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Antibody-based therapeutics and vaccines are essential to combat COVID-19 morbidity and mortality
following severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. Multiple mutations in
SARS-CoV-2 that could impair antibody defenses propagated in human-to-human transmission and
spillover/spillback events between humans and animals. To develop prevention and therapeutic strategies,
we formed an international consortium to map the epitope landscape on the SARS-CoV-2 Spike, defining
and structurally illustrating seven receptor-binding domain (RBD)-directed antibody communities with
distinct footprints and competition profiles. Pseudovirion-based neutralization assays reveal Spike
mutations, individually and clustered together in variants, that impact antibody function among the
communities. Key classes of RBD-targeted antibodies maintain neutralization activity against these
emerging SARS-CoV-2 variants. These results provide a framework for selecting antibody treatment
cocktails and understanding how viral variants might affect antibody therapeutic efficacy.

Cell entry of severe acute respiratory syndrome coronavirus 2 (NTD) and the receptor-binding domain (RBD), which
(SARS-CoV-2) is mediated by its surface glycoprotein, Spike. mediates recognition of the host cell receptor angiotensin-
The S1 subunit of Spike contains the N-terminal domain converting enzyme 2 (ACE2). The S2 subunit drives fusion
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between virus and host cell membranes. Spike, particularly
the S1 subunit, is the primary target of neutralizing
antibodies against SARS-CoV-2 (1).

Since SARS-CoV-2 first emerged, recurrent mutations in
Spike arose during both human-to-human transmission (2-4)
and spillover/spillback events between humans and animals
(5-8). Distinct Variants of Concern (VOCs) or Variants of
Interest (VOIs), including those first identified in the UK
(alpha, B.1.1.7), South Africa (beta, B.1.351), Brazil (gamma,
P.1), India (delta, B.1.617.2) and California (epsilon, B.1.429)
carry several mutations associated with enhancement of hu-
man-to-human transmission (9). In particular, the receptor-
binding motif (RBM) mutations K417, 1452, E484 and N501
affect ACE2-Spike interactions (10). Variations at positions
N439 and S477 are frequently detected in patient samples (3,
11, 12), whereas others such as V367F, Y453F and F486L are
associated with cross-species transmission (6, 8). The NTD is
also highly mutable and is especially prone to deletions:
AHV69-70 and AY144 are both seen in B.1.1.7 and AHV69-70
is in the mink-associated Cluster V (6). ALAL242-244 appears
in B.1.351, and AFR157-158 is found in B.1.617.2 (9). The NTD
point mutations S131 and W152C alter disulfide bonding and
conformation of the B.1.429 NTD (13) (fig. S1).

SARS-CoV-2 will continue to evolve. By understanding an-
tibody footprints and the distinct ways by which antibodies
target Spike, we may deduce optimal combinations of mAbs
to prevent and treat infection by emerging variants and to
minimize the risk of viral escape. We can also gauge the sus-
ceptibility of mapped antibodies to new mutations and pre-
dict whether newly identified mAbs might also be susceptible
to viral escape. Thus, we sought to define functionally im-
portant groups in an array of therapeutic candidates, and to
dissect how key mutations, both individually and combined
as in VOCs, affect antibody-mediated neutralization in a
pseudovirus neutralization assay.

The Coronavirus Immunotherapeutic Consortium
(CoVIC) was formed to analyze candidate antibody therapeu-
tics side-by-side in standardized assays (14) and now includes
over 350 monoclonal antibodies (mAbs) directed against the
SARS-CoV-2 Spike protein from 56 different partners across
four continents (15). The panel includes antibodies derived
from COVID-19 survivors, phage display, naive libraries, in
silico methods and other strategies, each elicited, evaluated
and selected using distinct criteria. The panel thus represents
a broader and deeper array of antibodies from which both
fundamental information and therapeutic cocktails can be
derived. With the goals of FAIR (findable, accessible, interop-
erable, reusable) data analysis and management as well as
inclusion of otherwise inaccessible clinical candidates, candi-
date antibody therapeutics were blinded, and tested in mul-
tiple in vitro and in vivo assays with comparative data
uploaded into a publicly accessible database (covic.lji.org).
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We first measured the affinity of 269 CoVIC mAbs for
D614-Hexapro Spike ectodomain trimers and monomeric
RBD and NTD, and the ability of each of these mAbs to block
ACE2-RBD binding (figs. S2 to S5, table S1, and covic.lji.org).
The panel, formed by candidates for therapeutic use, includes
NTD- or S2-directed antibodies, but is dominated by those
targeting the RBD. In contrast to previous studies that classi-
fied mAbs using germline or structural information (10, 16),
the 186 RBD-reactive mAbs of CoVIC analyzed here were in-
stead distinguished by a competition profile created by high-
throughput surface plasmon resonance (HT-SPR). RBD-
directed antibodies can be sorted into seven core “communi-
ties” (Fig. 1, fig. S6A, and table S2) that are broadly defined
by the competition profiles of each mAb to one another. Com-
munities can be further divided into finer clusters and bins
based on their discrete competition with other clusters
and/or their ability to compete with ACE2 (Fig. 1 and tables
S1 and S2).

To understand the position of each community relative to
the others, we next mapped the footprints by negative-stain
EM (NS-EM) for 25 example RBD-reactive mAbs chosen to
span the range of communities and key clusters (table S3). To
have a relatively agnostic view of antibody interactions with
Spike, mAbs were not chosen based on germline origin, CDR
feature or length, neutralization potency, particular antibody
origin (e.g., human, mouse or in silico) or format (e.g., IgG,
scFv-Fc, VHH-Fc, multivalent).

In parallel, we measured the neutralization activity of 41
RBD-directed mAbs (chosen to span the range of communi-
ties and key clusters) as well as a human ACE2-Fc format-
based therapeutic candidate (CoVIC-069) fusion format. Neu-
tralization was measured against pseudoviruses displaying
the Spike protein bearing (a) the globally dominant G614 var-
iation, (b) 15 single point mutations or deletions represented
in circulating strains, (c) constellations of mutations found in
four VOCs [B.1.1.1 (alpha), B.1.351 (beta), P.1 (gamma), and
B.1.617.2 (delta)] and one VOI [B.1.429 (epsilon)] and (d) two
pseudovariants carrying four mutations (termed 4xM, con-
taining G261D, Y453F, F486L, and N501T) or five mutations
(termed 5xM, carrying the 4xM mutations plus V367F) iden-
tified in human-mink spillover events (fig. S1).

The mAbs in RBD-1 through -3 target the receptor-binding
motif (RBM), compete with ACE2, and generally require the
RBD to be in the “up” conformation for binding (footprints de-
fined in Fig. 2B, table S3, and covic.lji.org). Community RBD-1
contains hACE2-derived molecules and IgGs (e.g., CoVIC-259,
EMD-24335) that largely overlap with the RBM (Fig. 2B, fig.
S6B, and table S3). The footprint for RBD-2 mAbs is shifted
from the center of the ACE2 binding site toward the peak of
the RBM (Fig. 2B, fig. S6B, and table S3). RBD-2 is the largest
community and can be divided further into clusters and then
bins based on competition with other communities (Fig. 1).
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Cluster 2a antibodies (e.g., CoVIC-252, EMD-24.339) bind to-
ward the inner face of the RBD and its binding area overlaps
highly with that of the therapeutic antibody REGN-10933
(I7). Antibodies in 2b.1 (e.g., CoVIC-010, EMD-24343; similar
to antibody COVA2-39 (18)) and 2b.2 (e.g., CoVIC-140, EMD-
24383; similar to antibody C144 (16)) bind toward the outer
face of the RBD and mAbs in bin 2b.3 (e.g., CoVIC-002, EMD-
24345; similar to antibody S2E12 (19)) bind to the peak of the
RBD (Fig. 2B, fig. S7, and table S3). Lastly, RBD-3 mAbs bind
down from the center of the ACE2 binding site toward the
RBD “mesa” (Fig. 2B and table S2; e.g., CoVIC-080, EMD-
24346; similar to antibody ADI-56046 (20)).

To simulate the authentic interactions between antibod-
ies and Spike, intact IgGs were used for NS-EM structural
analysis whenever possible. RBD-1 IgGs tend to fully occupy
all three RBDs on one Spike and often crosslink two Spike
trimers, whereas most RBD-2 IgGs tend to bind bivalently to
a single Spike trimer (figs. S8, A and B, and S9 and table S3).
RBD-3 IgGs can crosslink Spikes, and bivalent binding was
also observed in some cases (table S3 and fig. S9).

General epitope position, and particularly RBM epitopes,
is strongly associated with the propensity of particular Spike
mutations to escape antibody-mediated neutralization (Fig.
3, fig. S10, and table S4). Neutralization by RBD-2a antibodies
is heavily impacted by the K417N mutation, but rarely by the
E484K mutation; those in RBD-2b are impacted by the E484K
mutation but less so by K417N. Similarly, RBD-2a antibodies
are resistant to the L452R mutation found in B.1.429 (epsilon)
and B.1.617.2 (delta), while only some RBD-2b antibodies are
sensitive to this mutation. Meanwhile, mAbs in RBD-3 are
impacted by both N501T/Y and E484K mutations (Fig. 3, figs.
S10 and S11, and table S4). In contrast to RBD-2 and -3, the
susceptibility of neutralization activity of antibodies in RBD-
1 to particular mutations is more variable (Figs. 2B and 3 and
tables S3 and S4).

Regardless of the effect of particular single point muta-
tions, nearly every RBD-1 or -2 mAb analyzed showed additive
decreases in potency against pseudovirus carrying constella-
tions of multiple mutations in the RBM (Fig. 3, fig. S10, and
table S4). For B.1.351 and P.1, almost all RBD-1 and RBD-2
antibodies analyzed suffer a complete loss of neutralization
activity. For example, CoVIC-249 and CoVIC-010 show mod-
erate or no change in IC50 against the single point mutations
K417N, E484K and N501Y, but CoVIC-249 loses all neutrali-
zation activity and CoVIC-010 potency falls by 1000-fold
against B.1.351 (beta) and P.1 (gamma) which contain all
three mutations. Many RBD-2 antibodies also lose activity
against the 4xM mink pseudovariant that carries Y453F,
F486L and N501T mutations (Fig. 3, figs. S1B and S10, and
table S4).

In contrast, most RBD-1 and RBD-2 antibodies retain neu-
tralization activity against B.1.1.7 (alpha), B.1.429 (epsilon)
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and B.1.617.2 (delta) variants, which each contain only one or
two RBM-located mutations (N501Y, L452R or T478K/L452R
respectively). Curiously, the V367F mutation identified in
mink populations enhances neutralization by some RBD-2
mADbs and in some cases this mutation can offset decreases in
potency resulting from other single point mutations. For ex-
ample, CoVIC-040 has a 14- and 8-fold decrease in potency
against the F486L mutation and the F486L-containing 4xM
mink pseudovariant, respectively, but only a 4-fold decrease
against the 5xXM mink pseudovariant, which contains V367F
in addition to the four mutations present in 4xM (Fig. 3, fig.
S10, and table S4:). V367 is adjacent to an N-linked glycan at
position 343, which was recently implicated in providing a
gating mechanism for the RBD (2I). Substitution of valine
with phenylalanine could alter the local environment of the
N343 glycan moieties and enable the RBD to adopt a confor-
mation more amenable to antibody interaction.

Antibodies in communities RBD-4 and RBD-5 bind to the
outer face of the RBD and, like the Class 2 and Class 3 mAbs
previously defined in (I6), can do so in either the “up” or
“down” RBD conformation without steric hindrance (Fig. 2C,
figs. S6 and S12, and table S3). The footprints of these groups
largely overlap, but RBD-4 mAbs bind toward the outer edge
of the RBM and can block ACE2 (e.g., CoVIC-094, EMD-
24350; similar to antibody C002 (16)), whereas RBD-5 mAbs
bind away from the RBM, toward the “S309” site and do not
block ACE2 (e.g., CoVIC-134, EMD-24384; similar to antibody
REGN-10987 (17)) (10) (Figs. 1B and 2C, figs. S5 and S6B, and
tables S1 to S3). Some RBD-4 and RBD-5 IgGs can crosslink
Spike trimers in solution (fig. S8C and table S3).

Interestingly, according to the five RBD-5 IgGs we imaged,
only those IgGs that show Spike-cross linking tendency have
potent neutralizing activity (Fig. 1B, fig. S13, and table S3). A
recent cryo-electron tomography study showed native Spike
trimers on the SARS-CoV-2 virion surface tilt at variable de-
grees relative to the viral envelope (22). This finding provides
a possibility for IgG-mediated Spike crosslinking on virions,
and may contribute to the mechanism of neutralization of the
RBD-5 mAbs in the absence of ACE2 blocking (fig. S8D).

Most RBD-4 mAbs are impacted by E484K and/or 1452R
(represented in the B.1.429 variant) mutations (Fig. 3, fig. S10,
and table S4), and some are impacted by the N439K muta-
tion, which is highly represented in sequences worldwide (3).
RBD-5 mAbs, however, show broad resistance to nearly all
mutations analyzed, with only two mAbs in this group show-
ing moderate decreases in potency against V367F and N439K
(Fig. 3, fig. S10, and table S4).

RBD-6 (e.g., CoVIC-250, EMD-24352) and RBD-7 (e.g.,
CoVIC-063, EMD-24353) antibodies bind to the inner face of
the RBD and access a previously described cryptic epitope
(23, 24) (Fig. 2D, fig. S6B, and table S3). Like Class 4 antibod-
ies described in (I16), binding of Spike by RBD-6 and RBD-7
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antibodies requires two RBDs to be in the “up” configuration
(fig. S12). The representative IgGs in RBD-6 and RBD-7 each
show stronger propensities to crosslink Spike trimers than
RBM-directed antibodies (fig. S9 and table S3). RBD-6 and
RBD-7 antibodies primarily vary in their competition with
RBD-2a antibodies: the downward shift of the RBD-7 footprint
on the inner face of the RBD relative to the RBD-6 footprint
would allow simultaneous binding of RBD-2a antibodies with
RBD-7, but not RBD-6, antibodies (Figs. 1B and 2D, fig. S6B,
and table S2). This cryptic RBD-6/7 site is also recognized by
antibodies COVA1-16 (23) and CR3022 (24). Here, strategies of
site recognition are further subdivided by competition sub-
groups, information useful for interpreting differences and an-
tibody behavior and strategies for cocktail selection.

All RBD-6 and RBD-7a antibodies block ACE2, but anti-
bodies in RBD-7b and 7c do not (Fig. 1B and tables S1 to S3).
The representatives from the RBD-7b and 7c clusters (CR3022
and CoVIC-021, respectively) demonstrate poor neutraliza-
tion of pseudoviruses in our assay. The distinct difference in
neutralization behavior between 7a and 7b/7c suggests that
at this cryptic epitope, competition with ACE2 is a determi-
nant of neutralization (Fig. 1B and table S4) (25). Importantly,
due to their location away from the RBM, RBD-6 and RBD-7
antibodies are resistant to the mutations and variants ana-
lyzed (Fig. 3, fig. S10, and table S4).

Previous reports identified a “supersite” as the primary
target for neutralizing antibodies directed against the NTD
(26). In addition to RBD-directed antibodies, we also ana-
lyzed four CoVIC NTD-directed antibodies by NS-EM and in
neutralization assays. Together these four antibodies,
grouped as NTD-1 through NTD-3, encompass the approxi-
mate boundaries of the supersite. The two NTD-1 antibodies
bind from the top side of NTD to cover the NTD N terminus
and residue Y144 (Fig. 4, e.g., CoVIC-247, EMD-24355 and Ta-
ble S3). The NTD-1 epitope overlaps with that of mAb 4A8
(27) and other “supersite” binders (28, 29). The NTD-2 anti-
body (CoVIC-245, EMD-24360) approaches from the front
side of NTD and contacts Y144 as well as residues H69, V70,
W152 and G261, all of which are deleted or substituted in
emerging variants (Fig. 4 and fig. S1). The NTD-2 footprint is
similar to the footprint of antibodies in the “antigenic site V"
group described in (26). The NTD-3 mAb (CoVIC-020, EMD-
24356) binds to the left side of the NTD, proximal to the RBD
of the adjacent monomer and in contact with residue W152
(Fig. 4B). The NTD-3 mAb represents a novel epitope and
binding location of an anti-NTD antibody.

Unlike the RBD-directed antibodies, for which neutraliza-
tion escape is strongly associated with antibody footprint, the
NTD-directed antibodies are conformationally sensitive and
affected by mutations outside of the discrete footprint. This
finding is consistent with that for antibodies elicited by vac-
cines (30). Each of the four NTD mAbs analyzed exhibit a

First release: 23 September 2021

science.org

decreased or total loss of neutralization capacity for one or
more of the NTD-located deletions (A69/70, AY144, A157-158
and A242-244) found in circulating VOCs, regardless of their
binding location on NTD (Fig. 4C, fig. S10, and table S4). All
NTD mAbs were impacted by P.1 (gamma), which lacks dele-
tions and instead has several point mutations in the NTD. For
B.1.429 (epsilon), altered disulfide bonding in the NTD aris-
ing from the S13I and W152C mutations (13) also abrogated
mAb-mediated neutralization. Our results indicate that NTD
mutations decrease not only neutralization potency but also
the total fraction of virus neutralized (fig. S10).

Several therapeutic antibody cocktails comprising pairs of
different mAbs against Spike are currently under investiga-
tion for post-exposure treatment of COVID-19 (16, 17, 31, 32).
However, the potency of some antibodies in these cocktails is
compromised by emerging SARS-CoV-2 variants (33, 34).
Meanwhile, exposure of virus to monoclonal or polyclonal
antibodies can promote antibody-resistant mutations in
Spike (34-37). Notably, SARS-CoV-2 variants that share criti-
cal mutations with B.1.1.7 (alpha) were isolated from an
immunocompromised COVID-19 patient who received three
rounds of convalescent plasma treatment, indicating that
even a polyclonal therapeutic can drive evolution of resistant
virus strains in unresolved infections (38).

Potency, variant-resistance and the ability to co-bind are
important considerations when selecting antibodies for ther-
apeutic cocktails. The analysis of the 186 RBD-directed mAbs
presented here, each donated by different groups around the
globe and each selected in different ways, describes discrete
antibody communities, and functionally relevant sub-clusters
and/or bins. This analysis provides a competition grid, and a
framework for cocktail selection. Notably, combining this
data with neutralization potency and mutational analysis can
guide selection of broadly protective therapeutic cocktails.

Overall, antibodies from community RBD-1 through RBD-
4 and those directed against the NTD are generally more po-
tent than antibodies of other communities. The high potency
and non-overlapping epitopes of RBD- and NTD-directed
antibodies make them attractive as pairs for therapeutic
cocktails. However, members of each of these groups are also
highly susceptible to neutralization escape by mutations and
deletions found in emerging VOCs. Indeed, a CoVIC bi-
specific antibody targeting the RBD-1 and NTD-1 sites could
still neutralize single point mutations in the RBD (where the
NTD arm could compensate), but was ineffective against
B.1.351 (beta) and P.1 (gamma), which contain mutations that
simultaneously escape both arms of the bispecific (fig. S14).

In contrast, RBD-5, -6 and -7 antibodies often have lower
potency but are more resistant to escape. Notably, the
epitopes targeted by RBD-5, -6, and -7 antibodies have high
sequence conservation among the Sarbecovirus subgenus of
Betacoronavirus (fig. S15). Enhanced potency for these

(Page numbers not final at time of first release) 4

T2Z0Z ‘€0 $8go100 U0 BI0'30US 195" MMM;//:SNY WOoJ | papeo jUMOQ


https://www.science.org/

communities might be achieved through engineering them as
multivalent formats, making them key members of a variant-
resistant cocktail that could also be suitable for treating other
Sarbecovirus infections.

Taken together, the analysis presented here, made possi-
ble by broad participation of a few hundred therapeutic can-
didates in a global study, offers a detailed structural and
competitive landscape of key antibody binding sites on Spike.
The results of this effort can be used to predict and interpret
effects of VOCs, and for strategic selection of durable thera-
peutics and cocktails against emerging variants.
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Fig. 1 (previous page). The antigenic landscape of the SARS-CoV-2 receptor binding domain can be divided
into seven binding communities. (A) High-throughput SPR was used to determine the competitive relationship
between 186 RBD-directed mAbs. The dataset was analyzed by Carterra Epitope software to sort competition
profiles of clones into related clusters, which are represented as shared colored regions of the dendrogram.
The RBD epitope landscape can be broadly divided into seven communities containing mAbs that bind the
receptor-binding motif (RBD-1 through RBD-3), the outer face of the RBD (RBD-4 and RBD-5) or the inner face
of the RBD (RBD-6 and RBD-7). Communities can be further divided into smaller clusters (e.g., RBD-2a and
-2b) and bins (e.g., RBD-2b.1, -2b.2 and -2b.3) based on their discrete competition with other clusters and/or
their ability to compete with ACE2 for Spike binding. Black bars indicate single clones that were used in further
analyses. Table S1 lists additional metrics for the indicated mAbs (i.e., ACE2 blocking, kinetic analyses and
germline information) and detailed information for the entire CoVIC panel is at covic ljiorg. (B) Binary heat-
map matrix demonstrating the competition profile for the finer clusters and bins for the subset of single clones
indicated by black bars in panel (A). The matrix here contains representative examples. The complete
competition matrix for the study is in table S2. RBD-2 can be divided into clusters “a” and “b"”, which have
varying ability to compete with mAbs in RBD-4 (e.g., RBD-2a mAbs do not compete while most RBD-2b mAbs
do). Cluster RBD-2b can be divided into three smaller bins that vary in their competition with both RBD-3 and
RBD-4 mAbs: those in 2b.1, but not 2b.2 or 2b.3, compete with RBD-3 mAbs whereas mAbs in 2b.1 and 2b.2,
but not 2b.3, compete with RBD-4 mAbs. RBD-4 contains mAbs that do (RBD-4a) and do not (RBD-4b)
compete with ACE2. RBD-5 and RBD-7 have clusters of mAbs with lower neutralizing potency (i.e., RBD-5c and
RBD-7b and RBD-7c) relative to the other cluster in the same community (i.e., RBD-5a and RBD-5b and RBD-
7a). Rows and columns indicate the immobilized mAb and injected analyte mAb, respectively. Table S2 shows
the complete matrix for competition between all 186 mAbs.

Fig. 2 (next page). Negative stain EM analysis of representatives from each RBD-directed community.
(A) The location of important emerging mutations in RBD. The Spike trimer (adapted from PDB: 7A94 (39))
viewed from the top with one RBD “up” RBD, is shown, with individual Spike monomers colored white, gray
and black. The RBM can be topologically divided into three sub-sections: the “Peak” that includes residues
FA86, S477, T478 and E484, the “Valley” including residues Y453, K417 and L452 and the “Mesa” with
residue N501. Stars indicate residues on the central axis of RBD. The “Outer Face” (exposed in the RBD
down/closed conformation), and “Inner Face” (buried inside the trimer in the RBD down/closed
conformation) define the lateral faces of RBD and “Escarpment” (contains residues V367, N439 and glycan
343). (B to D) NS-EM footprint of a representative antibody from each community mapped onto an RBD
monomer. The colored shading corresponds to the community colors in Fig. 1. The ACE2 binding site is
outlined with a dotted line. Side and top views of Spike trimers show the Fab approach angle and binding
stoichiometry for each representative. Table S3 shows NS-EM data for all 29 RBD-directed mAbs analyzed.
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Fig. 3. RBD-5, -6 and -7 antibodies retain neutralization activity against pseudovirus bearing mutations
singly or together in VOCs. Fold-change differences in potency for 38 RBD-directed antibodies and an
ACE2-Fc fusion (CoVIC-069) are shown in a heat map. In addition to VOCs, we also examined two
pseudoviruses bearing clusters of mink-associated mutations: 4xM (G261D, Y453F, F486L and N501T) and
5xM (G261D, Y453F, F486L, N501T and V367F). Fig. S1 lists mutations represented in each variant. Fig. S10
shows neutralization curves for each virus-variant pair and table S4 lists fold-change values corresponding

to the heat map.
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Fig. 4. NS-EM and neutralization analysis of mAb targeting NTD. (A) Surface and cartoon (adapted from
PDB: 7A94 (39)) representation of the Spike NTD. The residue positions of mutations and deletions in
circulating VOCs are indicated in three views of NTD. Fig. S1 lists mutations represented in each variant.
(B) Footprints for three NTD-targeted antibodies with the NTD “supersite” (26) indicated as a dotted line.
The NTD-directed antibodies shown here define the approximate boundaries of the neutralizing epitope
landscape. Additional NS-EM data are in table S3. (C) Fold-change in potency of pseudovirus neutralization

experiments for each antibody-variant pair.
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