onaSuperose 6 Increase 10/300 column (GE Healthcare).
The presence of trimeric, prefusion conformation S protein was verified
by negative-stain electron microscopy’. For electron microscopy with S
and Fabs, we expressed a variant of S2P,,, lacking an AviTag but contain-
ing a C-terminal Twin-Strep-tag, similar to that described previously®.
Expressed protein was isolated by metal affinity chromatography on
HisTrap Excel columns (GE Healthcare), followed by further purification
onasStrepTrap HP column (GE Healthcare) and size-exclusion chroma-
tography on TSKgel G4000SW,, (TOSOH). To express the Sgg, subdo-
main ofthe SARS-CoV-2S protein, residues 319-541 were clonedintoa
mammalian expression vector downstreamof anIL-2 signal peptide and
upstream of a thrombin cleavage site, an AviTag and a 6xHis tag. RBD
protein fused to the mouse IgG1 Fc domain (designated RBD-mFc), was
purchased from Sino Biological (40592-VOSH). For epitope mapping by
alanine scanning, wild-type SARS-CoV-2 RBD (residues 334-526) or RBD
single-mutation variants were cloned with an N-terminal CD33 leader
sequence and C-terminal GSSG linker, AviTag, GSSG linker and 8xHis
tag. Spike proteins were expressed in FreeStyle 293 cells (Thermo Fisher
Scientific) or Expi293 cells (Thermo Fisher Scientific) and isolated by
affinity chromatography using a HisTrap column (GE Healthcare), fol-
lowed by size-exclusion chromatography with a Superdex200 column
(GE Healthcare). Purified proteins were analysed by SDS-PAGE to ensure
purity and appropriate molecular weights.

Electron microscopy stain grid preparation, imaging and
processing of SARS-CoV-2 S2P, ., protein or S2P,..,—~Fab
complexes

To perform electron microscopy imaging, Fabs were produced
by digesting recombinant chromatography-purified IgGs using
resin-immobilized cysteine protease enzyme (FabALACTICA, Genovis).
Thedigestion occurredin100 mM sodium phosphate and 150 mM NaCl
pH 7.2 (PBS) for around 16 h atambient temperature. To remove cleaved
FcandintactIgG, the digestion mix was incubated with CaptureSelect
Fcresin (Genovis) for 30 min at ambient temperature in PBS buffer. If
needed, the Fab was buffer-exchanged into Tris buffer by centrifugation
with a Zeba spin column (Thermo Fisher Scientific).

For screening and imaging of negatively stained SARS-CoV-2S2P,,
proteinin complex with human Fabs, the proteins were incubated ata
molar ratio of 4 Fab:3 spike monomer for around 1 hour and approxi-
mately 3 pl of the sample at concentrations of about 10-15 pg ml™ was
applied toaglow-discharged grid with continuous carbon film on 400
square mesh copper electron microscopy grids (Electron Microscopy
Sciences). The grids were stained with 0.75% uranyl formate*s. Images
were recorded on a Gatan US4000 4k x 4k CCD camera using an FEI
TF20 (TFS) transmission electron microscope operated at 200 keV and
control with SerialEM*, Allimages were taken at 50,000x magnifica-
tion with a pixel size of 2.18 A per pixel in low-dose mode at a defocus of
1.5-1.8pum. Thetotal doseforthemicrographswasaround25-38 e per A
ImageprocessingwasperformedusingthecryoSPARCsoftwarepackage®.
Images wereimported, and particles were CTF-estimated. The images
were then denoised and picked with Topaz®*2. The particles were
extracted with a box size of 256 pixels and binned to 128 pixels. 2D
class averages were performed and good classes selected for ab initio
model and refinement without symmetry. For electron microscopy
model docking of SARS-CoV-2 S2P,, protein, the closed model (PDB:
6VXX) was used in Chimera® for docking to the electron microscopy
map (see also Supplementary Table 2 for details). For the SARS-CoV-2



S2P...,—Fab COV2-2165 and SARS-CoV-2 S2P..,—~Fab COV2-2196 com-
plexes, the openmodel of SARS-CoV-2 (PDB: 6VYB) and Fab (PDB: 12E8)
was used in Chimerafor docking to the electron microscopy maps (see
also Supplementary Table 2 for details). For the SARS-CoV-2 S2P,.,~Fab
COV2-2130 complex, the closed model and Fab (PDB: 12E8) were used
in Chimerafor dockingto the electron microscopy map (see also Sup-
plementary Table 2 for details). Allimages were made with Chimera.
PyMOL (Schrodinger) was used to visualize previously solved molecu-
lar structures of the SARS-CoV-2 RBD-human ACE2 complex and the
60-amino-acid human ACE2 recognition motif (PDB: 6MOQ)J).

Monoclonal antibody production and purification

Sequences of monoclonal antibodies that had been synthesized (Twist
Bioscience) and cloned into an IgGl monocistronic expression vector
(designated as pTwist-mCis_G1) were used for monoclonal antibody
secretionin mammalian cell culture. This vector contains an enhanced
2A sequence and GSG linker that allows the simultaneous expression of
monoclonalantibody heavy and light chaingenes fromasingle construct
upon transfection®. We previously described microscale expression of
monoclonal antibodies in1 ml ExpiCHO cultures in 96-well plates®. For
larger-scale monoclonal antibody expression, we performed transfection
(1-300 ml per antibody) of CHO cell cultures using the Gibco ExpiCHO
Expression System and protocol for 50 ml minibioreactor tubes (Corn-
ing) as described by the vendor. Culture supernatants were purified
using HiTrap MabSelect SuRe (Cytiva, formerly GE Healthcare Life Sci-
ences) ona24-column parallel protein chromatography system (Protein
BioSolutions). Purified monoclonal antibodies were buffer-exchanged
into PBS, concentrated using Amicon Ultra-4 50-kDa centrifugal filter
units (Millipore Sigma) and stored at 4 °C until use. Purified monoclonal
antibodies were tested routinely for endotoxin levels (found to be less
than 30 EU per mg IgG for mouse studies and less than 1 EU per mg IgG
for NHP studies). Endotoxin testing was performed using the PTS201F
cartridge (Charles River), with asensitivity range from10to 0.1EU per ml,
and an Endosafe Nexgen-MCS instrument (Charles River).

ELISA binding assays

Wells of 96-well microtitre plates were coated with purified recom-
binant SARS-CoV-2 S protein or SARS-CoV-2 Sy protein at 4 °C over-
night. Plates were blocked with 2% non-fat dry milk and 2% normal goat
serumin Dulbecco’s phosphate-buffered saline (DPBS) containing 0.05%
Tween-20 (DPBS-T) for 1 h. The bound antibodies were detected using
goat anti-human IgG conjugated with horseradish peroxidase (HRP)
(SouthernBiotech, cat.2040-05, 10t B3919-XD29, 1:5,000 dilution) and
a3,3’,5,5-tetramethylbenzidine (TMB) substrate (Thermo Fisher Sci-
entific). Colour development was monitored, IM hydrochloric acid was
addedtostopthereaction,and the absorbance was measured at 450 nm
using a spectrophotometer (Biotek). For dose-response assays, serial
dilutions of purified monoclonal antibodies were applied to the wells
intriplicate, and antibody binding was detected as detailed above. ECs,
values for binding were determined using Prism v.8.0 software (Graph-
Pad) after log transformation of the monoclonal antibody concentration
using sigmoidal dose-response nonlinear regression analysis.

RBD minimal human ACE2 recognition motif peptide binding ELISA
Wells of 384-well microtitre plates were coated with 1 pg ml™ strepta-
vidin at 4 °C overnight. Plates were blocked with 0.5% bovine serum
albumin (BSA) in DPBS-T for 1 h. Plates were washed 4 times with1x PBST
and 2 pg ml™ biotinylated ACE2 binding motif peptide (LT5578, from
LifeTein, LLC) was added to bind streptavidinfor1hatambient tempera-
ture. Purified monoclonal antibodies were diluted in blocking buffer,
addedto the wells and incubated for 1 h at ambient temperature. The
bound antibodies were detected using goat anti-human IgG conjugated
with HRP (2014-05, Southern Biotech) and a TMB substrate (Thermo
Fisher Scientific). Colour development was monitored, IM hydrochloric
acidwasaddedto stop thereaction, and the absorbance was measured

at 450 nm using a spectrophotometer (Biotek). For dose-response
assays, serial threefold dilutions starting at a10 ug ml™ concentration of
purified monoclonal antibodies were applied to the wells in triplicate,
and antibody binding was detected as detailed above.

Analysis of binding of antibodies to variant RBD proteins with
alanine or arginine point mutations

Biolayer light interferometry was performed using an Octet RED96
instrument (ForteBio; Pall Life Sciences) and wild-type RBD protein
or amutant RBD protein with a single amino acid change at defined
positions to alanine or arginine. Binding of the RBD proteins was con-
firmed by first capturing 8xHis-tagged RBD wild-type or mutant protein
froma10 pgml™ (around 200 nM) solution onto Penta-His biosensors
for 300 s. The biosensor tips then were submerged in binding buffer
(PBS/0.2% Tween 20) for a 60 s wash, followed by immersioninasolu-
tion containing 150 nM of monoclonal antibody for 180 s (association),
followed by a subsequent immersion in binding buffer for 180 s (dis-
sociation). The response for each RBD mutant protein was normalized
to that of the wild-type RBD protein.

FRNT

Serial dilutions of monoclonal antibodies were incubated with 10>
FFU of SARS-CoV-2 for 1 h at 37 °C. The antibody-virus complexes
were added to Vero E6 cell-culture monolayers in 96-well plates for
1hat37°C. Cells were then overlaid with 1% (w/v) methylcellulose
in minimum essential medium (MEM) supplemented to contain 2%
heat-inactivated FBS. Plates were fixed 30 h later by removing overlays
and fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room
temperature. The plates were incubated sequentially with 1 ug ml™ of
rCR3022 anti-S antibody™ and HRP-conjugated goat anti-human IgG
(Sigma-Aldrich, A6029) in PBS supplemented with 0.1% (w/v) saponin
(Sigma) and 0.1% BSA. SARS-CoV-2-infected cell foci were visualized
using TrueBlue peroxidase substrate (KPL) and quantitated on an
ImmunoSpot 5.0.37 Macro Analyzer (Cellular Technologies). Datawere
processed using Prism v.8.0 (GraphPad). IC,, values were determined
by nonlinear regression analysis using Prism software.

Generation of S protein pseudotyped lentivirus

Suspension cultures of 293 cells were seeded and transfected with a
third-generation HIV-based lentiviral vector expressing luciferase along
with packaging plasmids encoding for the following: SARS-CoV-2 spike
protein witha C-terminal 19 amino acid deletion, Rev, and Gag-pol. The
medium was changed 16-20 h after transfection, and the supernatant
containing virus was collected 24 h later. Cell debris was removed by
low-speed centrifugation, and the supernatant was passed through a
0.45-umfilter unit. The pseudovirus was pelleted by ultracentrifugation
and resuspended in PBS for a100-fold concentrated stock.

Pseudovirus neutralization assay

Serial dilutions of monoclonal antibodies were prepared in a384-well
microtitre plate and pre-incubated with pseudovirus for 30 minat 37 °C,
to which 293 cells that stably express human ACE2 were added. The
platewasreturnedtothe 37 °Cincubator, and then 48 hlater luciferase
activity was measured on an EnVision 2105 Multimode Plate Reader
(Perkin Elmer) using the Bright-Glo Luciferase Assay System (Promega),
accordingto the manufacturer’s recommendations. Per centinhibition
was calculated relative to pseudovirus-only control. IC;, values were
determined by nonlinear regression using Prism v.8.1.0 (GraphPad). The
average IC,, value for each antibody was determined from a minimum
of three independent experiments.

Measurement of synergistic neutralization by acombination of
antibodies

Synergy was defined as higher neutralizing activity mediated by
a cocktail of two monoclonal antibodies when compared to that
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mediated by individual monoclonal antibodies at the same total con-
centration of antibodies in vitro. To assess whether two monoclonal
antibodies synergize in a cocktail to neutralize SARS-CoV-2, we used
a previously reported approach to quantify synergy™. To evaluate
the significance of the beneficial effect from combining monoclonal
antibodies, the observed combination responses (dose-response
matrix) were compared with the expected responses calculated by
means of synergy-scoring models". Virus neutralization was measured
in a conventional FRNT assay using wild-type SARS-CoV-2 and Vero
E6 cell-culture monolayers. The individual monoclonal antibodies
COV2-2196 and COV2-2130 were mixed at different concentrations
to assess the neutralizing activity of different ratios of monoclonal
antibodiesin the cocktail. Specifically, each of seven two-fold dilutions
of COV2-2130 (starting from 500 ng ml™) was mixed with each of the
nine two-fold dilutions of COV2-2196 (starting from 500 ngml™) ina
total volume of 50 pl for each condition and thenincubated with 50 pl
of wild-type SARS-CoV-2 in cell culture medium (RPMI-1640 medium
supplemented with 2% FBS) before applying to confluent Vero E6 cells
grownin 96-well plates. The control valuesincluded those for determin-
ing the dose-response of the neutralizing activity measured separately
for the individualmonoclonal antibody COV2-2196 or COV2-2130, which
were assessed at the same doses asin the cocktail. Each measurement
was performedin duplicate. We next calculated the per cent virus neu-
tralization for each condition and then calculated the synergy score
value, which defines the interaction between these two monoclonal
antibodies in the cocktail. A synergy score of less than -10 indicates
antagonism, a score from —10 to 10 indicates an additive effect, and a
score greater than 10 indicates a synergistic effect®.

Quantification of monoclonal antibodies

Quantification of purified monoclonal antibodies was performed by
UV spectrophotometry using a NanoDrop spectrophotometer and
accounting for the extinction coefficient of humanIgG.

Competition-binding analysis through biolayer interferometry
Anti-mouse IgG Fc capture biosensors (FortéBio 18-5089) on an Octet
HTX biolayer interferometry instrument (FortéBio) were soaked for
10 min in 1x kinetics buffer (Molecular Devices 18-1105), followed by
a baseline signal measurement for 60 s. Recombinant SARS-CoV-2
RBD fused to mouse IgG1 (RBD-mFc, Sino Biological 40592-VO5H) was
immobilized onto the biosensor tips for 180 s. After a wash step in 1x
kinetics buffer for 30 s, the reference antibody (5 pg ml™) wasincubated
with the antigen-containing biosensor for 600 s. Reference antibodies
included the SARS-CoV human monoclonal antibodies CR3022 and
COV2-2196. After awash step in 1x kinetics buffer for 30 s, the biosensor
tips then were immersed into the second antibody (5 pg ml™) for300s.
The maximumbinding of each antibody was normalized to abuffer-only
control. Self-to-self blocking was subtracted. A comparison between
the maximum signal of each antibody was used to determine the per
centbinding of each antibody. A reduction in maximum signal to less
than 33% of the un-competed signal was considered full competition
of binding for the second antibody in the presence of the reference
antibody. A reduction in maximum signal to between 33% and 67% of
the un-competed signal was considered intermediate competition of
binding for the second antibody in the presence of the reference anti-
body. A per cent binding of the maximum signal of more than 67% was
considered absence of competition of binding for the second antibody
inthe presence of the reference antibody.

Human ACE2 inhibition analysis

Wells of 384-well microtitre plates were coated with 1pg ml™ purified
recombinant SARS-CoV-2S2P, ., proteinat4 °C overnight. Plates were
blocked with 2% non-fat dry milk and 2% normal goat serum in DPBS-T
for 1h. For screening assays, purified monoclonal antibodies from
microscale expression were diluted twofold in blocking buffer starting

from 10 pg miin triplicate, added to the wells (20 pul per well) and
incubated for1hatambient temperature. Recombinant human ACE2
with a C-terminal Flag tag peptide was added towellsat 2 pg ml™?ina
5 pl per well volume (final 0.4 pg ml™ concentration of human ACE2)
without washing of antibody and then incubated for 40 min at ambient
temperature. Plates were washed and bound human ACE2 was detected
using HRP-conjugated anti-Flag antibody (Sigma-Aldrich, cat. A8592,
lot SLBV3799,1:5,000 dilution) and TMB substrate. ACE2 binding with-
outantibody served as a control. The signal obtained for binding of the
human ACE2 in the presence of each dilution of tested antibody was
expressed as apercentage of the human ACE2 binding without antibody
after subtracting the background signal. For dose-response assays,
serial dilutions of purified monoclonal antibodies were applied to the
wellsin triplicate, and monoclonal antibody binding was detected as
detailed above. IC, values for inhibition by monoclonal antibody of
S2P,.., protein binding to human ACE2 was determined after log trans-
formation of antibody concentration using sigmoidal dose-response
nonlinear regression analysis (Prism v.8.0, GraphPad).

Human-ACE2-blocking assay using biolayer interferometry
biosensor

Anti-mouse IgG biosensors on an Octet HTX biolayer interferometry
instrument (FortéBio) were soaked for 10 min in 1x kinetics buffer,
followed by a baseline signal measurement for 60 s. Recombinant
SARS-CoV-2 RBD fused to mouse IgG1 (RBD-mFc, Sino Biological,
40592-VO5H) was immobilized onto the biosensor tips for 180 s.
After awash step in1x kinetics buffer for 30 s, the antibody (5 pg mi™?)
was incubated with the antigen-coated biosensor for 600 s. After a
wash step in 1x kinetics buffer for 30 s, the biosensor tips then were
immersed into the human ACE2 receptor (20 ug ml™) (Sigma-Aldrich,
SAE0064) for 300 s. The maximum binding of human ACE2 was nor-
malized to a buffer-only control. Per cent binding of human ACE2 in
the presence of antibody was compared to human ACE2 maximum
binding. A reductionin maximal signal to less than 30% was considered
human-ACE2-blocking.

High-throughput competition-binding analysis

Wells of 384-well microtitre plates were coated with 1 ug ml™ purified
SARS-CoV-2S2P, ., protein at4 °Covernight. Plates were blocked with
2% BSA in DPBS-T for 1 h. Microscale purified unlabelled monoclonal
antibodies were diluted tenfold in blocking buffer, added to the wells
(20 pl per well) in quadruplicates and incubated for 1 h at ambient
temperature. A biotinylated preparation of arecombinant monoclo-
nal antibody based on the variable gene sequence of the previously
described monoclonal antibody CR3022%, as well as the newly identi-
fied monoclonal antibodies COV2-2130 and COV2-2196 that recognized
distinct antigenic regions of the SARS-CoV-2 S protein, were added to
each of four wells with the respective monoclonal antibody at 2.5 ug ml™*
inavolume of 5 pl per well (final concentration of biotinylated mono-
clonal antibody 0.5 pug ml™) without washing of unlabelled antibody,
andthenincubated for 1hatambient temperature. Plates were washed
and bound antibodies were detected using HRP-conjugated avidin
(Sigma) and a TMB substrate. The signal obtained for binding of the
biotin-labelled reference antibody in the presence of the unlabelled
tested antibody was expressed as a percentage of the binding of the
reference antibody alone after subtracting the background signal.
Tested monoclonal antibodies were considered competing if their
presence reduced the reference antibody binding to less than 41% of
its maximal binding and non-competing if the signal was greater than
71%. A level of 40-70% was considered intermediate competition.

Plasma or serum antibody competition-binding assays

Wells of 384-well microtitre plates were coated with 1 ug ml™ purified
SARS-CoV-2S2P,, at4 °C overnight. Plates were blocked with 2% BSAin
DPBS-T for1h.Plasmaor serumsamples were diluted inblocking buffer



twofold starting from 1:10 sample dilution, added to the wells (20 pl
perwell)intriplicate and incubated for 1 h atambient temperature. For
self-blocking controls, unlabelled monoclonal antibodies COV2-2196
or COV2-2130 were added at 10 pg ml™ to separate wells coated with
S2P,... Serum from adonor withoutan exposure history to SARS-CoV-2
was used as anegative control for monoclonal antibody binding inhibi-
tion. Abiotinylated monoclonal antibody COV2-2196 or COV2-2130 was
added to the respective wells at 2.5 pg ml™ in a volume of 5 pl per well
(final concentration of biotinylated monoclonal antibody 0.5 ug ml™)
without washing of unlabelled antibody, and thenincubated for 30 min
atambient temperature. Binding of biotinylated monoclonal antibod-
ies COV2-2196 or COV2-2130 alone to S2P,,, served as a control for
maximum binding. Plates were washed and bound antibodies were
detected using HRP-conjugated avidin (Sigma) and a TMB substrate.
Inhibition of COV2-2196 or COV2-2130 binding in the presence of each
dilution of tested plasma or serum was calculated as a percentage of
the maximum COV2-2196 or COV2-2130 binding inhibition using values
from COV2-2196 or COV2-2130 binding alone (maximum binding) and
the corresponding self-blocking controls (maximuminhibition) after
subtracting the background signal. For thehuman ACE2 inhibition assay
by plasmaor serum antibodies, plasma or serum samples were diluted
and added to wells with S2P,, as detailed above. Recombinant human
ACE2 was added to wells at 2 pg ml™'in a volume of 5 pl per well (final
concentration of human ACE2 0.4 pg ml™) without washing of antibody,
and then incubated for 40 min at ambient temperature. Plates were
washed and bound human ACE2 was detected using HRP-conjugated
anti-Flag antibody (Sigma) and a TMB substrate. Human ACE2 binding
without antibody served as a control. The signal obtained for binding
of the human ACE2 in the presence of each dilution of tested plasma
or serum was expressed as a percentage of the ACE2 binding without
antibody after subtracting the background signal.

Protection against wild-type SARS-CoV-2 in mice transduced
withhuman ACE2

Animal studies were carried outinaccordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocols were approved by the Insti-
tutional Animal Care and Use Committee at the Washington University
School of Medicine (assurance number A3381-01). Viralinoculations
were performed under anaesthesia, which was induced and maintained
with ketamine hydrochloride and xylazine, and all efforts were made
to minimize animal suffering.

Wild-type, female BALB/c mice were purchased from The Jackson
Laboratory (strain 000651). Mice were housed ingroups of up to S mice
per cage at 18-24 °C ambient temperatures and 40-60% humidity. Mice
were fed a20% protein diet (PicoLab 5053, Purina) and maintainedona
12-h light-dark cycle (06:00 t0 18:00). Food and water were available
ad libitum.

Mice (10-11weeks old) were given asingle intraperitoneal injection
of2mg of anti-IFNAR1 monoclonal antibody (MAR1-5A3%, Leinco) one
day before intranasal administration of 2.5 x 108 PFU of AdV-hACE2.
Five days after AdV transduction, mice were inoculated with 4 x 10°
PFU of SARS-CoV-2 via the intranasal route. Anti-SARS-CoV-2 human
monoclonal antibodies or isotype control monoclonal antibodies
were administered 24 h before (prophylaxis) or 12 h after (therapy)
SARS-CoV-2inoculation. Weights were monitored onadaily basis, mice
were euthanized at 2 or 7 dpi and tissues were collected.

Measurement of viral burden

For RT-qPCR, tissues were weighed and homogenized with zirconia
beadsinaMagNA Lyser instrument (Roche Life Science) in1 ml of DMEM
mediumsupplemented with 2% heat-inactivated FBS. Tissue homoge-
nates were clarified by centrifugation at 10,000 rpm for 5 min and
stored at—80 °C.RNA was extracted using aMagMax mirVana Total RNA
isolation kit (Thermo Fisher Scientific) and a Kingfisher Flex 96-well

extraction machine (Thermo Fisher Scientific). TagqMan primers were
designed to target a conserved region of the Ngene using SARS-CoV-2
(MN908947) sequence as a guide (L primer: ATGCTGCAATCGTGCT
ACAA; R primer: GACTGCCGCCTCTGCTC; probe: /56-FAM/TCA
AGGAAC/ZEN/AACATTGCCAA/3IABKFQ/). To establish an RNA stand-
ard curve, we generated concatenated segments of the Ngeneina
gBlocks fragment (IDT) and cloned this into the PCR-1l topo vector
(Invitrogen). The vector was linearized, and invitro T7-DNA-dependent
RNA transcription was performed to generate materials for a quantita-
tive standard curve.

For the plaque assay, homogenates were diluted serially tenfold
and applied to Vero-furin cellmonolayersin12-well plates. Plates were
incubated at 37 °C for 1 h with rocking every 15 min. Cells were then
overlaid with 1% (w/v) methylcellulose in MEM supplemented with 2%
FBS. Plateswere collected 72 hlater by removing overlays and fixed with
4% PFA in PBS for 20 min at ambient temperature. After removing the
4% PFA, plaques were visualized by adding 1 ml per well 0.05% crystal
violet in 20% methanol for 20 min at ambient temperature. Excess
crystal violet was washed away with PBS, and plaques were counted.

Cytokine and chemokine mRNA measurements

RNA was isolated from lung homogenates at 7 dpi as described
above. cDNA was synthesized from DNase-treated RNA using the
High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Sci-
entific) with the addition of RNase inhibitor, following the manufac-
turer’s protocol. Cytokine and chemokine expression was determined
using TagMan Fast Universal PCR master mix (Thermo Fisher Sci-
entific) with commercial primers and probe sets specific for Ifng
(IDT: Mm.PT.58.41769240), Il6 (Mm.PT.58.10005566), Cxcl10 (Mm.
PT.58.43575827) and Ccl2 (Mm.PT.58.42151692) and results were
normalized to Gapdh (Mm.PT.39a.1) levels. Fold change was deter-
mined using the 272*“‘ method comparing anti-SARS-CoV-2-specific or
isotype-control monoclonal-antibody-treated mice to naive controls.

Histology

Mice were euthanized, and tissues were collected before lunginflation
and fixation. Theleft lunglobe was tied off at the left mainbronchus and
collected for viral RNA analysis. The right lung lobe was inflated with
around1.2ml of 10% neutral buffered formalin using a 3-ml syringe and
catheterinsertedinto the trachea. For fixation after infection, inflated
lungs were keptina40-mlsuspension of neutral buffered formalin for
7 days before further processing. Tissues were embedded in paraffin,
and sections were stained with haematoxylin and eosin. Tissue sections
were visualized using aLeica DM6B microscope equipped with a Leica
DFC7000T camera. The sections were scored by animmunopathology
expert blinded to the compositions of the groups.

Viral challenge studies using MA-SARS-CoV-2 and wild-type
mice

Animal studies were carried out in accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocols were approved by the
Institutional Animal Care and Use Committee at the UNC Chapel Hill
School of Medicine (NIH/PHS animal welfare assurance number D16-
00256 (A3410-01)). Virus inoculations were performed under anaes-
thesiathat was induced and maintained with ketamine hydrochloride
and xylazine, and all efforts were made to minimize animal suffering.

Protection against MA-SARS-CoV-2 in wild-type mice

BALB/c mice (12 months old) from Envigo were used in experiments.
Mice were housed ingroups of up to 5 mice per cage at 18-24 °C ambi-
ent temperatures and 40-60% humidity. Mice were fed a20% protein
diet (PicoLab 5053, Purina) and maintained on a12-h light-dark cycle
(08:00t020:00). Food and water were available ad libitum. Mice were
acclimatedinthe BSL3 for atleast 72 h before start of experiments. At
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6 h before infection, mice were treated with 200 pg of human mono-
clonalantibodies viaintraperitoneal injection. The next day, mice were
anaesthetized witha mixture of ketamine and xylazine and intranasally
inoculated with 10° PFU of MA-SARS-CoV-2 diluted in PBS. Daily weight
loss was measured, and at 2 dpi mice were euthanized by isoflurane
overdose before tissue collection. For the post-exposure therapy study,
mice were inoculated intranasally with 10° PFU of MA-SARS-CoV-2 and
12 h later given the indicated antibody treatments by intraperitoneal
injection. The lungs were collected at 2 dpi.

Plaque assay of lung tissue homogenates

The lower lobe of the right lung was homogenized in 1 ml PBS using a
MagnalLyser (Roche). Serial dilutions of virus were titrated on Vero E6
cell-culture monolayers, and virus plaques were visualized by neutral
red staining two days after inoculation. The limit of detection for the
assay is100 PFU per lung.

NHP challenge study
The NHP research studies adhered to principles stated in the eighth
edition of the Guide for the Care and Use of Laboratory Animals. The
facility in which this research was conducted (Bioqual, Rockville) is
fully accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALAC) and approved by
the Office of Laboratory Animal Welfare (NIH/PHS assurance num-
ber D16-00052). NHP studies were conducted in compliance with all
relevant local, state and federal regulations and were approved by
the Institutional Animal Care and Use Committee (IACUC) at Bioqual.
Twelve healthy adult rhesus macaques (Macaca mulatta) of Indian
origin (5-15 kg body weight) were studied. Rhesus macaques were
5-7 years old and mixed male and female. Macaques were allocated
randomly to two anti-SARS-CoV-2 monoclonal antibody treatment
groups (n =4 per group) and one control (isotype-treated) group
(n=4 per group). Macaques received one 50 mg kg™ dose of COV2-
2196, COV2-2381 or anisotype control monoclonal antibody intrave-
nously on day -3 and were challenged three days later with 1.1 x 10*
PFUSARS-CoV-2,administered as1mlviatheintranasal routeand 1ml
viatheintratracheal route. After challenge, viral RNA was assessed by
RT-qPCRin bronchoalveolar lavage and nasal swabs at multiple time
points as described previously***., All macaques were given physical
examinations. In addition, all macaques were monitored daily with
aninternal scoring protocol approved by the IACUC. These studies
were not blinded.

Detection of circulating human monoclonal antibodies in NHP
serum

ELISA plates were coated overnight at 4 °C with 1 ug ml™ of goat
anti-human IgG (H+L) secondary antibody (monkey pre-adsorbed)
(Novus Biologicals, NB7487) and thenblocked for 2 h. The serum sam-
ples were assayed at threefold dilutions starting at a 1:3 dilution in
Blocker Caseinin PBS (Thermo Fisher Scientific) diluent. Samples were
incubated for1h atambient temperature and then removed, and plates
were washed. Wells then were incubated for 1 h with HRP-conjugated
goat anti-human IgG (monkey pre-adsorbed) (Southern Biotech, 2049-
05) at a1:4,000 dilution. Wells were washed and then incubated with
SureBlue Reserve TMB Microwell Peroxidase Substrate (Seracare)
(100 pl per well) for 3 min followed by TMB Stop Solution (Seracare) to
stop thereaction (100 pl per well). Microplates were read at 450 nm. The
concentrations of the human monoclonal antibodies were interpolated
from the linear range of purified human IgG (Sigma) standard curves
using Prism v.8.0 (GraphPad).

Quantification and statistical analysis

Meants.e.m.or mean ts.d. were determined for continuous variables
asnoted. Technical and biological replicates are described inthe figure
legends. Inthe mouse studies, the comparison of weight-change curves

was performed using a repeated measurements two-way ANOVA with
Tukey’s post hoc test using Prism v.8.0 (GraphPad). Viral burden and
gene-expression measurements were compared using a Kruskal-
Wallis ANOVA with Dunn’s post hoc test or atwo-sided Mann-Whitney
U-testusing Prism v.8.0 (GraphPad). The analyses of synergy score and
the dose-response matrix were performed using a web application,
SynergyFinder®,

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

Data availability

The electron microscopy maps have been deposited at the Electron
Microscopy Data Bank (EMDB) with accession codes EMD-21974,
EMD-21975, EMD-21976 and EMD-21977 (Supplementary Table 2). The
electron microscopy map EMD-21965 is publicly available. The acces-
sionnumbers for the cryo-electron-microscopy and crystal structures
used for structural analysis, including structures of the closed con-
formation of SARS-CoV-2 S (PDB: 6VXX), the open conformation of
SARS-CoV-2 (PDB: 6VYB), the Fab used for docking (PDB: 12E8) and
the SARS-CoV-2 RBD-human ACE2 complex (PDB: 6MOQ)J) are publicly
available. Sequences of the monoclonal antibodies characterized
here are available from GenBank under the following accession num-
bers: MT665032-MT665070, MT665419-MT665457, MT763531 and
MT763532. Materials used in this study will be made available but may
require execution of a Materials Transfer Agreement. Source data are
provided with this paper.
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Extended DataFig.1|SARS-CoV-2 neutralization curves for monoclonal antibody panel. Neutralization of wild-type SARS-CoV-2 by human monoclonal

antibodies. Dataare mean+s.d. of technical duplicates, and represent one of two or more independent experiments.



% human ACE2 binding inhibition

COV2-2015 COV2-2050 COV2-2068 COV2-2072 COV2-2082 COV2-2094

[T o 1004+ 8 ET0]0 T FT0o T 10 T E L0

75 75 75 75 75 75

50 50 50 50 50 50

25 25 25 25 25 25

T s 2 101 2 3 4 O 3 3 2 T 5 2 T 3 4 5 3 4
COV2-2096 COV2-2098 COV2-2103 COV2-2113 COV2-2130 COV2-2165

1004 . 1004 1004 1004 1004 1004

75 75 751 75 75 75

50 50 50 50 50 50

2 2 251 2 25 25

T2 5 4 T2 5 4 T a5 4 T2 5 4 T3 5 4 T2 5 4
COV2-2196 COV2-2258 COV2-2268 COV2-2308 COV2-2353 COV2-2354

100 100 100 1004 1004 1004

75 75 75 75 75 75

50 50 50 50 50 50

25 R 25 25 o 25 25 25

O 5 4 ERIS IR O 5 5 4 ERRE R BV Mt 2 N ER R

COV2-2381 COV2-2479 COV2-2489 COV2-2499 COV2-2539 COV2-2562
1004 1004 1004 1004 100 100
75 75 75 75 75 75
50 50 50 50 50 50
2 2 2 25 25 25
ERREER) 5 5 4 OSW R IE! O 5 R I

COV2-2676 COV2-2677 COV2-2752 COV2-2780 COV2-2807
100- 100- 100- 100- 100-
75 75 75 75 75
50 50- 50 50- ] 50-
25 25 25 25 25

p o
0 0. + 0+ 04 04
10123 4 1012 3 4 1012 3 4 10123 4 1012 3 4 1012 3 4

COV2-2812 COV2-2813 COVv2-2819 COV2-2828 COV2-2832 COV2-2835
100 100 100 100 o 100 100
75 75 75 75 75 75
50 50 50 50 50 50
25 2 25 25 . 25 p 25
TS 3 2 O 5 S 5 5 4 1012 3 4 T 5 5 4 T 5 5 4

COV2-2841 COV2-2919 COV2-2955 COV2-3025 rCR3022 r2D22
100 100 100 100 100 100
75 75 75 g 75 75 75
50 50 50 50 50 50
25 25 H 25 25 25 25
o 3 2 R e S ST 3 4 T 5 5 % ECIII 0-101232

mAb concentration (log,, ng/mL)

Extended DataFig. 2 |Inhibition curves for monoclonal antibody
inhibition of S2P, ., binding to human ACE2. Blocking of human ACE2
binding to S2P, by anti-SARS-CoV-2 neutralizing human monoclonal

antibodies. Dataaremean+s.d. of triplicates of one experiment. Antibodies
rCR3022and r2D22served as controls.



Article

COv2-2015 ,  COV2-2050 . COv2-2068 ,  COvV2-2072 ,  COV2-2082 . COV2-2094

o - N W
o
N
o 4 N W
- N W
o 4 N W
o.
N.
O = N W
O 4 N W
o
N

3 761323 %3¢ 733 3 246 1 2 3 3
COV2-2096 4 COV2-2098 . COV2-2103 4 COV2-2113 4 COV2-2130 . COV2-2165
3 3 § 3 3 % 3 3
2 2 2 2 2 2
1 v, 1 1 1 1
0 0 ol 0 0
24061 23 24041323 %5 36733 24013238 23406123 24064123
COV2-2196 . COV2-2258 COV2-2268 . COV2-2308 . COV2-2353 . COV2-2354
4 4

o
3 3 3
2 2 2
1 1 1
0 0 0
o123 2401 2 3 2+ 24 0 1 2 2 4 0 1 2

COV2-2381 . COV2-2479 COV2-2489 . COV2-2499 4 COV2-2539 . COV2-2562
4

w.
.

o 4 N W
o
N
O = N W
o =4 N W

Lo = N W b
.
.

- N oW
.;
.

- N W

w.

w.

COV2-2676 . COV2-2677 COV2-2733 . COV2-2752 . COV2-2780 . COV2-2807
4

3 3 3
2 2 2
1 1 1 o
0 0 0 0
2401 2 3 24012 2401 23 2401 2 3

COV2-2812 COV2-2813 COV2-2819 COV2-2828 COV2-2832 COV2-2835
4 4 4 4

3 3 3

2 2 2

1 1 1
--101230-- 0--1012 2 4 0 1 2

= N W
°
o = N W
o.
N,
= N W

w.

o 4 N W
=)

N

O =4 N W b
o = N w

3 3 2 40 1 2 3 2 10 1 2 3 3 ° 3
D§ COV2-2841 COV2-2919 COV2-2955 COV2-3025 rCR3022 r2D22
o 4 4 4 4 4 4
3 3 3 3 3 3
2 2 2 2 2
1 1 1 1 1
T 733 % Aa07133 2Ai¢733 %io773 %id733 BA07133
mAb concentration (log,, ng/mL)
© S2P_ ° Seap = SARS-CoV S2P__

Extended DataFig.3|ELISA binding of anti-SARS-CoV-2 neutralizing human monoclonal antibodies to trimeric Sggp, S2P, ., Or SARS-CoV S2P, ., antigen.
Dataaremean+s.d.of triplicates, and are representative of two experiments. Antibodies rCR3022 and r2D22 served as controls.



100. .................................
c
kel
S 75-
<
£
N
W50
<
C
@
E 254
c
=2
015 T ]
108 102 10
Serum or plasma dilution
b
COV2-2130 COV2-2196
100 Efeessssecesssscscstsssccsssssseseen 1 00- .................................
c
K] 1 1
S 40T 40T
<
£
g’ 30 301
el
f=
5 204 201
Q
<
€ 104 10+
N3
O- 1 0- 1
102 10" 102 10"
Serum or plasma dilution
® |Individual 1 plasma ® Individual 2 serum ® Individual 3 plasma
® Individual 4 plasma ® |ndividual 5 serum (healthy)
Extended DataFig. 4 | Competition-binding analysis of serum or plasma fullhuman ACE2inhibition. b, Inhibition of monoclonal antibody COV2-2130
antibodies withhuman ACE2 and monoclonal antibodies. a, Inhibition of (left) or COV2-2196 (right) binding to S2P,.., by serum or plasma of four
human ACE2 binding to S2P,, by serum or plasma of four SARS-CoV-2immune SARS-CoV-2immune individual or one non-immune controlindividualinan
individuals or one non-immune controlindividual in an ELISA using SARS- ELISA using SARS-CoV-2S2P, .. Dataare mean ts.d. of triplicates, and are
CoV-2S2P,,. Monoclonal antibodies wereisolated fromindividuals3and 4 as representative of two experiments. Dotted line indicates the percentage of
described previously’®. Dataare mean £ s.d. of triplicates of one experiment. self-competition of monoclonal antibodies COV2-2196 and-2130 on the
Dotted lineindicates full inhibition (100%) of human ACE2 by 500 ng mI™ of SARS-CoV-2S2P,, antigen.

monoclonalantibody COV2-2196 or COV2-2130 that were used as controls for



Article

a
COV2-2094 COV2-2094 COV2-2096 COV2-2096
T 14 25 ~ 14 4
892 g 12
F * =20 3 ) s 3
£ 1.0 s g 10 = —
S <15 £ <
208 g g o8 3,
g 06 €10 5 06 g
g 04 % s £ o4 g4
§ 0.2 o o g 02
BRSSO S 003 0 0 0 0 RN S5 X8 SRR E RIS 3 0 0 0 0
SR o o e enrcS 0 100 200 300 400 A LA AN A AR SN A 0 100 200 300 400
MRGESERE OGRS Time (seconds) PRGESERE OSSR Time (seconds)
COV2-2130 COV2-2130 COV2-2165 COV2-2165
o 14 . 14 20
£12 g 12
S 10 s 3 10 S5
508 e £ 08 210
9 06 g Z 06 2
2 04 & 8 04 205
I3 i1 s 2 0.
202 14 802 o
B0 . W o b o & 00 RO X AT T e T e 2 o 4o
YOO A O AN DO S A U D D DA O X AN NN S AN
SEERRHREERES Time (seconds) CEGFRIPVIF TS Time (seconds)
b
COV2-2196 COV2-2165 COV2-2096 COV2-2130
QGA
COoV2-2196 \ COoV2-2196 Syl NEOIA T500R
~ 14 Y
B2 s yoosa499R
£ s ; o
T 10 22 g4 s
S 0.8 3 ~
< 06 s ha ¢ 7!
g &1 . 2o
5 04 & /
g02 COV2-2004 M et/
00 T o o o K =
B R T A 5 e
ib\ib%‘bq’e@{_ 0&2\&*}(@%@&%%%@?&%3&@ Time (seconds) - DmA
Internal Trimer Face External Trimer Face

Extended DataFig.5|Mapping of critical contactresidues for monoclonal
antibodies by alanine and arginine mutagenesis and biolayerinterferometry.
a,Bargraphsshowresponse values for monoclonal antibody binding to
wild-type or mutant Sy, constructs normalized to the wild type. Asterisks
denoteresidues whereincreased dissociation of monoclonal antibody was

observed, probably indicating that the residue is proximal to the monoclonal
antibody epitope. Full response curves for monoclonal antibody association
and dissociation with wild-type or mutant Sgzp constructs are also shown.

b, Structure of the RBD, highlighting the critical contactresidues for several
monoclonal antibodies and their location on the structure.




Heavy chain features

Light chain features

mAb V Gene D Gene J Gene HCDR3 V Gene J Gene LCDR3
COV2-2130 IGHV3-15  IGHD3-22  IGHJ4 TTAGSYYYDTVGPGLPEGKEDY IGKV4-1 1GKJ4 QOQYYSTLT
COV2-2196 IGHV1-58  IGHD2-2  IGHJ3 AAPYCSSISCNDGFDI IGKV3-20  IGKJ1 QHYGSSRGWT
COV2-2381 IGHV1-58 IGHD2-2 IGHJ3 AAPYCSRTSCHDAFDI IGKV3-20 IGKJ1 QHFGSSSQWT
b
COV2-2196 COV2-2381 Isotype
- 10%q 1044 104
E 403+ 10°4 10°+
[=2]
= 102 102 102
8 1 1 1
§ 10" 10" 10"
o 1004 1004 100
<
£ 1071 107"+ 107"
E 1024 102+ 102
2
& 10°4 103 103

4 -3

-2

-1

0

-4

— 1 1T T 1 T T 1
3 -2 10 1 2 3

1 1 1 T T T 1
4 3 -2 101 2 3

Extended DataFig. 6 |Sequence features of the human monoclonal
antibodies used inanimal studies and monoclonal antibody
pharmacokinetics following their administration toNHPs. a, Sequence
features of human monoclonal antibodies tested in animal models. Inferred
variable genes areindicated and CDR3 amino acids are shown for heavy and
light chains. b, Macaques received one 50 mg kg™ dose of COV2-2196, COV2-

Days post-challenge

238loranisotype controlmonoclonal antibody (n =4 macaques per group)
intravenously onday -3 and then were challenged intranasally and
intratracheally with SARS-CoV-2 at day 0. The concentration of human
monoclonal antibodies was determined atindicated time points. Each curve
showsanindividual macaque. Datarepresentasingle experiment.



natureresearch

Last updated by author(s): 8/01/2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

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

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

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

The statistical test(s) used AND whether they are one- or two-sided
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A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

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)

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

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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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 The microscope was operated using SerialEM software version 3.7 (PMID: 16182563). Negative stain electron microscopy image
acquisition and processing was performed using the cryoSPARC software package version 2.14.2 (PMID: 28165473). The images were
denoised and picked with Topaz software version 0.2.3 (bioRxiv. doi:10.1101/838920).

Data analysis This study used commercially available GraphPad Prism software v8 for data representation and statistical analysis (GraphPad Prism;
RRID: SCR_002798). Synergy was estimated using open source SynergyFinder software https://synergyfinder.fimm.fi/ (PMID: 28379339).
UCSF chimera was used for molecular docking to the electron microscopy maps (UCSF Chimera; RRID: SCR_004097). Pymol was used to
visualize molecular structures and freely available from https://www.pymol.org/2//.

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

The electron microscopy maps have been deposited at the Electron Microscopy Data Bank (EMDB) with accession codes EMD-21974, EMD-21975, EMD-21976 and
EMD-21977 (Supplementary Table 2). The electron microscopy map EMD-21965 is publicly available. The acces- sion numbers for the cryo-electron-microscopy and
crystal structures used for structural analysis, including structures of the closed con- formation of SARS-CoV-2 S (PDB: 6VXX), the open conformation of SARS-CoV-2
(PDB: 6VYB), the Fab used for docking (PDB: 12E8) and the SARS-CoV-2 RBD—human ACE2 complex (PDB: 6MO0)J) are publicly available. Sequences of the monoclonal
antibodies characterized here are available from GenBank under the following accession num- bers: MT665032-MT665070, MT665419-MT665457, MT763531 and
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MT763532. Materials used in this study will be made available but may require execution of a Materials Transfer Agreement. Source data are provided with this
paper.
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Life sciences study design

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

Sample size No sample-size calculations were performed to power each study. Sample sizes for mouse studies were determined based on our previous
results for similar in vivo experiments which showed that the use of 5—10 mice per group represents a minimally sufficient sample size to
produce a study power of >80% (adequacy standard used in most research). To ascertain reproducibility, studies for key experimental findings
that include in vivo protection in mice by identified neutralizing mAbs were confirmed using two different mouse challenge models, and in
prophylaxis and therapy settings with sample sizes of n=8-10 animals per experiment. Details about research subjects groups are provided in
Supplementary information. Details about groups and sample sizes for mouse virus challenge studies are provided in the Results section and
figure legends. For the NHP study, sample sizes were sufficient given large differences in viral load between treated and isotype control
groups. The other key experiments that included in vitro measurements of antibody binding, hACE2 blocking, and virus neutralizing activities
were carried out with two or more independent study replicates, which were sufficient given the large difference between activities for
identified SARS-CoV-2-specific mAbs and isotype controls.

Data exclusions  No data were excluded from the analysis

Replication Studies that were repeated are noted in figure captions and include all studies that demonstrated the key results reported in the manuscript.
No studies have been reported that failed upon repetition. Antibodies of known activity were included across all experiments to verify
reproducibility (e.g. presence of binding, blocking, or neutralizing activities), and included comparisons of newly identified SARS-CoV-2-specific
antibodies to relevant characterized antibodies (e.g. rCR3022) and isotype matched antibody controls. These controls were included in each
replicate experiment that measured binding, blocking, neutralizing, and in vivo protective activity of characterized anti-SARS-CoV-2 mAbs.
Consistency of mAb activity across in vitro and in vivo experiments within this study indicate a high level of reproducibility.

Randomization  Animals were randomly allocated to the groups. For experiments other than animal studies, randomization is not relevant as this is an
observational study.

Blinding The investigators were not blinded for most studies except lung pathology evaluation. We used conventional antigen binding and virus
neutralization assays using actual binding to the SARS-CoV2 spike antigen and live SARS-CoV2 neutralization as the readouts. We used two
different challenge models to measure protective capacity of identified mAbs. In the first more stringent challenge model, we monitored for
protection against severe weight loss using body weight measurement as a readout and RT-qPCR to quantify viral burden. In the second less
stringent model using a mouse-adapted virus, we measured viral load using RT-qPCR and plaque assay for the infectious virus. For lung study
pathology, H&E stained tissue sections were scored by an experienced immunopathologist blinded to the compositions of the groups.

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 7 Involved in the study
Antibodies |X| |:| ChlP-seq
Eukaryotic cell lines |X| |:| Flow cytometry
Palaeontology |X| |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Antibodies

Antibodies used In a newly developed SARS-CoV-2 infection model in BALB/c mice in which human ACE2 is expressed in the lung after intranasal
adenovirus (AdV-hACE2) transduction, mice were treated with anti-Ifnarl mAb (MAR1-5A3; Leinco). Polyclonal goat anti-human
1gG-HRP antibody (Southern Biotech Cat# 2040-05, Lot B3919-XD29) was used for antigen binding ELISA assays. Monoclonal anti-
FLAG M2-Peroxidase (HRP) antibody produced in mouse (Sigma-Aldrich Cat# A8592, Lot SLBV3799) was used as a detection
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antibody for hACE2 binding assays. For FRNT assay, previously described human anti-SARS-CoV rCR3022 antibody (PMID:
32245784) was used as a primary antibody and the detection was performed using anti-human IgG (y-chain specific)-peroxidase
antibody produced in goat (Sigma-Aldrich Cat# A6029). Capture antibody used for human mAb detection in NHP serum utilized a
goat anti-human 1gG (H+L) secondary antibody (monkey pre-adsorbed) (Novus Biological Cat#t NB7487). Detection antibody used
for human mAb detection in NHP serum utilized an HRP-labeled goat anti-human 1gG (H+L), (monkey pre-adsorbed) (Southern
Biotech Cat# 2049-05).

Newly discovered SARS-CoV2 spike antigen-specific monoclonal antibodies are described in this paper.

Validation Newly discovered SARS-CoV?2 spike antigen-specific monoclonal antibodies were validated via antigen binding, virus
neutralization, and in vivo protection studies described in this paper. Validation of anti-Ifnarl mAb activity was previously
described (PMID: 17115899). Validation of rCR3022 antibody activity was previously described (PMID: 32245784). All other
antibodies are commercially available. Antibodies used in a specific species or application have been appropriately validated by
manufacturers and this information is provided on their website and information datasheets as follows:

Goat anti-human IgG-HRP (https://www.southernbiotech.com/?catno=2040-05&type=Polyclonal#&panell-1&panel2-1);
Anti-human IgG (y-chain specific)-peroxidase antibody produced in goat (https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Datasheet/6/a6029dat.pdf);

Monoclonal anti-FLAG M2-Peroxidase (HRP) antibody produced in mouse (https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Datasheet/6/a8592dat.pdf);

Goat anti-human IgG (H+L) secondary antibody (monkey pre-adsorbed) (https://www.novusbio.com/PDFs/NB7487.pdf);

Goat anti-human IgG, monkey ads-HRP (https://www.southernbiotech.com/techbul/2049.pdf).
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) In this study we used the following cell lines: Vero E6 (American Type Culture Collection (ATCC), Cat#t CRL-1586), Vero (ATCC
Cat# CCL-81), HEK293 (ATCC Cat# CRL-1573), and HEK293T (ATCC Cat# CRL-3216), Expi293F (ThermoFisher Scientific, A1452),
FreeStyle 293-F (ThermoFisher Scientific, R79007), and ExpiCHO (ThermoFisher Scientific, A29127). Vero-furin cells were
obtained from T. Pierson (NIH) and have been previously described (PMID: 27420797).

Authentication None of the cell lines used were authenticated

Mycoplasma contamination All cell lines were tested and confirmed negative for Mycoplasma contamination

Commonly misidentified lines  None
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For viral challenge using authentic SARS-CoV-2, wild-type female BALB/c mice (10-11-week-old) that were purchased from
Jackson Laboratory (strain 000651) were used. Animals were housed in groups of up to 5 mice/cage at 18-24°C ambient
temperatures and 40-60% humidity. Mice were fed a 20% protein diet (PicoLab 5053, Purina) and maintained on a 12 hour light/
dark cycle (6 am to 6 pm). Food and water were available ad libitum.

For viral challenge using MA-SARS-CoV-2, wild-type female 12-month-old BALB/c mice from Envigo (strain 047) were used.
Animals were housed in groups of up to 5 mice/cage at 18-24°C ambient temperatures and 40-60% humidity. Mice were fed a
20% protein diet (PicoLab 5053, Purina) and maintained on a 12 hrs light/dark cycle (8 am to 8 pm). Food and water were
available ad libitum.

Twelve healthy adult rhesus macaques (Macaca mulatta) of Indian origin (5 to 15 kg body weight) were studied. Rhesus
macaques were 5-7 years old and mixed male and female.

Wild animals This study did not involve wild animals.
Field-collected samples The study did not involve samples collected from the field.
Ethics oversight Mouse studies were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use Committee at
the Washington University School of Medicine (NIH/PHS Assurance ID: D16-00245 ) and approved by the Institutional Animal
Care and Use Committee at the UNC Chapel Hill School of Medicine (NIH/PHS Assurance ID: D16-00256). Virus inoculations were
performed under anesthesia that was induced and maintained with ketamine hydrochloride and xylazine, and all efforts were
made to minimize animal suffering. The NHP research studies adhered to principles stated in the eighth edition of the Guide for
the Care and Use of Laboratory Animals. The facility where this research was conducted (Bioqual Inc., Rockville, MD) is fully
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) and approved
by the Office of Laboratory Animal Welfare (NIH/PHS Assurance ID: D16-00052). NHP studies were conducted in compliance with
all relevant local, state, and federal regulations and were approved by the Animal Care and Use Committee (IACUC) at Bioqual.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.




Human research participants

Policy information about studies involving human research participants

Population characteristics We studied 4 subjects with previous laboratory-confirmed symptomatic SARS-CoV-2 infection that was acquired in China, and
one healthy control subject:
Subject 1: Male, 35 years old
Subject 2: Female, 52 years old
Subject 3: Male, 56 years old
Subject 4: Female, 56 years old
Healthy control subject:
Subject 5, Male, 58 years old
Two subjects from which mAbs were isolated (the 56-year-old male and a 56-year-old female) are a married couple and
residents of Wuhan, China, who traveled to Toronto, Canada and were diagnosed with SARS-CoV-2 infection by RT-PCR as
described previously (PMID: 32511414). Male subject developed symptoms suggestive of COVID-19 and female subject was
asymptomatic when RT-PCR tested. At the time of PBMCs collection, male subject was free of symptoms suggestive of COVID-19
for at least 14 days and both subjects had negative nasopharyngeal swab RT-PCR tests. These samples were transferred to
Vanderbilt University Medical Center in Nashville, TN, USA on March 14, 2020.
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Recruitment Study participants were recruited at the hospital in Toronto, and PBMCs were obtained by leukapheresis on March 10, 2020,
which is 50 days after symptom onset for the male subject and 18 days after negative RT-PCR test for the female subject. These
two subjects were selected on the basis of high SARS-CoV-2-specific B cell frequency in these samples with the aim to facilitate
identification of potent monoclonal antibodies, as described previously (PMID: 32511414). Samples were obtained after written
informed consent. There was no potential self-selection bias in recruiting patients.

Ethics oversight Ethics oversight
Studies to obtain specimens after written informed consent had been approved by the Institutional Review Board of Vanderbilt
University Medical Center, the Institutional Review Board of the University of Washington, and the Research Ethics Board of the
University of Toronto.

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