Ultrapotent antibodies against diverse and highly
transmissible SARS-CoV-2 variants
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The emergence of highly transmissible SARS-CoV-2 variants of concern (VOC) that are resistant to
therapeutic antibodies highlights the need for continuing discovery of broadly reactive antibodies. We
identify four receptor-binding domain targeting antibodies from three early-outbreak convalescent donors
with potent neutralizing activity against 23 variants including the B.1.1.7, B.1.351, P.1, B.1.429, B.1.526 and
B.1.617 VOCs. Two antibodies are ultrapotent, with sub-nanomolar neutralization titers (ICs0 0.3 to 11.1
ng/mL; ICg 1.5 to 34.5 ng/mL). We define the structural and functional determinants of binding for all four
VOC-targeting antibodies and show that combinations of two antibodies decrease the in vitro generation of
escape mutants, suggesting their potential in mitigating resistance development.

Since the start of the SARS-CoV-2 outbreak, >170 million peo-
ple have been infected and >3.7 million have died from
COVID-19 (I). The virus is decorated with a trimeric spike
protein (S) which comprises an S1 subunit that binds host
cells, and an S2 subunit responsible for membrane fusion.
The S1 subunit comprises an N-terminal domain (NTD), the
receptor binding domain (RBD) that binds the host ACE2 re-
ceptor, and two additional subdomains SD1 and SD2. Shortly
after the first Wuhan Hu-1 (Hu-1) genome sequence was pub-
lished (2), S proteins based on this sequence were generated
for use in antibody discovery (3-5). SARS-CoV-2 variants such
as B.1.1.7 (e.g., Alpha, 501Y.V1) (6), B.1.351 (e.g., Beta, 501Y.V2)
(7), P.1 (e.g., Gamma, 501Y.V3) and B.1.617.2 (e.g., Delta,
452R.V3) (8, 9) contain mutations, many in S, that mediate
resistance to therapeutic monoclonal antibodies, have in-
creased transmissibility and potentially increase pathogenic-
ity (I0-14). Vaccines designs based on the original Hu-1
outbreak strain sequence elicit antibody responses that show
decreased in vitro neutralizing activity against variants (74—
16). In this report, antibodies isolated from convalescent sub-
jects who were infected by the Washington-1 (WA-1) strain,

which has an identical S sequence to Hu-1, were investigated
for reactivity against WA-1, variants of concern (VOCs) and
defined the structural features of their binding to S.

Identification and characterization of antibodies
against WA-1

We obtained blood from twenty-two convalescent sub-
jects, who had experienced mild to moderate symptoms after
WA-1-infection, between 25 and 55 days after symptom onset.
Four subjects, A19, A20, A23 and B1, had both high neutraliz-
ing and binding activity against the WA-1 variant (Fig. 1A)
and were selected for antibody isolation efforts.
CD19+/CD20+/IgM-/IgA+ or IgG+ B cells were sorted for
binding to a stabilized version of S (S-2P), the full S1 subunit,
or the receptor binding domain plus the subdomain-1 region
of S1 (RBD-SD1) (Fig. 1B and fig. S1). In total, we sorted 889
B cells, recovered 709 (80%) paired heavy and light chain an-
tibody sequences and selected 200 antibodies for expression.
An MSD binding assay was used to measure binding of these
200 antibodies to stabilized spike, the full S1 subunit, RBD,
or NTD. There was a broad response across all spike domains
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with 77 binding RBD, 46 binding NTD, 58 inferred to bind the
S2 subunit based on binding to S, but not to S1, and 19 bind-
ing an indeterminant epitope or failing to recognize spike in
an MSD binding assay (Fig. 1C).

Pseudovirus neutralization assays using the WA-1 spike
showed that 4 RBD targeting antibodies, A19-46.1, A19-61.1,
A23-58.1 and B1-182.1 (table S1), are especially potent (ICso
2.5-70.9 ng/mL) (Fig. 1, D and E). WA-1 live virus neutraliza-
tion (17) revealed similar high potent neutralization by all
four antibodies (ICs 2.1-4.8 ng/mL) (Fig. 1, D and E). All four
antibody Fabs exhibited nanomolar affinity for SARS-CoV-2
S-2P (i.e., 2.3-7.3 nM), consistent with their potent neutraliza-
tion (Fig. 1E).

Antibodies targeting the RBD can be categorized into 4
general classes (i.e., Class I-IV) based on competition with the
ACE2 target cell receptor protein for binding to S and recog-
nition of the up or -down state of the three RBDs in S (I8).
LY-CoV555 is a therapeutic antibody that binds RBD in both
the up and down states, blocks ACE2 binding and is catego-
rized as Class II. However, despite potent activity against WA-
1, VOCs have been reported to contain mutations that confer
resistance to LY-CoV555 (14, 19, 20) and similarly binding an-
tibodies. We therefore examined whether the epitopes tar-
geted by the four high-potency antibodies were distinct from
LY-CoV555. We used a surface plasmon resonance-based
(SPR) competition binding assay to compare the binding pro-
file of these antibodies to LY-CoV555. While LY-CoV555 com-
peted with A19-46.1, A19-61.1, A23-58.1 and B1-182.1 (and vice
versa), their overall competition profiles were not the same.
A23-58.1 and B1-182.1 exhibit similar binding profiles and
A19-61.1 and A19-46.1 likewise display a shared competition
binding profile in our SPR assay. However, the latter two an-
tibodies can be distinguished from each other due to A19-61.1
competition with the class III antibody S309 (2I) (Fig. 1F)
which binds an epitope in RBD that is accessible in the up or
down position but does not compete with ACE2 binding (18).

To determine if the antibodies block ACE2 binding, we
used biolayer interferometry ACE2-competition and cell sur-
face binding assays to show that all four antibodies prevent
the binding of ACE2 to spike (Fig. 1G and fig. S2). This sug-
gests that A19-46.1, A23-58.1 and B1-182.1 neutralize infection
by directly blocking the interaction of RBD with ACE2 and
would be classified as either Class I (ACE2 blocking, binding
RBD up only) or IT (ACE2 blocking, binding RBD up or down)
RBD antibodies (18). A19-61.1 competition with S309 and
ACE2 binding suggests that it binds at least partly outside of
the ACE2 binding motif but may sterically block ACE2 bind-
ing similar to the Class III antibody REGN10987. To refine
the classification of these antibodies, we performed negative
stain 3D reconstruction and found that A19-46.1 and A19-61.1
bound near one another with all RBDs in the down position
(Fig. 1H), consistent with them being Class II and Class III

antibodies, respectively. Similarly, A23-58.1 and B1-182.1
bound to overlapping regions when RBDs are in the up posi-
tion, suggesting that they are Class I antibodies.

Antibody binding and neutralization against circu-
lating variants

Because each donor subject was infected with a variant
close to the ancestral WA-1, we evaluated antibody activity
against recently emerged variants like D614G, which has be-
come the dominant variant across the world (22). Similar to
LY-CoV555, neutralization potency was increased against
D614G compared to WA-1, with the ICsy and ICg of each ex-
perimental antibody 1.4 to 6.3-fold lower than that seen for
the WA-1 (ICs of 0.8-20.3 ng/ml and ICs, of 2.6-43.5 ng/ml)
(Fig. 2, A and C, and fig. S3).

Next, we assessed antibody binding to D614G and 9 addi-
tional cell surface expressed spike variants that have ap-
peared subsequent to WA-1 and that are not considered
variants of concern or interest (i.e., B.1.1.7.14, B.1.258.24,
Y453F/D614G, Ap.l, B.1.388, AH69-70/N501Y/D614G,
K417N/D614G, B.1.1.345, B.1.77.31) (6-9, 22). Experimental an-
tibodies were compared to four antibodies that are in clinical
use (LY-CoV555, REGN10933, REGN10987 and CB6, aka LY-
CoV016). All control and experimental antibodies showed a
minor reduction in binding (<2-fold) to B.1.258.24
(N439K/D614G) (figs. S3 and S4). Despite this, their neutral-
ization capacities were not significantly impacted, with the
exception of REGN10987 (2.00 ug/mL) as reported previously
(23) (figs. S3 and S4). While none of the experimental anti-
bodies showed large reductions in binding, LY-CoV555, CB6
(24) and REGN10933 (25) each showed significant (>10-fold)
binding deficits to one or more variants (i.e., Y453F/D614G,
K417N/D614G, B.1.1.34:5 or B.1.177.31) in these cell-based bind-
ing assays (figs. S3 and S4.).

We next evaluated the capacity of each antibody to neu-
tralize lentiviral particles pseudotyped with the same 10 var-
iant spike proteins. Consistent with published data,
REGN10933 did not neutralize Y453F/D614G or B.1.177.31
(K417N/E484K/N501Y/D614G) (12, 14, 26); CB6 did not neu-
tralize B.1.177.31; and LY-CoV555 and REGN109333 showed
significant potency reductions (28-fold to knockout) for neu-
tralization of viruses containing E484K (12, 14) (fig. S3). Rel-
ative to WA-1, the A23-58.1 ICs neutralization was 3-fold
lower for AH69-70/N501Y/D614G (0.9 ng/mL), 5-fold lower
for Ap.1 (<0.6 ng/mL) and, while A23-58.1 maintained high
potency, neutralization against B.1.1.345 was increased 4-fold
(10.2 ng/mL). Neutralization by B1-182.1 maintained high-po-
tency (ICs <3.2 ng/mL) for all variants and showed more
than 4-fold improved potency for 6 of the 10 variants tested
(ICs <0.8 ng/mL) (fig. S3). For A19-61.1 variant neutralization
was 3 to 6-fold more potent than WA-1 (WA-1 ICs 70.9
ng/mL; variants ICs 11.1-23.7 ng/mL) (fig. S3). Finally,
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neutralization by A19-46.1 was similar to WA-1 for all variants
except B.1.1.345 and B.1.177.31, which were still highly potent
despite having ICs values that were 2 to 3-fold less active
(B.1.1.345: 95.0 ng/ml; B.1.177.311: 61.8 ng/ml; WA-1: 39.8
ng/mkL) (fig. S3). Together, these data show the capacity of
these newly identified antibodies to maintain high neutrali-
zation potency against a diverse panel of 10 variant spike pro-
teins.

Antibody binding and neutralization of variants of
interest and concern

We analyzed neutralization of 13 circulating variants of
interest/concern, some of which have high-transmissibility,
including B.1.1.7, B.1.351, B.1.427, B.1.429, B.1.526, P.1, P.2,
B.1.617.1 and B.1.617.2 (6, 7, 11) (Fig. 2 and fig. S3). Consistent
with published data we found that: LY-CoV555, CBS6,
REGN10933 and REGN10987 maintained high potency
against B.1.1.7 (ICs 0.1-40.1 ng/mL) and LY-CoV555 and CB6
were unable to neutralize B.1.351 v.1, B.1.351 v2, P.1 vl or P.1.v2
variants (ICso >10,000 ng/mL) (Fig. 2 and fig. S3) (12, 14, 26);
LY-CoV555 was unable to neutralize B.1.526 v2, B.1.617.1 and
B.1.617.2; CB6 showed 5 to 27-fold worse activity against
B.1.1.7+E484K and B.1.429+E484K but remained active
against B.1.617.1 and B.1.617.2; REGN10933 showed 9 to 200-
fold reduction in neutralization against variants with muta-
tions at E484 (i.e., B.1.1.7+E484K, B.1.429+E484K, B.1.526
v2,P.1 vl/v2 and B.1.617.1) and maintained activity against
B.1.617.2 which does not contain a mutation at E484 (Fig. 2
and fig. S3); REGN10987 maintained or had slightly increased
potency against each of the VOC/VOIs except B.1.617.2 which
showed a 4-fold reduction in activity (Fig. 2 and fig. S3). In
comparison, A23-58.1, B1-182.1, A19-46.1 and Al19-61.1 main-
tained similar or improved potency (ICs <0.6-11.5 ng/mL)
against B.1.1.7 and B.1.1.7+E4:84K relative to WA-1 (Fig. 2 and
fig. S3). The potency of A19-46.1 was within 2.5-fold or lower
relative to WA-1 for all variants (ICs 11.5-101.4 ng/mL vs. WA-
1 39.8 ng/mL) except those containing L452R (ICs >10,000
ng/mL) (i.e., B.1.427, B.1429, B.1.429+F484K, B.1.617.1 and
B.1.617.2) (Fig. 2 and fig. S3). Further analyses showed that
A23-58.1, B1-182.1 and Al19-61.1 maintained high potency
against all VOC/VOIs (ICso <0.6-28.3 ng/mL), including the
recently identified B.1.617.1 and B.1.617.2 (Fig. 2 and fig. S3).
These results indicate that despite being isolated from sub-
jects infected with early ancestral SARS-CoV-2 viruses, each
of these antibodies have highly potent reactivity against
VOCs.

Structural and functional analysis of VHI-58 anti-
bodies

The two most potent antibodies, A23-58.1 and B1-182.1,
shared highly similar gene family usage in their heavy and
light chains, despite being from different donors (table S1).

Both use IGHV1-58 heavy chains and IGKV3-20/IGKJ1 light
chains and a similarly low levels of SHM (<0.7%) (table S1).
This antibody gene family combination has been identified in
other COVID-19 convalescent subjects and has been proposed
as a public clonotype (27-30). To gain structural insights on
the interaction between this class of antibodies and the
SARS-CoV-2 spike, we obtained cryo-EM reconstructions for
structures of the Fab A23-58.1 bound to a stabilized WA-1 S
at 3.39 A resolution and of the Fab B1-182.1 bound to a stabi-
lized WA-1 S at 3.15 A resolution (Fig. 3, A and B; figs. S5 and
S6; and table S2). This revealed that the antibody bound to
spike with all RBDs in the up position, confirming the nega-
tive stain results (Fig. 1H). However, the cryo-EM reconstruc-
tion densities of the interface between RBD and Fab were
poor due to conformational variation.

To resolve the antibody-antigen interface, we performed
local refinement and improved the local resolution to 3.89 A
for A23-58.1 and to 3.71 A for B1-182.1 (figs. S5 and S6). Since
both A23-58.1 and B1-182.1 recognized the RBD in very similar
way, we used the RBD-A23-58.1 structure for detailed analy-
sis. Antibody A23-58.1 binds to an epitope on the RBD that
faces the 3-fold axis of the spike and is accessible only in the
RBD-up conformation (Fig. 3A). The interaction buried a to-
tal of 619 A? surface area from the antibody and 624 A? from
the spike (table S3). The A23-58.1 paratope constituted all six
complementarity-determining regions (CDR) with heavy
chain and light chain contributing 74% and 26% of the bind-
ing surface area, respectively (Fig. 3, C and E, and table S3).
The 14-residue-long CDR H3, which is 48% of the heavy chain
paratope, kinks at Pro95 and PhelOOF (Kabat numbering
scheme for antibody residues) to form a foot-like loop that is
stabilized by an intra-loop disulfide bond between Cys97 and
Cys100B at the arch. A glycan was observed at the CDR H3
Asn96 (fig. S5F). The CDRs formed an interfacial crater with
a depth of ~10 A and a diameter of ~20 A at the opening.
Paratope residues inside the crater were primarily aromatic
or hydrophobic. CDR H3 Pro95 and PhelOOF lined the bot-
tom, and CDR H1 Ala33, CDR H2 Trp50 and Val52, and CDR
H3 Vall00A lined the heavy chain side of the crater (Fig. 3, D
and E). On the light chain side, CDR L1 Tyr32 and CDR L3
residues Tyr91 and Trp96 provided 80% of the light chain
binding surface (Fig. 3, D and E). In contrast, paratope resi-
dues at the rim of the crater are mainly hydrophilic, for ex-
ample, Asp100D formed hydrogen bonds with Ser477 and
Asn487 of the RBD (Fig. 3D and table S3).

The A23-58.1 epitope comprised residues between 5 and
B6 at the tip of RBD (Figs. 3D and 4A). With the protruding
Phe486 dipping into the crater formed by the CDRs, these
residues formed a hook-like motif that is stabilized by an in-
tra-loop disulfide bond between Cys480 and Cys488. Aro-
matic residues, including Phe456, Tyr473, Phe486 and
Tyr489, provided 48% (299 A?) of the epitope (Fig. 3D and
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table S3). Lys417 and Glu484, which are located at the outer
edge of the epitope, contributed only 3.7% of the binding sur-
face (Fig. 3C and table S3). Overall, the cryo-EM analysis pro-
vides a structural basis for the potent neutralization of the
E484K/Q mutant by A23-58.1.

The binding modes and sequences of A23-58.1 and Bl-
182.1 are very similar to those of previously reported IGHV1-
58/IGKV3-20-derived antibodies, such as S2E12 (27), COVOX
253 (30) and CoV2-2196 (31), confirming that they are mem-
bers of the same structural class (Fig. 3E). To understand why
B1-182.11is highly effective at neutralizing the emerging VOCs,
we compared its binding mode with A23-58.1. Analysis indi-
cated that B1-182.1 rotated about 6 degrees along the long axis
of Fab from that of A23-58.1 (Fig. 4B). This rotation on one
hand increased B1-182.1 CDR L1 contacts on invariant regions
of RBD to strengthen binding (Fig. 4B) and on the other hand
critically reduced contact on Glu4:84 to 6 A% and main-chain
only comparing to ~40 A2 main- and side-chain contacts for
A58.1 and S2E12 (Fig. 4B and table S3). Overall, the subtle
changes in antibody mode of recognition to regions on RBD
harboring variant mutations provided structural basis on the
effectiveness of B1-182.1 and A23-58.1 on neutralization of
VOCs.

To understand how A23-58.1 and B1-182.1 overcome mu-
tations that cause reduced antibody potency against virus
variants, we superposed the antibody-RBD complex struc-
tures of CB6 (PDB ID 7C01) (24), REGN10933 (PDB ID 6XDG)
(25, 26) and LY-CoV555 (PDB ID 7KMG) (19) with the A23-
58.1 structure over the RDB region. Both REGN10933 and
CB6 bind to the same side of the RBD as A23-58.1 (Fig. 4C).
However, the binding surfaces of REGN10933 and CB6 were
shifted toward the saddle of the open RBD and encompassed
residues Lys417, Tyr453, Glu484 and Asn501 (Fig. 4C); muta-
tions K417N and Y453F thus would abolish key interactions
and lead to the loss of neutralization for both REGN10933
and CB6 (Fig. 2). In contrast, LY-CoV555 approached the RBD
from a different angle with its epitope encompassing Glu4:84
and Lys452 (Fig. 4D). Structural examination indicates that
E484K/Q abolishes key interactions with CDR H2 Arg50 and
CDR L3 Arg96 of LY-CoV555. In addition, both E484K/Q (Fig.
4D) and 1452R mutations cause clashes with heavy chain of
LY-CoV555. When compared with epitopes of class I, IT and
III antibodies (30), the supersite defined by common contacts
of the IGHV1-58-derived antibodies (A23-58.1, B1-182.1, S2E12
and COVOX253) had minimal interactions with residues at
the mutational hotspots (Fig. 4E). These structural data sug-
gest that the binding modes of A23-58.1 and B1-182.1 enabled
their high effectiveness against the new SARS-CoV-2 VOCs.

Based on the structural analysis we investigated the rela-
tive contribution of predicted contact residues on binding
and neutralization (Fig. 4A). Cell surface expressed spike
binding to A23-58.1 and B1-182.1 was knocked out by F486R,

N487R, and Y489R (Fig. 5A and fig. S7), resulting in a lack of
neutralization for viruses pseudotyped with spikes contain-
ing these mutations (Fig. 5B). In contrast, binding and neu-
tralization of A19-46.1 and A19-61.1 were minimally impacted
by these changes (Fig. 6, B and C, and fig. S7). CB6, LY-CoV555
and REGN10933 binding and neutralization were also im-
pacted by the three mutations, consistent with the structural
analysis that these residues are shared contact(s) with A23-
58.1 and B1-182.1. Taken together, the shared binding and
neutralization defects suggest that the hook-like motif and
CDR crater are critical for the binding of antibodies within
the VH1-58 public class.

Generation and testing of escape mutations

To explore critical contact residues and mechanisms of es-
cape that might be generated during the course of infection,
we applied antibody selection pressure to replication compe-
tent vesicular stomatitis virus (rcVSV) expressing the WA-1
SARS-CoV-2 spike (rcVSV-SARS2) (32) to identify spike mu-
tations that confer in vitro resistance against A23-58.1, B1-
182.1, A19-46.1 or A19-61.1 (fig. S8). rcVSV-SARS2 was incu-
bated with increasing concentrations of antibody, and cul-
tures from the highest concentration of antibody with >20%
cytopathic effect (CPE), relative to no infection control, were
carried forward into a second round of selection to drive re-
sistance (fig. S8) (26). A shift to higher antibody concentra-
tions required for neutralization indicates the presence of
resistant viruses. To gain insight into spike mutations driving
resistance, we performed Illumina-based shotgun sequencing
(fig. S8). Variants present at a frequency of greater than 5%
and increasing from round 1 to round 2 were considered to
be positively selected resistant viruses. For A19-46.1, escape
mutations were generated at four sites: Y449S (freq. 15%),
N450S (freq. 16%), N450Y (freq. 14%), L452R (freq. 83%) and
F490V (freq. 58%) (Fig. 6A and fig. S8). The most dominant,
L452R, is consistent with the previous finding that B.1.427,
B.1.429, B.1.617.1 and B.1.617.2 were resistant to A19-46.1 (Fig.
2 and fig. S3). Interestingly, while F490V did not knockout
neutralization, F490L did, suggesting that F490V may re-
quire additional mutations to escape to occur (Fig. 6, A to C).
Since Y449, N450 and 1452 are immediately adjacent to S494,
we tested whether S494R would also disrupt binding and
neutralization (Fig. 6, A to C, and fig. S9) and found that this
mutation mediates neutralization escape. Each of the identi-
fied residue locations were confirmed by binding and/or neu-
tralization and would be expected to be accessible when RBD
is in the up or down position (fig. S9), and several are shared
by Class IT RBD antibodies (18, 33) and REGN10933 (25, 34).

Three residues were positively selected in the presence of
A19-61.1: K444E/T (freq. 7-93%), G446V (freq. 24%) and
G593R (freq. 19%) (Fig. 6A). There was no overlap with those
selected by A19-46.1. G593R is located outside the RBD
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domain (fig. S9), did not impact neutralization and may
therefore represent a false positive. The highest frequency
change was K444.FE represented 57-93% of the sequences in
replicate experiments (Fig. 6A). This residue is critical for the
binding of Class III RBD antibodies such as REGN10987 (18,
25, 26, 34). Due to the proximity of S494 to K444 and G446,
S494R was tested for escape potential and shown to mediate
escape from A19-61.1 neutralization. These results are con-
sistent with A19-61.1 targeting a distinct epitope from
REGN10987 and other Class III RBD antibodies.

For A23-58.1, a single F486S mutation (freq. 91-98%) was
positively selected. Similarly, B1-182.1 escape was mediated
by F486L (21%), N487D (100%) and Q493R (45%). Q493R,
had minimal impact on binding and was not found to impact
neutralization (Fig. 6, B and C). However, F486, N487 and
Y489 were all in agreement with previous structural analysis
(Figs. 3D, 5, and 6 and fig. S9). F486 is located at the tip of
RBD hook and contacts the binding interface in the antibody
crater where aromatic side chains dominantly form the hook
and crater interface (Fig. 3D). Therefore, the loss in activity
may occur through replacement of a hydrophobic aromatic
residue (phenylalanine) with a small polar side chain (serine)
(Fig. 3D).

Potential escape risk and mitigation

To probe the relevance of in vitro derived resistance vari-
ants to potential clinical resistance we investigated the rela-
tive frequency of variants containing escape mutations
present in the GISAID sequence database using the COVID-
19 Viral Genome Analysis Pipeline (cov.lanl.gov) (22) in
which, as of May 7, 2021, there were 1,062,910 entries. Of the
residues noted to mediate escape or resistance to A19-46.1
(i.e., Y449S, N450S/Y, L452R, F490L/V and S494R), only
F490L (0.02%) and L452R (2.27%) were present at greater
than 0.01%. For the A19-61.1 escape mutations (i.e., K444E,
G446V, S494R), only G446V has been noted in the database
>0.01% (0.03%). Finally, for A23-58.1 and B1-182.1 ancestral
WA-1 residues F486, N487 and Y489 were present in >99.96%
of sequences and only F486L was noted in the database at
>0.01% (0.03%). While the relative lack of A19-61.1, A23-58.1
and B1-182.1 escape mutations in circulating viruses could re-
flect either under-sampling or the absence of selection pres-
sure, it may also suggest that the in vitro derived mutations
may exact a fitness cost on the virus.

Viral genome sequencing has suggested that in addition
to spread via transmission, convergent selection of de novo
mutations may be occurring (6-9, 13, 22, 35). Therefore, ef-
fective therapeutic antibody approaches might require new
antibodies or combinations of antibodies to mitigate the im-
pact of mutations. Based on their complementary modes of
spike recognition and breadth of neutralizing activity, com-
bination of B1-182.1 with either A19-46.1 or Al19-61.1 may

decrease the rate of in vitro resistance acquisition compared
to each antibody alone. Consistent with the competition data
(Fig. 1F), negative stain EM 3D reconstructions show that the
Fabs in both combinations were able to simultaneously en-
gage spike with the RBDs in the up position (Fig. 6D). Bind-
ing was observed for up to 3 Fabs of B1-182.1 and 3 Fabs of
A19-46.1 or A19-61.1 per spike in the observed particles (Fig.
6D), indicating that the epitopes of A19-46.1 and A19-61.1 on
the spike are accessible in both RBD up and down positions
(Figs. 1H and 6D). The absence of observed RBD-down classes
suggests the possibility that the combination induces a pre-
ferred mode of RBD-up engagement (i.e., RBD up vs. RBD
down) due the requirement of B1-182.1 or A23-58.1 for RBD-
up binding.

Next, we evaluated the capacity of individual antibodies
or combinations to prevent the appearance of rcVSV SARS -
CoV-2-induced cytopathic effect (CPE) through multiple
rounds of passaging in the presence of increasing concentra-
tions of antibodies. In each round, the well with the highest
concentration of antibody with at least 20% CPE was carried
forward into the next round. We found that wells with A19-
61.1 or A785.46.1 single antibody treatment reached the 20%
CPE threshold in their 50 ug/mL well after 3 rounds of selec-
tion (Fig. 6E). Similarly, B1-182.1 single antibody treatment
reached >20% CPE in the 50 ug/mL wells after 4 rounds (Fig.
6E). Conversely, for both dual treatments (i.e., B1-182.1/A19-
46.1 or B0O001-182.1/A19-61.1) the 20% CPE threshold was
reached at a concentration of only 0.08 ug/mL and did not
progress to higher concentrations despite 5 rounds of passag-
ing (Fig. 6E). Thus, combinations may lower the risk that a
natural variant will lead to the complete loss of neutralizing
activity and suggests a path forward for these antibodies as
combination therapies.

Discussion

Worldwide genomic sequencing has revealed the occur-
rence of SARS-CoV-2 variants that increase transmissibility
and reduce potency of vaccine-induced and therapeutic anti-
bodies (10-16). Recently, there has been a significant concern
that antibody responses to natural infection and vaccination
using ancestral spike sequences may result in focused re-
sponses that lack potency against mutations present in more
recent variants (e.g., K417N, 1452R, T478K, E484K/Q, N501Y
in B.1.351, B.1.617.1 and B.1.617.2) (12-16). Additionally, neu-
tralization of P.1 viruses can be achieved using sera obtained
from subjects infected by B.1.351 (36), suggesting that shared
epitopes in RBD (i.e., K417N, E484K, N501Y) are mediating
the cross-reactivity. While the mechanism of B.1.351 and P.1
cross reactivity is likely focused on the 3 RBD mutations, the
mechanism of broadly neutralizing antibody responses be-
tween WA-1 and later variants is not as well established. As a
first step to address the risk of reduced antibody potency
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against new variants, we isolated and defined new antibodies
with neutralization breadth covering newly emerging SARS-
CoV-2 variants, including the highly transmissible variants
B.1.1.7, B.1.351 and B.1.617.2. Increased potency and breadth
were mediated by binding to regions of the RBD tip that are
offset from E484K/Q, 1452R and other mutational hot spots
that are major determinant of resistance in VOCs (10-16).

Our results show that highly potent neutralizing antibod-
ies with activity against VOCs was present in at least 3 of 4
convalescent subjects who had been infected with ancestral
variants of SARS-CoV-2 (Figs. 1 and 2 and figs. S3 and S10).
Furthermore, our structural analyses, the relative paucity of
potential escape variants in the GSAID genome database, the
identification of public clonotypes (27, 28) and the fact that
each subject had mild to moderate illness all suggest that
these antibodies were generated in subjects who rapidly con-
trolled their infection and were not likely to have been gen-
erated due to the generation of a E484 escape mutation
during the course of illness. Taken together, these data estab-
lish the rationale for a vaccine boosting regimen that may be
used to selectively induce immune responses that increase
the breadth and potency of antibodies targeting specific RBD
regions of the spike glycoprotein (e.g., VHI-58 supersite).
Since both variant sequence analysis and in vitro time to es-
cape experiments suggest that combinations of these anti-
bodies may have a lower risk for loss of neutralizing activity,
these antibodies represent a potential means to achieve both
breadth against current VOCs and to mitigate risk against
those that may develop in the future.

Materials and Methods

Isolation of PBMCs from SARS CoV-2 subjects

Human convalescent sera samples were obtained 25 to 55
days following symptom onset from adults with previous
mild to moderate SARS-CoV-2 infection. Specimens were col-
lected after subjects provided written informed consent un-
der institutional review board approved protocols at the
National Institutes of Health Clinical Center (NCT00067054)
and University of Washington (Seattle) (Hospitalized or Am-
bulatory Adults with Respiratory Viral Infection [HAARVI]
study). Whole blood was collected in vacutainer tubes, which
were inverted gently to remix cells prior to standard Ficoll-
Hypaque density gradient centrifugation (Pharmacia; Upp-
sala, Sweden) to isolate PBMCs. PBMCs were frozen in heat-
inactivated fetal calf serum containing 10% dimethylsulfox-
ide in a Forma CryoMed cell freezer (Marietta, OH). Cells
were stored at -<140°C

Expression and Purification of Protein

For expression of soluble SARS CoV-2 S-2P protein, man-
ufacturer’s instructions were followed. Briefly, plasmid was
transfected using Expifectamine into Expi293 cells (Life

Technology, #A14635, A14527) and the cultures enhanced 16-
24 hours post-transfection. Following 4-5 days incubations at
120 rpm, 37°C, 9% CO2, supernatant was harvested, clarified
via centrifugation, and buffer exchanged into 1X PBS. Protein
of interests were then isolated by affinity chromatography us-
ing Streptactin resin (Life science) followed by size exclusion
chromatography on a Superose 6 increase 10/300 column (GE
healthcare).

Expression and purification of biotinylated S-2P, NTD,
RBD-SD1 and Hexapro used in binding assays were produced
by an in-column biotinylation method as previously de-
scribed (5). Using full-length SARS-Cov2 S and human ACE2
c¢DNA ORF clone vector (Sino Biological, Inc) as the template
to generate S1 or ACE2 dimer proteins. The S1 PCR fragment
(1~681aa) was digested with Xbal and BamHI and cloned into
the VRC8400 with HRV3C-his (6X) or Avi-HRV3C-his(6X) tag
on the C-terminal. The ACE2 PCR fragment (1~740aa) was di-
gested with Xbal and BamHI and cloned into the VRC84.00
with Avi-HRV3C-single chain-human Fe-his (6x) tag on the C-
terminal. All constructs were confirmed by sequencing. Pro-
teins were expressed in Expi293 cells by transfection with ex-
pression vectors encoding corresponding genes. The
transfected cells were cultured in shaker incubator at 120
rpm, 37°C, 9% CO2 for 4~5 days. Culture supernatants were
harvested and filtered, and proteins were purified through a
Hispur Ni-NTA resin (Thermo Scientific, #88221) and follow-
ing a Hiload 16/600 Superdex 200 column (GE healthcare,
Piscataway NJ) according to manufacturer’s instructions. The
protein purity was confirmed by SDS-PAGE.

Probe conjugation

SARS CoV-2 Spike trimer (S-2P) and subdomains (NTD,
RBD-SD1, S1) were produced by transient transfection of 293
Freestyle cells as previously described (4). Avi-tagged S1 was
biotinylated using the BirA biotin-protein ligase reaction Kit
(Avidity, #BirA500) according to the manufacturer’s instruc-
tions. The S-2P, RBD-SD1, and NTD proteins were produced
by an in-column biotinylation method as previously de-
scribed (5). Successful biotinylation was confirmed using Bio-
Layer Interferometry, by testing the ability of biotinylated
protein to bind to streptavidin sensors. Retention of antigen-
icity was confirmed by testing biotinylated proteins against a
panel of cross-reactive SARS-CoV and SARS CoV-2 human
monoclonal antibodies. Biotinylated probes were conjugated
using either allophycocyanin (APC)-, Ax647, BV421-, BV786,
BV711-, or BV570-labeled streptavidin. Reactions were pre-
pared at a 4:1 molecular ratio of biotinylated protein to strep-
tavidin, with every monomer labeled. Labeled streptavidin
was added in ¥ increments and in the dark at 4°C (rotating)
for 20 min in between each addition. Optimal titers were de-
termined using splenocytes from immunized mice and vali-
dated with SARS CoV-2 convalescent human PBMC.
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Isolation of and sequencing of antibodies by single B
cell sorting

Cryopreserved human PBMCs from four COVID-19 conva-
lescent donors were thawed and stained with Live/DEAD Fix-
able Aqua Dead Cell Stain kit (Cat# L34957, ThermoFisher).
After washing, cells were stained with a cocktail of anti-hu-
man antibodies, including CD3 (cat # 317332, Biolegend), CD8
(cat # 301048, Biolegend), CD56 (cat # 318340, Biolegend),
CD14 (cat # 301842, Biolegend), CD19 (Cat# IM2708U, Beck-
man Coulter), CD20 (cat # 302314, Biolegend), IgG (Cat#
555786, BD Biosciences), IgA (Cat# 130-114-001, Miltenyi),
IgM (Cat# 561285, BD Biosciences) and subsequently stained
with fluorescently labeled SARS-CoV-2 S-2P (APC or Ax647),
S1 (BV786 or BV570), RBD-SD1 (BV421) and NTD (BV711 or
BV421) probes. Antigen-specific memory B cells (CD3-
CD19+CD20+IgG+ or IgGA+ and S-2P+ and/or RBD+ for the
donors Subjects A19, A20 and A23, S-2P+ and/or NTD+ for
the donor Subject B1) were sorted using a FACSymphony S6
(BD Sciences) into Buffer TCL (Qiagen) with 1% 2-mercap-
toethanol (ThermoFisher Scientific). Nucleic acids were puri-
fied using RNAClean magnetic beads (Beckman Coulter)
followed by reverse transcription using oligo-dT linked to a
custom adapter sequence and template switching using
SMARTScribe RT (Takara). PCR amplification was carried
out using SeqAmp DNA Polymerase (Takara). A portion of
the amplified ¢cDNA was enriched for B cell receptor se-
quences using forward primers complementary to the tem-
plate switch oligo and reverse primers against the IgA
(GAGGCTCAGCGGGAAGACCTTGGGGCTGGTCGG) IgG, Igx,
and IgX (38) constant regions. Enriched products were made
into Illumina-ready sequencing libraries using the Nextera
XT DNA Library Kit with Unique Dual Indexes (Illumina).
The Illumina-ready libraries were sequenced by paired end
150 cycle MiSeq reads. The resulting reads were demulti-
plexed using an in-house script and V(D)J sequences were as-
sembled using BALDR in unfiltered mode (39). Poor or
incomplete assemblies or those with low read support were
removed, and the filtered contigs were re-annotated with
SONAR v4.2 in single cell mode (40). A subset of the final
antibodies was manually selected for synthesis based on mul-
tiple considerations, including gene usage, somatic hypermu-
tation levels, CDRH3 length, convergent rearrangements, and
specificity implied by flow cytometry.

Synthesis, cloning and expression af monoclonal an-
tibodies

Sequences were selected for synthesis to sample expanded
clonal lineages within our dataset and convergent rearrange-
ments both among donors in our cohort and compared to the
public literature. In addition, we synthesized a variety of se-
quences designed to be representative of the whole dataset
along several dimensions, including apparent epitope based

on flow data; V gene usage; somatic hypermutation levels;
CDRHa3 length; and isotype. Variable heavy chain sequences
were human codon optimized, synthesized and cloned into a
VRC8400 (CMV/R expression vector)-based IgG1 vector con-
taining an HRV3C protease site (41) as previously described
(36). Similarly, variable lambda and kappa light chain se-
quences were human codon optimized, synthesized and
cloned into CMV/R-based lambda or kappa chain expression
vectors, as appropriate (Genscript). Previously published an-
tibody vectors for LY-COV555(18) and mAb114 (37) were used.
The antibodies: REGN10933 was produced from published
sequences (25) and Kkindly provided by Devin Sok from
Scripps. For antibodies where vectors were unavailable (e.g.,
S309, CB6), published amino acids sequences were used for
synthesis and cloning into corresponding pVRC8400 vectors
(42,43). For antibody expression, equal amounts of heavy and
light chain plasmid DNA were transfected into Expi293 cells
(Life Technology) by using Expi293 transfection reagent (Life
Technology). The transfected cells were cultured in shaker in-
cubator at 120 rpm, 37°C, 9% CO2 for 4~5 days. Culture su-
pernatants were harvested and filtered, mAbs were purified
over Protein A (GE Health Science) columns. Each antibody
was eluted with IgG elution buffer (Pierce) and immediately
neutralized with one tenth volume of 1M Tris-HCL pH 8.0.
The antibodies were then buffer exchanged as least twice in
PBS by dialysis.

ELISA method description

Testing is performed using the automated ELISA method
as detailed in VRC-VIP SOP 5500 Automated ELISA on Inte-
grated Automation System. Quantification of IgG concentra-
tions in serum/plasma are performed with a Beckman
Biomek based automation platform. The SARS-CoV-2 S-2P
(VRC-SARS-CoV-2 S-2P (15-1208)-3C-His8-Strep2x2) and RBD
(Ragon-SARS-CoV-2 S-RBD (319-529)-His8-SBP) Antigen are
coated onto Immulon 4HBX flat bottom plates overnight for
16 hours at 4°C at a concentration of 2 ug/mL and 4ug/mL,
respectively. Proteins were produced and generously pro-
vided by Dr. Dominic Esposito (Frederick National Labora-
tory for Cancer Research, NCI). Antigen concentrations were
defined during assay development and antigen lot titration.
Plates are washed and blocked (3% milk TPBS) for 1 hour at
room temperature. Duplicate serial 4-fold dilutions covering
the range of 1:100 - 1:1638400 (8-dilution series) of the test
sample (diluted in 1%milk in TPBS) are incubated at room
temperature for 2 hours followed by Horseradish Peroxidase
- labeled goat anti-human antibody detection (1 hour at room
temperature) (Thermo Fisher Catalogue # A1881), and TMB
substrate (15 min at room temperature; DAKO Catalogue #
S1599) addition. Color development is stopped by addition of
sulfuric acid and plates are read within 30 min at 450 nm and
650 nm via the Molecular Devices Paradigm plate reader.
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Each plate harbors a negative control (assay diluent), positive
control (SARS-CoV-2 S2-specific monoclonal antibody S-652-
112 spiked in NHS and/or pool of COVID-19 convalescent
sera) and batches of 5 specimen run in duplicates. All controls
are trended over time.

Endpoint Titer dilution from raw OD data are interpo-
lated using the plate background OD + 10 STDEV by asym-
metric sigmoidal 5-pl curve fit of the test sample. In the rare
event, the asymmetric sigmoidal 5-pl curve failed to interpo-
late the endpoint titer, a sigmoidal 4-pl curve is used for the
analysis. Area under the curve (AUC) is calculated with base-
line anchored by the plate background OD + 10 STDEV. Data
analysis is performed using Microsoft Excel and GraphPad
Prism Version 8.0.

Assignment of major binding determinant using
MSD binding assay

MSD 384-well streptavidin-coated plates (MSD, cat#
L21SA) were blocked with MSD 5% Blocker A solution (MSD,
cat# RO3AA), using 35 ul per well. These plates were then in-
cubated for 30 to 60 min at room temperature. Plates were
washed with 1x Phosphate Buffered Saline + 0.05% Tween 20
(PBST) on a Biotek 405TS automated microplate washer. Five
SARS CoV-2 capture antigens were used. Capture antigens
consisted of VRC-produced S1, S-2P, S6P (Hexapro), RBD, and
NTD. All antigens were AVI-tag biotinylated using BirA
(Avidity, cat # BirA500) AVI-tag specific biotinylation follow-
ing manufacturer’s instructions except S1. For S1, an Invitro-
gen FluoReporter Mini-Biotin-XX Protein Labeling Kit
(Thermo Fisher, cat # F634/7) was utilized to achieve random
biotinylation. Antigen coating solutions were prepared for S1,
S-2P, S6P, RBD, and NTD at optimized concentrations of 0.5,
0.25, 1, 0.5, and 0.25 ug/mL, respectively. These solutions
were then added to MSD 384-well plates, using 10 uL per
well. Each full antigen set is intended to test one plate of ex-
perimental SARS CoV-2 monoclonal antibodies (mAbs) at one
dilution. Once capture antigen solutions were added, plates
were incubated for 1 hour at room temperature on a Heidolph
Titramax 1000 (Heidolph, part # 544-12200-00) vibrational
plate shaker at 1000 rpm. During this time, experimental
SARS CoV-2 mAb dilution plates were prepared. Using this
initial plate, 3 dilution plates were created at dilution factors
0f 1:100, 1:1000, and 1:10000. Dilutions were performed in 1%
assay diluent (MSD 5% Blocker A solution diluted 1:5 in
PBST). Positive control mAbs S652-109 (SARS Cov-2 RDB spe-
cific) and S652-112 (SARS CoV-2 S1, S-2P, S6P, and NTD spe-
cific) and negative control mAb VRCO1 (anti-HIV) were added
to all dilution plates at a uniform concentration of 0.05
ug/mL. Once mAb dilution plates were prepared, MSD 384~
well plates were washed as above. The content of each 96-
well dilution plate was added to the MSD 384-well plates, us-
ing 10 uL per well. MSD 384-well plates were then incubated

for 1 hour at room temperature on vibrational plate shaker at
1000 rpm. MSD 384-well plates were washed as above, and
MSD Sulfo-Tag labeled goat anti-human secondary detection
antibody (MSD, cat# R32AJ) solution was added to plates at
a concentration of 0.5 ug/mL, using 10 uL per well. Plates
were again incubated for 1 hour at room temperature on vi-
brational plate shaker at 1000 rpm. MSD 1x Read Buffer T
(MSD, cat# R92TC) was added to MSD 384-well plates, using
35 uL per well. MSD 384-well plates were then read using
MSD Sector S 600 imager. Gross binding epitope of S-2P or
Hexapro positive antibodies was assigned into the following
groups: RBD (i.e., RBD+ or RBD+/S1+ AND NTD-), NTD (i.e.,
NTD+ or NTD+/S1+ AND RBD-), S2 (i.e., S1-, RBD- AND NTD-
) or indeterminant (i.e., mixed positive). Antibodies lacking
binding to any of the antigens were assigned to the “no bind-
ing” group.

Full-length S constructs

¢DNAs encoding full-length S from SARS CoV-2 (GenBank
ID: QHD43416.1) were synthesized, cloned into the mamma-
lian expression vector VRC8400 (42,43) and confirmed by se-
quencing. S containing D614G amino acid change was
generated using the wt S sequence. Other variants containing
single or multiple aa changes in the S gene from the S wt or
D614G were made by mutagenesis using QuickChange light-
ning Multi Site-Directed Mutagenesis Kit (cat # 210515, Ag-
ilent). The S variants, N439K, Y453F, A222V, E484K, K417N,
S477N, N501Y, delH69/V70, N501Y-delH69/V70, N501Y-
E484K-K417N, B.1.1.7 (H69del-V70del-Y144del-N501Y-A570D-
P681H-T7161-S982A-D1118H), B.1.351.vl (L18F-D8S80A-D215G-
(L242-244)del-R24:61-K417N-E484K-N501Y-A701V), B.1.351.v2
(L18F-D80A-D215G-(L242-244 )del-K417N-E484K-N501Y-
A701V), B.1.427 (1452R-D614G), B.1.429 (S131-W152C-L452R-
D614G), B.1.526.v2 (L5F-T951-D253G-E484K-D614G-A701V),
P.1.vl (L18F-T20N-P26S-D138Y-R190S-K417T-E484K-N501Y-
D614G-H655Y-T1027I), P.1.v2  (L18F-T20N-P26S-D138Y-
R190S-K417T-E484K-N501Y-D614G-H655Y-T10271-V7116F),
P.2 (F484K-D614G-VT7116F), B.1.617.1 (T951-G412D-E154K-
L452R-E484Q-D614G-P681R-Q1071H), B.1.617.2 (T19R-
G142D-del156-157-R158G-1452R-T478K-D614G-P681R-
D950N) and antibody escape mutations, F486S, K444E,
Y449S, N450S and F490V were generated based on S D614G
while the antibody contact residue mutations, F456R, A475R,
T4781, F486R, Y489R, N487R, L452R, F490L, Q493R, S494R
on S wt. These full-length S plasmids were used for pseudo-
virus production and for cell surface binding assays.

Pseudovirus neutralization assay

S-containing lentiviral pseudovirions were produced by
co-transfection of packaging plasmid pCMVdRS8.2, transduc-
ing plasmid pHR’ CMV-Luc, a TMPRSS2 plasmid and S plas-
mids from SARS CoV-2 variants into 293T (ATCC) cells using
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Fugene 6 transfection reagent (Promega, Madison, WI) (44~
45). 203T-ACE2 cells, provided by Dr. Michael Farzan, were
plated into 96-well white/black Isoplates (PerkinElmer, Wal-
tham, MA) at 5,000 cells per well the day before infection of
SARS CoV-2 pseudovirus. Serial dilutions of mAbs were
mixed with titrated pseudovirus, incubated for 45 min at 37°C
and added to 293T-ACE2 cells in triplicate. Following 2 hours
of incubation, wells were replenished with 150 ml of fresh
media. Cells were lysed 72 hours later, and luciferase activity
was measured with Microbeta (Perking Elmer). Percent neu-
tralization and neutralization IC50s, IC80s were calculated
using GraphPad Prism 8.0.2. Serum neutralization assays
were performed as above excepting all human sera had an
input starting serial dilution of 1:20 and neutralization was
quantified as the inhibition dilution 50% (ID50) of virus en-
try. Alternative method pseudovirus neutralization assay in
fig. S3 utilized a 1** generation lentivirus system and was per-
formed as in Wibmer et al. (12).

Cell surface binding

HEK293T cells were transiently transfected with plasmids
encoding full length SARS CoV-2 spike variants using lipofec-
tamine 3000 (L3000-001, ThermoFisher) following manufac-
turer’s protocol. After 40 hours, the cells were harvested and
incubated with monoclonal antibodies (1 ug/ml) for 30 min.
After incubation with the antibodies, the cells were washed
and incubated with an allophycocyanin conjugated anti-hu-
man IgG (709-136-149, Jackson Immunoresearch Laborato-
ries) for another 30 min. The cells were then washed and
fixed with 1% paraformaldehyde (15712-S, Electron Micros-
copy Sciences). The samples were then acquired in a BD LSR-
Fortessa X-50 flow cytometer (BD biosciences) and analyzed
using Flowjo (BD biosciences). Mean fluorescent intensity
(MFTI) for antibody binding to S wt or D614G was set up as
100%. The MFI of the antibody binding to each variant was
normalized to S wt or D614G.

Competitive mAb binding assay using surface plas-
mon resonance

Monoclonal antibody (mAb) competition assays were per-
formed on a Biacore 8K+ (Cytiva) surface plasmon resonance
spectrometer. Anti-histidine IgG; antibody was immobilized
on Series S Sensor Chip CM5 (Cytiva) using a His capture kit
(Cytiva), per manufacturer’s instructions. 1X PBS-P+ (Cytiva)
was used for running buffer and diluent, unless noted. 8X
His-tagged SARS-CoV-2 Spike protein containing 2 proline
stabilization mutations, K986P and V987P, (S-2P) (4) was
captured on the active sensor surface. “Competitor” mAb or
a negative control mAb114 (37) were first injected over both
active and reference surfaces, followed by “analyte” mAb. Be-
tween cycles, sensor surfaces were regenerated with 10 mM
glycine, pH 1.5 (Cytiva).

For data analysis, sensorgrams were aligned to Y (Re-
sponse Units, RUs) = 0, beginning at the beginning of each
mADb binding phase in Biacore 8K Insights Evaluation Soft-
ware (Cytiva). Reference-subtracted, relative “analyte binding
late” report points (in RUs) were used to determine percent
competition for each mAb. Maximum analyte binding for
each mAb was first defined by change in RUs during analyte
binding phase when negative control mAb was used as com-
petitor mAb. Percent competition (%C) was calculated using
the following formula: %C = 100 * [ 1 - ((analyte mAb binding
RUs when S-2P-specific mAb is used as competitor) / (maxi-
mum analyte binding RUs when negative control mAb is used
as competitor)) 1.

Competitive ACE2 binding assay using biolayer in-
terferometry

Antibody cross-competition was determined based on bi-
olayer interferometry using a fortéBio Octet HTX instrument.
His1K biosensors (fortéBio) were equilibrated for >600 s in
Blocking Buffer (1% BSA (Sigma) + 0.01% Tween-20 (Sigma)
+ 0.01% Sodium Azide (Sigma) + PBS (Gibco), pH?7.4) prior to
loading with his tagged S-2P protein (10 ug/mL in Blocking
Buffer) for 1200s. Following loading, sensors were incubated
for 420s in Blocking Buffer prior to incubation with compet-
itor mAbs (30 mg/mL in Blocking Buffer) or ACE2 (266 nM
in Blocking Buffer) for 1200s. Sensors were then incubated in
Blocking buffer for 30s prior to incubation with ACE2 (266
nM in Blocking Buffer) for 1200s. Percent competition (PC)
of ACE2 mAbs binding to competitor-bound S-2P was deter-
mined using the equation: PC = 100 — [(ACE2 binding in the
presence competitor mAb) / (ACE2 binding in the absence of
competitor mAb)] x 100. All the assays were performed in
duplicate and with agitation set to 1,000 rpm at 30°C

Inhibition of S protein binding to cell surface ACE2

Serial dilutions of mAb IgG and Fab were mixed with pre-
titrated biotinylated S trimer (S-2P), incubated for 30 min at
RT and added to BHK21 cells stably expressing hACE2 on cell
surface. Following 30 min of incubation on ice, the cells were
washed and incubated with an BV421 conjugated Streptavi-
din (cat # 563259, BD Biosciences) for another 30 min. The
cells were then washed and fixed with 1% paraformaldehyde
(15712-S, Electron Microscopy Sciences). The samples were
then acquired in a BD LSRFortessa X-50 flow cytometer (BD
biosciences) and analyzed using Flowjo (BD biosciences).
Mean fluorescent intensity (MFI) for S protein binding to cell
surface was set up as 100%. Percent inhibition of S protein
binding to cell surface ACE2 by mAb IgG and EC50s were cal-
culated using GraphPad Prism 8.0.2.


http://www.sciencemag.org/

Live virus neutralization assay

Full-length SARS CoV-2 virus based on the Seattle Wash-
ington strain was designed to express nanoluciferase (nLuc)
and was recovered via reverse genetics and described previ-
ously (17). Virus titers were measured in Vero E6 USAMRIID
cells, as defined by plaque forming units (PFU) per ml, in a
6-well plate format in quadruplicate biological replicates for
accuracy. For the 96-well neutralization assay, Vero E6
USAMRID cells were plated at 20,000 cells per well the day
prior in clear bottom black walled plates. Cells were in-
spected to ensure confluency on the day of assay. Serially di-
luted mAbs were mixed in equal volume with diluted virus.
Antibody-virus and virus only mixtures were then incubated
at 37°C with 5% CO, for one hour. Following incubation, se-
rially diluted mAbs and virus only controls were added in du-
plicate to the cells at 75 PFU at 37°C with 5% CO.. After 24
hours, cells were lysed, and luciferase activity was measured
via Nano-Glo Luciferase Assay System (Promega) according
to the manufacturer specifications. Luminescence was meas-
ured by a Spectramax M3 plate reader (Molecular Devices,
San Jose, CA). Virus neutralization titers were defined as the
sample dilution at which a 50% reduction in RLU was ob-
served relative to the average of the virus control wells.

Live virus neutralization assays described above were per-
formed with approved standard operating procedures for
SARS CoV-2 in a biosafety level 3 (BSL-3) facility conforming
to requirements recommended in the Microbiological and Bi-
omedical Laboratories, by the U.S. Department of Health and
Human Service, the U.S. Public Health Service, and the U.S.
Center for Disease Control and Prevention (CDC), and the Na-
tional Institutes of Health (NIH).

Production of Fab firagments from monoclonal anti-
bodies

To generate mAb-Fab, IgG was incubated with HRV3C
protease (EMD Millipore) at a ratio of 100 units per 10 mg
IgG with HRV 3C Protease Cleavage Buffer (150mM NacCl,
50mM Tris-HCI, pH 7.5) at 4°C overnight. Fab was purified
by collecting flowthrough from Protein A column (GE Health
Science), and Fab purity was confirmed by SDS-PAGE.

Determination of binding kinetics of Fab

A fortéBio Octet HTX instrument was used to measure
binding kinetics of the Fab of A23-58.1, B1-182.1, A19-46.1 and
A19-61.1 to SARS CoV-2 S-2P protein. SA biosensors (fortéBio)
were equilibrated for >600 s in Blocking Buffer (1% BSA
(Sigma) + 0.01% Tween-20 (Sigma) + 0.01% Sodium Azide
(Sigma) + PBS (Gibco), pH7.4) prior to loading with biotinyl-
ated S-2P protein (1.5 mg/mL in Blocking Buffer) for 600s.
Following loading, sensors were incubated for 420s in Block-
ing Buffer prior to binding assessment of the Fabs. Associa-
tion of Fabs was measured for 300 s and dissociation was

measured for up to 3,600 s in Blocking Buffer. All the assays
were performed with agitation set to 1,000 rpm at 30°C. Data
analysis and curve fitting were carried out using Octet analy-
sis software, version 11-12. Experimental data were fitted us-
ing a 1:1 binding model. Global analyses of the complete data
sets assuming binding was reversible (full dissociation) were
carried out using nonlinear least-squares fitting allowing a
single set of binding parameters to be obtained simultane-
ously for all concentrations used in each experiment.

Negative-stain electron microscopy.

Protein samples were diluted to a concentration of ap-
proximately 0.02 mg/ml with 10 mM HEPES, pH 7.4, supple-
mented with 150 mM NaCl. A 4.8-ul drop of the diluted
sample was placed on a freshly glow-discharged carbon-
coated copper grid for 15 s. The drop was then removed with
filter paper, and the grid was washed with three drops of the
same buffer. Protein molecules adsorbed to the carbon were
negatively stained by applying consecutively three drops of
0.75% uranyl formate, and the grid was allowed to air-dry.
Datasets were collected using a Thermo Scientific Talos
F200C transmission electron microscope operated at 200 kV
and equipped with a Ceta camera. The nominal magnifica-
tion was 57,000%, corresponding to a pixel size of 2.53 A, and
the defocus was set at -1.2 um. Data was collected automati-
cally using EPU. Single particle analysis was performed using
CryoSPARC (47).

Cryo-EM specimen preparation and data collection.

The stabilized SARS CoV-2 spike HexaPro (3) was mixed
with Fab A23-58.1 or B1-182.1 at a molar ratio of 1.2 Fab per
protomer in PBS. The final spike protein concentration was
0.5 mg/ml. n-Dodecyl R-D-maltoside (DDM) detergent was
added shortly before vitrification to a concentration of
0.005%. Quantifoil R 2/2 gold grids were subjected to glow
discharging in a PELCO easiGlow device (air pressure: 0.39
mBar, current: 20 mA, duration: 30 s) immediately before
specimen preparation. Cryo-EM grids were prepared using an
FEI Vitrobot Mark IV plunger with the following settings:
chamber temperature of 4°C, chamber humidity of 95%, blot-
ting force of -5, blotting time of 3 s, and drop volume of 2.7
ul. Datasets were collected at the National CryoEM Facility
(NCEF), National Cancer Institute, on a Thermo Scientific Ti-
tan Krios G3 electron microscope equipped with a Gatan
Quantum GIF energy filter (slit width: 20 eV) and a Gatan K3
direct electron detector (table S2). Four movies per hole were
recorded in the counting mode using Latitude software. The
dose rate was 14.65 e-/s/pixel.

Cryo-EM data processing and model fitting
Data process workflow, including Motion correction, CTF
estimation, particle picking and extraction, 2D classification,
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ab initio reconstruction, homogeneous refinement, heteroge-
neous refinement, non-uniform refinement, local refinement
and local resolution estimation, were carried out with C1
symmetry in cryoSPARC 2.15 (47) For local refinement to re-
solve the RBD-antibody interface, a mask for the entire spike-
antibody complex without the RBD-antibody region was used
to extract the particles and a mask encompassing the RBD-
antibody region was used for refinement. The overall resolu-
tion was 3.39 A and 3.15 A for the map of A23-58.1- and Bl-
182.1-bound spike, 3.89 A and 3.71 A for the map of
RBD:antibody interface after local refinement, respectively.
The coordinates for the SARS-CoV-2 spike with three ACE2
molecules bound at pH 7.4 (PDB ID: 7KMS) were used as in-
itial models for fitting the cryo-EM map. Iterative manual
model building and real space refinement were carried out in
Coot (48) and in Phenix (49), respectively. Molprobity (50)
was used to validate geometry and check structure quality at
each iteration step. UCSF Chimera and ChimeraX were used
for map fitting and manipulation (51).

Selection of rcVSV SARS CoV-2 virus escapevariants
using monoclonal antibodies

A replication competent vesicular stomatitis virus (rcVSV)
with its native glycoprotein replaced by the Wuhan-1 spike
protein (rcVSV SARS CoV-2) that contains a 21 amino acid
deletion at the C-terminal region (32) (generous gift of Kartik
Chandran and Rohit Jangra). Passage 7 virus was passaged
twice on Vero cells to obtain a polyclonal stock. A single
plaque from this 9** passage was double plaque purified and
expanded on Vero cells to create monoclonal virus popula-
tion. The reference genome for this stock was sequence using
Illumina-based sequencing as described below.

To select for virus escape variants, an equal volume of
clonal population of rcVSV SARS CoV-2 was mixed with serial
dilutions of antibodies (5-fold) in DMEM supplemented with
10% FCS and Glutamine to give an MOI of 0.1 - 0.001 at the
desired final antibody concentration (range 5.1e-6 to 50
mg/ml and 0 mg/ml). Virus:antibody mixtures were incu-
bated at room temperature for 1 hour. After incubation, 300
ul of virus:antibody mixtures were added to 1 x 10° Vero E6
cells in 12 well plates for 1 hour at 37°C, 5% CO.. The plates
were rotated every 15 min to prevent drying. After absorption,
700 ul of additional antibodies mixture was added to each
well at their respective concentration. Cells were incubated
for 72hrs at 37°C, 5% CO.,. Virus replication was monitored
using cytopathic effect and supernatant was collected from
the wells with cytopathic effect. Harvested supernatant was
clarified by centrifugation at 3750rpm for 10 min. For the sub-
sequent rounds of selection, clarified supernatant from the
well with the highest concentration of antibody that has CPE
>20% supernatant was diluted prior to being mixed with
equal volume of antibodies as in the initial round of selection.

Infection, monitoring and collection of supernatants was per-
formed as in the initial round.

Shotgun sequencing of rcVSV SARS CoV2 superna-
tants

Total RNA was extracted from clarified supernatants us-
ing QIAmp viral RNA mini extraction Kit (Qiagen) following
the manufacturer’s recommended protocol. Purified RNA
was fragmented using NEBNext Ultra II RNA Library Prep
reagents, then reverse transcribed using random hexamers,
and double-stranded cDNA was synthesized (New England
BioLabs) as previously described (52). Double-stranded cDNA
was purified using magnetic beads (MagBio Genomics) and
barcoded Illumina-ready libraries were subsequently pre-
pared (New England BioLabs). The libraries were sequenced
as paired-end 2x150 base pair NextSeq 2000 reads.

Spike SNP variant calls of rcVSV antibody induced
revertants

Raw sequencing reads were demultiplexed and trimmed
to remove adaptor sequences and low quality bases. They
were then aligned against the reference viral genome with
Bowtie (v2.4.2). Single nucleotide polymorphisms (SNPs)
were called using HaplotypeCaller from the Genome Analysis
Tool Kit (GATK, v4.1.9.0). The HaplotypeCaller parameter, “-
sample-ploidy”, was set to 100 in order to identify SNPs with
a prevalence of at least 1%. SNPs for all samples were then
aggregated, interrogated and translated using custom scripts.
A SNP and correlated amino acid translation for the spike
protein was considered positive if it was present at a fre-
quency of greater than 0.1 (10%) and showed an increasing
frequency from round 1 to round 2 of the antibody selections.

Multiplex SAR2 variant binding assay

Multiplexed Plates (96 well) precoated with SARS Cov2
spike (WA-1), SARS Cov2 RBD (WA-1), SARS Cov2 spike
(B.1.351), SARS Cov2 spike (B.1.1.7), SARS Cov2 spike (P.1),
SARS Cov2 RBD (B.1.351), SARS Cov2 RBD (B.1.1.7), SARS
Cov2 RBD (P.1) and BSA are supplied by the manufacturer.
On the day of the assay, the plate is blocked for 60 min with
MSD Blocker A (5% BSA). The blocking solution is washed off
and test samples are applied to the wells at 4 dilution (1:100,
1:500, 1:2500 and 1:10,000) unless otherwise specified and al-
lowed to incubate with shaking for two hours. Plates are
washed and Sulfo-tag labeled anti IgG antibody is applied to
the wells and allowed to associate with complexed coated an-
tigen - sample antibody within the assay wells. Plates are
washed to remove unbound detection antibody. A read solu-
tion containing ECL substrate is applied to the wells, and the
plate is entered into the MSD Sector instrument. A current is
applied to the plate and areas of well surface where sample
antibody has complexed with coated antigen and labeled
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reporter will emit light in the presence of the ECL substrate.
The MSD Sector instrument quantitates the amount of light
emitted and reports this ECL unit response as a result for
each sample and standard of the plate. Magnitude of ECL re-
sponse is directly proportional to the extent of binding anti-
body in the test article. All calculations are performed within
Excel and the GraphPad Prism software, version 7.0.
Readouts are provided as Area Under Curve (AUC).
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Fig. 1. Identification and classification of highly potent antibodies from convalescent SARS-CoV-2 subjects. (A)
Sera from twenty-two convalescent subjects were tested neutralizing (y-axis, IDso) and binding antibodies (x-axis, S-2P
ELISA AUC) and four subjects, A19, A20, A23 and Bl(colored) with both high neutralizing and binding activity against
the WA-1 were selected for antibody isolation. (B) Final flow cytometry sorting gate of CD19+/CD20+/1gG+ or IgA+
PBMCs for four convalescent subjects (A19, A20, A23 and Bl). Shown is the staining for RBD-SD1 BV421, S1BV786 and
S-2P APC or Ax647. Cells were sorted using indicated sorting gate (pink) and percent positive cells that were either
RBD-SD1, S1 or S-2P positive is shown for each subject. (C) Gross binding epitope distribution was determined using
an MSD-based ELISA testing against RBD, NTD, S1, S-2P or HexaPro. S2 binding was inferred by S-2P or HexaPro
binding without binding to other antigens. Indeterminant epitopes showed a mixed binding profile. Total number of
antibodies (i.e., 200) and absolute number of antibodies within each group is shown. (D) Neutralization curves using
WA-1spike pseudotyped lentivirus and live virus neutralization assays to test the neutralization capacity of the indicated
antibodies (n=2-3). (E) Table showing antibody binding target, ICso for pseudovirus and live virus neutralization and
Fab:S-2P binding kinetics (n=2) for the indicated antibodies. (F) SPR-based epitope binning experiment. Competitor
antibody (y-axis) is bound to S-2P prior to incubation with the analyte antibody (x-axis) as indicated and percent
competition range bins are shown as red (>=75%), orange (60-75%) or white <60%) (n=2). Negative control antibody
is anti-Ebola glycoprotein antibody mAbl114 (37). (G) Competition of ACE2 binding. The indicated antibodies (y-axis)
compete binding of S-2P to soluble ACEZ2 protein using biolayer interferometry (left column, percent competition
(>=75% shown as red, <60% as white) or to cell surface expressed ACE?2 using cell surface staining (right column, ECso
at ng/ml shown). (H) Negative stain 3D reconstructions of SARS-CoV-2 spike and Fab complexes. A19-46.1 and A19-
61.1bind to RBD in the down position while A23-58.1 and B1-182.1 bind to RBD in the up position. Representative classes
were shown with 2 Fabs bound, though stoichiometry at 1to 3 were observed.
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Fig. 2. Antibody binding and
neutralization of variants of concern
or interest. (A) Table showing domain
and mutations relative to WA-1for each
of the 10 variants tested in (B) and (C).
(B) Spike protein variants were
expressed on the surface of HEK293T
cells and binding to the indicated
antibody was measured using flow
cytometry. Data are shown as Mean
Fluorescence intensity (MF1)
normalized to the MFI for the same
antibody against the D614G parental
variant. Percent change is indicated by
a color gradient from red (increased
binding, Max 500%) to white (no
change, 100%) to blue (no binding,
0%). (C) ICso and ICsgo values for the
indicated antibodies against 10
variants shown in (A). Ranges are
indicated by colors white (>10000
ng/mL), light blue (1000-10000
ng/mL), yellow (100-1000 ng/mL),
orange (50-100 ng/mL), red (10-50
ng/mL), maroon (1-10 ng/mL) and
purple (<1 ng/mL). (D) Location of
spike protein variant mutations on the
spike glycoprotein for B.1.1.7, B.1.351,
B.1.429, P.1v2. P68land V1176 are not
resolved in the structure and therefore
their locations are not noted in B.1.1.7
and P.1v2.
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A Cryo-EM structure of spike in complex with A23-58.1 B Cryo-EM structure of spike in complex with B1-182.1
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Fig. 3. Structural basis of binding and neutralization for antibodies A23-58.1 and B1-182.1. (A) Cryo-EM
structure of A23-58.1 Fab in complex with SARS-CoV-2 HexaPro spike. Overall density map is shown to the left with
protomers colored light green, gray and cyan. One of the A23-58.1 Fab bound to the RBD is shown in orange and
blue. Structure of the RBD and A23-58.1 after local focused refinement was shown to the right. The heavy chain
CDRs are colored brown, salmon and orange for CDR H1, CDR H2 and CDR H3, respectively. The light chain CDRs
are colored marine blue, light blue and purple blue for CDR L1, CDR L2 and CDR L3, respectively. The contour level
of Cryo-EM mapis 5.7 o. (B) Cryo-EM structure of B1-182.1 Fab in complex with SARS-CoV-2 HexaPro spike. Overall
density map is shown to the left with protomers colored light green, gray and cyan. One of the B1-182.1 Fab bound
to the RBD is shown in salmon and light blue. Structure of the RBD and B1-182.1 after local focused refinement was
shown to the right. The heavy chain CDRs are colored brown, deep salmon and orange for CDR H1, CDR H2 and
CDR H3, respectively. The light chain CDRs are colored marine blue, slate and purple blue for CDR L1, CDR L2 and
CDR L3, respectively. The contour level of Cryo-EM map is 4.0 o. (C) Interaction between A23-58.1 and RBD. All
CDRs were involved in binding of RBD. Epitope of A23-58.1 is shown in bright green surface. RBD mutations in
current circulating SARS-CoV-2 variants are colored red. K417 and E484 are located at the edge of the epitope. (D)
Interaction details at the antibody-RBD interface. The tip of the RBD binds to a cavity formed by the CDRs (shown
viewing down to the cavity). Interactions between aromatic/hydrophobic residues are prominent at the lower part
of the cavity. Hydrogen bonds at the rim of the cavity are marked with dashed lines. RBD residues were labeled with
italicized font. (E) Paratopes of A23-58.1, B1-182.1, S2E12 (PDB ID: 7K45) and COVOX253 (PDB ID: 7BEN) from the
same germline. Sequences of B1-182.1, S2E12 and COVOX253 were aligned with variant residues underlined.
Paratope residues for A23-58.1, B1-182.1, S2E12 and COVOC253 were highlighted in green, dark green, light brown
and light orange, respectively.
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Fig. 4. Unique binding modes of A23-58.1 and B1-182.1 enable neutralization to VOCs. (A) Mapping of epitopes of
A23-58.1, B1-182.1 and other antibodies on RBD. Epitope residues for different RDB-targeting antibodies are marked
with * under the RBD sequence. (B) Comparison of binding modes of A23-58.1 and B1-182.1. Analysis indicated that
axis of Fab B1-182.1 is rotated 6 degrees from that of A23-58.1 (Left). This rotation resulted in a slight shift of the
epitope of B1-182.1 on RBD which reduced its contact to E484 (Right). RBD mutations of concern are colored red,
epitope surface of B1-182.1 is colored dark green while the borders of ACE2-binding site and A23-58.1 epitope are
colored yellow and olive, respectively. (C) Comparison of binding modes of A23-58.1, CB6 and REGN10933. For
clarity, one Fab is shown to bind to the RBD on the spike. The shift of the binding site to the saddle of RBD encircled
K417, E484 and Y453 inside the CB6 (black line) and REGN10933 epitopes (violet surface), explaining their sensitivity
to the K417N, Y453F and E484K mutations. (D) Comparison of binding modes of A23-58.1 and LY-CoV555. One Fab
is shown to bind to the RBD on the spike (Left). E484 is located inside the LY-CoV555 epitope (Right, top), E484K/Q
mutation abolishes critical contacts between RBD and CDR H2 and CDR L3, moreover, E484K/Q and L452R cause
potential clashes with heavy chain of LY-CoV555, explaining its sensitivity to the E484K/Q and L452R mutations
(Right, bottom). (E) IGHV1-58-derived antibodies target a supersite with minimal contacts to mutational hotspots.
Supersite defined by common atoms contacted by the IGHV1-58-derived antibodies (A23-58.1, B1-182.1, S2E12 and
COVOX253) onRBD is shownin greenline. Boundaries of the ACE2-binding site, epitopes of class |, Il and Il antibodies
represented by C102 (PDB ID 7K8M), C144 (PDB ID 7K90) and C135 (PDB ID 7K8Z) are shown in yellow, pink, light
orange and blue boundary lines, respectively.
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Fig. 5. Critical binding residues for
antibodies A23-58.1 and B1-182.1.
(A) The indicated Spike protein
mutations predicted by structural
analysis were expressed on the
surface of HEK293T cells and
binding to the indicated antibody
was measured using flow
cytometry. Data are shown as Mean
Fluorescence intensity (MF1)
normalized to the MFI for the same
antibody against the WA-1 parental
binding. Percent change is indicated
by a color gradient from red
(increased binding, Max 200%) to
white (no change, 100%) to blue (no
binding, 0%). (B) ICso and ICso
values for the indicated antibodies
against WA-1 and the 9 spike
mutations. Ranges are indicated by
colors white (>10000 ng/mL), light
blue (1000-10000 ng/mL), yellow
(100-1000 ng/mL), orange (50-100
ng/mL), red (10-50 ng/mL),
maroon (1-10 ng/mL) and purple (<1
ng/mL).
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Fig. 6. Mitigation of escape risk using dual antibody combinations. (A) Replication competent vesicular stomatitis
virus (rcVSV) whose genome expressed SARS-CoV-2 WA-1 was incubated with serial dilutions of the indicated
antibodies and wells with cytopathic effect (CPE) were passaged forward into subsequent rounds (fig. S8) after 48-
72 hours. Total supernatant RNA was harvested and viral genomes shotgun sequenced to determine the frequency
of amino acid changes. Shown are the spike protein amino acid/position change and frequency as a logo plot Amino
acid changes observed n two independent experiments are indicated in blue and green letters. (B) The indicated
Spike protein mutations predicted by structural analysis (Fig. 3) or observed by escape analysis (Fig. 6A) were
expressed on the surface of HEK293T cells and binding to the indicated antibody was measured using flow
cytometry. Data are shown as Mean Fluorescence intensity (MFI) normalized to the MFI for the same antibody
against the WA-1 parental binding. Percent change & indicated by a color gradient from red (increased binding, Max
200%) to white (no change, 100%) to blue (no binding, 0%). (C) IC0 and IC0 values for the indicated antibodies
against WA-1 and the mutations predicted by structural analysis (Fig. 3) or observed by escape analysis (Fig. 6A).
Ranges are indicated by colors white(>10000 ng/ml). light blue (1000-10000 ng/ml). yellow (100-1000 ng/ml),
orange (50-100 ng/ml), red (10-50 ng/ml) and maroon (1-10 ng/ml). (D) Negative stain 3D reconstruction of the
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